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Introduction 1

1 Introduction

1.1 Marfan syndrome

The Marfan syndrome (MFS; MIM154700), named after Antoine Marfan, the French doctor
who discovered it in 1896, is an autosomal dominant heritable connective tissue disorder that
principally involves the skeletal, ocular, and cardiovascular systems. In 1991, fibrillin-1 gene
(FBN1) mutation on chromosome 15 was identified as the cause of MFS (1). The prevalence of
MES and related diseases is estimated at between 1:10,000 to 1:5000 (2, 3). MFS most often
affects the connective tissue of the heart, eyes, bones, lungs, and dura. This can cause a number
of complications including severe scoliosis, pectus excavatum, and dislocated lenses. The leading
cause of premature death of the affected individuals is progressive dilatation of the aortic root and
ascending aorta, leading to aortic incompetence and dissection. The average life expectancy of

patients with MFS without surgical treatment is approximately 32 years (4).

Diagnosis of MFS

MES can’t be diagnosed by a single molecular test but requires a scoring system that combines
various diagnostic items. In 1996 the Ghent nosology was made to serve as an international
standard for diagnosis of Marfan syndrome (5). However, the specificity of some diagnostic
manifestations (for instance dural ectasia) have not been sufficiently validated. Recently a revised
Ghent nosology was prospsed, in which ectopia lentis is treated as cardinal feature and some of the
less specific manifestations of MES were either removed or made less influential in the diagnostic
evaluation (6)). Following the revised Ghent criteria, the presence of ectopia lentis and aortic root
enlargement/dissection is sufficient for the unequivocal diagnosis of MFS in individuals without
a family history of MFS (6)). In absence of any of these two, the presence of bonafide FBNI

mutation or a scoring of systemic features more than 7 is required (Table [L.T)).
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Box 1 Revised Ghent criteria for diagnosis of Marfan syndrome and related conditions

In the absence of family history:

(1) Ao (Z>2) AND EL=MFS

(2) Ao (Z>2) AND FBNI=MFS

(3) Ao (Z>2) AND Syst (=7pts)=MFS

(4) EL AND FBN1 with known Ao=MFS

In the presence of family history:

(5) EL AND FH of MFS (as defined above)=MFS

(6) Syst (=7 pts) AND FH of MFS (as defined above)=MFS

(7) Ao (Z>2 above 20 years old, =3 below 20 years) +FH of MFS (as defined above)=MFS

Box 2 Scoring of systemic features

Scoreing based on different systemic features.
Maximum total: 20 points; score =7 indicates systemic involvement.
Details found in (6)).

Box 3 Criteria for causal FBNI mutation

Presence of different kinds of FBNI mutations.
Details found in (6)).

Abbreviations: Ao, aortic diameter at the sinuses of Valsalva above indicated Z-score or aortic
root dissection; EL, ectopia lentis; FH, Family History; Syst, Systemic score; FBN1, fibrillin-1
mutation (as defined in box 3); FBNI not known with Ao, FBNI mutation that has not previ-

ously been associated aortic root aneurysm/dissection; FBNI with known Ao, FBNI mutation

that has been identified in an individual with aortic aneurysm

Table 1.1: Revised Ghent criteria for diagnosis of Marfan syndrome. Details found in (6).

1.2 Clinical Characteristics of MFS

1.2.1 Skeletal and muscle system

Most of the readily visible signs of MFS are associated with the skeletal system. Affected patients
are characterized by dolichostenomlia and arachnodactyly as a result of excessive linear growth
of the long bones (Figure [I.T)). The overgrowth of the tubular bones leads to pectus deformities
(i.e., pectus excavatum and pectus carinatum). Pectus excavatum occurs in approximately two-
thirds of patients with MFS (7). Abnormal curvature of the spine such as scoliosis and kyphosis is

also a common feature which may begin at any time before skeletal maturity and progress at any
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age. Sponseller et al. (8) evaluated spinal deformity in 113 patients with MFS, 82 of whom were
skeletally immature. Scoliosis was found in 52 of the 82 patients, with equal prevalence for the
sexes. The thoracic portion of the curve was convex to the right in all but 2 patients. Additionally,
bone mineral density appears to be reduced at the spine and hip in MFS (9), but no associated

increase in fracture rate has been observed.

Although skeletal muscle myopathy is not classically considered a component of MFS, it has
been often reported in many patients with MFS (5} [10} [LT)). Tt was hypothesized that unsatisfac-
tory anchoring and an abnormal relation between extracellular matrix and muscle fiber basement

membrane may contribute to the poor muscle development (10).

Dolichostenomelia  Pectus excavatum Scoliosis and Kyphosis

Figure 1.1: Skeletal features of MFS

1.2.2 Cardiovascular system

Aortic aneurysm resulting from progressive dilation of aortic root and leading to acute aortic dis-
section is the major cause of premature death in Marfan patients (12-14). Dilatation of the aorta
is found in 50 percent of children with MFS and usually progresses with time. Echocardiography
demonstrates that alomost all adult patients have dilatation of the aortic root (normal <35 mm),
often with aortic regurgitation, that may involve other segments of the thoracic aorta, and the ab-

dominal aorta (15). Progressive thoracic aortic dilatation can result in aortic valve incompetence
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with left ventricular failure and markedly increases the risk of fatal aortic dissection (16). Clin-
ical management in MFS aims to decrease the rate of aortic root dilatation and reduce the risk
of dissection and rupture. Prophylactic resection of ascending aortic aneurysms is recommended
when the aortic diameter reaches 5.0 to 6.0 cm, or when the aortic diameter exceeds twice the
diameter of the normal aorta (17). Mitral valve prolapse (MVP) is the most common finding
in children with MFS and is more common in women than in men (18). MVP can progress to
severe mitral regurgitation. Cardiomyopathy appears occasionally and may represent a defect
in cardiac muscle function associated with some fibrillin-1 mutations. A retrospective study by
Alpendurada et al. (19) showed the existence of a primary cardiomyopathy in a subgroup of Mar-
fan patients. Additionally, aortic regurgitation and tricuspid valve prolapse, seems to occur with

higher prevalence in patients with MFS (3, 15).

1.2.3 Eye and other systems

MES can cause a number of eye problems in a majority of patients. Ectopia lentis is seen in
approximately 60% of affected individuals and can occur in one or both eyes. It is thought that
the ocular pathologic changes are primarily caused by stretching of the tunica scleralis, and that
the zonular fibers may rupture in their area of presumably least density (20). The craniofacial
anomalies in MFS include vertical midface hypoplasia, maxillary and mandibular retroposition
and increased palatal height (21). MFES is also a risk factor for spontaneous pneumothorax. Hall
et al. (22) reported that the frequency of spontaneous pneumothorax was 4.4% in patients with
MEFES who are more than 12 years old. Dural ectasia is a skeletal manifestion with enlargement
of the outer layer of the meningeal sac leading to ballooning or widening of the dural sac, which
can be observed in >60% patients with MFS (23). Patients with MFS often exhibit three types
of dental anomalies involving dentin formation: root deformities; calcified pulp inclusions; and
abnormal pulp shape (24). Manifestations in the skin and integument include hernias and skin

stretch marks (striae distensae).

1.2.4 Differential diagnosis

The diagnosis of MFS is complicated by a genotype-phenotype inconsistency that presents with
widely variable clinical manifestations. Loeys-Dietz syndrome (LDS) is an autosomal dominant
disorder of the connective tissue due to mutations in the transforming growth factor beta-receptor

Type 1 or Type 2 genes (IGFBRI and TGFBRZ2). The phenotypic features of individuals with
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LDS overlap with other genetic connective tissue disorders like MFS (25). However, there are
characteristic phenotypic features that point to a clinical diagnosis of LDS, which has been de-
scribed as being characterized by a triad of arterial tortuosity and aneurysms, hypertelorism and
bifid uvula or cleft palate (25). Besides MFS a series of other fibrillinopathies associated with
different of FBNI mutation have been reported. These diseases have greater or lesser degrees of
clinical overlap with MFS. For instance, the neonatal MFS (nMFS) represents the most severe
end of the clinical spectrum of the fibrillinopathies and is associated with mutations in exons
24-32 (26, 27). The Sphrintzen-Goldberg syndrome (SGS) shares many clinical features of the
MES, but craniosynostosis and mental retardation are not manifestations of MFS (28)). Till now,
two alterations in the fibrillin-1 gene have been identified in individuals with SGS (29). Patients
with Weill-Marchesani syndrome have ectopia lentis, but unlike patients with MFS, are of short
stature. Other FBNI mutation associated disorders include isolated ectopia lentis, MASS (Mitral
valve, Aorta, Skeleton, Skin) syndrome, isolated skeletal features of MFS, and familial thoracic

aortic aneurysms (FTAA).

1.3 Fibrillin-1

1.3.1 Structure of fibrillin-1

The Fibrillin-1 gene (FBNI), mapping to chromosome 15g21.1, contains 65 exons and spans
about 235 kb of genomic DNA (30-33). Three alternatively spliced exons initially termed exons
B, A, and C, are located upstream of the first coding exon (31). We showed that transcription of
this gene is driven by a ultraconserved sequence lying in the upstream of exon A in this disserta-

tion (34).

The Fibrillin-1 protein, is a 350 kDa multidomain glycoprotein component of the 10-20 nm ex-
tracellular microfibrils, which are ubiquitous in the connective tissue space and organs both in
association with elastin within elastic fibers and as elastin-free bundles (35). The fibrillin-1
monomer is a large cyteine-rich flexible molecule, extending approximately 148 nm in length,

that assembles into microfibrils in a head-to-tail orientation (36)).

The most common domain in fibrillin-1 is the epidermal growth factor (EGF)-like domain, which
occurs 47 times in Fibrillin-1, 43 of the EGF domains contain a consensus sequence for calcium
binding and are termed calcium-binding EGF modules (cbEGF) (30, 32)) (Figure [1.2)), calcium

binding causes stretches of tandemly repeated cbEGF repeats to take on a rigid, rod-like con-
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formation (37, 38)). Depending on the adjacent domains, the cbEGF domains bind calcium with

different affinities ranging from the low nanomolar to the low micromolar range (39} 40).

Figure 1.2: Schematic of a calcium binding epidermal growth factor-like motif (cbEGF). The positions marked with
the numbers 1 to 19 comprise the six highly conserved cysteine residues as well as the consensus calcium binding
sequence. Modified from Robinson et al. (14).

The 8-Cys module (also variously referred to in the literature as the 8-cysteine module, the TB
module, or the LTBP module) also occurs in fibrillin-1. The 8-Cys domain is characterized by
the presence of eight cysteine residues, three of which are arranged in tandem as an unusual Cys-
Cys-Cys motif. An experiment using a recombinant construct of one of the seven 8-Cys modules
of fibrillin-1 showed that the structure is stabilised by four intradomain disulfide bonds (41).
In addition to these domains, there are a hybrid domain, a proline-rich region and N- and C-
terminal regions. The hybrid module termed 8-Cys hybrid module with similarities to both the
cbEGF module and the 8-Cys, can mediate intermolecular disulfide bonding between fibrillin-1

monomers, which may be an important step in the assembly of microfibrils (32, 42).

Fibrillin-1 contains 15 sites for N-linked glycosylation and several putative sites for O-glycosylation.
The glycosylation is known to be important for correct folding and stability of fibrillin-1 polypep-
tide. Excessive N-glycosylation was reported to be related to the severe phenotype of nMFES (43)).

In vitro evidence suggests that fibrillin-1 protein undergoes intracellular N-terminal process-
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ing at signal peptide sequences followed by a consensus processing sequence for propeptides
RX(K/R)R (44). In addition, carboxyl-terminal processing within the secretory pathway locates
after a tribasic processing signal(RX(K/R)R) (44, 45). It has been demonstrated that processing

of the C-terminal propeptide is required for deposition into the extracellular matrix (46).

1.3.2 Family members of fibrillins

Other fibrillins include fibrillin-2 (FBN2) and fibrillin-3 (FBN3) (Figure [[.3). The structures of
FBNI, FBN2 and FBN3 are highly similar, with the most significant difference being the glycine-
rich sequence near the N terminus of FBN2, where FBNI has a proline-rich sequence (47). Like
FBNI, FBN2 is also known to be involved in assembly of microfibrils (48). FBN3 has been

described but its role in vascular physiology remains unknown (49).

s T
Fibrillin-2 Em =] (m 1 UL -
rioriin-3- RO B [T T1T AT 110 L) =

|:| N-terminal |:| CbEGF Gly-rich |:| C-terminal
I 4-cys O LTBP Pro/Gly-rich
I EGF IEI Pro-rich O Hybird

Figure 1.3: Domain structure of proteins of the fibrillin-1,-2 and -3, The dark gray box corresponds to the 4-cys
domain, and the light gray boxes to the EGF like domains. The 43 white boxes correspond to EGF domains that
additionally have a consensus sequence for calcium binding (cbEGF). The seven ovals correspond to LTBP domains,
and the pentangle to the hybrid domain of fibrillin-1. EGF, epidermal growth-factor; cbEGF, calcium binding EGF;
LTBP, latent TGF-3-binding protein; Adapted from Robinson et al. (46).

1.4 Mouse models of Marfan syndrome

It has become routine to use transgenic mice or knock-out mice to model human genetic disor-
ders. Different mouse models targeting fibrillin-1 gene have been developed to understand the
pathogenic mechanisms of MFS or fibrillin-1 associated disease. Pereira et al. (50) reported

a murine model mgA, in which exons 19 to 24 of Fbnl were deleted. The mgA mice express
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fibrillin-1 protein at about 10% of wild type level. While heterozygous mgA mice were indistin-
guishable from wild type mice, homozygous mgA mice die of severe MFS-like cardiovascular
complications approximately 3 weeks after birth. During the generation of mgA model another
mouse line named mgR was generated unintentionally. In this model, the neomycin-cassete was
found to be inserted into the intron region between exon 18 and 19 instead of the deletion of
exon 19 to 24 as previously planned. Homozygous mgR mice demonstrate a 5-fold decrease of
fibrillin-1 expression compared with wild type. Both heterozygous and homozygous mgR mice
showed normal phenotype at birth, but homozygotes developed phenotypic features in the skele-
tal system, including significant kyphosis and overgrowth of ribs. mgR/mgR mice die at the age

of around 4 months from pulmonary and vascular insufficiency.

Recently, a heterozygote for the mutant Fbnl allele mgA***™°_ carrying the same internal dele-
tion of exons 19 to 24 as the mgA mouse model, but with neoR flanked by lox-P sequences, is re-
ported to present defective microfibrillar deposition, emphysema, deterioration of aortic wall and
kyphosis, however, homozygosity of the mutation is lethal during gestation (51). Additionally,
the authors demonstrate that heterozygous animals from the 129/Sv strain manifested an earlier
onset of a clinical phenotypes than those from the B6 background (51). Mice without fibrillin-1
(mgN/mgN) die within the first two weeks of postnatal life from ruptured aortic aneurysms and

impaired pulmonary function, while heterozygous mgN/+ mice live a normal lifespan (52).

Another line of mice heterozygous for an Fbnl allele encoding a cysteine substitution, Cys1039
Gly (C1039G), lying in an EGF-like domain of fibrillin-1, has a mutation analogous to mutation
causing MFS in humans. Heterozygous C1039G mice (Fbnl®'%%*) demonstrate histological

]C1039G/C1039G

features of aortic disease, but live a normal life span, however, Fbn mice die during

the perinatal period (33)).

To investigate the role of mutant fibrillin-1 in microfibril assembly, two lines of mutant mouse
were generated by Charbonneau et al. (54). One of them was called GT-8, in which fibrillin-
1 is truncated and tagged with enhanced green fluorescent protein (eGFP). In the heterozygous
state, these mice develop features of MFS. Homozygotes die early after birth. The second line
(H1A) was generated by Cre-mediated removal of Fbnl exon 7, flanked by loxP sites, in all cells.
However both heterzygous and homozygous mice survived normally, and manifested no apparent

phenotype.

The tight skin mouse (Tsk) occurred as a spontaneous mutation as the result of a tandem dupli-
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cation of fibrillin-1. This mouse is heterozygous for a genomic duplication of some 30 to 40 kb

encompassing exons 17 to 40 of Fbnl. The Tsk/+ mouse has thickened skin and visceral fibrosis

that results from an accumulation of extracellular matrix molecules, and thus was proposed to be

a model of scleroderma, hereditary emphysema, and myocardial hypertrophy (55).

Model Mutation Fbnl expression Phenotype
mgA Deletion of exons 19-24 10% of wild-type Homozygous mice exhibit early
Fbnl postnatal death (50)
mgR Insertion of Neomycin- 20-25% of wild- Death from aortic dissection in ho-
cassette in intron region type Fbnl mozygous mice (50)
between exon 18 and 19
mgN Null allele Extreme hypo- Homozygous mice exhibit early
morph postnatal death (52)
mgA*Pre0 Deletion of exons 19-24 78% =10 of wild- Heterozygotes present some as-
type Fbnl pects of MES phenotype. Homozy-
gosity of the mutation is lethal dur-
ing gestation (51)
C1039G  Missense mutation C1039G ~ Normal expres- Heterozygotes live normal live
sion span. Homozygotes die perinatally
due to vascular failure (53)
Tsk/+ Large in-frame duplication NA Early embryonic death (55)
GT-8 Truncation, tagged with NA Heterozygous mice develop fea-
eGFP tures of MFS. Homozygous mice
show early postnatal death (54))
HIA Deletion of exon 7 NA Normal life span (54)

Table 1.2: Fbnl mutant mouse model, NA, Not available.

1.5 Pathogenesis of Marfan syndrome

Initially, it was suggested that the pathogenesis of MFS is solely accounted for by the loss of

connective tissue integrity. Recent genetic studies of human patients and murine models have

revealed that multiple factors such as fibrillin-1 halpoinsufficency, increased activation of TGF-(3

signaling, active MMPs have been considered to contribute to the pathogenesis of MFS.
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1.5.1 Perturbation of microfibril assembly in MFS

The 10-12 nm microfibrils are located primarily around the periphery of the amorphous elastin
component of the elastic fibers. During development of elastic tissues, microfibrils are the first
elastic fiber structure which is formed. Morphologically identical microfibrils have been found
in association with elastin in a wide variety of tissues, including skin, lung, kidney, blood ves-
sels, cartilage, and tendon. Microfibrils not associated with elastin may be observed in other
tissues, such as the ciliary zonule (35). The classical view of Marfan pathogenesis is that mu-
tant fibrillin-1 molecules alter microfibril assembly in a dominant-negative manner. Although
molecular evidence is still lacking, it seems clear that a certain subset of mutations in fibrillin-1
may result in a substandard threshold of microfibrils by interfering with the assembly of mi-
crofibrils (56, 57). Therefore, weakness of the aortic wall was believed to result from defects
of fibrillin-1 microfibrils that prevented proper assembly of elastic fibers. This hypothesis was
supported by the observation of dramatic paucity of extracellular microfibrils in patient-derived
tissues (38, 159). A large portion of the fibroblasts studied showed impaired incorporation of the
mutant fibrillin-1 into the extracellular matrix, suggesting functional disturbances in early stages

of the assembly mechanism (60-62).

Alternatively, mutant fibrillin-1 may assemble, but incorporation of mutant fibrillin-1 may desta-
bilize microfibrils (38, 42)). For instance, pulse-chase studies of patient fibroblasts containing
G11278S, which showed normal synthesis and secretion of fibrillin-1 but reduced deposition in
the extracellular matrix, suggest that this substitution has an extracellular dominant negative ef-
fect during or after incorporation of fibrillin-1 into the microfibril (63)). Recent in vivo studies of
microfibrils demonstrate that mutations in fibrillin-1 that destabilize microfibril structure underlie
the pathological features of the MFS, while mutations that do not destabilize microfibril structure

are not associated with Marfan phenotypes (54).

Besides their mechanical role, microfibrils and microfibrillar components can also be involved in
cell adhesion. In the developing aorta, microfibrils/fibrillin come in direct contact with endothe-
lial cells by passing through the basement membrane and smooth muscle cells, and mediate the
anchoring of these cells to the internal elastic lamina (64, 65). Therefore, in MFS, fibrillin-1 im-
pairment may alter physiological fibrillin-1 signaling in endothelial cells, contribute to endothelial
dysfunction, and therefore lead to disease (66). It is known that the RGD (Arginine-Glycine-
Aspartic acid) motif in the fourth TGF-3-binding protein-like domain of human fibrillin-1 is

flexible and accessible, and regulates cell adhesion and migration through binding to integrins
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(67, 168). Lorena et al. (69) demonstrated that a recombinant human fibrillin-1 polypeptide rF16
containing the RGD (N-terminal half of fibrillin-1) far from being proadhesive, displayed antiad-
hesive properties. Detachment of endothelial lining associated with loss of structural connection
between the intimal and medial layers was observed in fibrillin-1 null mice (mgN/mgN) (52).
Loss of microfibrillar connection between smooth muscle cells and elastic laminae is believed to

be an initial factor of aortic aneurysm in MFS (46).

1.5.2 Haploinsufficiency

The findings in the Fhn1<1%%"* mice suggest that haploinsufficiency with half-normal production
of normal protein, rather than presence of mutant protein, is required to cause the Marfan phe-
notype (53). The mechanism of haploinsufficiency can be further confirmed in mgA model, in
which microfibrils containing the mutant fibrillin-1 were still assembled and elastic fibers devel-
ops normally. These findings in the series of mouse model of MFS emphasized the predominant
role of wild type fibrillin-1 in tissue homeostasis rather than in elastic matrix assembly (50, 70). In
humans, it has been suggested that functional haploinsufficiency through nonsense-mediated de-
cay of most of the mutant mRNAs plays a role in the pathogenic mechanism of MFS (46,156, 71).
Matyas et al. (72) report two FBN1 deletions in two patients with MES. Interestingly, these two
deletions affect the putative regulatory and promoter region of the FBN1 gene, strongly indicating
that they abolish transcription of the deleted allele. This finding extends the molecular etiology
of MFES by providing the evidence that true halpoinsufficiency is sufficient to cause MFS (72)). In
addition, two missense fibrillin-1 mutations, C1117Y and C1129Y, were retained intracellularly
in the endoplasmic reticulum, indicating that specific mutant proteins retained as a consequence
of misfolding may result in functional halpoinsufficiency, or alternatively, have an intracellular

dominant negative effect (63).

1.5.3 Impaired vasomotor function

MES is associated not only with extensive degeneration of elastic fibers, but also with endothe-
lial dysfunction and reduction of smooth muscle contractility in the vasculature (73)). Vasomo-
tor function in mesenteric arteries, including maximal force development, is detrimentally af-
fected in the Fbhnl®'%¥%"* mice (74). The vasomotor dysfunction in Marfan thoracic aorta was
thought to be associated with accumulation of oxidative stress due to unbalanced protein ex-

pression of superoxide-producing and superoxide-eliminating enzymes (75). Upregulation of
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cyclooxygenase-2 (COX-2) in the Marfan aorta has been reported to contribute to the compro-
mised aortic vasomotor function by causing an imbalance in the release of endothelial relaxant
and constricting prostanoids (73). It was hypothesized that the loss of vessel elasticity and in-
crease in pulse wave velocity in the Marfan aorta (76) could induce COX-2 expression (77).
The endothelium releases a variety of vasoactive mediators, including prostaglandins, endothe-
lial nitric oxide (eNO) to regulate smooth muscle contractility and thus vascular smooth muscle
tone (78, [79). eNOS/Akt downstream signaling is significantly impaired in the thoracic aorta
during the progression of MFS, leading to the impairment of nitric oxide-mediated endothelial-
dependent relaxation (73). Chung and his colleagues have shown that doxycycline treatment

]C1039G/+

normalized the endothelium-dependent relaxation and the basal NO level of Fbn mice as

a result of the preservation of elastin fibers (80).

1.5.4 Inflammatory infiltrate in thoracic aortic aneurysm

MES is the most well known genetic disease characterized by thoracic aortic aneurysm (TAA).
Studies have found inflammatory and immune cells around focal cystic medial degeneration
(CMD) in patients with MFS and isolated TAA (81-83). CMD is the most common pathol-
ogy associated with TAAs, which is described as noninflammatory lesion characterized by elastin
fragmentation, focal fibrosis, haphazardly distributed areas with loss of VSMCs, and accumu-
lation of collagen (82). Immunohistochemistry of aorta from patients with MFS, familial or
sporadic TAAs consistently show the presence of T cells (CD3+) and macrophages (CD68+),
particularly in the adventitia, along with an increase in the density of the vasa vasorum and local
endothelial activation (84). The authors further confirmed that infiltration of inflammatory cells
in the adventitia of Marfan patients was more intense compared with those of sporadic TAA (84).
In our previous study (Section 2.5), CD68 immunstaining of the surgical aortic specimen in 28
patients with MFS showed significant increase in the number of macrophages in the tunica me-
dia (85). In the mgR/mgR mice, as early as 8 weeks, monocytes begin to infiltrate the medial
layer, followed by adventitial inflammation with fragmentation of the medial elastic network and
fibroblast hyperplasia, these findings suggesting that inflammatory infiltration is relevant to the
progression of aortic aneurysm in this Marfan mouse model (50). Contrary to TAA accumulation
of inflammatory cells including T and B lymphocytes, mast cells, and macrophages is one of the
main characteristics of the abdominal aortic aneurysm (AAA) (86588). The current hypothesis

for AAA is that the recruitment of inflammatory cells into the adventitia and media, with subse-
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quent increased expression of proinflammatory cytokines and extracellular matrix turnover may
contribute to the rapid growth and rupture of larger AAA (89, [90). The findings in Marfan pa-
tients and mouse model support the notion that inflammation could also play an important role
in the pathogenesis of MFS, which underscores the need for further research of the inflammatory

change in TAA.

1.5.5 Upregulation of matrix metalloproteinases (MMPs)

Matrix metalloproteinases (MMPs) are potent proteinases involved in a broad range of normal
and pathological processes, including embryonic development, tissue remodeling, inflammation
and wound healing. Various studies have confirmed that MMPs could contribute to the pro-
gression of thoracic aortic aneurysm in MFS. For instance, study of aortic specimens of Marfan
patients demonstrated upregulated MMPs and tissue inhibitor of MMP (TIMP) activity at the bor-
der of areas of cystic medial regeneration (CMD) (73, 182)). Cultured vSMCs from Marfan patients
demonstrate MMP-2 overexpression and the abnormal apotosis of these vSMCs is thought to be
a result of upregulated MMP-2 (81)). Moreover, increased concentrations of MMP-1, MMP-3 and
MMP-9 have been observed in zonular fibers of dislocated lens in Marfan patients (91). MMP-9
is thought to be produced by infiltrating neutrophils and macrophages and is not present in large
amounts in nondiseased aorta (92). Wild type fibrillin-1 and elastin are susceptible to digestion
by several MMPs like MMP-2, -9 and -12 (50, 93] 94). Study of the Marfan mouse models
C1039G/+ and mgR/mgR demonstrates that the upregulation of MMP-2 and -9 correlated with
the extent of loss of elastic content and elastic fiber architecture during TAA formation (50, [73).
Moreover, Ikonmidis et al. (95) demonstrated that MMP-9 gene deletion attenuated aortic di-
latation in a murine model of TAAs. MMP-12, a macrophage-specific metalloproteinase, is the
predominant matrix-degrading proteinase secreted by macrophages (96). Macrophages found in
Marfan aortic specimens may therefore reflect the involvement of MMP-12 in TAA. Actually,
elevated MMP-12 has been shown to be associated with AAA (97). Furthermore, mice deficient
in MMP-12 are reported to be protected from cigarette smoke induced emphysema (98). The
involvement of MMP activity in TAA has been further confirmed by the fact that treatment with
doxcycline, a nonspecific MMP inhibitor, significantly prolonged the survival of the mutant mice
and decreased the development of aortic aneurysm in Marfan mouse model (80, [99)). The ther-
apeutic efficacy of doxycycline was replicated in mgR homozygous mice with intraperitoneal

injection of neutralizing antibodies against MMP-2 and -9 (80).
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1.5.6 Proteolytic degradation of mutant fibrillin-1

To date, more than 600 mutations have been identified in FBNI (http://www.umd.be). The mu-
tations are spread throughout almost the entire gene without obvious prediction for any given
region. Around 60% of the mutations are missense mutations, and most of these affect one of
the conserved cysteine residues or a residue of the cbEGF modules (71, [100). It is known that
calcium binding by cbEGF modules is essential for the conformation and stability of fibrillin-1
(101} 102). Such mutations are reported to reduce the calcium affinity of affected modules (103~
106), which could be an explanation of the observations that a number of FBNI mutations can
increase the susceptibility of recombinant fibrillin-1 fragments to in vitro proteolysis by exposing
specific cryptic proteolysis sites (Table [I.3). For example, our group has shown that a mutation
affecting a residue of the calcium-binding consensus sequence (K1300E) found in a patient with
relatively mild clinical manifestations of classic MFS caused a modest increase in susceptibil-
ity to in vitro proteolysis by trypsin, whereas a mutation affecting the sixth cysteine residue of
the same cbEGF module (C1320S) reported in a severely affected patient caused a dramatic in-
crease in susceptibility to in vitro proteolysis by trypsin (107). It has been reported that authentic
human fibrillin-1 and recombinant human fibrillin-1 subdomains, spanning the whole molecule,
showed significantly slower proteolytic degradation in the presence of CaCl, than in the pres-
ence of EDTA, demonstrating that calcium stabilizes the structure of fibrillin-1 and protects the

molecule against proteolytic degradation (107, [108]).

The fact that different mutations within cbEGF modules can have a differential effect on suscep-
tibility to proteolysis, provides a potential explanation for some genotype-phenotype correlations
in MFS (46, 107). Assuming that increased susceptibility to proteases does play a role in the
pathogenesis of MFS, then there are at least two mechanisms that could be important. Prote-
olytic degradation of mutant fibrillin-1 monomers could take place following secretion into the
extracellular space but before incorporation into the microfibrils, thus reducing the total amount of
fibrillin-1 available for assembly of microfibrils. Alternatively, mutant fibrillin-1 monomers could
be incorporated into microfibrils and then represent a sort of Achilles’ heel causing increased
susceptibility of the entire microfibrillar structure to proteolysis and fragmentation (14, 46)). It is
worth mentioning that the increased proteolysis is not only limited to mutant fibirllin-1 protein,
for instance, mutations in the actin-modulating protein gelsolin, which is known to be associated
with neurodegenerative disease familial amyloidosis of Finnish type (FAF), is susceptible to aber-

rant proteolysis by furin in the trans-Golgi network as a result of disruption of the Ca**-binding
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site (109). Collectively, it can be hypothesized that proteolytic degradation of mutant fibrillin-1
monomers leads to fragmentation and progressive loss of microfibrils, which may be an initiating

factor in the development aortic dissection.

Mutation Location Reference

N5481 cbEGF4 Reinhardt et al (102)
R627C cbEGF6 Vollbrandt et al (110)
C750G cbEGF7 Vollbrandt et al (110)
E1073K cbEGF12 Reinhardt et al (102)
G1127S cbEGF13 Whiteman et al (106J)
K1300E cbEGF17 Booms et al (107)

C1320S cbEGF17 Booms et al (107)
D1406G cbEGF20 Robinson and Booms (14)
C1408F cbEGF20 Robinson and Booms (14)
C1977R cbEGF30 Suk et al (103))

C1977Y cbEGF30 Suk et al (103))

N2183S cbEGF33 McGettrick et al (111))

Table 1.3: FBNI mutations identified in individuals with MES that have been shown to increase susceptibility to in
vitro proteolysis. The predicted amino acid change and the affected cbEGF modules are shown. Note that N2183S
is a protein-engineered mutation and has not been found in patients. Adapted from Robinson et al. (40).

1.5.7 Abnormal TGF-{ signaling

TGF-$ has long been implicated in the pathogenesis of fibrotic diseases like scleroderma, fi-
brosarcoma, and idiopathic pulmonary fibrosis (112). TGF-# is synthesized as an inactive pre-
cursor containing an N-Terminal prodomain termed latency associated peptide (LAP). Mature
TGF-f associated with LAP is referred to as the small latent complex (SLC). The SLC is cova-
lently bound to another protein called latent TGF-/ binding protein-1 (LTBP-1), forming the large
latent complex (LLC) (113). Microfibrils were known to regulate TGF-/ activity through the
binding of the N-terminus of fibrillin-1 to the C-terminus of LTBP-1, a large molecule that keeps
TGF-/3 in an inactive state in the matrix (114) (Figure [I.4). This was further confirmed by the
finding that transgenic mice expressing LTBP-1 lacking the C-terminus binding region demon-
strate inappropriately increased TGF-S activation (115). Additionally, in tissues, proteolysis of
crosslinked LTBP-1 by enzymes such as bone morphogenetic protein-1 (BMP-1), MT1-MMP

and plasmin are initiating events in TGF-/ activation (116, [117).

It was proposed that fibrillin-1 gene mutation associated with microfibril deficiency in MFS
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leads to dysregulation of TGF-$ (118)), thus, further reinforcing the proposed vicious cycle in
the development of aortic aneurysm (73)). Studies on mice lacking or underexpressing fibrillin-1
(mgA/mgA, mgN/mgN, mgR/mgR) documented increased activity of TGF-£ signaling due to
to inadequate sequestration (50, [118). Dietz and his colleagues (119) reported that phosphoryla-
tion and subsequent nuclear translocation of pSmad2, which are induced by TGF-{3 signaling, are

markedly increased in the aortic media of Fbnl¢'0¥6"+

mice relative to wild-type mice. Besides
Marfan mouse model, increased expression of TGF-51 and 3 has also been observed in aortic
specimens from Marfan patients (120). Moreover, circulating TGF-{1 concentrations were found
to be elevated in patients with MFS (121). Additionally, increasing TGF-3 independent SMAD?2
signaling have been reported in the primary cultures of vSMCs from Marfan patients, indicating a
possible epigenetic control in the pathogenesis of TAA in MFS (122). Actually, increased TGF-(3
activity is not limited to TAA in MFS. For instance, recently, van de Laar et al. (123) found mu-
tations in SMAD?3 caused a new syndrome presenting with aortic aneurysm in association with
enhanced pSMAD?2 activity through the medial vSMCs in affected individuals. The selective
angiotensin II receptor 1 blocker (ARB), losartan potassium and TGF-5 neutralizing antibodies
haven been shown to effectively rescue aortic aneurysm in mouse model of MFS (118} [119). A
pilot study in 18 children with severe MFS (median age 6.5 years) showed a significant reduction
in the rate of progression of aortic wall dilatation following treatment with ARBs (124). The cir-

culating TGF-31 concentrations in human patients and Fbn]1%3%C/+

mice decrease significantly
after administration of losartan or beta-blocker (121). The striking outcoming of these treatments

further confirmed the important role of TGF-/ in the development of MFS.

It is of note that TGF-/3 can initiate multiple downstream signaling cascades, including both
canonical (SMAD-dependent) and noncanonical (SMAD-independent) pathways (125)). Recently,
Carta et al. (126) have shown that elevated pSmad2 activity could be identified in the culture of
aortic vSMCs from different Marfan mice (mgN/mgN, mgR/mgR, Fbnl¢'%¥*) and the non-
canonical Smad signaling p38 is thought to be responsible for the early accumulation of endoge-
nous pSmad2 in mgN/mgN vSMCs. Additionally, recent studies have shown that noncanonical
(Smad-independent) TGF-{ signaling is a prominent driver of aortic disease in MFS mice, and
selective inhibition of extracellular signal-regulated kinase (ERK1/2) or Jun N-terminal kinase-1
(JNK1) activation ameliorated aortic growth, and Smad4 deficiency exacerbated aortic disease
and caused premature death in MFS mice (127). Furthermore, the same research group demon-

strated that losartan inhibit TGF-(3 mediated activation of ERK (127, [128]).
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Figure 1.4: Loss or proteolysis of microfibrils leads to multiple phenotypic features that may result in part from
activation of TGF-/3. Fragmented microfibrils are associated with release of active TGF-/3, resulting in excessive
TGF-f activation. Excessive TGF-£ signaling is responsible for different phenotypic consequences. LAP, latency-
associated protein; LTBP, latent TGF-$ binding protein. Modified from (132) and (133)).

Mutations in the genes for TGFBRI and TGFBR?2 have been identified in disorders with varying
degrees of overlap with classic MFS (25,1129, 1130). The impact of different mutations in 7TGFBR2
might be responsible for clinical phenotype variability observed in TGFBR2 mutations related
diseases. For instance, it has been reported that R460C, which has been mainly found in familial
TAAD, showed a less-severe dominant-negative effect compared with mutations associated with

LDS and MFS2 (131).

1.5.8 Secondary cellular events caused by fragmentation of extracellular matrix

Fibrillin-1 and elastin fragmentation has been documented in the aorta of Marfan patients and the
mouse model of MFS (53,182, 1134-136). For instance, abnormalities in fibrillin-1 immunostain-
ing patterns were observed in skin and cutaneous fibroblast culture of patients with MFS (137).
Immunohistochemistry of fibrillin-1 in cultured human Marfan vSMCs demonstrates that extra-
cellular fibrillin-1 might be reduced, disrupted, and dysfunctional (81). Fragmentation of fibrillin-

1 was also observed by fibrillin immunonstaining of aortic specimens in patients with MFS (134).

Several lines of evidence support the hypothesis that fragmentation of extracellular matrix (ECM)
may have signaling activities that the corresponding intact molecules do not have (138), which

could be interperated as that the presence of fibrillin-1, elastin other ECM fragments could have
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various abnormal secondary cellular activities which in turn could cause further fragmentation
in aortic wall. For instance, distinct fragments of fibronectin are able to increase expression
of MMP-1 (139), MMP-3 (140), and MMP-13 (141). Our group has shown that recombinant
fibrillin-1 fragments containing Arg-Gly-Asp (RGD) site are also known to upregulate expression
levels of MMP-1 and MMP-3 in the culture of fibroblasts (142)). Another recombinant fibrillin-1
fragments containing exon 44 to 49 can release the active TGF-£ by inhibiting the binding of
LTBP-1 to N-Terminal of fibrillin-1 (143). Gene Ontology (GO) analysis of the human proteome
showed that proteins with multiple pentapeptide Gly-x-x-Pro-Gly (GxxPG) motifs are highly en-
riched for GO terms related to the extracellular matrix (144). The GxxPG motif is known as the
consensus sequence of ligand of elastin binding protein (EBP). EBP is is a peripheral 67-kDa
protein, one of three subunits making of the elastin binding receptor. The other two membrane-
associated protein include a 55-kDa subunit as the protective protein, also called cathepsin A and
a 61-kDa sialidase (neuraminidase) (145, 146). EBP is capable of transmitting physiological sig-
nals from the extracellular matrix into the cell interior, the downstream of EBP signaling seems
to be very different dependent on stimulating cell type (147). The repeating hexapeptide Val-
Gly-Val-Ala-Pro-Gly (VGVAPG) has been identified as a chief ligand for the EBP (148, [149),
and VGVAPG was known to be chemotactic for fibroblasts and monocytes (150). Moreover,
some peptides other than VGVAPG have also been shown to have chemotactic effects related to
EBP binding, including PGAIPG (151) and GVLPG and GVAPG (152). Elastin derived peptides
(EDPs) containing the GxxPG motif, in particular, are biologically active, as these are able to
interact with the EBP (1435, 149, [153, 154). For instance, chemotactic effects of « elastin may
result from the stimulation of cGMP and cGMP-dependent protein kinase mediated by binding
of GxxPG to EBP present on the surface of mononuclear phagocytes (155). Elastin degradation
products were reported to stimulate proliferation of arterial smooth muscle cells as a result of
elastin receptor-transduced signaling cascades involving the phosphorylation of ERK1/2 (146).
Brassart and colleagues reported that pertussis toxin-sensitive G proteins and tyrosine kinase
are involved in the EBP-mediated up-regulation of MMP-1 in cultured fibroblasts (156). Fur-
thermore, EDPs have been noted to stimulate the production of MMP-1 (157) and typical bone
proteins in cultured aortic SMCs (158)).
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1.6 Hypothesis of this study

In this study we hypothesized that GxxPG containing fibrillin-1 or elastin fragments in MFS
could deliver secondary cellular effects through their interaction with EBP, therefore contributing
to the development of TAA in MFS (Figure [1.5). Since EBP possesses galactolectin properties,
when galactosugars bind it, its affinity for EDP dramatically decreases, leading to their release
and further dissociation of EBP from the complex. Galactosugars, such as lactose, are therefore
commonly used as EBP antagonists (159). It is also well-known that a monoclonal anti-elastin
antibody called BA4 especially recognizes the GxxPG motif (160), thus blocking the interaction
between GxxPG and EBP.

Marfan syndrome

) 9 GxxPG
o °

Neutralization of

Fragments GxxPG by BA4 Ab
@

GxxPG/EBP binding Lactose shed EBP
o BA4AD o ) lactose
: . EBP from cell surface
Elastin-laminin
receptor PP Q PP
"Sase Sase

{

Signal tranduction no signal tranduction

~ K

Upregulation of MMPs
Increased macrophage chemotaxis
Stimulation of cellular proliferation
others

Target cell

Figure 1.5: Proposed model for secondary cellular events caused by GxxPG containing fragments. GxxPG frag-
ments caused by fibrillin-1 proteolysis or elastolysis binds to EBP, triggering EBP downstream pathway, leading to
secondary effects which may be related to the development of TAA in MFS. BA4 especially recognize GxxPG motif.
Lactose causes the EBP to be shed from the cell surface. EBP, Elastin-binding-protein; PP, Protective protein; Sase,
Silidase.

1.7 Aim of this study

The main aim of this dissertation was the investigation of the role of fibrillin-1 and elastin frag-
ments in the pathogenesis of MFS. To analyze the abnormal activities of fibrillin-1 fragments,

recombinant fibrillin-1 polypeptides containing GxxPG motif were generated for chemotaxis as-
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say. Additionally, macrophage chemotaxis toward aortic extracts from a Marfan mouse model
(mgR/mgR) and Marfan patients was also investigated. Although the role of inflammation in
the pathogenesis of TAAs remains unclear, we believe that valuable data from the abdominal
aneurysm literature should be considered in the study of TAAs. For instance, anti-inflammatory
therapy in AAA mouse model or patients have been confirmed to be successful (161, 162)). Stud-
ies with animal models have helped us understand some of the pathophysiologic mechanisms of
MES and created new therapeutic opportunities. Losartan, a blocking agent of TGF-£ or doxy-
clycine, an unspecific MMPs inhibitor, have been reported to successfully decrease the develop-
ment of TAA in Marfan mouse model (80, 99, 119). These striking findings motivated us to to
investigate whether neutralization of GxxPG-fragments by BA4 or anti-inflammatory treatment
in homozygous mgR mice can prevent the progress of aortic aneurysm. The results of this study
can not only further clarify the role of fibrillin-1 and elastin fragments or inflammatory infiltration

in the development of TAA but may also provide us another possible therapeutic strategy.
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2 Material and Methods
2.1 Material

2.1.1 Chemicals and Reagents

Name Manufacturer
30% Acrylamid/0.8% Bisacrylamid Roth
Agarose Invitrogen
Ampicillin sodium salt Sigma
Ammonium persulfate (APS) Sigma
Bovine Serum Albumin (BSA) Sigma
Bromphenol blue Sigma
Chloroform Merk
Protease Inhibitor Cocktail Tablets Roche
Coomassie G250 Pierce
Dimethyl sulfoxide (DMSO) Merk
Dithiothreitol (DTT) Serva
Doxycycline hyclate Sigma

Fluoromount-G

Entellan

Ethylenediaminetetraacetic acid (EDTA)
Ethidiumbromide

Formaldehyde

Glycine

Glycerol

30% H504

Indomethacin

Imidazole

Lipofectamine® 2000

Mayert’'s Hematoxylin
[B-Mercaptoethanol

Methanol

Ni-NTA-agarose

Phosphate buffered saline (PBS)
Phosphatase Inhibitor Cocktail
Prestained Protein Standard

Sodium dodecylsulfate (SDS)
N,N,N,N-Tetramethylethylenediamine (TEMED)

Science Services
Merk
Sigma
Roth
Merk
Roth
Sigma
Merk
Sigma
Sigma
Invitrogen
Invitrogen
Sigma
Merk
Qiagen
Biochrom
Roche
Fermentas
Sigma
Sigma
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TRIzol®
Triton X-100
Tween 20

Zeocin

Invitrogen
Serva
Sigma

Invitrogen

Table 2.1: Chemicals and reagents

Anorganic salts, acids and bases and alcohols were purchased in analytical grade from Sigma-

Aldrich, Roth or Merck Bioscience.

2.1.2 Composition of prepared buffers

Buffer Composition

Aorta extraction buffer 2 M NaCl in PBS pH 7.4
Blocking buffer for Western blot 5% nonfat dry milk in 1xPBS-T
Blocking buffer for immunofluores- 3% BSA in PBS

cence
Chemotaxis buffer
Elution buffer for Ni-NTA-Agarose

Protein loading buffer

LB Medium

LB-Agar

PBST

4% paraformaldehyde (PFA)
5xSDS Sample buffer

RIPA buffer

SDS-PAGE running buffer
TBE

TBS

TBST

Western blot transferring buffer
Wash buffer for Ni-NTA agarose

1% BSA in RPMI 1640
50 mM NaH,PO,, 300 mM NaCl, 250 mM Imida-

zole, pH 8.0
200 mM Tris-HCI1 pH 6.8, 0.8% SDS, 0.4% Bro-

mophenol blue, 40% Glycerol

1% bacto-trypton, 0.5% yeast extract, 0.5% NaCl

LB medium, 1.5% agar

PBS, 0.05% Tween-20

4% paraformaldehyde in PBS pH 7.4

2% SDS, 60 mM Tris/HCI pH 6.8, 50% glycerin, 14.4

mM [-mercaptoethanol, 0.1% bromphenol blue
0.05% SDS, 50 mM Tris-HCI pH 7.4, 150 mM NaCl,

0.5% sodium deoxycholate, 1% NP40, 1 mM EDTA
25 mM Tris-HCI pH 8.8, 250mM glycine, 0.05% SDS
20 mM Tris-HCI pH 8.0, 445 mM boric acid, 10 mM

EDTA

150 mM NaCl,10 mM Tris-HCL,pH 7.5

TBS, 0.05% Tween-20

192 mM glycine, 25 mM Tris-HCI, 20% methanol
50 mM NaH;PO,, 300 mM NacCl, 20 mM Imidazole,

pH 8.0




Material and Methods

23

Table 2.2: Composition of prepared buffers

2.1.3 Enzymes and Peptides

Name Concentration Manufacturer
Alkaline phosphatase 1 U/ul Promega
Collagenase type II 125 U/mg Worthington Biochemical
T4 DNA ligase 400 U/pl NEB

Restriction enzymes 10U-20U NEB

PNGase F 500 U/pl NEB

Proteinase K 10 mg/ml Roche

Pfu DNA Polymerase 2.5U/ul Fermentas

Taq DNA polymerase SU/ul Promega

Shrimp alkaline phosphatase (SAP) 20 U/l Fermentas

SYBR Green PCR Master Mix 2x Applied Biosystems
Val-Gly-Val-Ala-Pro-Gly (VGVAPG) - Sigma
Pro-Gly-Phe-Pro-Pro-Gly (PGFPPG) - Peptide Company
Cys-Gly-Cys-Pro-Pro-Gly (CGCPPG) - Peptide Company
Glu-Gly-Phe-Glu-Pro-Gly (EGFEPG) - Peptide Company
Glu-Gly-Phe-Glu-Ser-Gly (EGFESG) - Peptide Company

Elastin peptides

Elastin Products

Table 2.3: Enzymes and Peptides

2.1.4 Antibodies

Name Dilution Manufacturer
Anti-a smooth muscle actin FITC-conjugated anti- 1:200 Abcam
body

Anti-mouse IgG, HRP (horseraddish peroxidase) cou- 1:2000 Abcam
pled

Anti-rabbit IgG, HRP (horseraddish peroxidase) cou- 1:2000 Abcam
pled

Alexa Fluor® 555 goat anti-rabbit IgG 1:1000 Invitrogen
Mouse monoclonal anti-3 actin 1:2000 Abcam
Mouse monoclonal anti-elastin (BA4) 1:1000 Sigma
Monoclonal mouse anti-F4/80 1:150 Abcam
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Rabbit polyclonal anti-COX-2 1:100 Abcam
Rabbit polyclonal anti-phospho-ERK1/2 1:1500 Cell Signaling
Rabbit polyclonal anti-ERK1/2 1:1500 Cell Signaling
Rabbit polyclonal anti-MMP-2 1:2000 Abcam
Rabbit polyclonal anti-MMP-9 1:2000 Abcam
Rabbit monoclonal anti-MMP-12 1:2000 Abcam
Rabbit polyclonal anti-pSMAD?2 1:3000/1:150 Cell Signaling
Mouse monoclonal 6xHis-tag 1:1000 Abcam
Mouse monoclonal anti-Myc 1:2000 Santa Cruz

Table 2.4: Antibodies

2.1.5 Media, antibiotics for cell culture
Name Manufacturer
Dulbecco’s Modified Eagle’s Medium (DMEM) Gibco
RPMI 1640 Biochrom
100xPenicillin/streptomycin mix Gibco
Trypsin-EDTA Gibco
Cell dissociation solution Sigma

Table 2.5: Media, antibiotics for cell culture

2.1.6 Solutions for Modified Verhoeff Elastic-Van Gieson Stain and Immunohistochemistry

Name

Manufacturer

Alcoholic Hematoxylin, 3%
Ferric Chloride, 2% aqueous
Lugolt’s Iodine

Ferric Chloride, 0.4% aqueous
van Gieson’s Solution

Trypsin enzymatic antigen retrieval solution

Electron Microscopy Sciences

Electron Microscopy Sciences

Electron Microscopy Sciences

Electron Microscopy Sciences

Electron Microscopy Sciences

Abcam

Table 2.6: Solutions for Modified Verhoeff Elastic-Van Gieson Stain and Immunohistochemistry

2.1.7 Kits, Consumables

Kits, Consumables

Manufacturer
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BCA Protein Assay

BigDye terminator cycle sequencing ready reaction kit
Diaminobenzidine tetrahydrochloride (DAB)
Dialysis cassette

ECL Western Blotting Reagent

QIAquick Gel Extraction Kit

QIAquick PCR Purification Kit
MagAttract® DNA M48 Kit

Vecatastain® ABC Kit

MaxiSorp flat-bottom 96 well plate
Perioxidase Supperssor

Plasmid mini Kit

Polyvinylpyrrolidone-free polycarbonate membrane

Thermo Fisher Scientific
PE Biosystems

Thermo Fisher Scientific
Thermo Fisher Scientific
Amersham

Qiagen

Qiagen

Qiagen

Vector Labs

Nunc

Thermo Fisher Scientific
Promega

Neuro Probe

SuperScript II First-Strand Synthesis system for RT-PCR Invitrogen
PVDF membrane Thermo Fisher Scientific
Parafilm Pechiney
Slides and coverslips Roth
Syringes Braun
Table 2.7: Kits, Consumables

2.1.8 Plasmids and Bacterial strains
Name Manufacturer
Top 10 E.coli Invitrogen
DHS alpha Invitrogen
pSec Tag A Invitrogen

Table 2.8: Plasmids and Bacterial strains

2.1.9 Laboratory Equipment

Equipment Manufacturer
Agarose gel electrophoresis apparatus Biometra
Cell culture incubator Heraeus

Centrifuges
BioRobort M48 workstation
Boyden Chemotaxis Chamber AP48

Heraeus, Eppendorf

Qiagen
Neuro Probe
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Film processor
Gel electrophoresis equipment

GeneAmp5700 Sequence Detection system

Microplate Reader
Microscope
Microwave

pH Meter

Pipettes, adjustable
Power supply

Semi-dry western blotting apparatus

Spectrophotometer
Thermocycler

Tissue processor TP1020
Transilluminator, UV
Vortexer

Whatman 3 MM paper

AGFA Curix 60
Bio-Rad

Applied Biosystems
Berthold

Carl Zeiss

Ordinary type
Mettler-Toledo GmbH
Eppendorf

Bio-Rad

Bio-Rad

Beckman

Biometra, Eppendorf
Lecia Microsystems
UV, INC

Stuart Scientific
Whatman

Table 2.9: Laboratory Equipment

2.1.10 Synthetic oligonucleotides

All synthetic oligonucleotides used in this study were synthesized by MWG Biotech or by Metabion,

Germany.

2.1.11 Animals

Healthy wild-type C57BL6 or homozygous mgR mice were housed in room with controlled pho-

toperiod and temperature. Animals were given free access to water and pelleted diet and were

maintained under pathogen-free, controlled conditions. The mice were sacrificed by CO, suf-

focation or cervical dislocation. All procedures were in accordance with ethical guidelines laid

down by the local governing body and approved by Landesamt fiir Gesundheit und Soziales in

Berlin (LaGeSo, Reg 0137/07).
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2.2 Methods: Molecular Biology

2.2.1 Agarose gel electrophoresis

Conventional agarose gel electrophoresis was used to separate double stranded DNA molecules
with sizes between 100 bp and 10,000 bp. Agarose was typically used at a concentration between
1% and 2% in 0.5xTBE bulffer, ethidium bromide was added from a 0.5 mg/ml stock solution
to a final concentration of 0.1 pg/ml. Samples were mixed with 2 volumes of loading buffer
(Fermentas) and loaded onto the gel. After electrophoresis DNA fragments were visualized using

an ultraviolet transilluminator.

2.2.2 RNA isolation and reverse transcription

5 x 10* HEK 293 cells were lysed for 5 min at room temperature in 1 ml Trizol Reagent (In-
vitrogen). After addition of 0.3 ml chloroform, the samples were mixed vigorously, following
centrifugation at 12000xg for 15 min at 4°C, RNA in the aqueous phase was precipitated with
0.5 ml isopropanol, incubated for 10 min at room temperature and centrifuged at 12,000 x g at
4°C, RNA pellet was washed with 75% ethanol with subsequent centrifugation at 7500xg for 5
minutes, air-dried and dissolved in 50 i1 RNase-free water and stored at -80°C. cDNA synthesis
was performed by using SuperScriptTM II First-Strand Synthesis System (Invitrogen) according

to the manufacturer’s instructions.

2.2.3 Polymerase chain reaction (PCR) amplification for cloning

PCR was used to amplify specific DNA sequences by simultaneous primer extension of comple-
mentary strands of DNA (163)). A template fragment flanked by the primer sequences is produced
in large quantities by using the PCR. Gene-specific PCR primers were designed to add recognition
sites for restriction nuclease to the 5° and 3’ end of the amplified DNA sequence. PCR reactions
for cloning containing 10xPCR buffer, 0.4 uM of each primer, 0.2 mM dNTP, and 1 unit Pfu
polymerase (Fermentas) in a total volume of 50 ul and approximately 2 ul cDNA as template.
Cycling conditions included an initial denaturation step at 95°C for 5 min, followed by 35 cycles
of 30 seconds at 95°C 30 seconds at the specific annealing temperature, 1 min at 72°C, and a final

extension step at 72 °C for 7 min.
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2.2.4 Gel extraction and PCR purification

After PCR or enzymatic modification, DNA was separated by agarose gel electrophoresis and

purified by using the QIAquick gel extraction kit according to the manufacturer’s instructions.

2.2.5 Restriction digest and ligation

200 ng - 1 pg of DNA was digested using 10 U of the restriction enzyme (NEB) and 5 pul of
restriction buffer in 50 ul volume, BSA was added to the digest depending on the enzyme used.
The reactions were incubated for 3 h or overnight for digestions at the temperature required for
the respective restriction enzyme. All ligations were carried out as sticky end ligations with 4 fold
molar ratios of inserts to vectors. Ligations were performed in a total volume of 10 i1 containing
2 pl of T4 DNA ligase (NEB) and Ixligation buffer at 16°C overnight. Alternatively a quick

ligation using 2xligation buffer was preformed at RT for half an hour up to 2 hours.

2.2.6 Transformation

Aliquots of chemically competent TOP 10 E. coli cells (Invitrogen) were thawed on ice and mixed
with 2 pl of the ligation product. The mixtures were kept on ice for 30 min and then incubated at
42°C for 30 sec. Then 250 pul SOC medium were added and the culture incubated at 37°C with
shaking for 60 min. The cells were then plated on LB selection plates with 50 pg/ml Ampicillin
and the plates incubated at 37°C overnight. 5 to 10 colonies were selected and used to inoculate

LB cultures with 50 pg/ml Ampicillin for mini (5 ml) preparations.

2.2.7 Isolation of plasmid DNA from bacterial cultures

The isolation of plasmid DNA from 5 ml of overnight culture medium with bacteria was done

using Promega Plasmid Purification Mini Kit 2.0 following the manufacturer’s instructions.

2.2.8 Cell culture
The murine macrophage cell line RAW 264.7 (ATCC TIB-71) and HEK 293 cells were grown in
RPMI 1640 and DMEM, both media were supplemented with 10% FBS and penicillin/streptomycin

mix (final concentration: penicillin, 100 IU/ml; streptomycin, 100 pzg/ml) and were grown at 37°C

in a cell incubator in a 5% carbon dioxide / 100% humidity. RAW 264.7 cells have properties
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similar to those of mouse resident macrophages and exhibit responsiveness to chemotactic stim-
uli (164). Cells were split twice a week after reaching 90% confluency. In order to distinguish
live and dead cells, dead cells were stained by Trypan blue in a 1:10 dilution. 20 ul of the di-
luted cell suspensions was transferred to the chamber for counting under the microscope. At least
4 large squares were counted. The number of cells per ml was calculated with the following

formula: Cells/ml = mean cell count * dilution factor (1x10°).

2.3 Method: Protein chemistry

2.3.1 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

The polyacrylamide gel were prepared according to standard protocols. Protein samples for SDS-
PAGE were prepared by mixing them with loading buffer and denaturing for five minutes at 95°C.
The proteins are loaded onto a 10% or 15% polyacrylamide gel and separated by denaturing SDS-
PAGE according to their molecular weight. The prestained molecular weight marker (Fermentas)
was used as a size reference. After electrophoresis the proteins are visualised by coomassie

staining or detected by Western blot with corresponding antibodies.

2.3.2 Coomassie-G stain of proteins

Staining of proteins with Coomassie-G is based on the nonspecific adsorption of this triphenyl-
methane dye to basic or aromatic residues of proteins. Coomassie-G stain is normally performed
after SDS-PAGE and recognizes as little as 0.5 pg. Briefly, after gel electrophoresis, SDS-PAGE
gel was washed in dH5O for 10 min. Afterwards, the gel was stained in Coomassie-G staining
solution (Bio-Rad) for 1 hour. Destaining was accomplished by the addition of dH,O until the

background is clear.

2.3.3 Western blot analysis

For western blot analysis, protein samples were first separated via SDS-PAGE and subsequently
transferred to microporous polyvinylidene difluoride (PVDF) membrane (Millipore) using a semi-
dry apparatus (Bio-Rad). The membrane and blot paper were soaked in western transfer buffer.
The transfer was carried out for 1 hour at 10 V. After transfer, membrane was incubated with
blocking buffer for 1 hour at room temperature (RT), and then incubated overnight at 4°C or 2

hours at RT with primary antibodies diluted in blocking buffer. Membrane was washed three
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times in TBST, and incubated for 1 hour at RT with peroxidase-conjugated anti-rabbit IgG or
anti-mouse IgG. Following 3 times washes in TBST, the immunreactive bands were detected

with ECL kit (Amersham Bioscience) according to the manufacturer’s instructions.

2.3.4 BCA protein assay

The BCA protein assay is a common colorimetric method for protein quantification of a sample.
Its detergent-compatible formulation is based on bicinchoninic acid (BCA). This method com-
bines the well-known reduction of Cu*? to Cu*! by protein in an alkaline medium (the biuret
reaction), which causes a purple-colored reaction product formed by chelation of 2 molecules of
BCA with 1 cuprous ion (Cu*!). The chelate complex exhibits a strong extinction at 562 nm
and is linear over a range from 20 to 2000 pg/ml protein. In this study the Thermo Scientific
Pierce BCA Protein Assay Kit was used following the manufacture’s instructions. Briefly, BSA
standard or appropriately diluted samples were transferred onto a 96-well microtiter plate in du-
plicate. After adding the 200 pl mixed reagent A and B (50:1), the plate was incubated at 37°C
for 30 min, absorbance was measured at the Berthold microplate reader. The standard curve was

used for interpolation of sample protein.

2.3.5 Enzyme Linked Immunoabsorbent Assay (ELISA)

GxxPG containing fragments concentration was measured by using a competitive ELISA method
as described previously by Wei et al.(165)), with some modifications. Maxisorb 96-well microtiter
plates (Nunc) were coated with 50 ul of elastin peptide (0.5 pg/ml, CB573, Elastin Products
Company) in PBS, pH 7.4 and incubated overnight at 4°C. The wells were blocked with 100 pl of
0.5% BSA in PBS containing 0.05% Tween 20 (PBST). Spike-and-recovery experiment detects
a discrepancy between standard diluent (PBS) and 2 fold diluted extraction buffer. Therefore, in
oder to generate a standard curve, a variable concentration of elastin peptides from 10 ng/ml-10
pg/ml diluted in 1:2 extraction buffer is mixed with a 1:1000 dilution of the mouse monoclonal
antibody derived from immunization against bovine a-elastin (mAb BA4, Sigma-Aldrich) and
incubated in a 0.5% BSA precoated plate. The standard curves were fitted using a four-parameter
logistic model. Simultaneously, 25 ul of each sample was diluted 2 times with PBS and were
mixed with 50 pl of 1:1000 diluted BA4 antibody. After overnight incubation with mild shaking
at 4°C, 100 pl mixtures were then added to each well in the elastin peptide coated plate and

incubated for 30 min at 37°C, the plates were washed three times with PBST, followed by the
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addition 50 pl of secondary antibody (1:2000 anti-mouse IgG peroxidase conjugate). After 1 hour
incubation at 37°C, the plates were washed three times, 50 pul of tetramethylbenzidine substrate
solution (Thermo Fisher Scientific) was added, and after 10 min incubation at RT the reaction was
quenched by adding 50 ul 1 M HySOy4 to each well. The absorbance was measured at 450 nm
using a micro-plate reader. The concentration of GxxPG containing fragments was normalized
against the total protein concentration of the aortic extracts. The level of BA4 antibody in mouse
serum was measured in a similar manner. Except that the samples added to the elastin peptides
coated plates were changed to mouse serum diluted 1:100 in PBS. And the standard curve was
generated by serially diluted BA4 antibody in PBS. The accuracy and precision of the quantitative

range of the ELISA was determined by replicate analyses.

To measure the cross-reactivity of BA4 antibody against fibrillin-1 fragments, BA4 antibody
diluted 1:1000 in PBST with 0.5% BSA was added to the microtiter plate precoated with the
500 ng/well rFib47"', rFib47™, rFib11 and a control His-Tag protein previously used in another
study (166). After 1 hour incubation at 37 °C, the plates were washed and then incubated with 50
ul of secondary antibody (1:2000 dilution), finally, the signal was developed as described above.
The quantification of reactivity of recombinant protein was calculated as the percentage of the

OD values displayed by wells precoated with elastin peptides.

PGFPPG EGFEPG EGFESG
Fib11 [] 'Il‘ﬂ Fib47wt rFib47mt
PGFPPG EGFEPG CGCPPG
' (1 1] NN O %
Fibrillin-1
y y U

|:| N-terminal |:| cbEGF Gly-rich |:| C-terminal

4-cys O LTBP Pro/Gly-rich i Proteolytic processing
EGF IEI Pro-rich O Hybird W N-glycosylation

Figure 2.1: Recombinant constructs and synthetic hexapeptides used in this study. Three recombinant constructs were
generated by HEK 293 expression system as described in method. N-glycosylation sites in fibrillin-1 are shown as
vertical lines with dots above the protein, and the N and C-terminal processing sites are shown with arrows. The
amino acid sequences and locations of the three synthetic peptides with GxxPG sequences investigated this study are
shown. Synthetic hexapeptides were purchased from Peptide Company or Sigma.
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2.4 Generation of recombinant fibrillin-1 fragment

2.4.1 Fibrillin-1 constructs

The recombinant fibrillin-1 fragment (rFib11) includes the region from exons 1 to 11, which
contains the PGFPPG motif at amino acids 2194-2199 (Figure [2.1)). The primers for generating
rFib11 were 5’-gtatggcccagecggcc AGAGGCGGTGGAGGACAC-3’ and 5’ -gtatgggcccAATACA
CTCCCCACGGAG-3’, which contained a unique 5’ Sfil site and a unique 3’ Apal site (the FBN1-
specific sequence is capitalized). Following restriction digestion with Sfil and Apal enzymes, the
PCR product was ligated with the pSec Tag A vector, giving rise to the rFibl1-hexahistidine
tag construct. The PCR conditions was described in the previous section. rFib47"" and rFib47™
constructs were generated by our colleague Booms (144). rFib47" contains a putative EBP recog-
nition motif EGFEPG at amino acids 2194 to 2199. In rFib47™, the conserved proline residue
at position 2198 is mutated to a serine residue (EGFEPG-EGFESG), thereby abolishing the EBP

consensus sequence.

2.4.2 Stable transfection HEK293 Cells

Typically, 4x10* HEK 293 cells per well were seeded 24 hours before the experiment, and trans-
fected with 0.6 pg plasmid DNA and 4 pl Lipofectamine® 2000 Transfection Reagent (Invit-
rogen). Stable selection started 48 h post transfection of cells. Growth medium (DMEM, 10%
FBS, penicillin/streptomycin mix) was replaced by growth medium containing the previously de-
termined concentration of Zeocin (100 pg/ml). Clonal colonies were tested for expression by

standard western blotting using an anti-myc antibody (1:2000, Santa Cruz).

2.4.3 Expression of recombinant fragments

For production of recombinant polypeptides, cell clones with strongest expression were expanded
in selected medium to 90% confluency, after washing twice with PBS harvest medium (DMEM,
100 pg/ml Zeocin) was added for 48 hour, conditioned medium was then collected and phenyl-
methylsulfonylfluoride (PMFS) was added as a concentraton of 0.5 mM to inhibit protease ac-
tivity. Second harvest was performed for another 48 hour, altogether around 800 ml serum-free

conditioned medium containing secreted recombinant polypeptide was collected.
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2.4.4 Purificaiton of recombinant fragments

Conditioned medium was filtered through 0.2 pm filter units (Nalgene) to remove cell debris,
following concentration with Centricon Plus-80 filter devices (Millipore), and concentrates (ca.
10 ml) were dialyzed against PBS by using a dialysis cassette (Thermo Fisher Scientific). The
dialyzed medium was then passed over a 1-ml nickel-loaded Ni-NTA agarose chelating column.
The column was washed and eluted by an increasing gradient of imidazole, whereby the recom-
binant polypeptides typically eluted at an imidazole concentration between 100 and 150 mM.
Eluted fractions were checked for purity and molecular weight by coomassie blue staining after
SDS-PAGE. Polypeptide-containing fractions of greater than 95% estimated purity were pooled
and dialyzed against PBS.

2.4.5 Characterization of recombinant fragments

Fragments rFibl1, rFib47"" and rFib47™ contain 1 or 2 putative N-glycosylation sites. For the
analysis of N-glycosylation, the recombinant polypeptides were treated with N-glycosidase F
(PNGase F). Recombinant fragments (10 pg) were digested in 50 mM Tris/HCI, pH 7.4, with 2
1 of PNGase F at 37°C for 2 hours. A control sample was treated the same way without adding
enzyme. The apparent molecular masses of the enzyme-treated and untreated products were es-
timated by SDS-PAGE followed coomassie blue staining. Reduction with 50 mM dithiothreitol
(DTT) or incubation of recombinant protein in 5 mM EDTA followed by non-denaturing elec-
trophoresis was performed to investigate the influence of disulfide bonding and calcium binding,

respectively, on electrophoretic mobility.

2.5 Study of chemotactic effects

2.5.1 Preparation of murine and human aortic extracts

At 2 and 4 months after birth, the mgR/mgR mice were killed and the ascending aortas were
prepared. Aortic tissue extracts were prepared using a modification of a previously described
protocol (167)). Briefly, adventitia was dissected from aorta, tissue specimens were washed 2
times in PBS and weighed. Specimens were then incubated in PBS with 2 mol/L NaCl overnight
at 4°C with gentle shaking (20 ml per 1 g tissue). At the end of incubation, aortic tissue was
removed, and the incubation solution was centrifuged at 10,000 rpm for 30 min to remove par-

ticulate debris. Aortic extract solution was stored at 4°C for experiments on the following day
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(or at 20°C for future repeats). Total protein concentration was measured by a BCA assay kit as

described in previous section.

Fresh full-thickness aorta specimens were obtained of 25 patients at the time of aortic replace-
ment or cardiac transplantation at the German Heart Institute Berlin between the years 2008
and 2010. Inclusion criteria were Marfan syndrome (n=6), isolated thoracic aortic aneurysm
(TAA)(n=8). Additionally, aortic samples from eleven heart donors with no known cardiovascu-
lar disease served as control group. The cooled ischemic time was never longer than 3 hours, and
therefore, the aortic specimens had been on ice for maximally 3 hours at the time the specimens
were taken. The diagnosis of MFS was based on Ghent criteria (3) (The study was completed
prior to the publication of the recently revised version of the Ghent nosology (6)). In 5 of the

Marfan patients, the diagnosis was additionally confirmed by genetic mutation analysis.

Human tissue samples (about 0.5 x 2 cm) were taken during surgery after the initialization of car-
diopulmonary bypass during cross-clamp time and immediately following the aortotomy. Sam-
ples were excised from the ascending aorta just above the sino-tubular junction. Tissue samples
of donor hearts were cut off during ischemic time just before the implantation of the donor heart
at transplantation. The specimens were immediately placed into PBS solution. Then they were
stored at 4°C until they were sent to the laboratory on the same day. Aortic tissue extracts were

prepared by using the same protocol for the mice.

The study was approved by the ethics commission of the Charité Campus Virchow-Klinikum

(EA2/096/07).

2.5.2 Chemotaxis analysis

For harvesting the cells, monolayers of RAW 264.7 cells were washed 2 times with PBS with a
nonenzymatic cell dissociation solution (Sigma). After 25 minutes of incubation at room temper-
ature, cells were suspended in PBS, counted, centrifuged, and finally suspended in the chemotaxis

buffer consisting of RPMI 1640 supplemented with 1% BSA at 1 x 10° cells/ml.

Chemotaxis assays are experimental tools for evaluation of chemotactic ability of prokaryotic or
eukaryotic cells. Chemotaxis was assayed in a 48-well chemotaxis chamber (NeuroProbe) (Fig-
ure [2.2)). The bottom wells were filled with 25 pl of attractant solution. An 8-y m-pore-diameter
polyvinylpyrrolidone-free polycarbonate filter (NeuroProbe, Gaithersburg, Md) was placed on

the bottom plate. A silicon gasket and the top plate with 48 holes were then mounted, forming
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the top wells. The cells were added in a volume of 50 pl. In parallel experiments, extraction
buffer (PBS plus 2 mol/L. NaCl) or chemotaxis buffer was loaded into the bottom wells as a neg-
ative control. After 2 hours of incubation at 37°C and 5% CO,, the filter sheet was removed, and
nonmigrated cells were wiped off the top side. The filter was then fixed in 70% methanol for 30

seconds and stained in Wright-Giemsa (Sigma).

] ‘ &t U Macrophages

\a‘» o0 i
. Ng Migrated cells

Figure 2.2: AP48 Boyden chamber. Chambers consist of two precision-machined acrylic plates, a silicone gasket,
and hardware for assembly. The 48-well chemotaxis chamber has a lower well volume of 25 pl. Corresponding holes
in the top plate form the upper wells, with volumes of 50 pl. The membrane is placed over the filled lower wells,
then the gasket and top plate are added and fastened down to create a seal between the two plates. These chambers
may be used with polycarbonate or cellulose nitrate filters. They use one piece of membrane, 25x80 mm, to cover all
the wells. Chemoattractants added to the lower wells act on cells in a suspension added to the upper wells. Modified
graphic from Neuro Probe Company.

Filter perforation (8um)

2.5.3 Synthetic peptides

Synthetic hexapeptides corresponding to the three putative EBP interaction motifs in fibrillin-1
were obtained from Peptide Company (Heidelberg, Germany). They are Pro-Gly-Phe-Pro-Pro-
Gly (PGFPPG, positions 422-427, p11), Cys-Gly-Cys-Pro-Pro-Gly (CGCPPG, positions 2672—
2677, p63), Glu-Gly-Phe-Glu-Pro-Gly (EGFEPG, positions 2194-2199, p47) and its mutant form
Glu-Gly-Phe-Glu-Ser-Gly (EGFESG, p47™). Val-Gly-Val-Ala-Pro-Gly (VGVAPG) hexapeptide

was obtained from Sigma-Aldrich.

2.5.4 Experimental design

Chemotaxis was performed duplicates and repeated at least three times. Recombinant fibrillin-1
fragments were used at a concentration of 100 pg/ml. Synthetic peptides were analyzed for two
different concentrations (10~7, 10~8mM). For each time interval, 3 or 4 wild type and mutant

mice were killed, and all aortic extracts were investigated at least 3 times. Aortic extracts from
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patients with MFS and isolated thoracic aortic aneurysm (TAA) were compared against control
aortic extracts derived from heart donors with no known cardiovascular disease. Human aortic
extracts used for chemotaxis assay were diluted in PBS to make a final concentration of 20 p1g/ml

of total protein.

To determine whether EBP was involved in mediating macrophage chemotaxis, we performed
several experiments to investigate whether the chemotactic activity is mediated by the EBP. The
monoclonal antibody (mAb) BA4 can block the chemotactic activity of VGVAPG, a repeated
amino acid sequence motif in elastin that is know to bind to the EBP (167). Preincubation of
monocytes with VGVAPG peptides can also block the chemotactic response (150). The EBP is
known to dissociate in the presence of high levels of lactose, but not glucose (148). Therefore, to
investigate a potential role with EBP in the chemotaxis experiments described in this manuscript,
cells were exposed to 1 mmol/L lactose or glucose, or 0.1 mmol/LL. VGVAPG for 1 hour incu-
bation at 37°C before the chemotaxis assays were started. As a further control, samples were
preincubated for 30 minutes at room temperature with the mouse mAb BA4 derived from im-
munization against bovine a-elastin (Sigma) or with murine IgG (Sigma), both at a dilution of

1:1000.

All assays were done in triplicate during the same experiment. In each well, 4 random fields were
chosen with the microscope set at x200 magnification. The fields were observed and recorded
photographically with the Leica DC viewer program. Fields were scored by 2 observers blinded
to the chemotactic stimulus (or control) using an in-house Java program. PBS or chemotaxis
buffer was loaded into the bottom wells as a negative control. The results were expressed as the
number of migrated macrophage or chemotactic index (CI) that is the number of cells having
migrated in the presence of the chemotactic agent divided by the number of cells having migrated

in the presence of PBS buffer alone.

2.6 Therapeutic application of mgR Mouse model

2.6.1 Design of therapeutic application

Two treatment scenarios with 6 mg/L indomethacin in drinkwater or intraperitoneal injection (i.p.
injection) of BA4 antibody were evaluated in the homozygous mgR mice (Figure [2.3). Both
treatments started at 3 week of age and continued for 8 weeks. Using an insulin syringe, the

mice were given an intraperitoneal application of three different dosages of BA4 antibody diluted



Material and Methods 37

in PBS (10 mg/kg, 5 mg/kg, 1 mg/kg). In the eleventh week, mice were sacrificed by CO,
suffocation or cervical dislocation, aortic root, ascending aorta and arch were collected and either
flash frozen in liquid nitrogen and stored at -80°C or placed in 1x PBS with 4% paraformaldehyde

(PFA) overnight at 4° C for preparing sections. Details of ex vivo analytical methods are given

below.
Indomethacin 6mg/L begin at end at
in drinking water 3 weeks of age 11 weeks

&Y
or - - Ex vivo analysis

(Elastin fragmentation
é MMP expression

Inflammtary infiltrate

TGF-R signaling)

Aortic root

Intraperitoneal injection of mAb BA4 or IgG Ascending aorta
once a week Aortic arch

Figure 2.3: Therapy scheme. Idomethacin is diluted as 6 mg/L in drinkwater, or intraperitoneal injection of BA4
antibody with three different dosis (10, 5 and 1 mg/kg). IgG antibody was given as a control. The therapy was began
at around 3 weeks of age and continued 8 weeks. In the eleventh week, the mice were sacrified, aortic root, ascending
aorta and arch were prepared for ex vivo analysis.

2.6.2 Mouse Genotyping

Mice are genotyped by PCR or qPCR of tail genomic DNA. The procedure used for the extraction
of genomic DNA from tail was done by using the automated BioRobortM48, which provides fully
automated nucleic acid purification for up to 48 samples. The tail of a mouse was cut between
8-14 days of age and was then digested in 200 p1 lysis buffer in the presence of proteinase K, after
incubation at 56°C for 30 min with agitation (250 rpm on a heated shaker). DNA was extracted
from the lysis buffer by using the MagAttract DNA M48 kit protocol as described by the Qiagen

manual. DNA concentration is measured by spectrometry.

PCR was performed by using corresponding primers to detect the native fibrillin-1 gene or the
introduced neomycin cassette, respectively (Table [2.10). Further gPCR was performed to distin-
guish homozygotes and heterzygotes. qPCR reaction volume used was 20 ul containing 0.25 um
of each primer, 15 ng genomoic DNA, 10 pl 2xSYBR-Green (Applied Biosystems). The reaction

and measurements were performed in real time with the GeneAmp5700 Sequence Detection sys-
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tem (Applied Biosystems). The qPCR thermoprofile is 50 °C for 2 min, 95°C for 10 min, then 40
cycles of 95°C for 15 s followed by 1 min at 60 °C. The specificity of the reaction was evaluated
by performing a melting reaction. The target gene expression was normalized to the expression

of Albumin using the standard-curve method. Primers for qPCR are listed as in the following

Table.

Name Forward Reverse

Fbn-wt 5’-CTCCGTGGGACCTACAAATG-3> 5-CCAGGTGTGTTTCGACATTG-3’
Neo-PCR  5’-GTGTTCCGGCTGTCAGCGCA-3* 5 -GTCCTGATAGCGGTCCGCCA-3’
Neo- 5’-TGAATGAACTGCAGGACGAG-3* 5-AGTGACAACGTCGAGCACAG-3’

qPCR
Albumin  5’-CTGCAATCCTGAACCGTGT-3*  5°-TTCCACCAGGGATCCACTAC-3’

Table 2.10: Primers for genotyping

2.7 Ex vivo analytical methods

2.7.1 Aorta protein extraction

Whole mouse aorta tissues were grinded in 200 ul RIPA buffer with protease and phosphatase
inhibitors (Roche Applied Science, Mannheim, Germany) and homogenized in a homogenizer.
Samples were then mixed thoroughly by vortexing 4 times for 20s and cooling on ice for 10-15
min. Afterwards samples were centrifuged with 10,000g at 4° C for 15 min. The supernatant was
then transferred to a fresh tube and stored at -20°C. Protein concentration was determined with
BCA assay kit as described in previous section. 15 pg protein samples were electrophoresed in
10% SDS-PAGE, followed by immunoblotting with specific antibodies against MMP-2 (Abcam),
MMP-9 (Abcam), MMP-12 (Abcam), phospho-SMAD?2 (Cell Signaling), phospho-ERK1/2 and
ERK1/2 (Cell Signaling). Membranes were stripped and reblotted with anti S-actin antibody

(Abcam) to ensure equal protein loading.

2.7.2 Histological Methods
2.7.2.1 Section preparation

Freshly prepared mouse ascending aorta and arch were fixed in 1x PBS with 4% PFA overnight
at 4 °C. Tissues were then washed 2 times for 10 min in 1x PBS at RT. The tissue was deposited

in 70% ethanol and stored at 4 °C until the embedding procedure. Tissues were embedded in
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paraffin using the semi-enclosed tissue processor TP1020. The final embedding in paraffin was
performed using the EC 350 paraffin embedding center. The solidified paraffin-embedded tissues
were then stored at 4°C. These blocks were then sectioned into 5 ;sm microsections and used for

further histological analysis after drying for at least one night.

2.7.2.2 Modified Verhoeff Elastic-Van Giesen stain

The sections were deparaffinized in xylene x2 for 10 min and then rehydrated in a graded alcohol
series (100%, 100%, 95%, 80% and 70% ethanol followed by water for 2 min each). The slides
were stained in modified Verhoeff at room temperature for 7 min. Slides were then washed in
running warm tap water for 1 min and were differentiated in 0.4% Ferric Chloride for 75 seconds
followed with washing for 5 min. Afterwards slides were counterstained in Van Gieson solution
for 60 seconds. Finally the slides were covered with 3-4 drops permanent mounting medium
Entellan (Merck) with a coverslip, air-dried and stored at RT. Free ends of elastic lamellae per

millimeter aorta length were counted by two independent observers.

2.7.3 Immunohistochemistry

Immunohistochemical examinations were carried out using a ABC streptavidin-biotin method
with Vectastain ABC kit (Vector Laboratories, Burlingame, CA, USA) according to the manufac-
turer’s protocol. Briefly, after deparaffinization and rehydration, endogenous peroxidase activity
was quenched by a 5-min incubation in 3% H»O,, after antigen retrieval with trypsin enzymatic
antigen retrieval solution (Abcam) at 37°C for 30 min, tissue sections were then pre-incubated in
prediluted blocking horse serum for 10 min to block nonospecific binding. Binding of primary an-
tibody rabbit anti-pSMAD?2 (1:150, Cell Signaling), rat anti-F4/80 antibody (1:150, Santa Cruz)
and rabbit anti-COX-2 (1:100, Abcam) was carried out overnight at 4 °C. The sections were then
washed and subsequently incubated with biotinylated panspecific universal secondary antibody
for 10 min. After washing streptavidin peroxidase complex was added for 5 min. Antigen detec-
tion was performed by a 3 min incubation with 0.1% diaminobenzidine tetrahydrochloride (DAB)
and 0.01% H;0,. The sections were then counterstained with hematoxylin, mounted in entellan
(Merk) and analyzed on a Leica MZ 12.5 stereomicroscope (Leica) coupled to the AxioCam HRc
camera and the AxioVision 4.2 image analysis software. Infiltrated macrophage counts were cac-
ulated in four contiguous 200x fields by two independent observers. Morphometric analysis of

histologic sections was used to determine the COX-2 positive area in the aortic wall.
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2.7.4 Isolation of mouse aortic vSMCs

Ascending thoracic aortas were removed and placed in PBS. For mouse aortic vSMC culture the
tunica adventitia was separated from the tunica media under aseptic conditions in the cell culture
hood. Afterwards, pieces of tunica media were incubated in DMEM containing collagenase type
IT (Worthington Biochemical Corporation, NJ; 1mg/ml) at at 37°C with 5% CO, for 1 hour.
Subsequently, the cell suspension was centrifuged at 1000 rpm for 5 minutes. The pellet was
then incubated in a six-well plate in DMEM containing 10% FCS and antibiotics at 37°C with
5% CO,. Cells from passage 3 to 5 were used. vSMCs were identified by immunostaining with

anti-a SMA FITC-conjugated antibody (1:200, Abcam).

2.7.5 Immunofluorescene

vSMC cells were rinsed in PBS and fixed in 4% paraformaldehyde in PBS for 10 min at 4°C. After
rinsing with PBS, cells were permeabilized in 0.25% Triton X-100 in PBS for 5 min, followed
by blocking the nonspecific binding sites with 3% BSA in PBS for 30 min. Cells were incubated
with anti-pSMAD?2 antibody (1:150 dilution) overnight at 4°C followed 30 min incubation of
secondary Alexa Fluor®-conjugated antirabbit IgG antibody.

2.8 Statistics

The results are reported as mean-+tstandard error (s. e. m.) or mean+standard derivation (SD),
as stated when presenting the data. Tests of significance were conducted by Student’s ¢ test.
Additionally, Fisher’s exact test was performed to compare the gender distribution in the two
patient groups, and the Mann-Whitney test was performed to compare age, CI and BA4 reactivity

between two patient groups. P < 0.05 was considered as statistically significant.
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3 Results

3.1 Characterization of recombinant fibrillin-1 polypeptides

In order to investigate whether the GxxPG motifs in fibrillin-1 protein could induce macrophage
chemotaxis, three recombinant fibrillin-1 fragments were generated by using the HEK 293 expres-
sion system. The glycosylation status of the recombinant fibrillin-1 fragments was determined
with amidase PNGase F, which removes N-linked carbohydrate. There was a reduction in molec-
ular weight of all three recombinant fragments (rFib47"', rFib47™, rFib11). The molecular mass
observed for rFib47"" and rFib47™ without N-linked carbohydrate (ca. 40 kDa) was higher than
the calculated molecular mass of the amino acid sequence (35 kDa)(Figure[3.T]A). Electrophoretic
mobility of the three polypeptides under non-reducing conditions was also altered following incu-
bation in EDTA or reduction with DTT, suggesting that the recombinant peptides bound calcium
and were disulfide-bonded (Figure [3.1B). The construct rFib47™ contains the mutation EGFESG
and the position on the gel corresponding to rFib47™ is similar to rFib47"" after different treat-
ment (Figure [3.1B), indicating that posttranslation modification has not been influenced by the

mutation EGFESG.

A 4 g wt o mt , B rFib47" rFib47™ rFibl1
rFib47 rFib47 rFib11 = T = = T - - T - Tt
PGNase - + - + - + - - + - - + - - + EDTA
95KkDa m— : = 105kDa
72KkDa m—
= 95kDa
= = 72kDa
42kDa m—
* = 52kDa
34KkDa m—
= 42kDa
24KkDa m— D

Figure 3.1: Characterization of recombinant fibrillin-1 polypeptides. (A) PGNase digestion of rFib47"', rFib47™
and rFib11. The recombinant fragments were denatured prior to deglycosylation and incubated in PGNase at 37°C.
As a control, the peptide was treated identically but PGNase was omitted (-). PGNase-treated peptide (+) migrates
more rapidly than untreated peptide, because of the removal of N-linked carbohydrate. (B) Recombinant fibrillin-1
protein fragments demonstrate different electric mobility under DTT or EDTA pretreatment. PNGase F is indicated
with an asterisk.
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3.2 Effects of GxxPG motif in FBN1 on migration of RAW 264.7 cells

Owing their ability to induce MMP expression as observed previously (144), GxxPG containing
fibrillin-1 fragments could contribute to the development and progression of TAA in MFS. The
goal of the present study was to investigate whether the three GxxPG motifs in fibrillin-1 might
be able to induce increased macrophage chemotaxis. The migratory potency of recombinant
polypeptides was further characterized using a modified Boyden chamber system. The results
showed that both rFibl1 and rFib47"" constructs can stimulate macrophage chemotaxis, and this
effect was not observed in rFib47™ construct (Figure ), in which EGFEPG is mutated to
EGFESG to remove the GxxPG motif. In addition, all three synthetic hexapeptides corresponding
to GxxPG motif in fibrillin-1 can stimulate the macrophage migration with two different dosages.
As a control, no effects could be found in the mutant peptide (p47™) (Figure 3.2B). It is of
note that all three peptides induce macrophage migration to the same extent, as no significant
difference in chemotactic index was observed between the peptides. We point out here that similar
to the VGVAGP sequence other three synthetic hexapeptide concentrations as low as 10~% mM

proved sufficient to stimulate RAW 264.7 migration.

3.2.1 GxxPG metif in FBN1 induced chemotaxis is mediated by EBP

Incubation of macrophages in lactose causes them to shed the EBP, and this can be used to
demonstrate specificity of a chemotactic stimulus on ligand-receptor interactions involving the
EBP (150). To further investigate whether the migratory stimulus of GxxPG motif is mediated by
EBP, RAW 264.7 cells were pretreated by lactose before performing chemotaxis assay. As pre-
sented in Figure [3.3] pretreatment with lactose significantly reduced migratory response of RAW
264.7 to rFib11, rFib47", all three synthetic peptides (10~"mM) and VGVAPG (10~ "mM). How-
ever, no inhibitory effect was observed in fMLP, a well-known chemotactic reagent (Figure[3.3]A).
Additionally, the incubation of rFib11, rFib47"', synthetic peptides with BA4 antibody caused a
significant decrease of macrophage chemotaxis. The chemotactic index of p63 decreased nearly
to base line (Figure [3.3B). These findings indicate that macrophage chemotaxis toward GxxPG

motif containing recombinant fibrillin-1 fragments or hexapeptides is mediated by EBP.
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Figure 3.2: Migration of RAW 264.7 cells in response to different recombinant fibrillin-1 fragments and differ-
ent concentrations of synthetic peptides. Cell migration was measured in a transwell assay system as described in
method. (A) The fibrilin-1 recombinant polypeptides rFib11 and rFib47"" both induce macrophage chemotaxis. The
recombinant polypeptide rFib47™, in which the GxxPG motif has been mutation to GxxSG, served as a negative
control. (B) All three GxxPG peptides of fibrillin-1 can induce macrophage chemotaxis. In our experiments, all
three fibrillin-1 peptides induced an approximately three fold increase in macrophage chemotaxis, which was com-
parable to the effect observed for the VGVAPG chemotactic peptide (150) of elastin. Data are representative of three
independent experiments. The error bars indicate s.e.m. **P < 0.01; *** P < 0.001 against buffer. CI, chemotactic
index.
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Figure 3.3: Inhibition of chemotaxis by lactose or BA4 antibody. (A) RAW 264.7 macrophages were pretreated with
1 mmol lactose for 1 hour. (B) Polypeptides or synthetic peptides were incubated with BA4 antibody (1:1000) for
one hour before performing chemotaxis analysis. Data are representative of three independent experiments. The
error bars indicate s.e.m. *P < 0.05; ** P < 0.01 against glucose or IgG antibody. CI, chemotactic index.
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Figure 3.4: Specificity and cross-reactivity of BA4 antibody against different recombinant fibrillin-1 fragments.
Cross-reactivity was examined by precoating microtiter plate with the 500 ng/well elastin peptides, rFib47™!,
rFib47™, rFibl1 and a control His-tag protein (166). Data are expressed as the percentage of maximum reactiv-
ity, which was considered to be 100% for elastin peptides. * P < 0.05; **P < 0.01.

3.2.2 Cross-reactivity of BA4 to recombinant fibrillin-1 fragments

It has been reported that peptide sequences selected by BA4 antibody are ligands for the elastin
binding protein (EBP) (160). The previous section has shown that the chemotactic activity of
rFib47"" and rFib11 decreased after incubating with BA4, however the binding of the BA4 to non-
elastin fragments such as fibrillin-1 fragments has not been directly confirmed. Cross-reactivities
of BA4 antibody were observed in the two recombinant fibrillin-1 fragments. rFib11 and rFib47"
demonstrate 40.7% und 47.8% of BA4 cross-reactivity respectively, as expected, rFib47™ showed

decreased reactivity (Figure [3.4]).

3.3 Murine aortic extracts induce macrophage migration by interaction with

EBP

Aortic extracts from 2- and 4-month-old mgR/mgR mice were tested for their ability to induce
chemotaxis using a chemotaxis chamber system. The results showed that mgR/mgR aortic sam-
ples from 2 month old mice stimulated monocyte chemotaxis 3 to 4 times more than extracts from
wild type mice or controls. The difference was statistically significant (Figure[3.5A). 4-month-old

mice also showed a similar degree of increased chemotaxis, but the difference between both age
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Figure 3.5: mgR/mgR aortic extracts induce chemotaxis. (A) Aortic extracts of 2-month-old mutant (mut) and wild-
type (wt) mice were added to the lower wells of chemotaxis chamber separately. Chemotaxis is expressed as the
number of migrated RAW 264.7 macrophages. (B) Reduction of chemotactic effect by lactose. Macrophages were
exposed to 1 mmol/L lactose for 1 hour, and aortic extracts of 2-month-old mutant mice were added to the lower
wells of the chemotaxis chamber. Without L indicates no lactose preincubation; with L, lactose preincubation. (C)
Chemotactic response of RAW 264.7 macrophages is inhibited by pretreatment with monoclonal antibody BA4. The
4-month-old mgR/mgR aortic extract was analyzed in isolation, with mAb BA4, or with IgG. Extraction buffer was
used as negative control (-). Results are mean £ s.e.m. n=12 per group (4 fields each for 3 wells during the same
experiment. *P < 0.05; **P < 0.01; ***P < 0.001.

Upper wells

Aortic Extracts Chemotaxis
Lower wells (Mutant) Buffer
Aortic extracts (Mutant) 4427 18+5.4
Extraction buffer 4+1 3.5+£1.2

Table 3.1: Checkerboard Analysis of RAW 264.7 Macrophage Migration Stimulated by Aortic Extracts. Lower wells
contained aortic extracts or extraction buffer. Upper wells contained aortic extracts or chemotaxis buffer with RAW
264.7 macrophages. Results are mean + s.e.m. n=12 (4 fields each for 3 wells during the same experiment).

groups was not statistically significant.

We repeated the experiments with preincubation of macrophages in lactose for 1 hour. This treat-
ment significantly reduced chemotaxis in 2-month-old mutant mice (Figure [3.5B). Additionally,
pretreatment of mgR/mgR aortic extracts from 4-month-old mice with BA4 significantly reduced
the chemotactic response of RAW 264.7 (Figure[3.5C). We then performed checkerboard analysis
to determine whether the macrophage migration was related to directed chemotaxis or undirected
chemokinesis (Table [3.1). Macrophages showed migration only in the presence of mutant aortic
extracts in the lower well, and adding mutant aortic extracts to the upper well greatly reduced the
observed cell counts. This result indicates that the observed cell migration is caused by chemo-

taxis rather than by (undirected) chemokinesis.
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3.4 Analysis of human aortic extracts

Since we have shown that aortic extracts from mgR/mgR exhibit migratory properties in RAW
264.7, it seemed interesting to investigate whether this migration could be also observed in aortic

extracts from Marfan patients.

3.4.1 Patient Data

Fresh aortic specimens were collected between the years 2008 and 2010. Six specimens were
obtained from individuals with MFS and eight specimens were obtained from individuals with
isolated thoracic aorta aneurysms (TAA). 4 of the Marfan patients were receiving prophylactic
treatment with beta blockers at the time of the operation. Additionally, samples from 11 heart
donors with no known cardiovascular disease were used as controls. The average age of the
patients with MFS was 38.5+16.1 years, and five of the six patients were male. The average age
of the patients with isolated TAA was 58.6:£12.1 years, and all eight patients were male. Details
of patient characteristics are shown in Table [3.2] There is a significant difference regarding age

between the MFS and TAA groups (Table [3.3)).

3.4.2 Analytical performance of ELISA.

BAA4 reactivity was determined from calibration curve derived from standards of known elastin
peptide concentration (from 10 ng/ml to 10 pg/ml). The quantitative range of the assay was 75
ng/ml to 2 pg/ml (80 - 20% inhibition values), with 50% inhibitory concentration at 390 ng/ml.
The precision of the assay was acceptable with intra- and inter-assay coefficients of variation
(CV) ranged from 2.5% to 6.3% and 2.6% to 8.7%, respectively. These results indicated that the

values obtained with competitive ELISA in this study were highly reproducible and reliable.

3.4.3 Higher BA4 reactivity observed in aortic extracts

We first asked whether the concentration of GxxPG fragments (defined operationally as reactivity
against the BA4 antibody) was increased in specimens from individuals with Marfan syndrome.
As described in the Methods section, we developed an ELISA assay based on the BA4 antibody
to measure GxxPG containing fragments. The BA4 reactivity was significantly higher in Marfan

patients (P < 0.05) and also in patients with isolated TAA (P < 0.05) compared with control
specimens (Figure 3.6A).
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Patient

Diagnosis

Age

Sex

Description

1

MEFS

MEFS

MEFS

MES

MES

MFS

23

45

21

65

37

40

Dilatation and dissection of the ascending aorta and
abdominal aorta, maximum diameter of ascending

aorta 4 cm. Atenolol.
Aneurysm of ascendending and descending aorta,

status post previous surgical repair of ascending

aorta with leakage of anastomosis.
Sinus valsalvae aortic aneurysm, status post previ-

ous surgical repair of ascending aorta. Metoprolol.
Infrarenal aortic aneurysm, maximum diameter 6.1

cm. status post previous surgical repair of ascending
aorta. Nebivolol.

Thoracoabdominal aneurysm, status post previous
surgical repair of ascending aorta. Nebivolol.
Dilatation of ascending aorta

10

11

12

13

14

TAA

TAA

TAA

TAA

TAA

TAA

TAA

TAA

62

40

65

71

73

60

43

55

Aneurysm of ascending aorta, III° aortic insuffi-

ciency. Metastatic colon cancer
Subacute dissection of the ascending aorta, status

post previous surgical repair of ascending aorta,
Erdheim-Gsell media degeneration, maximal diam-
eter of sinus valsavae 4.1 cm. FBNI mutation ex-

cluded.
Aneurysm of ascending aorta, maximal diameter 6.3
cm, three-vessel coronary artery disease, arterial hy-
pertension, hyperlipoproteinemia, sleep apnea syn-
drome.
Acute type A dissection, maximal diameter 4.2 cm.

Arterial hypertension, hyperlipoproteinemia
Aneurysms of ascending and abdominal aorta. Max-

imal diameter of ascending aorta 5.3 cm. Arterial

hypertension, hyperlipoproteinemia, osteoporosis
Dilatation of the ascending aorta, status post surgical

replacement of the aortic valve. IlI°atrioventricular

block
Type A dissection, septic multiorgan failure related

to fuliminat pneumonia, status post surgical supra-

coronary aorta replacement.
Aneurysm of the ascending aorta. Combined vitium

of the aortic valve. Arterial hypertension.

Table 3.2: Characteristics of the patients included in this study. MFS: Marfan syndrome; TAA: isolated thoracic
aortic aneurysm; m: male, f: female; The column description provides details of the indications for aortic surgery
and information about other relevant medical conditions, and treatment with beta blockers.
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Figure 3.6: EDP concentration and chemotactic activity of human aortic extracts. (A) EDP concentration was mea-
sured by competitive ELISA in aortic extracts from patients with MFS (n=6), isolated TAA (n=8), and controls
(n=11). A statistically significant increase in BA4 activity as compared to control samples was observed for the
samples from individuals with Marfan syndrome and isolated TAA. (B) Chemotactic activity of the same extracts
were measured by a Boyden chamber. Red lines indicate the median levels of EDP concentration or chemotactic
index (CI). A statistically significant increase in chemotactic activity as compared to control samples was observed
for the samples from individuals with Marfan syndrome and isolated TAA. *P < 0.05; **P < 0.01.

3.4.4 Aortic extracts from Marfan patients demonstrate chemotactic activity

We then used aortic extracts from the same samples to investigate a potential induction of macrophage
chemotaxis. Extracts from Marfan patients showed significantly higher chemotactic activity
(CI=2.58+0.42, P < 0.01) than that of 11 control samples (CI=1.42+0.61)(Figure [3.6B). The
maximal RAW?264.7 migration upon stimulation by aortic extracts from individuals with Marfan
syndrome was 110% of that observed upon stimulation with 10~7 mmol/L. VGVAPG. The CI of
RAW?264.7 cells toward extracts from patients with TAA was significant higher (CI=2.45+1.42,
P < 0.05) compared with control samples and maximal RAW?264.7 migration upon stimulation
by extracts from both groups was around 135% of that with 10~7 mmol/L VGVAPG. There was
a non-significant tendency for an increase in the CI for the TAA samples (P < 0.05). There was

a statistically significant positive correlation (r=0.6, P < 0.01) between BA4 reactivity and CI

(Figure[3.7).
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MFS TAA p*
Male 5 8 429
Age (years) 39+16 59+12 .020
CI 2.58+0.42 2.45+1.42 .804
BAA4 reactivity (ug/mg) 7.495+1.93 8.409+6.884 .670

Table 3.3: Comparison of different paraments between two patient groups *Fisher’s exact test and quantitative data

by the Mann-Whitney test.
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3.4.5 EBP contribute to chemotactic effects of aortic extracts from Marfan patients
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Figure 3.7: BA4 reactivity (ug/mg) versus chemotactic index (CI) of human aortic extracts, with calculated Pearson
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To investigate if chemotactic inductive activity of aortic extracts from patients with MFS is related

to EBP, chemotaxis analysis was performed as described in the methods section. Chemotactic

response of aortic extracts was reduced significantly after lactose and VGVAPG pretreatment,

whereas no effects were observed in cells exposed to glucose (Figure [3.8A, B). Additionally,

preincubation of extracts with BA4 resulted in a significant reduction of the CI of RAW 264.7

cells in Marfan aorta (Figure [3.8[C). These results indicate that the chemoattractive ability of

extracts from patients with MFES is at least partially dependent on EBP.
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Figure 3.8: Chemotactic index (CI) of RAW 264.7 cells upon stimulation with aortic extracts from individuals with
MEFS (n=6). (A) RAW 264.7 cells were preincubated with 1 mmol/L lactose or glucose for one hour at 37°C prior to
exposure to aortic extracts. Pretreatment with lactose led to a statistically significant inhibition of chemotaxis. (B)
RAW 264.7 cells were preincubated with 0.1 mmol/L VGVAPG hexapeptide for 1 hour incubation at 37°C before
the chemotaxis assays were started. There was a statistically significant inhibition of the chemotactic response after
VGVAPG pretreatment. (C) Aortic extracts were preincubated with BA4 or non-specific IgG for 30 minutes at room
temperature prior to chemotaxis assays. There was a statistically significant inhibition of the chemotactic response
by BA4 pretreatment. Data are representative of three independent experiments. * P < 0.05; **P < 0.01.
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3.5 Treatment of mgR/mgR mice with BA4 antibody and indomethacin

The in vitro experiments described above showed that recombinant fibrillin-1 fragments and aortic
extracts from both mgR/mgR mice and Marfan patients could induce macrophage migration via
EBP. Moreover, aortic extracts from Marfan patients demonstrate higher BA4 reactivity. These
results led to the question of whether antagonizing these fragments by BA4 antibody can decrease
the development of aortic aneurysm in mgR/mgR mice. As macrophage infiltrate could be ob-
served as early as 8 weeks in mgR/mgR mice, a separate anti-inflammatory treatment by using

indomethacin was also performed.

3.5.1 Circulating BA4 concentration

To measure levels of circulating antibody, samples of serum was taken from different time points
(1, 4, 24 hours and one week) after the last dose of i.p. injection of BA4 antibody (n=3) respec-
tively. Figure [3.9]shown, the concentration in all treated groups reached peak concentration after
one hour and decreased gradually with time. The antibody concentration in the 1 mg/kg group fall
below the baseline, which was determined just before the start of therapy after 1 week, however
the BA4 level in other two groups was still measurable. These data confirm that dosing with 5 and

10 mg/kg at weekly intervals is sufficient for maintenance of circulating levels of BA4 antibody.

3.5.2 Attenuation of thoracic aortic wall degeneration

The elastic lamellae in the aorta of mgR/mgR mice appeared fragmented and disorganized in
van Giesen staining as compared to the aorta of wild type mice. Treatment with BA4 at dosages
as low as 1mg/kg could already rescue elastin degeneration in mgR/mgR mice. However, no
effects could be observed in IgG treated group (Figure A). Treatment with indomethacin
also resulted in a significant reduction of elastin degradation to a degree that was comparable to
that of BA4 treated mice. Quantification of the number of breaks in the elastic lamellae showed
significantly fewer breaks in the elastin among the BA4 and indomethacin treated mgR/mgR
mice (Figure [3.10| B). Thus, both BA4 and indomethacin prevent progressive deterioration of

aortic wall architecture.
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Figure 3.9: Serum levels of BA4 antibody in different time after i.p. injection of three different doses. (Each points
represent the mean of 3 animals)

3.5.3 Prevention of upregulation of MMP expression

Upregulation of the gelatinases MMP-2 and MMP-9 may be involved in the pathogenesis of aortic
elastic fiber degeneration in Marfan syndrome and their antagonism by oral doxycycline has been
shown to be an effective treatment in mouse models of MFS (80, 168). MMP-12, the predominant
macrophage MMP, has also been shown to be increased in MFS (169). We therefore assessed the
expression of MMP-2, MMP-9, and MMP-12 by western blotting of whole aorta protein. MMP-
2, MMP-9 and MMP-12 expression were strongly increased in aorta of mgR/mgR mice compared
with wildtype mice. It is of note that two isoforms of MMP 12 (54 kDa and 45 kDa) were detected
in the aorta of mice. In concordance with the results observed for elastin fragmentation, treatment
with either BA4 or indomethacin resulted in a statistically significant reduction of the signal of
the MMP-2, MMP-9, and the 54 kDa isoform of MMP-12 compared with those from IgG treated
group or age-related untreated mgR/mgR mice. BA4 at a concentration of 10 mg/kg decreased the
level of MMP-2 and 54 kDa isoform of MMP-12 nearly to that of age-related wild-type mice, and
the prevention of up-regulation of MMP expression was dose dependent for MMP-2 and MMP-9

expression (Fig. [3.11).
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Figure 3.10: BA4 and indomethacin treatment rescue elastin fragmentation in the aorta of mgR/mgR mice. (A)
Representative van Giesen stained aorta sections from wildtype and mgR/mgR mice in each treated group. IP in-
jection of BA4 and indomethacin treatment resulted in significant preservation of elastin fibers. Scale bar indicates
50 pm. (B) Quantification of breaks of elastic lamellae in the aorta. Mice treated with BA4 and indomethacin had
significantly lower elastin breaks compared with IgG treated or untreated littermates. All values represent means =+
s.e.m. Number of animals per group were 5-6. Statistically significant differences between BA4 and IgG treated or
indomethacin and untreated groups are indicated. **P<0.01.
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Figure 3.11: MMP expression in the aorta of mgR/mgR mice treated with BA4 and indomethacin. Aortic tissue
homogenates were analyzed by western blot for the expression of MMP-2, MMP-9 and MMP-12. The lower pan-
els represent quantification of the specific western blot signals. Relative abundance of MMP-2 and MMP-9 was
normalized to S-actin content on each blot. The bands are representative of findings in five to six subjects. All
values represent mean = s.e.m., in which the value of wild type (WT) or untreated mgR/mgR mice was defined as 1.

*P < 0.05; #*P < 0.01 vs. IgG treated or untreated groups.
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3.5.4 Reduced macrophage infiltration

We have shown previously that extracts of the mgR/mgR aorta can induce macrophage chemo-
taxis (see Figure [3.5B). Therefore, we hypothesized that treatment with BA4 would alleviate
macrophage infiltration in this mouse. The initial hypothesis is that BA4 may inhibit macrophage
migration by neutralizing GxxPG containing fibrillin-1 and elastin fragments and reducing the
induction of macrophage chemotaxis into the aortic wall. To characterize the macrophage re-
cruitment into aortic wall in response to both treatments, we performed immunostaining with
a macrophage marker F4/80, which is widely used as a marker for mouse macrophages (170).
Macrophages are preferentially found within aortic adventitia in mgR/mgR mice (Figure [3.12]A).
Treatment with BA4 at a dosage as low as 1 mg/kg led to a reduction of macrophage counts in the
aortic adventitia, whereas control IgG treatment did not. Even less macrophages were observed
in the group treated with 10 mg/kg BA4. Treatment with indomethacin reduced recruitment of
macrophages into the aortic adventitia in a similar way (Figure [3.12]A). Quantification of these
observations showed that BA4 at a dose of 10 and 1 mg/kg is associated with a 60% and 50%
reduction in macrophage counts. Indomethacin treatment also significantly reduced macrophage

counts to 40% of the count observed in the untreated group (Figure [3.12B).

3.5.5 Decreased TGF-{ signaling

TGF- is a potent inducer of SMAD?2 phosphorylation and nuclear translocation (171)), and alter-
ations in TGF-{ signaling are an important aspect of the pathogenesis of Marfan syndrome (118],
119l 172). Phosphorylation of Smad2 is mediated by the TGF-S signaling. We investigated
whether BA4 or indomethacin affected the TGF-S pathway by measuring the pSmad2 expres-
sion. Immunstaining of pSmad2 in aorta from mgR/mgR mice showed increased number of
pSmad2 positive cells throughout aortic media, no pSmad2 immunopositivity was observed in
healthy age-matched controls, indicating the enhancement of TGF-/ signaling via pSmad?2 is ac-
tivated in the progress of TAA (Figure[3.13)A). Treatment of mice with BA4 antibody significantly
reduced the number of pSmad2 positive cells in both aortic adventitia and media, whereas control
IgG treatment did not (Figure[3.13JA). These results could be further confirmed by western blot,
which demonstrate that the BA4 can reduce pSmad?2 activity at concentrations as low as 1 mg/kg,
and normalized pSmad?2 to the control level at 2 months of age at 10 mg/kg. Decreased pSmad2
immunoreactivity was also observed in the indomethacin treated group (Figure [3.13B). These

results indicate that both BA4 Ab and indomethacin could antagonize excessive TGF- activity.
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Figure 3.12: Treatment with BA4 or indomethacin decreases adventitial macrophage infiltration in aorta from
mgR/mgR mice. (A) Representative immunostaining with the F4/80 antibody in the aorta from wild type and mice in
each treated group. Arrowheads indicate F4/80 positive cells. Both BA4 and indomethacin treatment led to a marked
decrease in macrophage cell numbers. Scale bar indicates 50 ym. (B) Quantification of F4/80 macrophage number
and per 200x field following treatments. The cell count was obtained from 4 different fields taken from 3 different
sections. All values represent mean + s.e.m. Number of animals per group were 5-6. *P < 0.05; **P < 0.01 vs.
IgG treated or untreated groups.

3.5.6 Decreased nuclear accumulation of pSmad2 in cultured aortic vSMCs

SMAD?2/3 signaling was shown to be constitutively active in Fbnl mutant vascular smooth mus-
cle cell (vSMC) cultures and is maintained in vitro by vSMC explanted from the aortas of three
different murine models of MFS including mgR/mgR (126). To investigate whether the BA4
treatment could also decrease the constitutive pSmad2 expression in cultured aortic vSMCs of
mgR mice. We isolated the aortic vSMCs cells from mgR/mgR mice after BA4 treatment. Sim-

ilar to other findings, immunofluorescene demonstrated increased nuclear pSmad?2 expression in
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Figure 3.13: Treatment with BA4 or indomethacin decreases upregulation of pSmad?2 activity in aorta from mgR/mgR
mice. (A) Representative immunostaining with pSmad?2 antibody in the aorta from wild-type and mice in each treated
group. Arrowheads indicate pSmad2-positive cells. Both BA4 and indomethacin treatment led to a marked decrease
in pSmad?2 positive staining cell numbers. Scale bar indicates 50 ym. (B) Levels of pSmad2 activity from BA4
and indomethacin treatment group with different doses were analyzed by western blotting. Relative abundance of
pSmad2 was normalized to S-actin content on each blot, in which the value of wild type (WT) or untreated mgR
mice was defined as 1. All values represent mean =+ s.e.m. Number of animals per group were 5-6. *P < 0.05;
#*P < 0.01 vs. IgG treated or untreated groups.
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aortic vSMCs from mgR/mgR mice. BA4 at a dose of 10 mg/kg greatly decreased the nuclear
accumulation of pSmad2 (Figure [3.13]A). Western blot of the whole cell lysate demonstrates the

same finding (Figure [3.13B).
A Untreated BA4

Untreated BA4

pSmad2

B-actin =~ ’

Figure 3.14: BA4 (10 mg/kg) decreases constitutive expression of pSmad2 in cultured aortic vSMCs from mgR/mgR
mice. (A) Nuclear accumulation of pSmad?2 activity was observed in primary cultured aortic vSMCs from mgR/mgR
mice. However, no nuclear pSmad?2 activity was found in aortic vSMCs after BA4 treatment. Scale bar indicates 50
pm. (B) Western blot of protein extract from primary cultured aortic vSMCs showed reduction of pSmad?2 activity
in cells from animals treated with BA4. Similar results were obtained for three repeated experiments.

3.5.7 BA4 treatment showed no effects on ERK1/2 activation

Recent studies have shown that noncanonical TGF-/ signaling like pERK1/2 was upregulated in

Marfan mouse model (127, [128). Consistent with this finding, our western blot results showed
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a significantly increase of pERK1/2 expression in the aorta of mgR/mgR mice compared with
that of age-related wild type mice. However, compared with I1gG treated group there was no

significant reduction of pERK1/2 expression in the BA4 treated group (Figure [3.13).
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Figure 3.15: pERK1/2 expression in the aorta of mgR/mgR mice after BA4 treatment (10 mg/kg). Relative abun-
dance of pERK1/2 was normalized to ERK1/2 content on each blot. IgG and BA4 treated mgR/mgR mice have
a significantly higher pERK1/2 expression than wild type mice (WT). No difference in pERK1/2 expression was
observed between IgG and BA4 treated group. The bands are representative of findings in 3 subjects. All values
represent mean =+ s.e.m., in which the value of WT mice was defined as 1. **P < 0.01.

3.5.8 Indomethacin reduced COX-2 expression

JC19396 mice (73). In the current

COX-2 has been known to be upregulated in aorta of the Fbn
study, results of immunohistochemistry showed nearly 4 fold increase of COX-2 positive staining
area in aortic media and adventitia in mgR/mgR mice compared with age-matched wild type mice
(Figure [3.16). No significant decrease of COX-2 expression was observed in BA4 treated group

with both doses. However, compared with untreated group indomethacin reduced positive COX-2

staining significantly (Figure [3.16B).
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Figure 3.16: Indomethacin decreased COX-2 expression in mgR/mgR mice. (A) Representative immunostaining
with the COX-2 antibody in the aorta from six groups of mice (Wild type, IgG, BA4 with doses of 1mg/kg and 10
mg/kg, indomethacin treated mgR/mgR mice). COX-2 expression is increased in IgG and untreated mgR/mgR mice.
Scale bar indicates 50 ym. (B) Quantification of COX-2 positive staining area in aorta. There are no significant
differences in COX-2 positive area between BA4 and IgG treated group. However, indomethacin treatment led to
a marked decrease in COX-2 positive area. Number of animals per group were 5-6. All values represent means =+
s.e.m. **P < (0.01.
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4 Discussion

In the aorta, microfibrils act to stabilize the vessel wall by connecting lamellar rings to one an-
other, to smooth muscle cells, and to the subendothelial basement membrane (44). Fibrillin-1 is
the major scaffolding component of microfibrils and thus plays a key role in maintaining vessel
wall stability. Degradation of microfibrils as a result of fibrillin-1 mutations is thought to be the
initial mechanisum in the pathogenesis of MFS. Recently, more and more evidence has shown
that ECM fragments such as fibrillin-1 and elastin fragments can have other secondary effects
above and beyond structural instability. A number of ECM proteins are known to have multiple
biological active binding motifs, which remain masked in the intact ECM. However, once ECM
disrupted or injured, these motifs are exposed and can trigger a variety of transduction pathways,
resulting in many cellular responses, which lead to further destruction of elastin and other struc-
tural elements of the extracellular matrix of the aorta (46). In this and previous work we showed
macrophages in aortic specimen from Marfan patients and a Marfan murine model (85). How-
ever, the biochemical mechanisms of macrophage migration in Marfan aorta has received little
attention. This study provides evidence that GxxPG containing fragments can induce macrophage
migration mediated by EBP, suggesting a plausible molecular explanation for the macrophage mi-
gration observed in clinical studies and animal models. In addition, we found that inhibiting the
GxxPG containing fragments or anti-inflammatory treatment has a beneficial therapeutic effect
in a Marfan Mouse model, verifying the secondary deleterious effects caused by GxxPG contain-
ing fragments in MFS. These results have considerable importance for understanding the role of

ECM fragments in the pathogenesis of TAA in MFS.

4.1 GxxPG motif in fibrillin-1 and chemotacitic activity

In the present study, recombinant fibrillin-1 fragments were generated by an established HEK 293
culture system, which ensures correct folding and posttranslational modifications (Figure [3.1).
This system has been demonstrated to produce a number of other correctly folded fibrillin-1 frag-
ments (42, [107, 1144, [173)). Fibrillin-1 contains three sequences conforming to the GxxPG that
thus represent candidates for EBP interaction motifs. We used a Boyden chamber system to inves-
tigate whether the GxxPG motifs in fibrillin-1 showed chemotactic activity. Our results demon-
strated that two recombinant fibrillin-1 fragments containing GxxPG motif (rFib11 and rFib47"")

are able to induce chemotaxis. However, in vitro mutation of the EBP consensus site in rFib47%!
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from EGFEPG to EGFESG severely inhibited the chemotactic effect. Additionally, our studies
with the EBP blocking agent lactose and BA4 pretreatment clearly demonstrate that EBP medi-
ates at least a portion of this chemotactic activity. Furthermore, macrophage response to synthetic
hexapeptides corresponding to the three GxxPG motifs in fibrillin-1 is also mediated by EBP. Our
results support the notion that EBP can mediate GxxPG stimulated macrohage chemotaxis, as
reported for several components of the extracellular matrix, including EDPs (150} 174} [175),
laminin (149) and collagen (176)). Indeed, biological effects of fibrillin-1 fragments are not lim-
ited to chemotacic effects. Our previous studies have shown that distinct motifs in fibrillin-1 such
as GxxPG and RGD are capable of triggering increases in MMP production (144). ECM proteins
with multiple GxxPG sites include fibrillin-1, -2, and -3, elastin, fibronectin, laminin, and several
tenascins and collagens (144), indicating that numbers of ECM fragments may deliver various
biological activities as a result of the GxxPG and EBP interaction. Studies have documented that
GxxP tetrapeptides tend to form a type VIII S-turn (144, (154, [177). Any residue located be-
fore the GxxP motif (xGxxP) increases the S-turn stabilization, whereas the residue located after
GxxP (GxxPx) has no significant structural effect (154)). Results of biophysical studies suggest
that the consensus sequence GxxPG protein stabilizes a type VIII S-turn, therefore, maintaining a
sufficient conformation to be recognized by the elastin receptor (144, 1154). As reviewed in intro-
duction, mutations in any region of FBN/ that disrupt domain and molecular conformations can
increase the susceptibility of fibrillin-1 proteolysis (14, 102} (103, 107, 110, (111} [178)), leading
to the production of fibrillin-1 fragments which may play a critical pathogenic role in the for-
mation of TAA in MFS. In summary, our results illustrate that chemotactic effects together with
other biological processes triggered by GxxPG sequences in fibrillin-1 protein may involve in the
further destruction of aorta in MFS. A mouse model of continuously and exclusively expressing
fibrillin-1 polypeptides such as rFib47"" in aorta may better elucidate the in vivo role of fibrillin-1

fragments in the pathogenesis of the TAA in MFS.

4.2 Marfan aortic extracts and macrophage migration

The chemotactic stimulatory properties associated with GxxPG motifs led us to hypothesize that
GxxPG containing fragments generated upon ECM degradation can contribute to the macrophage
migration into aortic wall in MFS. To analyze the soluble ECM derived peptides in aorta, we used
a mild extraction method to extract the peptides from aorta, this method was selected to avoid the

extraction of insoluble matrix components and to prevent the release of intracellular proteins that
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might occur with extensive tissue homogenization (167). Aortic extracts from 2- and 4- month
old mgR/mgR mouse demonstrate chemotactic activity, which can be abolished or decreased
by pretreating macrophages with lactose, VGVAPG, or preincubating extracts with BA4 before
chemotaxis analysis. These findings provide a plausible molecular mechanism for the inflam-
matory infiltrates observed in the mgR/mgR mice (Figure [3.12). It is worth mentioning that the
murine tropoelastin sequence does not contain the VGVAPG sequence; however, it does contain
significant quantities of both GxxPG and xGxPG. In fact, these commonly repeated sequences
represent 21% of the entire mouse tropoelastin sequence (179). We detected higher BA4 reac-
tivity in aortic extracts from Marfan patients compared to those from healthy controls, in other
words, abundant GxxPG containing elastin, fibrillin-1 fragments are present in Marfan aortic tis-
sue. This result may reflect our previous observation that proteins with multiple GxxPG motifs
are highly enriched for GO (Gene Ontology) terms related to the extracellular matrix (144). In ad-
dition, our observations are in line with the findings of Heinz et al. (180) who reported that there
are various peptide fragments containing GxxPG motifs in different bioactive peptides released
after the degradation of the natural substrate tropoelastin by the elastinolytic matrix metallopro-
teinases MMP-7, MMP-9, and MMP-12. Similar to the results of the mgR/mgR mice, aortic
extracts from patients with MFS showed a statistically significant ability to induce macrophage
chemotaxis compared to samples from controls. Because of the fact that the chemotaxis inductive
effect could be inhibited by pretreatment of the cells with lactose, VGVAPG or pretreatment of the
samples with BA4, we infer that the induction of chemotaxis is at least partially due to increased
concentrations of elastin and perhaps fibrillin-1 degradation products containing an GxxPG epi-
tope. This interpretation is further supported by the statistically significant correlation between

the chemotactic index and BA4 reactivity of aortic samples (Figure[3.7).

Elastin is the dominant ECM protein in the tunica media of the arterial and aortic wall, which
is composed of a dense population of concentrically organized vascular smooth muscle cells
(vSMCs) that synthesize elastin molecules and secrete them as soluble, hydrophobic monomers
termed tropoelastin. Elastin is a major synthetic product of aortic tissues in early stages of post-
natal development, but synthesis of the protein generally peaks early during arterial growth, de-
creases rapidly with further development, and essentially ceases in the aortic tissue of adults (181)).
In humans, mature elastic fibers are extraordinarily stable, showing negligible turnover rates in
many adult tissues including lung and aorta (182-184). As a part of the aging process, the aortic

wall undergoes a number of alterations including fibrosis and elastin fragmentation, character-



Discussion 65

ized by disruption of elastin lamellae (185). Correspondingly, the concentration of soluble elastin

fragments in serum gradually increases in healthy subjects with aging (186)).

Elastin fragmentation is known to be a component of the complex pathogenesis of pulmonary em-
physema, which results in part from elastic tissue digestion by unrestrained elastase activity in the
lung in turn leading to the release of soluble elastin fragments, which may be measured in plasma
by ELISA (187). It has been reported that serum EDPs was significantly higher in patients with
AAA compared to control, indicating increased concentrations of serum EDPs were associated
with aneurysm (188)). To our knowledge we are the first to demonstrate that high concentrations
of GxxPG motifs in aortic extracts in Marfan patients by using a competitive ELISA method with
BA4 antibody. By contrast, immunostaining of aortic specimens from AAA patients with BA4
antibody revealed a negative correlation between BA4 immunoreactivity and elastin degradation,
the latter was shown to be associated with inflammatory infiltrates in AAA (189). One possibility
of this observation is that BA4 could recognize both intact and protease degraded elastin. The
aortic extracts in present study contains however mainly soluble ECM derived peptides instead of
mature elastin. We choose BA4 reactivity instead of elastin-derived peptides (EDPs) concentra-
tion as the definition of ELISA results. The reason of it is that fragmentation of aortic tissue could
potentially affect both elastin, fibrillin-1 and other ECM proteins, and BA4 antibody recognize
especially GxxPG motif which is enriched in several ECM protein besides elastin. This issue
was further supported by our findings that recombinant fibrillin-1 fragments containing GxxPG

motifs showed cross-reactivity with BA4 antibody (Figure [3.7).

As reviewed in introduction, tropoelastin and various EDPs are chemotactic for fibroblasts and
monocytes, chemotactic sites on the elastin molecule have been identified in the hexapeptide VG-
VAPG (Val-Gly-Val-Ala-Pro-Gly) (150, 174, [175) and EDPs have been shown to drive disease
progression in a mouse model of emphysema (179). There is some suggestive evidence that EDPs
may contribute to progression of vascular diseases. Soluble EDPs released within human abdom-
inal aortic aneurysm tissue can attract mononuclear phagocytes by interacting with the 67-kDa
EBP, providing a plausible explanation for the intense inflammatory response seen in that dis-
order (167). EDPs can induce free radical and protease production and induce oxidation of low
density lipoproteins by phagocytic cells (190, [191). However, the relation of elastin and human
arterial disease is complex and incompletely understood. Macrophages are not only able to be
attracted by elastin fragments, but can themselves produce the elastin precursor elastin, and may

contribute to the increase in tropoelastin content that is characteristic of human abdominal aortic
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aneurysms and atheromas (192)). This is the first study of measuring the chemotactic activity in
Marfan aortic extracts, together with findings of inflammatory cell infiltratews in the media and
adventitia of Marfan aortic specimens (85); it is therefore possible that early alternations in the
ECM of the mgR mouse or human patients themselves have secondary deleterious effects. For
instance, fragmentation of the aortic media could release soluble elastin degradation products or
fibrillin-1 fragments that recruit macrophages into the aorta, which leads to a vicious cycle of
further proteolysis caused by subsequent release of additional proteolytic enzymes by mononu-
clear cells. Macrophage-released proteases, including MMP-12, could be responsible for further
destruction of elastin-rich tissues in the aorta. A similar model has been proposed for cigarette
smoke-induced emphysema in a mouse model; cigarette smoke could induce macrophages to pro-
duce macrophage elastase, which cleaves elastic tissue, producing elastin-derived peptides that
are chemoattractant to monocytes. Thus a positive feedback loop could perpetuate macrophage
accumulation and lung destruction (179} 193)). Indeed, the paradigm of limited elastic fiber degra-
dation progressing to intense elastolysis in association with inflammatory infiltration of the vessel
wall and increased expression of MMPs is emerging as a common theme in the pathogenesis of
abdominal aortic aneurysms (89, |194, 195). Taken together, the results of previous and this ex-

periment, highlight the importance of fragmentation in the pathogenesis of MFS.

We additionally investigated another clinical group. Eight patients underwent prophylactic aortic
operations because of isolated (idiopathic) thoracic aortic aneurysm (TAA). Several genes and
genetic loci have been identified for familial TAA (196)), although the etiology of most cases of
isolated TAA still remains unknown. Genetic testing was not performed on the eight patients
with TAA, but there were no clinical signs suggestive of known monogenic forms of TAA such
as Loeys-Dietz syndrome. BA4 reactivity and the chemotactic index for the TAA group was
statistically significantly increased, although the individual values showed a larger dispersal than

did the samples from the Marfan patients (Figure [3.6B).

Collectively this work has shown that aortic extracts from individuals with MFS and isolated TAA
can induce macrophage chemotaxis modulated by the 67-kDa EBP. This suggests that elastin frag-
mentation may be a common response of the damaged aorta. It remains to be determined whether
secondary effects of these fragments that are modulated by the 67-kDa EBP drive progression of

some or all of these diseases.
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4.3 The blocking effects of BA4 in TAA in MFS

The findings of in vitro experiments suggested that GxxPG containing fragments might be related
to the progression of TAA in MFS, these findings motivated us to investigate whether antagonism
of GxxPG containing fragments can improve the phenotype of mgR/mgR mice. To test this
hypothesis, we used the mouse monoclonal anti-elastin antibody BA4 directed against the GxxPG
motif, as our in vitro study has shown that BA4 could effectively inhibit macrophage chemotaxis
toward GxxPG containing fragments and Marfan aortic extracts. We chose the mgR/mgR mouse
model which bears the Marfan like cardiovascular phenotype and shows that fibrillin-1 deficiency
promotes a series of secondary cellular events that exacerbate the progression of aneurysm disease
leading to dissection (50). Marque et al. (197) have shown that reduced expression of fibrillin-1
in mgR/mgR mice leads to severe elastic network fragmentation but no change in cross-linking
suggesting that fragmentation of the medial elastic network was not related to a defect in early
elastogenesis, therefore, we began the treatment at three weeks of age, in an effort to neutralize
the GxxPG containing fragments in the initial phase of the ECM proteolysis in TAA of mgR/mgR

mice.

In the current study, BA4 treatment greatly improved elastin integrity in the aortic wall of mgR ho-
mozygous mice (Figure[3.10). Our findings of elevated MMP-2 and MMP-9 in aorta of mgR/mgR
mice are consistent with those from previous reports (99). Expression of MMP-2, MMP-9 and
MMP-12 decreased significantly after BA4 treatment, however, no effects could be observed af-
ter treatment with control antibody (mouse IgG). As reviewed in the introduction, MMPs such as
MMP-2, -9 and -12 are able to cause elastin and fibrillin-1 degradation (50,93,94)). It has been re-
ported that MMP-12 is expressed in layers of disrupted vSMCs within remodeling arteries (198)),
suggesting that the presence of elastin fragments in vivo may stimulate elastase production in
the arterial wall. Based on our and others’ observations that elastin peptides and recombinant
fibrillin-1 fragments can induce MMPs expression in cultured fibroblast or aortic vascular smooth
muscle cells (144, 1157), we suggest that the inhibitory effects on MMP-2 and MMP-9 by BA4 is,
at least in part, attributable to its blocking of GxxPG containing ECM fragments, leading to the
similar effects as observed in inhibition of MMPs by doxycycline, which has been shown to effi-
ciently reduce the development of aortic aneurysm in Fbnl¢9%* and mgR/mgR mice (80, 99).
The blocking effect of BA4 on elastin fragments has also been reported in a previous study, in
which intratracheal administration of BA4 antibody could eliminate the cigarette smoke-induced

monocyte recruitment to the lung in a murine model of emphysema (179). The elastin binding se-
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quence from the EBP demonstrates sequence homology to the NH2-terminal sequence of several
serine elastases indicated that these proteins might share a common ligand-binding motif (199).
Hinek et al. (199) reported that blocking of EBP-binding domain on elastin by BA4 prevent the
elastolytic activity of porcine pancreatic elastase. Taddese et al. (200) has shown that MMP-12
degrades tropoelastin extensively and has the potential to generate small peptides that contain the
GxxPG motif. These findings provide another possible mechanism of BA4 treatment efficacy.
It can be hypothesized that BA4 binds to the GxxPG motif enriched elastic fibers, fibrillin-1 or
other ECM protein, therefore protecting them from proteolysis by serine elastase or MMP-12.

However, further experiments need to be performed to confirm this hypothesis.

In our experiment, macrophages could be found in the aortic adventitia from 2 month old mgR
mice, which is consistent with the previous report that macrophage infiltration is an important
feature in the initial phase of TAA in mgR/mgR mice (50). We showed in this study that BA4 at
a dosage as low as 1 mg/kg could already decrease migrated macrophages in the aortic adventitia
of mgR/mgR mice, whereas IgG control antibody had no effect. This finding further confirmed
our hypothesis that GxxPG containing fragments are responsible for the macrophage infiltration
observed in the aorta from mgR/mgR mice. Indeed, macrophages are also sources for MMP-2, -9
and -12 expression, suggesting that the inhibition of macrophage recruitment to the aorta by BA4

may result in the reduction of MMP expression.

Excessive pSmad2 immunostaining could be found throughout the aortic adventitia and media
in mgR/mgR mouse, which is similar to the observation in the Fhnl¢'%°6* mice. Studies have
shown that TGF-/ blockade by neutralizing antibodies or a selective angiotensin II type 1 (AT1)
receptor blockers rescue the phenotype of a Marfan mouse model (118, [119). Consistent with
these findings, analysis of pSmad2 nuclear staining and western blot showed that BA4 can also
antagonize TGF-{ signaling in the aortic wall of mgR/mgR mice. The mechanism of this effect
still remains to be elucidated. It seems reasonable that decreased TGF-£ activity is a result of
the preservation of elastin integrity, which maintains the ability of fibrillin-1 protein to control
active TGF-3. Actually, microfibril proteolysis has been thought as a common mechanism for
the release of active TGF-3 1 from ECM in heritable fibrillinopathies (143). Furthermore, the
impact of BA4 by decreasing MMP expression could also be as a result of the sequestration of
TGF-f. This idea was supported by the observation that TGF-/3 can modulate MMP-2 and MMP-
9 production (201). For instance, it has been shown that TGF- itself can increase MMP activity

in some circumstances (202). Another important finding of this study is that BA4 treatment
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decreased the constitutive pSmad2 activation in cultured aortic vSMCs from mgR/mgR mice
(Figure[3.14). The specific pPSMAD?2 overexpression in human aortic aneurysm vSMCs is thought
to be associated with modifications of the histone H3 marker pattern in the vicinity of the la
transcription start site (TSS) on the SMAD?2 promoter (122)). We infer that BA4 treatment may
decrease pSmad2 expression by preventing the epigenetic reprogramming of aortic vSMCs in the
initial phase of the disease. Taken together, the above data indicate that interrupting the interaction
between GxxPG fragments and EBP by BA4 blocks the initial and secondary deleterious effects
caused by GxxPG fragments, emphasizing the critical role of GxxPG containing fragments during
TAA formation in MFS and providing a potential therapeutic strategy for treatment in the TAA
of MFS.

In this study upregulated pERK1/2 expression could be observed in the aorta of mgR/mgR mice,

suggesting that similar to FbnlC'0¥6"+

mice noncanonical TGF-f signaling also contriubtes to
the development of TAA in mgR/mgR mice. However, BA4 treatment showed no effects on
ERK1/2 activity in spite of its efficient impact on pSmad?2 activity. It was very recently shown
that treatment with the angiotensin II type 1 receptor (AT1) inhibitor losartan attenuates aortic
aneurysm development in the Fhnl<'%°6* mouse model of MFS by antagonism of extracellular
signal-regulated kinase (ERK) signaling (127). The same research group reported that enalapril,
an angiotensin converting enzyme inhibitor (ACEi), decreased Smad2 activation in Fbn]¢!93%6/*
mice, by contrast it had significantly less effect on ERK1/2 activation than losartan (128)). The
authors reasoned that ongoing angiotensin II type 2 (AT2) receptor signaling is required for the
attenuation of ERK phosphorylation and that enalapril’s lack of effect on ERK is attributable to
the loss of AT2 receptor signaling potential with this agent (128). We note that the mgR/mgR
mouse is a fibrillin-1 underexpression mouse model which presents a more severe phenotype
compared with the Fbnl¢'%%* mouse. This difference in the results could reflect the differences

of underlying disease mechanism between these two mouse models, or different effects of the

different treatment regimes on the cellular pathways involved in the pathogenesis of MFS.

4.4 Anti-inflammatory treatment and TAA in MFS

Macrophages have been considered as an early event in the pathogenesis of mgR/mgR mice and
are known to play an important role in regulating the turnover of extracellular matrix in both

normal and pathologic conditions via the secretion of proteases including MMPs, protease in-
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hibitors, and cytokines. Recent studies have observed macrophage infiltration in aortic specimens
from patients with MFS (85). In the current study, we examined whether the anti-inflammatory
treatment could decrease the development of TAA in mgR/mgR mice. Indomethacin is known as
a nonsteroidal anti-inflammatory drug and nonspecific cyclooxygenase (COX) inhibitor and its
anti-inflammatory effects are mediated by inhibiting the activity of the COX-2 isoform (203). In
this study, we choose 6 mg/L as the treatment dose, which has been confirmed successfully to
reduce the extent of atherosclerosis by 55% with the same dosis of indomethacin in a low density

lipoprotein receptor knockout mouse (204).

Indomethacin treatment significantly rescued elastin integrity and reduced the numbers of macrophages
in the adventitia of aorta from mgR/mgR mice, which corresponded to the decreased MMP-2,
MMP-9 and MMP-12 expression. COX-2 expression was found to be upregulated in the aorta
of Fbnl€"%%* mice (73). Consistent with theses findings, increased COX-2 expression was
also observed in the aorta from mgR/mgR mice, and indomethacin decreased COX-2 expression
nearly to that level of wild type. However, BA4 treatment has no effect on COX-2 expression,
indicating that the rescue effect of BA4 maybe not associated with the decreased COX-2 expres-
sion. In contrast, similar studies have shown that indomethacin decreased MMP-9 expression and
attenuated aneurysm growth via inhibition of the COX-2 isoform in a rat AAA model (203, 205).
Another study with the same rat model demonstrated that indomethacin significantly decreased
MMP-9 expression without decreasing aneurysm size (206). The importance of COX-2 in AAA
can be further confirmed in COX-2 deficient mice, in which the incidence and severity of AAA
was greatly reduced (207). It has been shown that COX-2 was expressed by macrophage-like
cells within the inflammatory infiltrate of the AAA specimens but was not significantly expressed
in the normal aorta, suggesting a possible functional relationship between macrophage COX-2
expression and AAA (203} 208)). Marked increase of MMP-2 and MMP-9 expression could as-
sociate with increased macrophage migration, for instance, the induction of MMPs expression in
macrophages is dependent in part on the production of prostaglandin E2 (PGE2) (209). PGE2 is
synthesized from arachidonic acid via a pathway that is rate-limited by the enzyme cyclooxyge-
nase synthase (COX) (203). Franklin et al. (210) showed that indomethacin reduces the produc-
tion of PGE2 and inflammatory cytokines in an explant culture system for AAA tissue, suggesting
that COX-2 inhibitors may control the inflammation in the aneurysm wall and potentially limit
AAA growth by inhibiting MMP expression. COX-2 is known to regulate two endothelial re-

laxant (Thromboxane A2) and constricting (PGI2) prostanoids (73), which in turn influence the
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vasomotor function of aorta. Studies have shown that contractility of the aorta from Fbn <9396+

mice at 6 and 9 months of age was significantly improved by pretreating with indomethacin,
also the sensitivity to the relaxant effects of acetylcholine was increased 10 fold after pretreating
the thoracic aortic segments from Fbnl¢'%%* mouse with indomethacin (73)). Although we did
not test the aortic contractility in the current study, the benifical effects of indomethacin on the
vasomotor function of the aorta from mgR/mgR mice could not be excluded. However, any ben-
eficial effects that indomethacin may have on aneurysm expansion can’t be attributed solely to
inhibition of COX-2. Further studies will be needed to determine the therapeutic mechanism of

indomethacin.

Similar to prior findings in mouse models treated with losartan there was decreased pSmad?2 ac-
tivity in the aorta of mgR/mgR mice after indomethacin treatment (Figure [3.13B). The study of
muscle injury in wild type mice showed that TGF-3 enhanced macrophage infiltration, which
is thought to be mediated by the COX-2 pathway (211). Moreover, indomethacin is reported to
completely blunt cell proliferation induced by TGF-5 and markedly reduced activation of MAP
kinases without influencing Smad2 phosphorylation in muscle regeneration (212). It can’t be
excluded that crosstalk and feedback loops between the COX-2 and TGF-3 pathways may be
responsible for the impact of indomethacin on pSmad?2 activity. This will be the subject of further
investigation. Collectively, our observations suggest that COX-2 mediated inflammatory infiltrate
may contribute to the further destruction of aortic wall in mgR/mgR mice. Moreover, these re-
sults strongly suggest macrophages are participating in the pathogenesis of TAA via a synergistic
combination of MMPs that degrade the matrix of the aorta. This observation is consistent with

the premise that macrophages may play a role in the early stages of TAA in mgR/mgR mice.

4.5 Proposed vicious cycle of TAA in MFS

Since mutations of FBNI can make fibrillin-1 susceptible to proteolysis (46)), we speculate that
the production of low levels of proteolytic breakdown products could be an early event in the
pathogenesis of aortic disease in MFS by inducing pathogenic events such as MMP up-regulation
and macrophage infiltration, and in turn initiate a vicious cycle by promoting increased MMP
expression and macrophage infiltration. This vicious cycle is schematically shown in Figure 4.1}
We hypothesized following events. GxxPG containing fragments caused by fibrillin-1 proteol-

ysis or elastolysis in the Marfan aorta could recruit macrophages into the media, the migrated
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macrophages produce MMPs, which cause further elastin fragmentation in the aortic wall, and
so on in a vicious cycle. Based on the results of this study we can conclude that antagonism of
the GxxPG containing fragments or an anti-inflammatory treatment can break the vicious cycle,

therefore slowing disease progression in mgR/mgR mice.

A vicious cycle Breaking the cycle
Fibrillin-1 protelysis Antagonism of fragments
Degradation of ECM with BA4

Elastin,
) Tib,,,
Ty,

Decrease the
development of TAA

Macrophages
produce MMPs

Increased
macrophage chemotaxis

Anti-inflammatory medicine

Figure 4.1: Schematic diagram showing the proposed vicious cycle. ECM, Extracellular matrix; MMP, Matrix Met-
alloproteinase; TAA, Thoracic aortic aneurysm

4.6 Future therapeutic perspectives

The understanding of the pathogenesis of MFS provides us a variety of therapeutic strategies.
Blocking of the TGF-# via antibodies or losartan, an AT1 receptor blocker that reduces TGF-/ ac-
tivity, has been reported to be efficiently decrease aortic aneurysm in a Marfan mouse model (118,
[119). A small clinical trial of losartan has been reported to reduce the diameter of aorta in Marfan
children (124). Furthermore, doxycycline, which is known to inhibit MMP activity, has been
reported to effectively decrease the development of aortic aneurysm in Marfan mouse (80, 99)
and to have synergistic beneficial effects when given in combination with losartan (213). Our
data about BA4 treatment in mgR/mgR mice suggest that targetting EBP signaling or its ligands
may be exploited to prevent the development of aortic aneurysm. Monoclonal antibody therapy
has been reported successfully in treating AAA patients and AAA mouse model. For instance,
Ricci et al. (214) demonstrated that treatment with a monoclonal antibody directed against the
CD-18 leukocyte adhesion molecule attenuated aneurysm growth of experimental AAA and was

associated with a marked decrease in the number of infiltrating macrophages. An antibody with a
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possible therapeutic application is usually evaluated based on its pharmacokinetic profile. Smaller
antibodies in the form of IgGs are able to efficiently target. For instance, antibodies encompass-
ing high affinity have been developed to efficiently bind cytokines and their receptors to reduce
the inflammatory response. Patients with rheumatoid arthritis for example, can be treated with
chimeric anti-tumor necrosis factor (TNF)-alpha antibodies which are also available for the treat-
ment of Crohn’s disease (215). Since antibodies are produced in cell lines or other expression
systems, a possible contamination with viruses or other infectious agents can’t be excluded. A
further challenge is the appropriate therapeutical antibody concentration, which is crucial for a
successful therapy. We recognize that these studies with BA4 antibody were conducted in mice

and that clinical trials are needed to confirm its application to humans.

Although the role of inflammation in the pathogenesis of TAA remains unclear, cyclophilin A or
Jun N-terminal kinase (JNK) inhibition have been shown efficiently to prevent aneurysm forma-
tion in animal models of abdominal aneurysms (161, [162). We believe that valuable data from
the abdominal aneurysm should be considered in the therapeutic strategy for TAA. Considering
the results of this study we hypothesize long-term treatment of indomethacin may also be effi-
cient for preventing aortic aneurysm in Marfan patients. This intervention is attractive because
nonsteroidal anti inflammatory drugs (NSAIDs) that inhibit both COX-1 and COX-2 activity are
already in common use. Unfortunately, NSAIDs, and therefore indomethacin, have significant
adverse effects, such as peptic ulceration, platelet inhibition, and nephrotoxicity. These adverse
effects are mediated by inhibition of the COX-1 isoform of cyclooxygenase. The selection of
appropriate COX-2 inhibitor for the prevention of aneurysm is crucial. If COX-2 inhibitors prove
to be safe, it may be possible to pharmacologically treat MFS with minimal morbidity in the
near future. A recent study performed in rats using NS-398, a selective COX-2 inhibitor, demon-
strated that proinflammatory prostaglandin synthesis could be effectively blocked with this drug
without the gastric ulcerogenic adverse effects that were seen with indomethacin in the same
model (216)). COX-2 inhibitors are currently in clinical trial in humans and have minimal adverse
effects. Prospective clinical trials should be considered to determine if this treatment can delay

progression of aortic disease in patients with MFS.

Collectively, the results of the current study suggest the above mentioned possible fruitful thera-
peutic strategy in Marfan syndrome. It is tempting to speculate that a similar therapeutic strategy
might be successful for other vascular diseases characterized by tissue fragmentation and inflam-

mation, such as abdominal aortic aneurysm.
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Published in: Guo G, Bauer S, Hecht J, Schulz MH, Busche A,Robinson PN: A Short Ultracon-
served Sequence Drives Transcription from an Alternate FBN1 Promoter Int J Biochem Cell Biol.

2008;40(4):638-50.

5.1 Introduction

FBNI possesses three alternatively spliced 5’ upstream exons initially termed exons B, A, and
C, each of which can be spliced to the first coding exon (exon 1, previously termed exon M)
(Figure[5.T]A). Transcripts from several sources (placenta, neonatal fibroblasts, and osteosarcoma
cells) showed a strong bias for the utilization of exon A. No clones containing more than one
upstream exon was found, suggesting either initiation from alternative transcription initiation sites
or mutually exclusive splicing from an as yet undetermined additional upstream exon. Elucidation
of the mechanisms of genetic regulation of the fibrillins will be an essential step in understanding
the different functional roles of the fibrillins and of the different splice forms of FBNI. However,
to date, little is known about the molecular mechanisms governing the expression of FBN/ and

the other fibrillin genes.

In this work, we have investigated the sequences upstream of exon 1 and the three 5’ alternatively
spliced exons of FBNI. We show significant transcriptional activity for sequences of exon B, A
and 1. Computional and biochemical analysis showed the presence of an ultraconserved sequence
in the area of the core promoter exon A containing an initiator element (Inr), a downstream

promoter element (DPE), and a transcriptionally active 10-nucleotide palindromic element.

5.2 Results and discussion

5.2.1 Upstream of exon A showed the highest promoter activity

Five constructs were designed to encompass regions of lying upstream of exon 1 and the three
noncoding upstream exons (Figure [5.T]A). The elements were cloned into pGL3-Basic and tran-
siently transfected into HEK-293 and HT-1080 cells(Figure[5.TJA). We show significant transcrip-
tional activity in HEK-293 and HT-1080 cells for sequences upstream of exons B, A, and 1. Since
the sequence upstream of exon A showed the highest activity in our assay system, we investigated

it in further detail (Figure [5.IB).
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Figure 5.1: (A) A schematic diagram showing the three 5° upstream exons and exon 1 (previously referred to as exon
M) of FBNI. The location of the FBNI-specific sequence that was cloned into the pGL3-Basic firefly luciferase
vector is shown to the left of each construct. (B) Analysis of putative FBNI promoters in HEK-293 cells and HT-
1080 cells. The mean and standard error for three replicates are shown. The experiment was repeated three times
with similar results. *P < 0.05; **P < 0.01; ***P < 0.001.

5.2.2 An ultraconserved sequence block in promoter A

In order to identify the sequence regions within promoter A that are most relevant for its transcrip-
tional activity, we analyzed a series of deletion constructs in which 5’ or 3’ sequence regions were
deleted from the main promoter A construct P1. As Figure[5.2JA shown, removal of the entire up-
stream region (P1b construct) reduced activity to about 40% of that of the full length P1 construct.

Computational and biochemical analysis showed the presence of an unusually high degree of se-
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quence conservation centered around a 66 base-pair strech from -2 to +64 in P1b, which showed
nearly 100% identity among the seven species (Figure [5.3]). The 66 nucleotides stretching from
position -2 to +64 with respect to the the transcriptional start site of exon A and comprising the
initiator element (Inr), a downstream promoter element (DPE), and a 10-nucleotide palindromic
element, TCTCGCGAGA, situated between the Inr and DPE motifs. It was recently demonstrated
that the sequence motif TCTCGCGAGA is common not only in promoters of ribosomal genes,
but also in cell cycle genes, chromatin structure modulators, and translation initiation factors

@17).

5.2.3 Exon A contains Inr, a DPE and a transcriptionally active 10-nucleotide palindromic

motif

To gain an initial understanding of whether the Inr or DPE motifs are important for transcrip-
tional activity, additional deletion constructs were designed to remove either the Inr or the DPE
sequences. Although our results suggest that the Inr and DPE sequences are important for the
activity of the core promoter in FBNI exon, mutation of these elements did not completely abol-
ish activity. Rather, mutation of both Inr and DPE reduced activity to somewhat under 20% in
HEK 293 and 10% in HT 1080 cells (Figure [5.2JA). Furthermore, two nucleotides were substi-
tuted in 10-nucleotide palindromic element (TCTCGCGAGA— TCTCaaGAGA) in the construct
P1b. This muation reduced transcriptional activity to less than 10% in HEK-293 cells and com-
pletely abolished activity in HT-1080 cells (Figure [5.2]A). Additionally, electrophoretic mobility
shift assay (EMSA assay) of the 10-nucleotide palindromic element demonstrated that the wild
type (TCTCGCGAGA), but not the mutant oligonucleotide (TCTCaaGAGA), displayed binding
to a nuclear protein. To our knowledge, the results in the present work are the first to demonstrate
the fact that a muation of the palindromic element can both abolish transcriptional activity in a

luciferase assay and also abolish binding activity in EMSA.

Previous computational analysis had identified either TCTCGCGAGA or compatible positionally
weighted sequence motifs in numerous other promoters of genes encoding ribosomal proteins or
other types of protein (217-219). However, the protein or proteins binding to this sequence motif
have not been identified to date. We suggest that a protein binding to the palindromic element
may be able to interact with proteins of the core transcriptional complex that bind to Inr and DPE,

or that different proteins can bind to the element in different sequence contexts.
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Figure 5.2: (A) Deletion analysis of human FBNI promoter A activity in HEK-293 (a) and HT-1080 (b) cells. A
series of deletions from the 5’ end of fragment P1 was performed to obtain fragments Pla, P1b, and Plc. Promoter
activity is shown as percentage of the activity of the full length wild type construct (P1). (B) Mutational analysis
of a putative Inr-DPE pair in FBNI promoter A. The construct P1b, which contains nucleotides -3 to +50 of FBN1
exon A and encompasses a putative Inr and DPE site, was used as a template to carry out of series of mutations
and deletions. Activities of the mutant constructs were normalized to that of the wild type P1b construct. The mean
and standard error for three replicates are shown. The experiment was repeated three times with similar results.
*P < 0.05; **P < 0.01; #**P < 0.001.

Taken together, our analysis suggest that the 66 bp sequence in the P1b construct exhibits an
unusually high degree of conservation even if compared to sequences presumed to be under se-
lective pressure owing to the presence of regulatory elements such as transcription factor-binding
sites. There is no exact definition of the term ultraconserved, and the length threshold and the
number of species analyzed will determine the number of sequences identified as ultraconserved.

Given the results of the analysis presented above, we propose that the core promoter region of
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Figure 5.3: Sequence analysis of intron B and the 5’ region of exon A. Homologous sequences from chimp, rhesus
ape, cow, rat, mouse, and opossum were aligned to the human sequence. Identical nucleotides are shown as a dot (.)
and gaps are shown as a dash (-). Consensus putative transcription factor-binding sites that displayed conservation
among primates and at least one other species are boxed. Blocks of hyperconservation at least five nucleotides long
with at most one deviation from the human sequence in the primate, cow, rodent or opossum sequences are shown in
gray. The rhesus sequence was incomplete, extending only to position +82. The incomplete portion of the sequence
is indicated by ’x’. Construct P1 extends from the start of the alignment (-315) to position +50.

the alternatively spliced exon A of FBNI is ultraconserved. We suggest that the ultraconservation
may reflect the importance of finely tuned regulation of alternate transcription of FBN/and that
the sequences involved have been under negative selective pressure for at least the last 180 million
years of mammalian evolution. Additionally, this ultraconserved region may also be related to an
absolute necessity for the usage of the alternate transcript regulated by this region at some point

in development.
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6 Abstract

Marfan syndrome (MFS) is an autosomal dominant connective tissue disorder that predominantly
affects the skeletal, cardiovascular, and ocular systems. The primary cause of premature death in
untreated patients is related to thoracic aortic aneurysms and dissections (TAA). MFS is caused
by mutations in the gene for fibrillin-1, FBNI, and multiple factors such as halpoinsufficiency,
fibrillin-1 proteolysis, abnormal TGF-{ signaling, increased matrix metalloproteinase (MMP)
expression, and changes in cell-matrix interaction contribute to the complex pathogeneisis of this

disorder.

In the initial part of this study, we investigated whether recombinant fibrillin-1 polypeptides and
aortic extracts from a fibrillin-1 underexpressing mouse model (mgR/mgR) and human Marfan
patients can stimulate macrophage chemotaxis. Recombinant fibrillin-1 fragments containing
a GxxPG motif and the corresponding synthetic peptides could induce macrophage migration
mediated by elastin binding protein (EBP). Both aortic extrtacts from the mgR/mgR mice as well
as aortic extracts from Marfan patients significantly increased macrophage chemotaxis compared
with extracts from wild type mice and healthy controls. Because of the fact that the chemotaxis
inductive effect of Marfan aortic extracts could be inhibited by pretreatment of the cells with
lactose or pretreatment of the samples with monoclonal anti-elastin antibody (BA4), we infer that
the induction of chemotaxis of Marfan aortic extracts is at least partially associated with EBP.
Additionally, aortic extracts from patients with MFS showed a statistically significant increase in
reactivity to BA4 in ELISA. BA4 recognizes GxxPG containing peptides or fragments which are
ligands of EBP.

We additionally performed a therapeutic study on the mgR/mgR mice to test the effects of treat-
ment with BA4 in an attempt to antagonize the secondary deleterious effects of elastin and fibrillin
fragmentation. We investigated whether a monoclonal anti-elastin antibody (BA4) or treatment
with the anti-inflammatory medication indomethacin could decrease the development of TAA in
the mgR/mgR mice. Both treatments were started at 3 weeks of age and continued for 8 weeks.
The mgR/mgR mice received BA4 through intraperitoneal injection once a week. In a separate
group, indomethacin was added to drinking water continuously for 8 weeks. Here we show that
both BA4 and indomethacin treatment significantly improves elastin integrity in the aortic wall
of mgR/mgR mice. Treatment with BA4 significantly decreased MMP-2, MMP-9, MMP-12 ex-

pression and pSMAD?2 activity. Compared to the untreated group, there were significantly less
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macrophages in the aortic adventitia after BA4 treatment. Indomethacin treatment led to similar

results.

The results of this study further confirm the hypothesis that abnormal secondary cellular events
caused by GxxPG containing fragments contribute to the development of TAA in MFS. Chemo-
tactic activity observed in Marfan aortic extracts and efficient anti-inflammatory treatment suggest
an important role of matrix-fragment induced inflammatory activity in the aortic wall in the patho-
genesis of TAA. Furthermore, this study might provide new impact on therapeutic approaches and

could contribute to new strategies for the long-term management of aortic aneurysm in MFS.
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7 Zusammenfassung

Das Marfan-Syndrom (MFS) ist eine relativ hidufige autosomal dominant vererbte Storung des
Bindegewebes mit zahlreichen Symptomen im Skelettsystem, am Auge, und im Herzkreislaufsys-
tem. Die Haupttodesursache bei unbehandelten Patienten ist die akute Dissektion der aufsteigen-
den Aorta (TAA), das in der Regel nach einer jahrelangen, langsam fortschreitenden Erweiterung
der aufsteigenden Aorta auftritt. Das MFS wird durch Mutationen im Gen fiir Fibrillin-1, FBN1,
verursacht, und mehrere Faktoren wie Halpoinsuffizienz, Fibrillin-1 Proteolyse, abnormale TGF-
[ Aktivitit, Erhohung der Expression von Matrixmetalloproteinase (MMP) und Verinderungen

in der Zell-Matrix-Interaktion konnen zur Pathogenese des MFS beitragen.

Im ersten Teil dieser Studie untersuchten wir, ob rekombinante Fibrillin-1-Polypeptide und Aortenex-
trakte aus einem Fibrillin-1-hypomorphen Mausmodell (mgR/mgR) und Marfan Patienten die
Makrophagenchemotaxis stimulieren konnen. Rekombinante Fibrillin-1-Fragmente mit einem
GxxPG (Glyzin-X-X-Prolin-Glyzin) Motiv und den entsprechenden synthetischen Peptiden kon-
nten die Migration von Makrophagen durch Interaktion mit dem Elastin-bindendes-Protein (EBP)
stimulieren. Sowohl die mgR/mgR-Aortenextrakte als auch die Aortenextrakte von MFS-Patienten
erhohten signifikant die Makrophagenchemotaxis im Vergleich zum Extrakten aus Wildtyp-Miusen
und gesunde Kontrollen. Aufgrund der Tatsache, dass die chemotaktische Aktivitdt von MFS-
Aortenextrakten durch Vorbehandlung der Makrophagen mit Laktose (EBP-Hemmung) bzw. durch
den monoklonalen Anti-Elastin-Antikorper (BA4) signifikant gehemmt werden, schliessen wir,
dass die durch MFS-Aortenextrakte stimulierte Makrophagenchemotaxis zumindest teilweise
durch das EBP vermittelt ist. Dariiber hinaus zeigten Aortenextrakte von MFS-Patienten eine
statistisch signifikante Zunahme der BA4-Reaktivitit im ELISA. BA4 erkennt GxxPG Peptide
oder Fragmente, die EBP-Liganden sind.

Zusitzlich fithrten wir eine Therapiestudie an mgR/mgR Miusen durch, um die Wirkungen einer
gezielten Blockade der sekundéren schiddlichen Auswirkung von Elastin und Fibrillin-1 Frag-
mente durch Behandlung mit BA4 zu priifen. Wir untersuchten, ob Antikdrper BA4 oder antiin-
flammatorische Therapie mit dem Medikament Indomethacin die Entstehung der Aortendissek-
tion in dem Fibrillin-1-hypomorphen Mausmodell (mgR/mgR) reduzieren konnte. Beide Behand-
lungen begannen in der dritten Lebenswoche und dauerten 8 Wochen. Die mgR/mgR Maiuse er-
hielten BA4 durch intraperitoneale Injektion einmal pro Woche. In einer separaten Gruppe wurde

Indomethacin im Trinkwasser kontinuierlich fiir 8 Wochen verabreicht. Wir konnten zeigen,
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dass die Behandlung mit BA4 sowie durch Indomethacin die Elastinintegritit in Aortenwand in
mgR/mgR Miusen signifikant verbesserten. Die BA4 Behandlung verminderte signifikant die
MMP-2, MMP-9, MMP-12 Expression und pSMAD2 Aktivitit. Im Vergleich zu der unbehan-
delten Gruppe gab es signifikant weniger Makrophagen in der Aortenadventitia nach BA4 Be-

handlung. Indomethacin-Behandlung fiihrte zu dhnlichen Ergebnissen.

Die Ergebnisse dieser Studie bestitigen die Hypothese, dass GxxPG-Fragmente abnormale sekundére
zelluldre Reaktionen hervorrufen und somit zur Entwicklung von TAA in MFS beitragen kénnen.
Die chemotaktische Aktivitdt bei Marfan Aortenextrakten und die Effizienz der Antiinflamma-
torische Therapie zeigen eine wichtige Rolle der durch Matrix-Fragment stimulierte entziindliche
Aktivitit in der Aortenwand bei der Pathogenese des TAA in MFS. Dariiber hinaus zeigt diese

Studie potentiell neue therapeutische Optionen auf.
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AAA
ACEi
APS
BCA
BSA
CCA
cbEGF
CMD
CF

CI
COX-2
CV
DAB
DNA
dNTP
DMEM
DPE
DTT
EBP
ECL
ECM
EDP
EDTA
EGF
eGFP
EMSA
ELISA
ERK
eNO

et al.
FBN1
FBS
GO
HEK 293
His

Inr

Abdominal aortic aneurysm
Angiotensin converting enzyme inhibitor
Ammonium persulfate

Bicinchoninic acid

Bovine Serum Albumin

Congenital Contractural Arachnodactyly
calcium-binding EGF module

Cystic medial degeneration
Connecting Filament

Chemotactic Index

Cyclooxygenase 2

Coefficient of variation
Diaminobenzidine tetrahydrochloride
Deoxyribonucleic acid
Deoxynucleotide triphosphate
Dulbecco’s modified Eagle’s medium
Downstream promoter element
1,4-dithiothreitol

Elastin-binding protein

Enhanced Chemiluminescence
Extracelluar matrix

Elastin derived peptide
Ethylenediamine-tetraacetic acid
Epidermal growth factor

Enhanced green fluorescent protein
Electrophoretic mobility shift assay
Enzyme Linked Immunoabsorbent Assay
Extracellular signal-regulated kinases
endothelial Nitric Oxide

et alia (and others)

Fibrillin-1

Fetal bovine serum

Gene Ontology

Human Embryonic Kidney cells
Histidine

Initiator element



Abbreviations

100

.p.
JNK1
LAP
LDS
LTBP
mAb
MEFS
min
MMP
MVP
NA
nMFS
NSAID
OD
PAGE
PBS
PCR
PFA
PMFS
PNGase F
PVDF
RGD
RNA
SAP
SDS
s.e.m.
SGS
TBS
TAA
TEMED
TGF-5
TIMP
Tween 20
VGVAPG
vSMC
VVG
WT

Intraperitoneal

Jun N-terminal kinase-1
Latency-associated propeptide
Loeys-Dietz syndrome

Latent TGF-3-binding protein
monoclonal antibody

Marfan syndrome

Minute

Matrix metalloproteinase

Mitral valve prolapse

Not available

neonatal MFS

Nonsteroidal antiinflammatory drug
Optical density

Polyacrylamide gel electrophoresis
Phosphate buffered saline
Polymerase chain reaction
Paraformaldehyde
Phenylmethylsulfonylfluoride
N-glycosidase F

Polyvinylidene difluoride
Arginine-Glycine-Aspartic acid
Ribonucleic acid

Shrimp alkaline phosphatase
Sodium dodecyl sulfate

Standard error
Sphrintzen-Goldberg syndrome
Tris buffered saline

Thoracic Aortic Aneurysm
N,N,N’,N’-Tetramethylethylendiamin
Transforming growth factor-3
Tissue inhibitor of MMP
Polyoxyethylensorbitan mono laurate
Val-Gly-Val-Ala-Pro-Gly

vascular Smooth Muscle Cell
Verhoeff-Van Gieson stain

Wild type
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Sfi
Hind 111
AspTi8|
Kpnl
BamH |
Bsix |
EcoR |
Fst|
EcoR V
Bsix |
Not |
Xhol
Xbal

Apa |

myc epitope | (His)e TAA

I |

Figure 10.1: Physical map of pSec Tag A. pSec Tag A is a 5.2 kb expression designed for high-level stable and
transient expression in mammalian hosts. Proteins expressed from pSec Tag A are fused at the N-terminus to the
murine Igk chain leader sequence for protein secretion and at the C-terminus to a peptide containing the c-myc
epitope and six tandem histidine residues for detection and purification. Relevant restriction sites used to clone
fibrillin-1 fragments are marked as red and indicated by name.
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