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STEM CELLS BASED ELASTIC MATRIX REGENERATION FOR SMALL

ABDOMINAL AORTIC ANEURYSMS (AAAs) REPAIR

SHATAAKSHI DAHAL

ABSTRACT

Regenerative repair of the elastic matrix is naturally limited due to the
intrinsically poor elastogenicity of adult vascular smooth muscle cells. Therefore, when
the elastic matrix, which provides tissue stretch and recoil are disrupted in a proteolytic
milieu, such as in Abdominal Aortic Aneurysms (AAAs), localized rupture-prone
expansions of the aorta, the damage is difficult to reverse. This demands providing an
external, pro-elastin regenerative- and anti-proteolytic stimuli to aneurysmal SMCs in
the AAA wall towards reinstating matrix structure in the aorta wall. Introducing
alternative phenotypes of highly elastogenic and contractile cells into the AAA wall,
capable of providing such cues, proffers attractive prospects for AAA treatment. In this
regard, our previous studies demonstrated superior elastogenicity of bone marrow
mesenchymal stem cell (BM-MSC)-derived SMCs (BM-SMCs) and their ability to
provide pro-elastogenic and anti-proteolytic stimuli to aneurysmal SMCs in vitro.
However, for cell therapy a large cell inoculate is required for which these derived cells
must be cultured extensively as well as retain their superior elastogenicity and anti-
proteolytic benefit in long term culture as well as in vivo collagenous environment
which is not conducive to elastogenesis. Accordingly, in this study we assessed the
proelastogenic and antiproteolytic benefits of the BM-MSC derived cells in vifro and

in vivo.

The overall goal of this dissertation is to understand the pro-elastogenic and

anti-proteolytic behavior of BM-MSCs derived SMCs in vitro and in vivo towards their

XV



implication as an alternative cell source for elastin regenerative repair in AAAs. Our
results indicate that the stem cell derivatives retain their phenotype and superior
elastogenic and anti-proteolytic properties in 2D as well as 3D collagenous culture in
vitro. The results of our in vivo studies indicate that the stem cell derivatives (a) possess
natural homing abilities similar to the undifferentiated BM-MSCs, (b) exhibit higher
retention upon localization in the aneurysmal aorta compared to undifferentiated BM-
MSCs, (c) downregulate expression of several inflammatory and pro-apoptotic
cytokines that are upregulated in the AAA wall, contributing to accelerated elastic
matrix breakdown and suppression of elastic fiber neoassembly, repair and crosslinking
and (d) improve elastic matrix content and structure in the AAA wall towards slowing
the growth of AAAs. Our study provides initial evidence of the in vivo elastic matrix
reparative benefits of BM-MSC-derived SMCs and their utility as cell therapy to

reverse pathophysiology of proteolytic conditions like AAAs.
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22.

23.

24.

25.

Western blot analysis for MMP-2 protein expression. The figure compares
expression of MMP-2 zymogen, active MMP-2, and total MMP-2 by all
four cell types as also measures of net proteolytic activity, i.e., ratios of
active MMP-2 to TIMP-1. *, § and # indicate statistical significance
compared to RASMC, cBM-SMC and BM-MSC respectively deemed for

p <0.05. RA, BR, BC and M in the blot represents RASMCs,

rBM-SMCs, cBM-SMCs and BM-MSCs respectively................................ 74
Comparative expression of SMC marker proteins and key elastic fiber
assembly proteins by derived and control cell types using
immunofluorescence. Expression trends conform to that deemed by

western blot analysis. ................oooooiiii 75
Diftferences between derived SMC subtypes and RASMC and BM-MSC
controls in cell proliferation (A), elastic matrix production on a total (B)

and per cell (C) basis and desmosine crosslinking of the matrix (D). In all
cases, 30,000 cells were seeded per well in a 6-well plate and cultured

for 21 days before analysis. *, $ and # indicate statistical significance
compared to RASMC, cBM-SMC and BM-MSC respectively deemed

for P 0.0 77
Cell-type specific differences in collagen synthesis measured using a
hydroxyproline assay shown in absolute amounts (A) and amounts on a
cell-normalized basis (B). No significant differences were found between
the two derived cell types however cell normalized collagen content was
higher in both of them compared to RASMC and BM-MSC. * and

# indicate statistical significance compared to RASMC and BM-MSC

respectively deemed for p <0.05...............coiiiiiii 78
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26.

27.

28.

29.

Protein concentrations of MMP-2 (A) and MMP-9 (B) measured in cell
layers, measured using ELISA. Results show significantly higher MMP-2
protein amounts in cBM-SMC cultures compared to rBM-SMC, RASMC,
and BM-MSC cultures, and significantly lower MMP-9 protein amounts
relative to rBM-SMC and BM-MSC cultures. *, $ and # indicate statistical
significance compared to RASMC, cBM-SMC and BM-MSC respectively
deemed for p <0.05. ... 79
Transmission electron micrographs showing significantly greater density

of forming elastic fibers (red arrows) in cBM-SMC cultures, and less so

in tBM-SMC cultures relative to RASMC cultures, which contained

mainly amorphous elastin deposits (white arrows). Very few amorphous
elastin deposits and no fibers were seen in EaBRASMC cultures. ................ 80
Gel Contraction over 21 days. (A) Quantitative analysis of contraction

rate of collagen constructs seeded with standalone RASMCs, cBM-SMCs
and BM-MSCs. * and # shows significance with respect to RASMCs and
BM-MSCs respectively. (B) Quantitative analysis of contraction rate of
collagen constructs seeded with standalone EaRASMCs, and co-culture of
EaRASMCs with cBM-SMCs and RASMCs. * shows significance with
respect to EaARASMCs deemed for p < 0.05. (C) and (D) Photographic
image showing contraction of collagen gels in standalone and co-culture
model respectively ... 96
Cell proliferation and viability. (A) and (B) Cell proliferation within the
collagen constructs as measured by DNA assay in standalone culture and
co-culture respectively. Each color dots in the box plot represent the

values for each replicate. Hence 6 colored dots show values for 6
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30.

31.

replicates of each case and the blue dotted line shows the mean. * shows
significance with respect to RASMCs and ** shows significance with
respect to both RASMCs and cBM-SMCs respectively deemed for

p <0.05. (C) Cell viability within the collagen constructs as measured by
live/dead assay. Scale Bar: SOum........................o.coooiiiii 97
(A) and (B) Total elastin amount. Total elastin content (ug) produced by
the cells per dry weight of construct as measured by FASTIN assay in
standalone culture and co-culture respectively. (C) and (D) Total
desmosine amount. Total desmosine content (pmole) produced by the
cells per dry weight of construct as measured by ELISA assay in
standalone culture and co-culture respectively. The box plot represents
median (solid line) with 25/75% confidence interval; whiskers indicate
5/95% confidence interval; black circles indicate outliers and blue dashed
lines indicate the mean. Each color dots in the box plot represent the
values for each replicate. Hence 6 colored dots show values for 6
replicates of each case and the blue dotted lines shows the mean.

* shows significance with respect to RASMCs or EaARASMCs.................. 98
MMP-2 and MMP-9 protein expression. (A), (B), (C) and (D) Total,
zymogen and active MMP-2 and active MMP-9 protein expression
respectively in standalone culture. (E), (F), (G) and (H) Total, zymogen
and active MMP-2 and active MMP-9 protein expression respectively in
co-culture. * represents significance with respect to RASMC deemed for
p <0.05. The box plot represents median (solid line) with 25/75%
confidence interval; whiskers indicate 5/95% confidence interval; black

circles indicate outliers and blue dashed lines indicate the mean. Each
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32.

33.

color dots in the box plot represent the values for each replicate. Hence

3 colored dots show values for 3 replicates of each case and the blue

dotted line shows the mean ... 101
Histology of the cell seeded constructs. Paraffin embedded, VVG stained
sections of cells seeded collagen gel constructs in different magnifications.
Each column shows different types of cells seeded constructs. Black and
white arrows in the third column point elastin fibers stained in dark blue

or black. Scale bar: First row: 500 ums; second and third row: 50 um. ..... 101
(A) and (B) Morphometry results. Total percent area (x 100%) of elastin

in each construct as measured by morphometry in standalone culture and
co-culture respectively. The box plot represents median (solid line) with
25/75% confidence interval; whiskers indicate 5/95% confidence interval;
black circles indicate outliers and blue dashed lines indicate the mean. Each
color dots in the box plot represent the values for each section. Data was
collected from 3 constructs in each group with 3 histological sections per
construct for a total of 9 sections. Each colored circle corresponds to
sections from same construct. * represents significance with respect to
EaRASMC deemed for p <0.05. (C) and (D) Morphometry results.
Minimum diameter of elastin fibers in each construct as measured by
morphometry in standalone and co-culture respectively. The box plot
represents median (solid line) with 25/75% confidence interval;, whiskers
indicate 5/95% confidence interval; black circles indicate outliers and blue
dashed lines indicate the mean. Each color dots in the box plot represent the
values for each section. Data was collected from 3 constructs in each

group with 3 histological sections per construct for a total of 9 sections.
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34.

35.

36.

37.

38.

39.

40.

Each colored circle corresponds to sections from same construct. * and #
represent significance with respect to RASMCs and BM-MSC

respectively deemed for p <0.05...............cocooiiiiii 103
Autofluorescence of Elastin. Pontamine sky blue labelled constructs
showing bright red auto fluorescence of elastin as indicated by white

arrows. Scale bar: 70 Um.............oooiiiiiii e 104
Proteomics analysis of cBM-SMCs and EaRASMCs. (A) Heat map

showing difference in protein profile of cBM-SMCs and BM-MSCs.

(B) Volcano plot showing the differential expression of proteins in
EaRASMCs vs. CBM-SMOCS ..o, 106
Experimental timeline ... 122
(A) and (B) CXCR4 and CCR3 gene expression by BM-MSC and cBM-
SMC 1eSpeCctiVely. ........ooooiiiiiii e 127
(A) and (B) CXCR4 and CCR3 protein expression by BM-MSC and
CBM-SMUC 1espectiVely ..........cc.ooiiiiiii i 127
(A) and (B) Immunofluorescence staining showing CXCR4 and CCR3
expression by BM-MSCs and cBM-SMCs. Blue: nuclei and

Green: homing receptors (CXCR4/CCR3) (C) and (D) Quantification

of target protein radiant density normalized to number of nuclei............... 128
Total fluorescent radiant efficiency of cells injected organs after

subtracting auto fluorescent total radiant efficiency of PBS injected
respective organs (A) Aorta, (B) Liver, (C) Kidneys, (D) Lungs,

(E) Heart and (F) Spleen. Values represent mean = SD of n =6

ANIMALS/GIOUD. ... 130
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CHAPTER1

INTRODUCTION

Abdominal aortic aneurysms (AAAs) are localized expansions of the abdominal
aorta (infrarenal part of the largest artery supplying blood to the body). They are a
multifactorially determined conditions triggered by genetic predispositions and/or
environmental factors [1]. Although the disease etiology remains largely unknown,
infiltration of inflammatory cells, smooth muscle cell (SMC) apoptosis, breakdown of
elastic matrix (a key structural extracellular matrix component), abnormal
accumulation of collagen and oxidative stress are among manifested indications of
AAAs pathology [2]. Chronic persistence of the inflammatory process aggravates
enzymatic breakdown of the elastic matrix by inflammatory cells resulting in loss of
stretch and recoil properties, and subsequent exuberant but transient deposition of
collagen by aneurysmal smooth muscle cells that causes transient stiffening of the aorta

wall prior to weakening and fatal flow stress-induced rupture [1], [2].

The major challenge in therapeutic reversal of AAAs as in other proteolytic
disorders involving elastic tissues/organs (e.g., chronic obstructive pulmonary disease
or COPD, pelvic organ prolapse or POP etc.) is the degeneration of the elastic matrix

which is a naturally irreversible process. This is attributed to the poor ability of adult



and even more so, diseased cells to synthesize elastin the primary protein component
of elastic fibers, beyond the late fetal and early neonatal stages of life, and their inability
to replicate the biocomplexity of developmental elastic fiber assembly [3]. Therefore,
reversing AAA pathophysiology to a healthy tissue state demands an external stimulus
to stimulate elastogenesis and concurrently attenuate chronic proteolysis by

overexpressed degradative enzymes called matrix metalloproteases (MMPs).

1.1 Overall goal of the project

Regenerative repair of elastic matrix in the AAA wall is naturally poor due to
intrinsically poor elastogenicity of adult and diseased vascular SMCs [4]. In this
scenario, cell therapy involving delivery of an alternate, possibly autologous cell type
that would exhibit the high contractility of terminally differentiated SMCs in healthy
vessels and yet exhibit the high elastogenic potential of SMC progenitor cells in early
development would proffer an attractive prospect to stimulate elastogenesis lasting new
elastic matrix assembly by diseased SMCs in the AAA wall . Based on prior studies in
our lab that demonstrated superior elastogenicity of bone marrow mesenchymal stem
cell (BM-MSC)-derived SMCs (BM-SMCs) and their ability to provide pro-elastogenic
and anti-proteolytic stimuli to aneurysmal SMCs [5], [6], the overall goal of this study
is to understand the pro-elastogenic and anti-proteolytic behavior of BM-MSCs derived
SMCs in long term in vitro 2D and 3D culture, investigate their fate an in vivo rat model
of induced AAA, and to seek preliminary evidence of their therapeutic efficacy for

AAA treatment.



1.2 Significance and innovation of proposed study

The prevalence of AAA is 3.9% to 7.2% in men and 1.0% to 1.3% in women
above 50 years of age and mortality due to ruptured AAAs is 75% to 90% making it
the 10th leading cause of death in the US [7]. AAAs are asymptomatic and can rupture
without warning. Current management of AAAs involve periodic non-invasive imaging
using ultrasonography or MRI to monitor their growth until they reach a critical size
deemed to have high rupture risk (~5.5 cm in diameter) at which time surgical
intervention is deemed appropriate [8]. Most common surgical interventions are open
surgical repair or endovascular repair (EVAR) [9]. Both surgical procedures are highly
invasive accompanied by high procedural risks and significant post-surgical
complications. This justifies the dire need of alternative minimally invasive treatments
to arrest or regress small AAAs during their years-long growth to the critical size. The
regenerative therapy addressed by this study based on the use of adult stem cells is thus
highly significant especially since even drugs currently in the development pipeline,
discussed further in Chapter 2, have been shown to at best provide only anti-proteolytic
benefit. I envision my proposed therapy to involve simple intravenous infusion of a cell
bolus or single or multiple event, catheter-based infusion of cells into a transiently flow-
occluded AAA vessel segment. Upon in vivo delivery, it is expected that at a fraction
of these cells will home in and engraft in the AAA wall and provide a new source of
elastic matrix besides sustained paracrine matrix regenerative and anti-proteolytic cues
to stimulate elastic matrix neo-assembly by resident aneurysmal SMCs for long term
therapeutic benefit. Since these methods are procedurally simple and are at most
minimally invasive, mortality and complications associated with surgery on older,
vulnerable patients can be potentially eliminated. Due to their multifunctional benefits,

cell therapy with BM-SMCs can potentially provide a significant advantage over



current drug-based treatments that show some promise, namely treatment with the
MMP inhibitor drug, doxycycline (DOX). While oral DOX therapy has shown some
promise in small and larger animal models [refs] in inhibiting MMPs in the AAA wall
to slow AAA growth, outcomes in clinical trials has been inconsistent [1], [10].
Moreover, studies have shown that the high clinical doses of DOX adversely inhibits
crosslinking of even the limited new elastin produced within the AAA wall, thus
eliminating any prospects to arrest or reverse AAA growth. Besides circumventing this
issue, BM-SMC therapy could also possibly improve endovascular stent graft
detachment from the AAA wall, a frequently encountered problem, by limiting
continued expansion of the adjacent AAA wall. Similarly, if the trophic factors
contained in the BM-SMC secretome that are necessary and sufficient for their pro-
elastogenic/anti-MMP effects are identified, new approaches based on delivery of these
agents alone or in combination may be possible, without need to obtain, process,
expand, and deliver cells. While use of allogeneic BM-MSCs for cell therapy is
acceptable even in the clinic, we expect our study of these cells to guide future
investigation of patient derived cells which can potentially enable patient customized

treatments.

Based on the information outlined above, the novelty of our research at this
point lies in the approach of delivering healthy allogeneic BM-MSC derived BM-SMCs
that retain high elastogenic capacity unlike most adult cell types. While SMCs are
known to exhibit a continuum of phenotypes ranging between theoretical extremes of
synthetic and contractile phenotypes, this study is novel in identifying specific
phenotypic coordinates of derived BM-SMCs that are conducive to the cells providing

pro-elastogenic, anti-proteolytic, and anti-apoptotic stimuli to aneurysmal SMCs via



their paracrine secretions while maintaining high contractility of vascular SMCs. While
undifferentiated BM-MSCs are known to home into site of tissue injury to effect repair,
the retention of these homing properties by non-terminally differentiated, derived BM-
SMCs is largely unknown, on which this study is expected to provide new insight.
Innovation in this work also concerns the study of variety of co-culture systems in a
collagenous, 3D milieu that can more closely evoke the cellular milieu within elastin-
compromised aneurysmal site, and thus likely elicit more closely physiologic responses
to provided stimuli. Therefore, the procedural simplicity of our delivery approach
combined with the innovation and potential benefits of a regenerative cell therapy will
be promising to delay or eliminate need for surgical interventions in the primarily older
AAA patients, and thus much reduced associated mortality and complications. Our
regenerative cell therapy is thus highly significant because it fulfills a critical clinical

need, is innovative, translational and mechanistic.

1.3 General hypothesis

We hypothesize that BM-SMCs demonstrate the ability to home-in and be
retained in the AAA site to impart superior pro-elastogenic and anti-proteolytic effect

compared to the undifferentiated BM-MSCs.

1.4 Specific aims (SAs)

SA 1. To investigate the long-term retention of the phenotype and elastin
regenerative benefits of BM-SMCs in 2D culture.
Synopsis: Cell therapy demands large cell inoculates which requires extensive

propagation of BM-SMCs in culture prior to its delivery. Thus, it is implicit that these
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cells should maintain their differentiated phenotype and superior elastin regenerative
and homeostasis properties in long-term 2D culture. For this purpose, we sought to
differentiate rat BM-MSCs into BM-SMCs per prior optimized protocol on a
fibronectin substrate with transforming growth factor-f (TGF-B) and platelet derived
growth factor (PDGF-BB) supplements. The differentiated cells were then propagated
under the differentiation condition and also as regular SMCs in an uncoated plastic
without supplemental growth factors. The two sets of cells were comparatively assessed
for retention of differentiated SMC phenotypic characteristics and their superior elastin
regenerative properties (higher elastin synthesis and crosslinking, improved fiber
formation, lower MMP expression versus control cells, healthy rat aortic SMCs

(RASMCs) and undifferentiated BM-MSCs.

SA 2. To investigate in culture the modulatory effects of a 3D collagenous tissue
milieu on de novo elastin synthesis by BM-SMCs and their paracrine pro-matrix
regenerative effects on aneurysmal SMCs (EaRASMCs).

Synopsis: Cells delivered to the AAA wall encounter a collagenous tissue
microenvironment. To evoke this, BM-SMCs differentiated and propagated under
conditions deemed favorable in SA 1, were statically cultured as standalone as well as
in co-culture with aneurysmal SMCs (EaRASMCs) within compacted collagen gels and
assessed for quantitative and qualitative (elastic matrix crosslinking, fiber formation

and size, stability against proteolysis etc.).



SA 3. To investigate the ability of BM-SMCs to home into the AAA wall, their bio-
distribution and retention post-delivery and to provide the initial evidence of their
pro-elastogenic and anti-proteolytic benefits.

Synopsis: Effective cell therapies rely on the methods of cell delivery, bio-distribution
post-delivery and ability of the cells to home and retain in the target site to impart the
desired benefits. For this purpose, in experiment 1, the expression of receptor involved
in homing (mainly CXCR4) was assessed in vitro. Experiment 2 was focused on
delivering the cells. For this, the bolus of 2x10° cells were injected via tail vein injection
in the aneurysm induced rat. The cells were tracked using IVIS spectrum CT and at end
point the aortae were harvested for histology and biochemical assays to observe the

benefits of cell therapy.

1.5 Organization of Dissertation

Chapter II will provide a comprehensive literature review on histological and
anatomical features of abdominal aorta, progression of AAA, elastin protein synthesis,
fiber formation and homeostasis, challenges in elastin regeneration and current
management of AAAs including the state of art in elastic tissue repair. Pertinent to the
last-mentioned topic, the chapter will also discuss different regenerative approaches,
pros and cons of each of those, stem cells as an alternative approach for regenerative

repair of AAAs and pros and cons of the same.

Chapter III will describe the long-term retention of phenotype and superior

elastogenicity of mesenchymal stem cells derived smooth muscle cells in 2D culture.



Chapter I'V will shed light on behavior of these derived cells in a 3D collagenous

culture which is evocative of de-elasticized AAA tissue milieu.

Chapter V details the in vivo cell delivery study, bio-distribution of cells, the

evidence of their pro-elastogenic and anti-proteolytic effects at tissue level.

Chapter VI will address the limitations of the study, future directions and overall

conclusion.



CHAPTER 1T

BACKGROUND

2.1 Overview of Extracellular Matrix (ECM)

The extracellular matrix (ECM) is a dynamic, intricate and complex 3D
structure surrounding the cells in all tissues. It provides an (a) essential physical
scaffolding for the cellular components of tissues and (b) biochemical and
biomechanical cues that are critical for tissue morphogenesis, differentiation and
homeostasis [11]. The ECM also modulates the most fundamental characteristics of
cells such as proliferation, adhesion, migration, polarity, differentiation and apoptosis.
These cellular functions are initiated by binding of cells to the ECM through ECM
receptors (e.g., integrins, discoidin domain receptors, syndecans) [11]. It also serves as
reservoir for various growth factors and signaling molecules that serve to elicit signal
transduction and regulation gene transcription and hence direct the morphology and

physiological function of cells [12].



2.2 Major ECM components

The ECM primarily consists of non-fibrillar components such as water, proteins
and polysaccharide and fibrillar components such as collagens, fibronectin, laminin and
elastin. However, the physical, topological and biochemical composition of the ECM
is highly heterogenous and tissue specific [12]. The mechanical and biochemical
characteristics of individual organs (e.g., tensile and compressive strength, elasticity,
extracellular homeostasis and water retention) are influenced by the tissue-specific

composition and structural organization of their ECM [12].

2.2.1 Collagen

Collagen is one of the major structural components of ECM. It provides tensile
strength to the tissue, regulate cell adhesion, helps in chemotaxis and migration as well
as direct tissue development [13]. Collagens are typically transcribed and secreted by
fibroblasts as procollagen and undergoes several post translational modifications and
lysyl oxidase mediated crosslinking forming the triple helical collagen superstructures
as shown in Figure 1 [13]. Approximately28 different types of collagens are found in
ECM and collagen molecules are formed by 3 polypeptide strands called a-chains [13].
Each a-chain assumes left-handed helix and these 3 helices are twisted together creating
homo- or heterotrimeric triple helices. a-chains are composed of repeating sequence of
three amino acids Gly-X-Y patterned as Gly-Pro-X or Gly-X-Hyp where X can be any
other amino acid residues. Some covalent crosslinkings are present within the helix and
between different helices to form collagen fibrils. Fibrils are aggregates of several

subunits called tropocollagen and bundles of these fibrils are collagen fibers which
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localization of types I, IIT and IV in the intimal and medial layers of the ascending aorta,
and distribution of types I and IV throughout the intima and media in the descending
thoracic region [14]. Differently, types I and IV are seen in the intimal and medial layers
and type III in the adventitial layer of the abdominal aorta [15]. The amount and ratios
of different collagen types vary with age, levels of sex hormones, pathologies, etc. For
e.g., the stiffening of the aorta wall occurs with ageing likely due to an increment in

type-I collagen content [15].

2.2.2 Elastin

Elastin is the primary protein component of elastic fibers, structural ECM
components that impart stretch and recoil properties (elasticity) to the tissues subjected
to repeated stretch (e.g., blood vessels and lungs) [4]. Unlike collagen which provides
strength and flexibility, elastin serves to bring the tissue back to the original shape after
stretch and hence helps to maintain tissue integrity. The elastic matrix is described

detail in section 2 below.

2.2.3 Laminin and Fibronectin

Laminin is one of the important components of ECM that intend to self-
assemble to create a large network in the basement membrane. It comprises of about 20
glycoproteins assembled into a cross-linked web interwoven with the type IV collagen
network via bridging molecules like perlecan. It consists of heterotrimer with one each
of a-, B- and y- chains [16]. Laminins have important role in early embryonic

development and organogenesis [16]. They also regulate the differentiation, adhesion,
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and migration of epithelial cells interacting through multiple cell surface receptors

including integrins and cell surface proteoglycans (PGs) [17].

Fibronectin (FN) is a component of the interstitial ECM. It also mediates cell
attachment and function [16]. It is a fibril-forming glycoprotein which is structurally a
dimer of two identical proteins of 250 kDa covalently attached via disulfide bonds at
their C termini. It is ubiquitously expressed in tissues. Different functional motifs on its
structure helps fibronectin to interact with GAGs, collagens, fibrin and integrins
facilitating matrix organization and cell-matrix interactions [18]. For example,
fibronectin serves as a template for proper collagen fibrillogenesis by forming a fibril
network engaged by cell surface integrins [16]. Cellular traction force causes FN to be
stretched several times over its resting length [18]. As a result of such stretching, cryptic
integrin-binding sites within the FN molecule is exposed resulting in pleiotropic
changes in cellular behavior [18]. Hence FN acts as an extracellular mechano-regulator
in addition to its role in cell migration during development. Studies have also shown

the implication of FN in cardiovascular diseases and tumor metastasis [18].

2.2.4 Proteoglycans and Glycosaminoglycans (GAGs)

Proteoglycans (PGs) are macromolecules in the ECM that function as shock
absorbers [16]. A classic example is the ECM of cartilage. In dense connective tissues
like bone and tendons, contribution of PGs to the properties of the ECM are shadowed
by the abundant presence of collagen [19]. Unlike collagen, PGs function to resist
compression and serve as space fillers. PGs consist of a core of protein linked to a
special class of complex negatively charged polysaccharides called

glycosaminoglycans or GAGs [20]. GAGs are linear, anionic, unbranched
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polysaccharides made up of repeating disaccharide units [20]. GAGs are divided into
two groups: sulfated (chondroitin sulfate, heparan sulfate and keratan sulfate) and non-
sulfated (hyaluronic acid) GAGs. Often, GAG chains are attached to a single protein
core and may link at one end to another GAG resulting in huge macromolecule which
may resemble a bottlebrush structure with molecular weights exceeding millions of
Daltons [20]. GAGs are extremely hydrophilic and assumes highly extended
conformations occupying a huge volume relative to their mass. They have tendency of
forming gels even at very low concentration. The negative charges of GAGs attract
osmotically active cations like Na" which results in suction of large amount of water
into the matrix resulting in swelling pressure [19]. In collagen rich matrix containing
large quantities of GAGs entrapped in collagen meshes, the swelling pressure is
balanced by the tension in the collagen fibers interwoven with the PGs. This swelling
pressure and the tension are huge and thus this character makes matrix tough, resilient

and resistant to compression like that in cartilage [19].

PGs are extremely diverse in size, shape and chemistry. The classification of
PGs is based on their core proteins, localization and GAG composition. They are
broadly divided into three main families: small leucine-rich proteoglycans (SLRPs),
modular proteoglycans and cell-surface proteoglycans [19], [20]. The functions of each
of these has been shown in Table I below. Like GAGs, PGs are also highly hydrophilic
that readily forms hydrogel enabling matrices that are formed by these molecules to
withstand high compressive forces [19]. They perform many sophisticated functions
such as to (a) form gels of varying pore sizes and charge densities, which regulate the
passage of molecules through the ECM, (b) provide hydrated space around the cells,

(c) bind cell signaling molecules like secreted growth factors and other proteins, (d)
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Activation of integrins by matrix ligands leads to conformational changes in the
integrins which exposes their cytoplasmic domains facilitating binding of focal
complex proteins such as the focal adhesion kinase (FAK) and integrin—linked kinase
(ILK) [23]. Integrins cluster in the membrane and intracellular proteins including
vinculin and talin along with actin stress fibers are assembled into focal adhesion
complexes. The integrins subsequently trigger phosphorylation cascades and initiate
signaling events including Rho and MAP kinase pathways to affect cell proliferation,
differentiation, polarity, contractility, and gene expression in “outside-in” signaling
process [16]. Intracellular signals from proteins such as FAK, ILK and talin can
conversely induce changes in integrin conformation and activation altering its ligand
binding activity in the “inside-out” signaling fashion. Therefore, integrins act as a bi-
directional conduit, transmitting signals and providing connections between intra- and

extra-cellular compartments [24], [25].

2.3 Major Functions of the ECM

2.3.1 Reservoir

The ECM functions as a structure to sequester growth factors and cytokines. It
establishes concentration gradients and regulates spatial and temporal bioavailability of
those factors [16]. Specifically, the fibroblast growth factor family strongly binds to
heparan sulfate chains of proteoglycans such as perlecan [16]. Heparan sulfate
proteoglycans also binds, transports, and activates developmental control factors like
Wnt and hedgehog factors. The ECM also stores bioactive fragments released upon
limited proteolysis [26]. These fragments regulate physiological and pathological

processes including angiogenesis. TGF-f, secreted in latent form, is stored in the ECM
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and remains inactive until activated by MMP-dependent proteolysis. The ECM also

participates in ligand maturation [26].

2.3.2 Chemical and Physical cues

The biochemical properties of the ECM acts as sensors allowing cells to sense
and interact with their extracellular environment via various signal transduction
pathways [16]. ECM components especially the adhesive proteins like fibronectin,
integrin and non-integrin receptors as well as growth factors and associated signaling
molecules provide the chemical cues [16]. Distinct cellular responses are triggered by
specific sets of receptors interacting with different matrices [16], [24]. The ECM also
functions as a physical barrier, an anchorage site, or a movement track for cell migration
[26]. The physical properties of the ECM like its rigidity, density, porosity, insolubility
and topography (spatial arrangement and orientation) provide physical cues to the cells
[26]. Differently, the mechanical properties are mostly sensed by integrins [23]. Matrix
stiffness induces integrin clustering, robust focal adhesions and Rho and MAP kinase
activation leading to increased proliferation and contractility [23]. Matrix rigidity also
regulates cell differentiation. For instance, mesenchymal stem cells favor
differentiation towards a neuronal lineage on soft matrices and towards osteogenic

lineage on stiff surface [16].

2.4 Elastin and elastic fibers

Elastin is a highly durable and insoluble biopolymer with very limited turnover
and estimated half-life of about 70 years in healthy tissues [4]. The monomeric unit of

this biopolymer is called tropoelastin which is soluble precursor of elastin. 60 to 70 kDa
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process is important in order to identify limitations in natural repair and regeneration
of elastic matrices and to develop methods to overcome the same. Elastic matrix
assembly primarily initiates during the developmental stage and continues until
adolescence. Several glycoproteins are involved in this complex process which are

regulated at multiple levels.

The first step of the fiber assembly process is secretion of the elastin precursor,
tropoelastin. In humans, tropoelastin is encoded by a single copy of gene called £ELN
[27]. ELN is synthesized and secreted by smooth muscle cells (SMCs) [27], fibroblasts,
endothelial cells, chondroblasts and mesothelial cells during development [28]. The
tropoelastin amino acid sequence is well characterized and includes an alternating
hydrophobic and hydrophilic domain structure [29]. The hydrophobic domain of the
protein consists of repetitive sequences of non-polar amino acids valine, glycine, valine,
alanine, proline and glycine (VGVAPG), which account for 82% of the primary
sequence [30]. The hydrophilic domain or the crosslinking domain on the other hand is
rich in lysine and alanine [3]. Following extensive splicing, matured tropoelastin
mRNA is exported from the nucleus and undergoes translation on the surface of rough
endoplasmic reticulum(rER) forming a 70 kDa polypeptide [31]. As the polypeptide
enters the lumen of rER, it is cleaved and released as single peptide which is transported
to the Golgi [32]. Tropoelastin is then exported to the extracellular space by transcytosis
which then binds to a chaperone protein called elastin binding protein (EBP) [33]. The
EBP binds predominantly to the hydrophobic domains on elastin [33]. Intracellularly,
EBP prevents the self-aggregation and degradation of tropoelastin whereas
extracellularly, it helps to deliver tropoelastin to the microfibrillar site of fiber

formation [32]. Binding of EBP to the microfibrillar galactose-sugars results in the
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release of tropoelastin from EBP [34]. The EBP is then recycled back to the intracellular
space to bind the newly formed tropoelastin molecules [32]. The tropoelastin is released
from EBP coacervates. Coacervation is the inverse temperature transition involving
extracellular interaction between hydrophobic domains of tropoelastin causing
aggregation of molecules with increased temperature [33]. Coacervated molecules are
then crosslinked through the action of a copper dependent enzyme called LOX [35]-
[37]. LOX catalyzes the oxidative deamination of amino groups on the lysine residues
within tropoelastin to form allysine which is the reactive precursor of variety of inter
and intramolecular crosslinks found in elastin [37]. Condensation of two allysine
residues on one tropoelastin and one allysine residue and one lysine residue in another
molecule results in formation of desmosine crosslinks [38] (Figure 3). The crosslinked
tropoelastin molecule is deposited on the microfibrillar pre-scaffold [39]. The pre-
scaffold (a) provides spatial co-ordination and alignment to coalescing tropoelastin
nuclei towards their extension and crosslinking to form mature elastic fibers, (b)
maintain fiber integrity, and (c) facilitate biomechanical transduction of adjacent cells
by elastic fibers [39]. The mature elastic fiber formed exhibits a cross-sectional
diameter of about 300 nm to 2 um with a central core of alkali-insoluble crosslinked
elastin surrounded by microfibrils [39]. The microfibrils also act as a scaffold
maintaining the structural integrity of elastic fibers as well as serve as a reservoir to

various growth factors (GFs) [39].
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MMPs (MMP-2, MMP-7, MMP-9, and MMP-12) have been found in AAA related
elastolytic activity [S50]. All these MMPs are secreted by macrophages infiltering a site
of tissue trauma and cause elastic fiber degradation and inflammation [S1]. MMP-2 and
MMP-9 are also produced by diseased vascular smooth muscle cells (VSMCs) and are
able to activate latent TGF-p [52]. The posttranslational regulation of MMP activity
happens at three levels. Initially, MMPs are secreted as inactive pro-MMPs that require
proteolytic cleavage of the propeptide. Activity of MMPs is also turned on by the
deactivation of a cysteine switch and MMPs are regulated by their specific endogenous
inhibitors called tissue inhibitors of metalloproteinase (TIMPs) [53]. Under normal
physiological conditions, MMP regulation occurs in transcription level followed by
activation of precursor zymogens, interaction with ECM components and inhibition by
its specific inhibitors known as Tissue Inhibitors of Matrix Metalloproteinases or
TIMPs [54], [55]. This normal regulation of MMPs and TIMPs get perturbed in
inflammatory conditions like arthritis, cancer, atherosclerosis, aneurysms, etc. causing
increases in elastin degradation vs. synthesis, since natural synthesis of elastin is nearly
non-existential after 16 years of age [56]. Cysteine proteases are another class of
proteases involved in the major events in the pathogenesis in abdominal aortic
aneurysms. They contribute to transmigration of smooth muscle cells through the
elastic lamina, formation of macrophage foam cells, apoptosis of vascular cells and
macrophages and plaque rupture [57]. Protein levels of Cathepsins K, L and S (CatK,
CatL and CatS) have been found to increase in human AAAs whereas their natural
inhibitors, cystatin C have been found to be decreased [58]-[61]. CatK and CatS are
expressed by macrophages and SMCs [61] whereas CatL. expression is mostly localized
in macrophage-rich areas and is low in SMCs [58]. In an elastase infused mouse AAA

model, however CatC (a lysosomal protease required for post translational processing
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muscles and other parts of the body [81]. The different parts of the aorta are described

below:

2.5.1.1.1 Aortic root

Aortic root is the part of aorta that is attached to the heart. It has aortic valve
that allows blood to flow from heart to rest of the body when open and prevents the
backflow of blood to heart when closed. The aortic root supplies blood to the heart

through left and right coronary arteries [81].

2.5.1.1.2 Ascending aorta

It is the section of aorta which starts at the sinotubular junction of the aortic root

and extends up and out from heart and connects with the aortic arch [81].

2.5.1.1.3 Aortic arch

It is the arch shaped part of the aorta which connects the ascending aorta with
the descending aorta. The major arteries branching off from aortic arch are
brachiocephalic artery (supplies blood to the right arm and right side of the brain), left
carotid artery (supplies left side of the brain) and left subclavian artery (supplies blood

to the left arm) [81].

2.5.1.1.4 Descending thoracic aorta

It begins at the end of the aortic arch and runs down to the abdomen.
Descending aorta is further divided into 2 parts. Thoracic aorta and abdominal aorta.
Thoracic aorta continues from aortic arch to the diaphragm. It supplies blood to the

muscles of the chest wall and spinal cord [81].
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2.5.1.2.1 Tunica Intima

It is the innermost lining of the aorta wall and is composed of a monolayer of
endothelial cells that provides protection against thrombosis [82]. Endothelial cells
secret specific molecules like nitric oxide and inhibit platelet activation and thrombus
formation [83], [84]. It also helps in exchanging nutrients and gases specially in
capillaries which only has intimal layer. It is separated from medial layer by internal
elastic lamellae [85]. In diseases like dissection, the intima is separated from adventitia
creating a false lumen [83]. Similarly, in atherosclerosis, the intimal layer is injured

resulting in thickening, calcification and ulceration of the intima [83].

2.5.1.2.2 Tunica Adventitia

It is the outermost layer of the aorta wall. It is mainly composed of collagenous
extracellular matrix and fibroblast cells [82]. It also contains nerve supply and vasa
vasorum (the network of microvessels) that supplies nutrients and oxygen to the aorta
wall [86]. Due to higher collagen content, adventitia has higher tensile strength
compared to other layers of aorta [85]. The primary function of adventitia is to protect
the vessel from excessive extension and ultimate burst upon encountering high pressure

of blood [81].

2.5.1.2.3 Tunica Media

The tunica media is the middle layer of the aorta wall. It consists of the
concentric ring of SMCs and is separated from intima and adventitia by concentric rings
of elastic fibers, called the internal and external elastic lamellae [82]. Elastin molecules

are synthesized by SMCs and are incorporated into elastic fibers [82]. The elastic
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lamellae help the artery to maintain blood pressure while withstanding variations in

hemodynamic stress of the cardiac systole and diastole [87].

VSMCs present in the medial layer possess a unique characteristic of
phenotypic switching. They assume a quiescent contractile phenotype under normal
physiological condition and controls the dilation and contraction of blood vessels hence
regulating the blood flow [88]. However, under pathological conditions they switch to
a synthetic, non-contractile phenotype characterized by increased cell proliferation and
increased matrix production [88], [89]. VSMCs also respond to variety of biochemical
and biomechanical signals in the dynamic arterial wall environment leading to change
in their function and phenotype [88], [89]. They also transmit the signals to the matrix
via cell surface receptors which connects the external environment to the cytoskeleton
[90]. The extracellular matrix surrounding the VSMCs also sequesters and releases the
biochemical signal [82]. The phenotypic switching and ECM production are also
dependent on these signals which are mediated by cell-elastic fiber contact [82]. Hence
the arterial structure is stabilized by elastic fibers via regulation of proliferation,

phenotypic modulation and VSMCs organization [91], [92].
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people who are smokers or have ever smoked [93]. Similarly, people with other pre-
existing conditions like atherosclerosis, hypertension as well as family history are found
to be at greater risk of getting aneurysms [100]. The risk of rupture on the other hand
depends on aneurysm size (highest risk on aneurysm > 5. 5¢cm diameter), the expansion

rate, continued smoking, uncontrolled hypertension and increased wall stress [50].

2.6.1 Pathophysiology of AAA: Cellular and molecular mechanisms

AAAs are multifactorial conditions that involve breakdown and loss of aortal
wall ECM structures resulting in gradual wall thinning and weakening and ultimate
rupture [101]-[104]. Histological analyses of human AAA tissues show infiltration of
leukocyte, degradation of extracellular matrix and depletion and apoptosis of VSMCs
to be the major pathological hallmarks of AAA which has also been recapitulated by
histological study of elastase infused rodent AAA models [105]-[108]. Although the
exact mechanism of the disease is not clearly understood, studies on animal models of
the disease have shown the involvement of local inflammatory responses; this incites
infiltration of inflammatory and immune cells (macrophages, neutrophils, mast cells, T
and B lymphocytes) [108], [109], which is further enhanced by various cytokines and
extracellular matrix proteases (mostly MMP-9) to cause VSMC apoptosis and ECM
degradation with loss of aortic wall integrity [110]. In other words, the destructive
pathological remodeling of aorta in AAA involves four interrelated factors: (a) chronic
inflammation of the outer wall of aorta along with neovascularization and upregulation
of proinflammatory cytokines (b) hyper production and dysregulation of matrix
degrading enzymes, (c) progressive destruction of elastin and collagen and (d)

apoptosis of medial smooth muscle cells (SMCs) resulting in impaired capacity for
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fragmented elastin and progressive thickening of adventitia with expanded network of

vasa vasorum as shown in Figure 13 [118].

This expanded network of vasa vasora contributes to recruitment of
inflammatory cells that is found in aneurysmal wall. These cells secret cytotoxic
mediators that cause SMC apoptosis [119]. These cells also secrete chemoattractant to
further attract more inflammatory cells thereby causing chronic inflammation and

continued matrix degradation [50].

2.7 Current diagnosis and treatment of AAA

AAAs are mostly asymptomatic and detected incidentally with ultrasonography
(USG), Computed Tomography (CT) scanning or Magnetic Resonance Imaging (MRI)
performed for other indications [120]. Various guidelines have been issued for
screening AAAs for early detection like The United States Preventive Services Task
Force (USPSTF) guidelines, The American College of Cardiology/American Heart
Association (ACC/AHA) guidelines and the Canadian Society for Vascular Surgery
guidelines all of which recommend at least one time screening using ultrasonography

of males above 65 years of age who have ever smoked [120].
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Figure 15: Endovascular repair (EVAR) and open repair of AAA
of alternative, minimally invasive treatments to arrest or regress small AAAs during

their years-long growth to a critical size.

2.9 Strategies to attenuate or arrest AAA growth

AAAs are often asymptomatic and characterized by three distinct
histopathological regions: inflammatory, active and amorphous, each of which are
characterized by cellular components and ECM architecture [110]. A large number of
inflammatory cells are frequently localized on the adventitial side of the media in the
inflammatory region. These cells include T and B cells, macrophages, mast cells and
neutrophils, all of which secrete proinflammatory cytokines and drive chronic
inflammation [110]. The active region is characterized by increases in matrix degrading
enzymes like MMP-9, decrease in VSMCs and destruction of elastic lamellae of the
aorta wall. The maximally dilated area of the AAA is characterized by tissue containing
some amorphous elastin and abundant fibro-collagenous ECM [110]. While surgical
intervention or endovascular repair is mandated only at the pre-rupture stage, AAAs
inevitably progresses gradually with an increase in rupture risk [110]. Hence an
effective strategy to attenuate AAA growth has long been desired. To accomplish this,
intensive studies are being pursued to identify the genetic and molecular mechanisms
of AAA so as to develop therapies aimed at attenuating AAA growth in the years
preceding their assumption of rupture-prone dimensions. Some of the therapeutic

targets being investigated for attenuation of AAA growth are summarized below:

40



2.9.1 Pro-inflammatory mediators

Pro-inflammatory mediators are one of the most important players in the
progression of AAAs. These are biological factors that shift the balance of ECM
metabolism towards tissue degradation by activating inflammatory signaling pathways.
Several pro-inflammatory mediators like TNF-o and monocyte chemoattractant factor-
1 (MCP-1) have been implicated in the pathogenesis of AAAs [50]. These mediators
are known to cause and maintain the inflammatory response by inducing inflammatory
cell infiltration. Most proinflammatory mediators activate signaling molecules like c-
Jun N-terminal kinase (JNK) and nuclear factor-xB (NF- kB) and these activated
signaling pathways enhance the expression of pro-inflammatory mediators thus causing
the vicious cycle of chronic inflammation [110]. Pro-inflammatory signaling pathways
also activate ECM degradation enzymes like MMP-9 and MMP-2 while reducing the
expression of enzymes like lysyl oxidase (LOX) that are critical to crosslinking of
elastic fibers and collagen fibers [110]. This causes an overall loss of stability of elastic
fibers, their degradation and loss, to result in AAA growth. Several pharmacotherapies
are thus being explored for targeted suppression of pro-inflammatory mediators,
modulation of intracellular signaling pathways, and inhibition ECM degradation. Some

of the recent pharmacotherapies are listed in Table I1I below:

Table III. List of some common pharmacotherapies and their mechanism of AAA

inhibition
Drug Target Model Mechanism  of Reference
AAA inhibition
o-Tocopherol Oxidative ~ ATII/ApoE™ L ROS, |
(vitamin E) stress mice macrophage [125], [126]
Elastase infused  infiltration
rat
Doxycycline MMP Elastase infused | MMP-9, Elastin
rats/mice, CaCl,  preservation [110]
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ACE
inhibitor
ARB

Statin

RAS

RAS

Mevalonate
pathway

mice, ATI/ApoE-
'~ mice
Elastase rat

Elastase rat

Elastase mice,
Elastase rat,
Elastase/ApoE™"

Elastin
preservation

| Macrophage
infiltration, | NF-
kB activity, |
MMP-9

| Macrophage
infiltration, | NF-
kB activity, |

[127]

[127]

[110][128],

mice MMP-9, | MCP-
1, elastin
preservation
CaCl; mice, | Macrophage
ATII/ApoE” mice infiltration, !
MMP-9, elastin
preservation,
regression of

established AAA

[129]

SP600125 JNK

[110]

2.9.2 Intracellular signaling pathways

Many intracellular signaling pathways have been implicated in AAA initiation
and progression. Once such aberrant signaling pathway involves the cytokine,
transforming growth factor-beta (TGF-f). Studies have shown that systemic blockade
of TGF-B or removal of SMAD3 gene which is a downstream signal of TGF-3, causes
augmentation of Angiotensin II (Ang II)- and CaClz-induced AAAs [130]. TGF- B
signaling occurs at multiple levels with diverse functions, but in general, TGF-f1 binds
to TGF-B1 type II receptor and activates the SMAD signaling pathway [131].
Activation of SMAD signaling triggers downstream increases in MMP-2 and MMP-9
expression via SMAD 3 and SMAD 4 mediation respectively [131]. Notch1 is another
signaling mediator that has been shown to be increased in both human AAAs and
Angll-induced mouse models. Pharmaco-inhibition of Notch 1 or haplosufficiency in

the Notch 1 pathway have shown to attenuate the formation of Ang IlI-induced AAAs
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in mice by preventing the influx of inflammatory macrophages at the aneurysmal site

by causing defects in the macrophage migration and proliferation [132].

Several studies have shown the association of oxidative stress with aneurysm
formation in clinical patients as well as in animal models of the disease. Generation of
reactive oxygen species (ROS) like the superoxide anion, and hydroxyl radical and
reactive nitrogen species like nitric oxide and peroxynitrite have been found to be
increased in human AAAs which suggests the potential contribution of ROS to aortic
wall degeneration [133]. Inflammatory cytokines like IL.-1B, TNF-a and IFN-y which
are upregulated in the aneurysmal milieu are a potential trigger of cellular ROS
production in the AAA wall [134]. These proinflammatory cytokines can enhance
inducible nitric oxide synthase (INOS) expression in aortal SMCs which are capable of
activating MMPs and inducing apoptosis of SMCs [135]. Other potential sources of
ROS include membrane associated NADPH oxidases, xanthine oxidase (XO), etc.
produced by vascular cell types during inflammation. ROS promote AAA formation
and growth by activating MMPs and inducing apoptosis of aortal SMCs [135]. Hypoxia
and hydrogen peroxide can also induce a number of genes like hydrogen peroxide-
inducible clone 5 (Hic-5). A study by Lei et al has shown that Hic-5 activates the
mitogen activated protein kinase (MAP) c-Jun N-terminal Kinase pathway leading to
aneurysm development [136]. Xiong et.al has shown that both pharmacologic inhibition
of NADPH oxidase by apomycin as well as iNOS”" suppress AAA formation. This
effect was found to be associated with reduced expression of MMP-2 and MMP-9 and
decreased production of nitric oxide metabolite [135]. The decrease in elastolytic
MMPs has vital implications to slowing elastic matrix breakdown and thus rat of AAA

growth. Even though very limited information is available on the mechanistic aspect,
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some animal studies have demonstrated the relationship between the renin-angiotensin-

aldosterone system (RAAS) and AAA development.

2.9.3 Post-transcriptional regulators

Recent studies have investigated the delivery of microRNAs to modulate the
extensive functional networks involved in the complex interactions between cellular-
related mechanisms, inflammatory mediators and extracellular matrix degradation in
AAA progression. MicroRNAs are small non-coding RNAs which are key post-
transcriptional regulators for genes and physiological processes involved in AAA
progression. miR-21, miR-24, miR-29b, miR-712 and miR-205 are five microRNAs
that have been implicated in AAA development [137]. The different microRNAs act
via distinct mechanisms in AAAs and hence their inhibition targets selective factors
and processes that contribute to AAA pathology. For instance, reduced aortic dilatation
was observed by inhibiting miR-29b in elastase-perfused and Angll-infused mice
[138]. Differently, overexpression of miR-21 or miR-24 was found to inhibit AAA
development in both the animal models [139], [140]. The differences in the functional
effects of overexpressing or inhibiting selected microRNAs on AAAs are related to the
downstream gene targets of each specific microRNA [137]. Different members of the
miR-29 family, among other miRs have been widely detected to target several key
genes and pathways involved in fibrosis and ECM regulation including different
collagen isoforms, fibrillin-1 and elastin [141]-[144]. Several studies have reported that
TGF-b suppresses miR-29b expression in a SMAD 3 dependent manner (Figure 16)
increasing collagen synthesis and triggers a pro-fibrotic or protective effect in

aneurysm [145] There is also evidence that inhibiting miR-29b with locked nucleic acid
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superior in vivo retention by (i) decreasing enzymatic degradation of therapeutics and
(i1) protecting against sequestration by phagocytes of the reticulo-endothelial systems.
The improved localization of nanoparticles in the diseased vascular wall can also result
from enhanced permeability of the compromised vasculature [162]. Besides siRNA,
nanoparticles have also been extensively investigated for targeted delivery of
therapeutics to injured or diseased blood vessels as in AAAs. For instance, Camardo
et.al investigated the sustained and steady release of doxycycline (DOX) from PEG-
PLGA nanoparticles to inhibit JNK 2 in order to impart pro-elastogenic and anti-
proteolytic effects to AAAs [163]. Their study suggested the pro-matrix regenerative
benefit was imparted by the combined effect of DOX and cationic-functionalized
nanoparticles. Another study by Fox et.al demonstrated successful targeting of
cathepsin K conjugated DOX loaded PLGA submicron particles to the aneurysmal site

to impart anti-proteolytic and pro-elastogenic benefits [164].

2.10 Cell Therapy: Potential Alternative Strategy for Elastic Matrix

Regeneration

Almost all elastin regenerative repair strategies explored so far are focused on
reversing or attenuating adverse signaling pathways or mitigating MMP overexpression
in the AAA wall, with limited or no direct emphasis on addressing either poor
elastogenesis and matrix regeneration and repair. Even though healthy adult VSMCs
have limited elastogenic capacity and diseased SMCs like that in AAAs are even more
non-elastogenic, studies have demonstrated the reversibility of SMC activation in the
presence of growth factors and other biomolecular and environmental cues promoting

the contractile SMC phenotype [165]. For e.g. Ramamurthi et.al have shown the in
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vitro benefits of HA oligomer and exogenous TGF-f in enhancing the elastin synthesis
and fiber formation in both healthy as well as diseased rat and human VSMCs [166]-
[168]. Cell therapy is one of the potent strategies that has the potential to address the
challenges of other regenerative strategies by providing dual benefit of anti-proteolysis
and pro-elastogenicity. Cell therapy can provide miRNA, produce a range of
proelastogenic signaling cues, reduce MMP expression and also likely to have fewer
ethical and technical concerns compared to other techniques like gene delivery
[169][138]. Studies have shown to reduce the MMP activity and promote stabilization
of AAAs by endovascular delivery of syngeneic vascular SMCs in rat model however,
no effect was seen in terms of elastic matrix regeneration and AAA regression [170].
Hence, introduction of highly elastogenic, autologous cell types might be more
effective and clinically translatable to achieve (a) enhanced elastogenesis, (b)
suppressed elastolysis, (¢) localized, controlled, predictable and sustained delivery of
therapeutics, (c) improve ability of AAA SMCs to crosslink elastin precursors into
matrix structures and (d) promote elastic matrix synthesis by elastogenically induced

AAA cells[166]. However, no such clinically approved cell therapy currently exists.

2.11 Stem cells

Stem cells represent a unique population of undifferentiated cells which are
capable of extensively differentiating into different tissue and cell types. They are
characterized by (i) self-renewal, (ii) clonality and (iii) potency. However, their
properties might vary depending on the type of stem cells [171]. For instance,

embryonic stem cells (ESCs) are more potent and have greater ability of self-renewal
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compared to adult stem cells (ASCs) [171]. Stem cells are normally classified based on

differentiation potential and their origin [172].

2.11.1 Classification based on potency

2.11.1.1 Totipotent stem cells

These are the cells found in early development and are most undifferentiated.
These cells have capacity to differentiate into three primary germ layers of the embryo
as well as to develop the extra embryonic tissues like placenta. For e.g. fertilized ootcyte

is totipotent cells [173].

2.11.1.2 Pluripotent Stem Cells

Pluripotent stem cells can differentiate into cells of all three germ layers. Most

common pluripotent stem cells are Embryonic Stem Cells (ECS) [174].

2.11.1.3 Multipotent Stem Cells

Multipotent stem cells are present in most tissues. They mostly differentiate into
cells from a single germ layer. Mesenchymal Stem Cells (MSCs) are the most common
cells of this category which are adherent to cell culture plastics, characterized by
specific cell surface markers and can differentiate into cells that formt he parenchyma
of tissues of mesodermal origin like adipose tissue, bone, cartilage and muscle. Some
recent studies have also shown the trans differentiation of MSCs into neuronal tissues

which are ectodermal in origin [175], [176].
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2.11.1.4 Oligopotent Stem Cells

Oligopotent stem cells can form 2 or more lineages within a specific tissue. For
e.g. oligopotent stem cells present in the ocular surface and cornea of the pig can
generate individual colonies of corneal and conjunctival cells [177]. Hematopoietic
stem cells are the most commonly known oligopotent stem cells which can differentiate

into both myeloid and lymphoid lineages [178].

2.11.1.5 Unipotent Stem Cells

As the name suggests, these cells can differentiate into only one specific cell
type from a single lineage. For e.g. muscle stem cells differentiate into only mature
muscle cells and type II pneumocyte of alveoli give rise to type I pneumocytes [179]-

[182].

2.11.2 Classification based on origin:

2.11.2.1 Embryonic Stem Cells

ESCs are pluripotent stem cells derived from the inner cell mass of the
blastocyst. They can differentiate into cells of the three primary germ layers [183].
These cells retain their undifferentiated state for a long time in culture though the
culture conditions play critical role on their ability to maintain this state [184]. These
cells are characterized by the presence of transcription factors like Nanog, and Oct 4
[185], [186]. These cells are excellent tool to understand human development and
organogenesis. Their unlimited proliferation and pluripotency provide remarkable
access to tissues from human body and support basic research on the differentiation and
function of human tissues and also provide materials for testing the safety and efficacy

52



of human drugs while avoiding the use of animal models [184]. However, direct use of
undifferentiated ESC for tissue transplant can cause teratoma formation or cancer
development and ethical concerns of using the embryo to generate these cells limit their

use [171].

2.11.2.2 Adult Stem Cells

Stem cells derived from adult tissues include MSCs and human amnion
epithelial cells derived from placental tissues [187]. These cells are known for their
anti-inflammatory properties as well as tissue repair capabilities [188]. These cells are
widely used for cell therapy because autologous implantation of these cells prevent
rejection and they also do not raise any ethical concerns in their sourcing and effects

upon implantation [188], [189].

2.11.2.3 Tissue-Resident Stem Cells

These type of stem cells are resident in adult tissues and generate tissue specific
terminally differentiated cells [190]. These cells are shown to originate during
ontogenesis and remain in inactive state until their proliferation, differentiation or
migration is activated by local stimuli [191], [192]. They reside in a microenvironment
called stem cell niche which controls their self-renewal and differentiation [193]. The
niche also plays critical role in stem cell homeostasis and tissue repair through various
signals from extracellular matrix and soluble mediators that mediates cell signaling and

gene expression [194].
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2.11.2.4 Induced Pluripotent Stem Cells

Induced pluripotent stem cells (iPSCs) are produced by genetically
reprogramming adult somatic cells to ESC-like state [195]. The first reported iPSCs
were produced in 2007 from mouse by transducing mouse fibroblasts with octamer-
binding transcription factor % (OCT %4), SRY-related high mobility group box protein-
2 (SOX2), the oncoprotein c-MYC, and Kruppel-like factor 4 (KLF4) [196]. A year
later, human iPSCs were produced in a similar way and was shown that these cells were
similar to human ESCs in terms of morphology, proliferation, surface antigens, gene
expression, epigenetic status of pluripotent cell-specific genes, telomerase activity and
their differentiation into cell types of 3 germ layers in culture [196]. iPSCs are widely
used to study drug development, disease modelling and regenerative medicine,
however, the retroviral vectors used for transfection and oncogenic factors like c-MYC
used to reprogram the cells can cause cancer. Studies are being conducted to replace
the viral transfection method by non-viral vector approaches like chemical compounds,

plasmids, adenovirus, and transposons [197]-[200].

2.11.3 Mesenchymal Stem Cells

Mesenchymal stem cells were first described by Friedenstein et.al in the early
70s and were first isolated from human bone marrow [201]. These are multipotent adult
cells with the potential to differentiate into multiple cell types like osteoblasts,
chondrocytes, myocytes, adipocytes, etc [202]. Mesenchyme refers to the embryonic
loose connective tissue derived from the mesoderm and develops into hematopoietic
and connective tissue. These cells are also synonymously called as mesenchymal

stromal cells or marrow stromal cells because some researchers argue that “stem cell”
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label is not always appropriate especially for connective tissue cells forming the
scaffold of an organ because they are not capable of differentiating into osteoblasts,
chondrocytes or adipocytes [202]. The International Society for Cellular Therapy
(ISCT) has specified the criteria to define MSC populations, which include (i)
adherence to substrates, (ii) presence of cluster of differentiation like CD 73, CD90,
CD105 surface markers and the absence of CD45, CD34, CD14, CD11b, CD79a, CD19
and class II histocompatibility complex antigens, (iii) potential to differentiation
towards osteoblast, adipocyte and chondroblast lineages [203]. Apart from these
guidelines, researchers have found that the presence of STRO-1 antigen, VCAM
1/CD106 and melanoma cell adhesion molecule/CD146 is useful in defining MSCs
because these antigens characterize the adherent cells with high degree of clonogenicity
and multidirectional differentiation ability in vifro. MSCs are also defined by their
niche, which is the microenvironment of the body where these cells reside and maintain
an undifferentiated state [204]-[206]. However, the precise location of the niche for
MSCs is still not known. Research shows they can be isolated from various tissues of
mesodermal origin like bone marrow, cord cells, adipose tissue, molar cells and
amniotic fluid. Morphologically, they have small cell body with a few long and thin

cell processes. Once fully confluent they assume cobblestone morphology [207].

Most frequently the MSCs are isolated from bone marrow tissues [208]. Marrow
tissues consists of a heterogenous group of cells including hematopoietic cells,
endothelial cells and granulomonocytic cells, therefore, these marrow stromal cells are
subjected to fractionation on a density gradient solution like Ficoll™ which improves
the purification strategies followed by low-density plating methods. Mononuclear cells

are collected followed by centrifugation and cultured in tissue culture dishes. Non-
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adherent cells are removed after 24 hours and the adherent cells are cultivated and

passaged [208].

2.11.4 Use of MSCs in cell therapies for AAAs and vascular disorders

As discussed above, the poor elastogenicity of adult VSMCs limits their use for
cell therapy. Stem cells can overcome the challenges associated with adult VSMCs.
Evidences show that neonatal SMCs are far more elastogenic than adult SMCs and
vascular elastin is primarily synthesized and matured during fetal and neonatal
development in stem cells or progenitor cells rich tissue microenvironments [208]. Deb
et.al have shown the deposition of nascent fiber like elastin deposition in the neointima
of rat AAA tissue with sparse distribution of fibrillin-1 pre-scaffolds, the glycoprotein
structure that helps in crosslinking and organization of amorphous elastin into mature
crosslinked fibers (Figure 18). Contrary to this, they also found fibrillin-1/elastin co-
localization in the medial layer explaining the aberrant elastic fiber assembly of the
neointimal elastin. However, a remarkable finding of this study was the presence of
circulating progenitors like SMAA™ cells in the neointima, which were phenotypically
different from medial smooth muscle cells, and thus possibly of a different origin but
exhibiting the capability of generating significant amount of nascent elastic fibers
[209]. Therefore, it would be justifiable to hypothesize that stem cells/progenitor cells
or their early differentiated SMC phenotype would be more elastogenic compared to
adult AAA SMCs. Moreover, there is a possibility that these cells could also improve

the elastogenicity of AAA SMCs through juxtacrine or paracrine signaling [210].
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is possible to generate targeted and individualized cell lines by reprogramming cells
from patient’s own tissues [211]. However, iPSCs are highly proliferative and therefore
carries the risk of tumorigenicity [210]. Progress has been made towards differentiating
these cells into desired phenotype and hence subsidize the tumorigenic effect but not
fully accomplished. Bone-marrow mesenchymal stem cells (BM-MSCs) would be a
potent alternative cell source for elastin regenerative repair because BM-MSCs can
readily be differentiated into SMC like cells and have potential anti-inflammatory and
immunosuppressive characteristics [212]. Several studies have been performed to
demonstrate hypo-immunogenicity of BM-MSCs even upon allogenic transplantation
[212]. MSCs have been reported to inhibit T cells and natural killer cells proliferation.
MSCs also alters T cell cytokine secretion and cytotoxicity, B-cell maturation and
antibody secretion, NK cell cytokine production and cytotoxicity [213]. Both rat and
human MSCs express CD90 and MHC class I and MHC class II when activated but
they do not express co-stimulatory molecules and therefore do not activate alloreactive
T cells. Human MSCs have IL-6, IL-8, IL-12, and TGF-31 whereas rat MSCs have IL-
6, IL-10, IL-12 and TGF-1. mRNA expression however was found to be greater for
anti-inflammatory cytokines than pro-inflammatory [213]. Swaminathan et. al have
shown that the secretome of BM-MSCs as well as their smooth muscle like derivative
also contain pro-elastogenic and anti-proteolytic cues which imparts matrix
regenerative benefits to the resident AAA SMCs while also suppressing the MMP
activity [214], [215]. This also shows the possibility of developing cell free approach
like delivering BM-SMC secretome components identified to be necessary and

sufficient to provide pro-elastogenic and anti-proteolytic benefits using AAA tissue
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are involved in attachment and migration between the endothelial cells. The binding
was shown to be enhanced by activation of ECs with TNF-o. The cells extend podia
followed by rolling and adhesion on ECs and migrates. Studies also indicate that
binding and rolling of MSCs is mediated by P-selectin molecules and migration is
facilitated by binding of VLA-4 present on MSCs with VCAM-1 present on ECs[217].
Therefore, in this body of work we have extensively explored the utility of bone marrow
mesenchymal stem cells derived smooth muscle like cells towards elastic matrix

regenerative repair in AAAs.
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CHAPTER III

MAINTAINING ELASTOGENICITY OF MESENCHYMAL STEM CELL-

DERIVED SMOOTH MUSCLE CELLS IN 2D CULTURE

3.1 Introduction

As described in previous chapter, current treatment options for AAAs are
surgical but are performed mostly only on large, rupture-prone AAAs bigger than the
critical size (maximal diameter > 5.5 cm) and have high procedural risk for many older
AAA patients [219]-[221]. Alternative non-surgical treatments to slow, arrest, or even

regress small AAAs during their slow (>5 years) growth to rupture is thus mandated.

As mentioned earlier, critical requirement to be able to arrest or regress AAA
growth is to restore homeostasis of the structural extracellular matrix (ECM) in the
AAA wall. Since, elastic fibers and higher order structures (elastic lamellae) in the aorta
wall, which enable vessel stretch and recoil, are unlike collagen in not being able to
auto-regenerate or repair post-disruption in adults [212], in the light of chronic matrix
breakdown in the AAA wall, it is imperative to provide a major impetus to elastic
matrix neoassembly (elastogenesis) concurrent with a deterrent to enzymatic

proteolysis, so as to allow for net accumulation of new elastic matrix. Based on
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literature describing the role of stem cells (SCs) in developmental elastogenesis and
vascular tissue repair post-injury [222] as well as previous studies from our lab [6]
showing that SMC-like progenitor cells (BM-SMCs) derived from bone marrow
mesenchymal stem cells (BM-MSCs) exhibit significantly higher elastogenic capacity
than healthy, terminally-differentiated adult vascular SMCs, and are able to stimulate
elastic matrix neoassembly by aneurysmal SMCs and in parallel attenuate MMP-
mediated elastic matrix breakdown, we subsequently demonstrated that these effects of
BM-SMCs in stimulating elastic fiber formation, elastin crosslinking and attenuating
MMP activity by aneurysmal SMCs are a) not provided by undifferentiated BM-
MSCs[6], and b) mediated by biological factors contained in paracrine secretions

(secretome) of the BM-SMCs [6].

SMCs represent a continuum of phenotypic states that span between extreme,
but theoretical phenotypes of quiescent, highly contractile and non-synthetic cells
(‘contractile phenotype’) and a highly proliferative, robustly ECM-generating and
poorly contractile state (‘synthetic phenotype’) respectively [223], [224]. While high
contractility of terminally differentiated SMCs resident in adult blood vessels allows
the vessel to effectively maintain blood pressure, robust ECM synthesis by SMCs in
developing vascular tissues and in the injured vascular wall contributes to vascular
tissue organization and remodeling/repair respectively [225]. However, most SMCs
represent interim phenotypes that can exhibit aspects of both phenotypic extremes
[223], [224]. In this context, in prior work [5], we demonstrated that phenotypic co-
ordinates of derived BM-SMCs can be altered by modulating conditions of
differentiation culture and represent a useful metric to select cells exhibiting superior

elastogenicity, contractility, and sufficient proliferative capacity for successful
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application to regenerative AAA repair. We identified a specific BM-SMC phenotype
we now term as cBM-SMCs, that were derived from rat BM-MSCs on a fibronectin
(Fn) substrate in the presence of DMEM-F12 medium containing 10% fetal bovine
serum (FBS), transforming growth factor —beta (TGF-B1; 2.5 ng/ml) and platelet
derived growth factor-pp (PDGF-BB; 5 ng/ml) that exhibited superior properties
consistent with that listed above. Cell therapy demands large cell inoculates, which in
turn necessitates that the differentiated cells be propagated in culture prior to delivery
to the collagenous, de-elasticized vascular tissue in vivo. Therefore, in this aim we
sought to understand how conditions of post-differentiation in vifro 2-D culture for the
purpose of propagating cBM-SMCs for subsequent in vivo use impact their phenotypic,

functional, and matrix regenerative properties.

3.2 Materials and Methods

3.2.1 Propagation of rBM-SMCs and ¢cBM-SMCs

Rat bone marrow mesenchymal stem cells (BM-MSCs; Invitrogen, Carlsbad,
CA, USA) were differentiated into cBM-SMCs, as described earlier [6]. At 21 days of
differentiation the cells were trypsinized and a) seeded on uncoated tissue culture
polystyrene flasks and cultured with DMEM F-12 medium containing 10% v/v FBS
(Invitrogen) and 1% v/v PenStrep (Thermo Fisher, South Logan, UT) without any
growth factors (rBM-SMC) and subsequently passaged upon attaining near-confluence,
and b) seeded within human fibronectin- (hFN, 100 ng/ml) coated tissue culture flasks
(BD Biosciences, East Rutherford, NJ, USA) cultured with DMEM-F12 medium
containing 10% v/v FBS, 1% v/v PenStrep, 2.5 ng/ml of TGF-1 (Peprotech) and 5

ng/ml of PDGF-BB (Peprotech, Rocky Hill, NJ). These cells, termed cBM-SMCs were
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subsequently passaged when they attained near confluence and used for further
experimentation to compare their phenotypes, and retention of elastogenic and anti-
proteolytic effects. In these experiments, healthy rat aortic smooth muscle cells
(RASMCs) and BM-MSCs were studied as controls. For transmission electron
microscopy (TEM) analysis, EaBRASMCs (aneurysmal rat aortic smooth muscle cells)
(passage 3-5) (isolated from an elastase injury rat AAA model as we have described
previously [S] were cultured as negative controls. The propagation condition of
RASMCs (used as positive control) have been previously described [6]. Briefly, the
abdominal aorta of three different healthy rats were harvested, cut into small pieces and
digested in collagenase type-2 (Worthington Biochemical, Lakewood, NJ) and porcine
elastase (Sigma, St. Louis, MO). These digests were then aliquoted equally in each well
of six-well plate and cultured in DMEM containing 20% v/v FBS and 1%v/v PenStrep
for smooth muscle cell isolation. Once the primary cells adhered and reached
confluence, they were passaged and cultured in media containing 10% v/v FBS.
Passage 2 RASMCs generated from the 3 different animals were then pooled, passaged,

and seeded for culture experiments.

3.2.2 RNA Isolation and Real-Time PCR

The rBM-SMCs were seeded in polystyrene 6-well plate (USA Scientific,
Ocala, FL, USA) and cBM-SMCs were seeded in human Fn-coated 6-well plate (BD
Biosciences) at 15,000 cells per well (A = 10 cm?) and cultured for 15 days. Total RNA
was isolated from the cultures using a RNeasy mini kit (Qiagen, Valencia, CA, USA)
and quantified using a Quant-iT™ Ribogreen® RNA kit (Invitrogen) following

manufacturer’s instructions. An iScript cDNA synthesis kit (Bio-Rad, Hercules, CA,
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USA) was used to synthesize cDNA using 1ug of RNA from all the samples and reverse
transcription was performed for total of 40 minutes combining 5 minutes at 25 °C, 30
minutes at 42 °C and 5 minutes at 85 °C according to the manufacturer’s instructions.
Real time PCR was performed using an Applied Biosystems 7500 Real-Time PCR
system with Power SYBR® Green Master Mix (Applied Biosystems). Specially
designed primers were used for the 18s (house - keeping gene), a-SMA (ACTA4 2),
caldesmon (CALDI), smoothelin (SMTN), smooth muscle myosin heavy chain
(MYH11), Elastin (ELN), Fibrillin-1 (FBNI), Fibulin-4 (FBLN4), Fibulin-5 (FBLNY),
lysyl oxidase (LOX), MMP-2 (MMP2), MMP-9 (MMPY) and Timp-1 (7IMP1). The
primers were designed previously in our lab [6], [222], [226]. The PCR data was
analyzed using LinReg PCR program. This program uses a MATLAB® code separately
for each sample to determine baseline-corrected set of values and window of linearity.
PCR efficiency was calculated from the slope of linear fit for each sample. This
provided correction for NO. Data value obtained from this analysis was directly used to

calculate gene expression ratio as described in literature [227].

3.2.3 Immunofluorescence-Based Detection of SMC Phenotypic Markers and

Elastic Matrix Homeostasis Proteins

SMC markers and key proteins involved in elastic fiber hemostasis were
detected using immunofluorescence (IF) staining, as described previously [228]. Cells
were seeded on coverslips, cultured for 7 days for SMC marker proteins and 21 days
for elastin homeostasis proteins, then were fixed using 4% w/v paraformaldehyde for
20 min at 4 °C, permeabilized with 0.1% v/v Triton X-100 (VWR Scientific, West

Chester, PA, USA) for 10 min and blocked with PBS containing 5% v/v goat serum
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(Gibco Life Technologies, Grand Island, NY). The cells were then incubated overnight
with primary antibodies against the SMC marker proteins (Caldesmon, a-SMA,
Smoothelin, and myosin heavy chain (MHC)) and elastin homeostasis proteins (Elastin,
Fibrillin-1, Fibulin-4, Fibulin-5, LOX, MMP-2, MMP-9 and TIMP-1). The expression
of these proteins was then visualized using secondary antibodies conjugated to
AlexaFluor 488 or 633 probes (Molecular Probes, Temecula, CA). The coverslips were
then mounted on glass slide with Vectashield® mounting medium containing the
nuclear dye, 4’,6-Diamidine-2’-phenylindole dihydrochloride (DAPI) (Vector Labs,
Burlingame, CA). Imaging was done using Olympus [x51 fluorescence microscope
(Olympus, Pittsburgh, PA, USA) and the images were analyzed using Image Pro®

software.

3.2.4 DNA Assay for Cell Proliferation

DNA content in the cells were quantified using Hoechst Dye based
Fluorometric DNA assay protocol developed by Labarca and Paigen [229]. The cell
layers at 21 days of culture were harvested in Pi buffer (SOmM Na2HPO4; 2mM EDTA,
and 0.3mM NaN3) and sonicated to lyse cells and release DNA. The results were

quantified assuming 6 pg of DNA contained per cell.

3.2.5 Fastin Assay for Matrix Elastin

At 21 days of culture, the cell layers were harvested in Pi buffer and sonicated.
A 0.5-mL aliquot of the sonicated cell layer samples was digested in 0.1 mL of 1.5 M
oxalic acid (95 °C, 90 min) and then pelleted by centrifugation at 14,000g. The

supernatant containing soluble a-elastin was saved and 0.4 mL of 0.25 M oxalic acid
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added to the pellet and digested for a further 1 hour at 100 °C. The digestate was
centrifuged again and the supernatant pooled with the earlier supernatant fraction. The
elastin content in the pooled supernatant was measured using a FASTIN® assay kit
(Accurate Chemical and Scientific Corp) as per manufacturer’s instructions. The
measured elastin content in the samples was normalized to their corresponding DNA

content.

3.2.6 Hydroxyproline Assay for Collagen Matrix

A hydroxyproline (OH-Pro) assay was performed to determine the total amount
of collagen deposited by the cells in their ECM as described in our published literature
[5]. Briefly, the cell layers were harvested in Pi buffer, centrifuged at 2500 rpm for 10
mins and the resulting pellet digested in ImL of 0.1 M NaOH at 95 °C in a water bath
for 1 hour to solubilize elastin and collagen. The digestate was then allowed to cool to
room temperature and centrifuged at 2500 rpm. The supernatant containing solubilized
collagen was assayed using the OH-Pro assay. Collagen amounts were calculated based

on 13.5 % w/w OH-Pro content of collagen.

3.2.7 Estimation of Desmosine Crosslink Content

After 21 days of culture, all four cell types were harvested in phosphate buffered
saline (PBS), pH 7.4 and centrifuged for 5 minutes at 500 g to form pellet. The cell
pellets were hydrolyzed with 6N HCI for 48 h at 105 °C, evaporated to dryness and
reconstituted in 400 ul of water. The samples were then filtered through a 0.45 um filter
and desmosine levels determined using a competitive ELISA assay. Total protein in

each sample aliquot was measured using ninhydrin assay [230].
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3.2.8 Waestern Blot Analysis

Western blot analysis was performed to semi-quantitatively compare protein
expression for the SMC phenotypic marker proteins a-SMA, caldesmon, smoothelin,
and MHC, MMPs 2 and 9, tissue inhibitor of matrix metalloprotease -1 (TIMP-1), and
lysyl oxidase (LOX), between the four cell types. Briefly, the cells were seeded at a
density of 30,000/well in a 6 well plate (n = 6 wells/case) and cultured for 21 days. The
cell layers were harvested in RIPA buffer containing a protease inhibitor cocktail
(Thermo Scientific, Waltham, MA). The amount of protein in each sample was
quantified using BCA assay kit (Thermo Scientific, Waltham, MA). Western blotting
was performed as previously described[231]. Briefly, equal volume of protein sample
with protein amount within the threshold range of 20 to 30 ug in each cases were taken
and mixed with loading buffer. The mixture was reduced and loaded along with a pre-
stained molecular weight ladder (Invitrogen) on to 4-12% and 10% SDS-PAGE gels
for MW< 60kDa and MW>60kDa proteins respectively. The gels were subjected to dry
transfer onto nitrocellulose membranes using iBlot western blotting system
(Invitrogen). The membranes were then blocked with Odyssey blocking buffer (LiCOR
Biosciences, Lincoln, NE, USA) for 1h at room temperature, and then incubated
overnight with respective primary antibodies for different proteins. Following this, the
blots were incubated with secondary antibodies against rabbit and mouse conjugated
with IRDye® 680LT (1:15000 dilution) and IRDye® 800 CW (1:20000 dilution)
respectively. The bands were observed using a LiCOR Odyssey laser-based scanning
system, quantified using Image Studio Lite software and quantified as relative density
units (RDU) normalized to the intensity the housekeeping protein (f-actin) bands. The
advantage of B-actin over other proteins used as loading control (e.g., GADPH) is that

it i1s expressed by all eukaryotic cell types and its expression level does not vary
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drastically due to cellular treatment or across tissue types [232]. For this reason, it has
been adopted as a loading control by many published studies involving assessment of

SMCs [233]-[236].

3.2.9 ELISA for MMP-2 and MMP-9 Proteins

Solid Phase ELISA was performed to determine the relative mass values for
naturally occurring MMP-2 and MMP-9 using Quantikine® ELISA kit (Catalog #
MMP200 and MMP900 respectively; R&D Systems, Minneapolis). Briefly, all four
cell types were seeded at 30,000 cells/well in a 6 well plate (n = 6 wells/case). At 21
days of culture they were harvested in RIPA buffer with protease inhibitor cocktail as
described above for western blot analysis. The assay reagents and standards were
prepared as per manufacturer’s instructions. The assay was carried out in 96 well plate
adding the appropriate amount of reagents followed by multiple wash steps as indicated
in manufacturer’s protocol. The optical density was measured using the Cytation 5 plate
reader with A = 450 nm and A = 570 nm. The absorbance values at 570 nm were
subtracted from the values at 450nm to provide corrections for optical imperfections in
the plate. Concentration vs optical density graph was plotted for standard curve and

log-log plot was used for final calculations.

3.2.10 Transmission Electron Microscopy (TEM)

The ultrastructure of the deposited elastic matrix in all four sets of cultures was
visualized using TEM, as we have previously described [237]. Briefly, following 21

days of culture on Permanox® chamber slides (Source) the cell layers were washed with
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37 °C PBS, fixed for 5 min at 37 °C followed by overnight fixation with 2.5 w/v
glutaraldehyde in 0.1M sodium cacodylate buffer, dehydrated in a graded ethanol series
(50-100% v/v), embedded in Epon 812 resin, sectioned, placed on copper grids, stained
with uranyl acetate and lead citrate, and visualized on a Hitachi TEM H7600T (High

technologies, Pleasanton, CA, USA).

3.2.11 Statistical Analysis

All experiments and analyses were performed on n = 6 replicate cultures per
cell type with the following exceptions: [Western blot, n= 3, MMP2 and MMP-9
ELISA, n=3]. Results are reported as mean + SD with statistical significance of
differences determined by one way-ANOVA and deemed for a p value of <0.05. Sigma

Plot 13.0 was used for statistical analysis.

3.3 Results

3.3.1 Gene Expression Profiles of BM-MSCs, RASMCs, and Differentiated SMC

types

Results of RT-PCR analysis are presented in Figure 20. Gene expression data
are shown as log-transformed values of the averages of measured relative fluorescence
units (RFUs) since the expression levels differ significantly between genes and cell
types, spanning several orders of magnitude. Expression of ACTA2 was significantly
higher in cBM-SMC compared to all other cell types (p < 0.001) whereas CALD/
expression was significantly higher in the RASMC control (p < 0.001), CALDI

expression was significantly higher in rBM-SMCs versus ¢cBM-SMCs (p = 0.015).

70



SMTN expression was not different between the two derived SMC types. MYH11
expression was the highest among RASMCs and significantly more so than the other
cell types (p <0.001). There were no differences between the two derived phenotypes.
ELN expression by the cBM-SMCs was significantly higher versus rBM-SMCs (p <
0.001). ELN expression by the rBM-SMCs was lower than even BM-MSCs (p = 0.002).
Expression of FBNI, was significantly higher in both the derived phenotypes compared
to RASMCs (p < 0.001) and BM-MSCs (p < 0.05) though there were no differences
between them. FBLN4 expression was significantly higher in cBM-SMC cultures (p =
0.003) than in RASMC cultures and rBM-SMC cultures (p = 0.007) and even more so
in BM-MSC cultures. FBLN4 expression in the BM-MSC cultures was significantly
higher than both cBM-SMCs FBLN5 expression was significantly higher (p<<0.05) in
cBM-SMC cultures versus RASMCs and BM-MSCs but was not different from the
rBM-SMCs. LOX expression was significantly higher in cBM-SMC cultures relative
all other cell groups (p < 0.001), as also expression of MMP2 and MMP9 genes (p <

0.01). TIMP1 expression was similar in all cell types.
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3.3.3 Cell Proliferation

A DNA assay showed increase in DNA content (i.e., number of cells) over 21
days to be significantly lower in the derived cell types (and RASMCs) relative to BM-
MSCs (p <0.001) and significantly higher versus RASMCs (p <0.001) (Figure 24A).
There were no differences in cell proliferation between the rBM-SMCs and c-BM-

SMCs.

3.3.4 Elastic Matrix Synthesis

Figures 24B and C show elastic matrix amounts deposited in cell cultures on
an absolute and cell number-normalized basis respectively. Total matrix elastic matrix
protein amounts were significantly higher in both the derived phenotypes compared to
RASMC (p <0.001) but lower compared to BM-MSCs (p <0.004). However, on a cell
normalized basis elastic matrix production by the RASMCs was significantly higher
than by the cBM-SMCs, rBM-SMCs and BM-MSCs (p < 0.001). There were no
differences in elastic matrix synthesis on a per cell basis between cBM-SMCs and rBM-

SMCs.

3.3.5 Desmosine Crosslink Content

As indicated in Figure 24D, on a protein content normalized basis, desmosine
crosslink content in cBM-SMC cultures was significantly higher than in other cases (p

<0.003).
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be similar to healthy RASMCs in exhibiting contractile SMC markers, but to not be
terminally differentiated. The cBM-SMCs robustly expressed ACTA2 but not MYH11
suggesting that they are not terminally differentiated as are the RASMCs and SMCs in
native vessels but are rather of an early or intermediate SMC phenotype. SMTN and
MYH11 expression being similar between the two derived cell types, higher CALD/
expression by the BM-SMCs points to their relatively higher maturation vs the cBM-
SMCs. Despite the differences in gene expression profiles, expression of SMC marker
proteins was not statistically different between the cell groups, quite possibly due to the
western blot analysis being less precise and data hence generating with relatively large
variability. Regardless, this western blot data confirms our derived cell types to be
SMC-like. The limited expression of these same SMC markers by the undifferentiated

BM-MSCs on the other hand has been described in literature [238].

Superior elastogenic properties are critical to selection of cells towards
application to AAA wall repair. One of the major players in regulation of elastin
homeostasis and vessel remodeling is lysyl oxidase (LOX), a copper dependent amine
oxidase which enables elastin crosslinking and consequent stabilization. LOX
downregulation is thought to have central role in instability of plaque leading to
destructive remodeling like it takes place in case of aneurysm [239]. We found
significantly higher LZOX gene expression and protein synthesis in cBM-SMC cultures
than in all other cell groups suggesting a better crosslinked and proteolysis-resistant
elastic matrix in those cultures. This may be due to the continued presence of TGF-$1
which is known to upregulate both LOX gene expression and protein synthesis [240].
Fibronectin in the cell substrate, is also known to bind LOX and LOXL1 proenzymes,

and also activate BMP-1 and through the auspices of the latter, proteolytically cleave
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the proenzymes to release active LOX enzyme [241], [242], increasing LOX activity.
Another important measure of elastin crosslinking is desmosine which is a tetra -
functional amino acid that links elastin molecules. Desmosine content was significantly
higher in the cBM-SMC cultures than in the other culture groups, likely as a result of
higher LOX synthesis/activity. In addition, fibronectin facilitates deposition of the
fibrillin-1 micro fibrils [243], [244] which are a pre-requisite to initiate elastic matrix /
fiber assembly which is consistent with increased elastic matrix fiber deposition in
cBM-SMCs cultures. More specifically, fibrillin-1 is deposited as a pre-scaffold upon
which elastin is deposited and coacervates and extends to form a matrix fiber [245],
[246]. Fibrillin-1 expression by cBM-SMCs is likely increased in presence of

exogenous TGF-3 [247].

Fibulins 4 and 5 coacervate tropoelastin to facilitate their integration with
fibrillin-1 microfibrils for crosslinking by either LOX (Fibulin-4) [248] or its
homologue LOXL1 (Fibulin-5) [249], [250] to which they also bind to promote elastic
fiber assembly. In fact, a mutation in the homozygous fibulin-4, has been implicated in
AAA pathophysiology [251]. In our study, gene expression and protein synthesis of
both fibulins-4 and 5 was the highest in cBM-SMC cultures, followed by in the rBM-
SMC cultures. While fibulin-4 facilitates LOX binding to both fibrillin-1 and
tropoelastin nuclei and processes it to an enzymatically active form [248], fibulin-5
similarly regulates the LOX isoform, LOXL1, expressed typically in adult cells [252].
The higher expression of fibulins-4 and -5 in cBM-SMC cultures thus implies improved
elastic matrix deposition and fiber formation which was the case. In this context, our
study outcomes were also consistent with our earlier data in showing that elastin

expression by cBM-SMCs is significantly higher than expression by BM-MSCs and
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RASMCs [6]. On the other hand, elastic matrix synthesis by BM-SMCs was below
levels in BM-MSC cultures, which may be related to the absence of any supplemented
growth factors, though further investigation is warranted. However, no differences in
elastic matric deposition were noted on a per cell basis between the derived SMC types,
which were higher than in BM-MSC cultures, and in the case of cBM-SMCs, similar
to the RASMC:s. This discrepancy between the PCR data and Fastin assay data can be
attributed to the fact that elastic matrix assembly not only depends on post-
transcriptional processes resulting in synthesis of elastin precursors, but also a complex
hierarchical process of fiber assembly involving parallel or sequential involvement of
numerous other elastic fiber assembly proteins (LOX, Fibulins, Fibrillins, Fibronectin),
several of which were upregulated in cBM-SMC cultures versus the other cell types. In
addition, total elastic matrix amounts generated by cBM-SMCs are significantly greater
than RASMCs due to their more rapid proliferation post-seeding. Since, the benefits of
a matrix regenerative cell therapy, as we propose, ultimately depends upon total amount
of new elastic matrix generated, both our derived SMC types may be deemed superior
to the RASMCs, although greater expression of elastic fiber homeostasis proteins by
the cBM-SMCs point to their likely superior elastogenic properties versus rBM-SMCs.
Supporting these results, TEM (Figure 27) showed robust deposition of a fibrous elastic
matrix (white arrows) in the extracellular space within cBM-SMC cultures, less so in
rBM-SMC cultures, and only sporadic deposition of fibrous elastin and amorphous
elastin clumps (red arrows) in RASMC and EaRASMC cultures. Our data in Figures
21-26 also suggest that elastic fiber formation by BM-MSCs is also likely to be poor
due to the much lower expression of the key proteins involved in elastic fiber assembly
proteins though total elastic matrix deposition itself is high due to high proliferative

capacity of these cells. This, in addition to the lack of pro-elastogenic effects of the
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undifferentiated BM-MSCs on aneurysmal SMCs [5], [6], which we determined in an
early study render them less efficacious for cell therapy aimed at regenerating elastic

matrix.

While our data collectively suggest that phenotype influences elastic matrix
assembly properties of BM-MSC-derived SMCs, no differences were noted in collagen
matrix deposition between the cBM-SMCs and rBM-SMCs, which were significantly
higher than that in RASMC cultures. In the latter, collagen amounts were below the
limit of detection, which can be at least in part attributed to low cell numbers owing to
the intrinsically poor proliferative capacity of RASMCs. While MMP-2 protein
synthesis measured by western blot and ELISA was higher in ¢cBM-SMC cultures,
MMP-9 was not, consistent with gene expression trends. The findings as to low
expression of MMP-9 are also consistent with prior observations by our group [5], [6],
[167]. This may be owed to poor constitutive expression of MMP-9 by SMCs in culture,
which is well documented [253]. Since MMP-2 and MMP-9 are countered by TIMP-1,
MMP-2/TIMP-1 ratios protein ratios were compared between the culture groups. The
MMP-2/TIMP-1 ratios observed in the cBM-SMC cultures was higher versus the
RASMCs which might be considered a sub-optimal outcome. This could be possibly
attributed to the pro-MMP-2 effects of the TGF- at certain doses [254] specially in the
absence of it is sequestration in the absence of a 3-D ECM. Regardless, cBM-SMCs
can be deemed the superior derived phenotype owing to their lack of MMP-9

expression, unlike the rBM-SMCs.

Therefore, this chapter shows that propagation of the differentiated BM-SMCs
in vitro 2-D culture must necessarily be performed in the continued presence of

differentiation culture conditions in order to maintain their phenotype. The results have
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vital implications to successful generation of large ¢cBM-SMC populations for
subsequent use in cell therapy for AAAs. In next chapter we have separately
demonstrated that our differentiated cBM-SMCs maintain the pro-elastogenic and anti-
proteolytic benefits when introduced into a de-elasticized collagen-rich tissue milieu

and thereafter maintained in the absence of differentiation growth factors or Fn.
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CHAPTER 1V

PRO-ELASTOGENIC EFFECTS OF MESENCHYMAL STEM CELL

DERIVED SMOOTH MUSCLE CELLS IN A 3D COLLAGENOUS MILIEU

4.1 Introduction

Intrinsically poor auto-regenerative repair of proteolytically-disrupted elastic
matrix structures by resident SMCs in the wall of abdominal aortic aneurysms (AAAs)
prevents growth arrest and regression of these wall expansions. While loss of collagen
in AAAs is compensated by exuberant synthesis of new collagen fibers [255], elastic
fibers, which impart tissue stretch and recoil properties, do not naturally regenerate or
repair [256], due to deficient and impaired elastogenesis by adult and diseased vascular
smooth muscle cells (SMCs) [1] as stated earlier. Due to this, restoring AAA wall
structure to a healthy state has not been possible. Cell therapy can potentially address
this problem by providing an elastogenic stimulus to aneurysmal SMCs, compensating
for apoptotic cell death in the AAA wall, serving as a robust new source of new elastic

matrix, and providing a deterring proteolysis in the AAA wall.

In earlier aim [257], we identified a non-terminally differentiated phenotype of

SMC-like cells (cBM-SMCs) derived from rat bone marrow mesenchymal stem cells

86



(BM-MSCs) which exhibit superior elastogenicity relative to even healthy rat aortic
SMCs and which uniquely provide paracrine pro-elastogenic and anti-proteolytic
stimuli to aneurysmal SMCs in culture. These cells were differentiated in 2-dimensional
(2D), fibronectin-coated substrates in the presence of exogenous Transforming Growth
Factor- B1 (TGF-B1) and Platelet Derived Growth Factor-BB (PDGF-Bf). We
demonstrated that these cells maintain their differentiated phenotype and maintain their
beneficial pro-matrix regenerative/anti-proteolytic properties when propagated long
term under the same culture conditions. In this aim we sought to determine how elastic
matrix neo-assembly by the cBM-SMCs is modulated by a 3-D collagenous, tissue
milieu evocative of the AAA wall tissue to which these cells will be delivered for
therapy. Since it is difficult to delineate matrix neo-assembly from gross changes to
elastin homeostasis in vivo, we will investigate this aspect in a cell-compacted collagen
gel culture model, wherein previous studies suggest that SMCs seeded within collagen
gels actively remodel in a manner similar to that in the medial layer of the aorta [258].
The 3-D collagenous milieu is also known to promote contractile phenotype of SMCs
which is not conducive to elastin synthesis [259], and hence represents a more rigorous
system to compare elastogenicity of cBM-SMCs to undifferentiated BM-MSCs and
healthy rat aortic SMCs (RASMCs) in standalone cultures, and assess their pro-
elastogenic and anti-proteolytic effects on rat aneurysmal SMCs in co-cultures.
Therefore, in this aim, we further investigated the ability of the cBM-SMCs to maintain
the superior elastogenic properties in a 3D collagenous milieu alone and in co-culture
with EaRASMC to evaluate their potential as an alternative cell source for cell therapy

in AAA.
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4,2 Materials and Methods

4.2.1 Generation of healthy and aneurysmal SMCs

All animal procedureswere conductedwith approval of the Institutional Animal
Care and Use Committee (IACUC) at the Cleveland Clinic. Healthy rat aortic smooth
muscle cells (RASMCs) were isolated from rat aortal segments harvested from multiple
healthy male Sprague-Dawley rats (120-150g) and aneurysmal rat aortic smooth muscle
cells (EaRASMCs) were isolated from rats induced with AAAs via elastase infusion-
mediated aortal injury as we have earlier published [166]. The cells were isolated from
the harvested aortal tissues from 3 separate animals as per our published explant culture
technique [167] and pooled prior to propagation and passaging (<P6) prior to use.
Briefly, healthy and AAA containing aortal segments were cut open longitudinally and
the intima layer scraped off gently with a scalpel. The medial layer was separated from
the underlying adventitial layer and cut into ~0.5 mm long slices and washed twice with
warm, sterile phosphate-buffered saline (PBS). The tissue slices were enzymatically
digested with Dulbecco’s Modified Eagle Medium (DMEM/F12) (Invitrogen,
Carlsbad, CA, USA) containing 125 U/mg of collagenase (Worthington Biochemicals,
Lakewood, NJ, USA) and 3 U/mg of elastase (Worthington Biochemicals) for 30
minutes at 37 °C, centrifuged (400g, 5 minutes) and cultured for over 2 weeks in T-75
flasks. The cells were cultured in DMEM/F12 medium supplemented with 10% v/v
fetal bovine serum (FBS; PAA Laboratories, Etobicoke, Ontario, Canada) and 1% v/v
penicillin—streptomycin (Penstrep, Thermo-Fisher, South Logan, UT, USA). The
primary EaRASMCs and RASMCs obtained from these tissue explants were

propagated for a further 2 weeks and were used for experiments until passage 5.
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4,2.2 Directed differentiation of BM-MSCs into cBM-SMCs

For propagation, the BM-MSCs of three different rat cell lines were pooled and
then seeded onto T-25 tissue culture polystyrene flasks (USA Scientific, Ocala, FL,
USA) at a density of 2x10° cells/cm? and cultured in low-glucose DMEM medium
(Invitrogen), supplemented with 10% v/v MSC-qualified FBS (Invitrogen, Carlsbad,
CA, USA) and 1% v/v pen-strep (Thermo-Fisher, Waltham, MA). When the cell layer
was confluent, the cells were trypsinized and re-were seeded in human fibronectin
(hFN, 100 ng/ml)-coated tissue culture flasks (BD Biosciences, East Rutherford, NJ,
USA). The cells were cultured in serum-free Multipotent Adult Progenitor Cell
(MAPC) differentiation medium at a density of 2x10° per cm? in a human fibronectin
(hFn) coated flask for 6 days as described before. In the subsequent 5 days, the cells
were cultured in medium containing 2% v/v FBS, 2.5 ng/ml of TGF-B (Peprotech,
Rocky Hill, NJ, USA) and 5 ng/ml of PDGF-3 (R&D Systems, Minneapolis, MN,
USA). The transformation of the cells from cobblestone to elongated morphology,
indicated successful differentiation. Successful differentiation of the BM-MSCs into
the desired SMC phenotype was confirmed by western blot and immunofluorescence
(IF) analysis for key SMC marker proteins as performed as we have earlier published
[5]. The cells were then passaged and propagated further for 10 days under the same
culture conditions. At this point the cells are considered as passage 0 (PO) BM-SMCs.

Cells from 3 different animals were pooled and used in experiments at passages <5.
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4.2.3 Preparing cell-compacted collagen constructs

Cell-compacted collagen gel constructs were fabricated as we have earlier
published [259]. Briefly, acid solubilized type-I collagen (Gibco™, ThermoFisher
Scientific) was mixed with 5 DMEM F-12 medium and neutralized with 0.1 N NaOH
to pH 7.0. BM-SMCs, RASMCs, and BM-MSCs, either alone or as 1:1 number ratio of
these cells with EaBRASMCs were mixed with the pH-neutralized collagen solution to
generate a mixture containing 2 mg/ml of collagen, and 1x10° cells/ ml of mixture
(constructs analyzed by histology) or 5x10° cells/ml (constructs subject to biochemical
analysis) and 20% v/v FBS. Higher cell density was used for histology to make elastin
more prominent for visualization. A 2mL volume of this cell suspension was aliquoted
around a cloning ring (Sigma-Aldrich®, St.Louis, MO, USA) centrally placed within
the wells of a 12-well plate. After gelation around the cloning rings, the constructs were
allowed to compact around the cloning rings, due to the contractility of the embedded

cells while cultured in medium containing 10% v/v FBS for 21 days and then assayed.

4.2.4 Assessing contractility of cell-seeded constructs

The constructs were imaged in a non-fluorescence photographic mode on an
IVIS Spectrum CT (PerkinElmer, Waltham, MA, USA) and the progressive contraction
of gels was measured using the Image J® software at different time points over 21 days
of culture. Briefly, at day 0, the area occupied by the gelled constructs for all the cases
were same which was calculated as,
Gel area = Well area — Cloning ring area
At the subsequent time points. The area was calculated as,

Gel area = Total area — Cloning ring area
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wherein the Total area refers to the area occupied by the contracted construct including

the cloning ring.

4.2.5 Estimating cellularity within constructs

The proliferation of cells within the collagen gels was estimated using a
fluorometric DNA assay as previously published [260]. Briefly, after 21 days in culture,
the collagen constructs were flash-frozen in liquid nitrogen, lyophilized and their dry
tissue weights measured. The samples were then digested in 10 mg/ml of proteinase-K
(Invitrogen, Carlsbad, CA, USA; 65 °C, 10 hours) and subsequently boiled (100 °C, 10
minutes) to neutralize enzyme activity [261]. The solubilized samples were diluted in
Pi buffer (50 mM of NasHPO4, 2 mM of EDTA and 0.3 mM of NaNj3), pH 7.4,
sonicated, and the DNA content measured using the fluorometric Hoechst 33258 dye-
based assay described by Labarca & Paigen'®. Cell numbers were estimated assuming
6 pg of DNA/cell. The results were represented as cell number normalized to the dry

weight of the construct.

4.2.6 Quantifying elastic matrix content within constructs

At 21 days of culture, the compacted collagen constructs were lyophilized, and
their dry weights measured. They were then digested in 1 ml of 0.1 N NaOH (98 °C, 1
hour) to convert alkali-soluble matrix elastin into the a-elastin form. The samples were
then centrifuged (1456g, 10 minutes) and the supernatant fraction (first fraction of
elastin, designated S1) collected for analysis of alkali-soluble elastin content. The
pelleted fractions (P1) were re-suspended in 0.25 M of oxalic acid and digested (98°C,

1 hour) to convert alkali-insoluble matrix elastin into the a-elastin form. After digestion,
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the fractions were filter-centrifuged (13,000rpm, 10 minutes) with 10 kDa cut-off
membranes (Millipore). The solubilized matrix elastin retained above the filters were
reconstituted. Both the elastin fractions (S1, P1) were assayed using a FASTIN® assay
kit (Accurate Chemical and Scientific Corp, Westbury, NY) as per the manufacturer’s

instructions. The results were normalized to the dry weight of the constructs.

4.2.7 Estimating desmosine crosslinks within the constructs

At 21 days of culture, the cell-compacted collagen constructs were rinsed in
(PBS) and pelleted by centrifugation (5824g, 10 minutes). The supernatant was
discarded, and the pellet lyophilized, then hydrolyzed with 6N HCI (105 °C, 48 hours),
evaporated to dryness in a stream of nitrogen and reconstituted in 400 pl of water. These
samples were then filtered through a 0.45-pm Amicon filter (Sigma Aldrich) and
desmosine levels determined using a competitive ELISA assay [6]. Total protein in

each sample aliquot was measured using the ninhydrin assay [230].

4.2.8 Morphometric analysis of elastin in histological sections and fluorescence-

detection of elastin

Morphometric analysis of elastic fibers present in the extracellular matrix of
each group of constructs was performed on Image Pro Plus® (Media Cybernetics, Inc.
Rockville, Maryland, USA). Briefly, at 21 days of culture, the collagen constructs were
fixed overnight in 4% v/v PFA (Electron Microscopy Sciences, Hatfield, PA, USA).
The constructs were paraffin embedded and then sectioned (8 microns thickness) and
stained with Verhoeff-Van Gieson stain which stains elastin fibers in purple to black

color. The whole stained slides were scanned at 20x magnification using a Leica
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SCN400F slide scanner (Leica Microsystems, Wetzlar, Germany) and the images were
exported as SCN files for viewing and subsequent conversion to .tiff format. The
images were then imported into Image Pro® and whole sections were selected as the
region of interest (ROI) for analysis. The pixels corresponding to the VVG stained
structures were manually selected within the ROI and an inbuilt macro was used to
quantify percent area and minimum diameter of the fibers. The values were exported to

excel for further analysis.

To visualize the autofluorescence of elastin, the paraffin embedded slides were
treated with xylene 2X for 5 minutes each and dehydrated with 95% ethanol for 5
minutes. The sections were then treated with 0.05% w/v Pontamine Sky Blue (MP
Biomedicals, Solon, OH) for 30 mins and mounted with Vectashield mounting medium,
cover-slipped and observed with a visible red fluorescent filter in Leica TCS-SP8-
AOBS inverted confocal microscope (Leica Microsystems, Wetzlar, Germany).
Pontamine Sky Blue transfers the autofluorescence of elastin alone to the red region of
the spectrum in addition to quenching the autofluorescence of both elastin and collagen

[262].

4,29 Western blot for MMP-2 and MMP-9

Synthesis of MMP-2 and MMP-9 proteins in the collagen constructs seeded
with single cell types were semi-quantitatively compared with western blots. At 21 days
of culture, the cell-compacted constructs were harvested, extracted in RIPA buffer with
1% w/v protease inhibitor cocktail (Thermo-Scientific) and sonicated (4 °C, 1 min). For
each set of constructs, equal volumes of the extracted proteins containing 20-30 pug of

protein were mixed with loading buffer. The mixture was reduced and loaded along
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with a pre-stained molecular weight ladder (Invitrogen, Carlsbad, CA, USA) on to 10%
SDS-PAGE gels (Invitrogen, Carlsbad, CA, USA). The gels were dry transferred onto
nitrocellulose membranes using iBlot® western blotting system (Invitrogen). The
membranes were then blocked with Odyssey blocking buffer (LiCOR Biosciences,
Lincoln, NE, USA) (lhour room temperature) and then incubated overnight with
primary antibodies against MMP-2 (Abcam, Cambridge, UK), MMP-9 (Abcam,
Cambridge, UK) and B-actin (Sigma Aldrich). Following this, the blots were incubated
with secondary antibodies against rabbit and mouse conjugated with IRDye® 680LT
(1:15000 v/v) and IRDye® 800 CW (1:20000 v/v) (LiCOR Biosciences) respectively.
The bands were observed using a LiCOR Odyssey laser-based scanning system,
quantified using Image Studio Lite® Software (LiCOR Biosciences) and quantified as
relative density units (RDU) normalized to the intensity of the loading control (B-actin)
bands. B-actin was selected as loading control because it is expressed by all the
eukaryotic cells and its expression level does not alter drastically due to cellular

treatment across tissue types [233][234][263][236].

4.2.10 Statistical Analysis

All the statistical analysis was performed in Sigma Plot 13.0 software. The
results are presented in box plot (except for contractility which is presented as mean
+SD) showing mean, median, 10™, 25" 75™ and 90™ percentile and each individual
values are represented by colored dots. n=6 cells seeded constructs were used for all
the biochemical analysis and n=3 cell seeded constructs were used for histological

assessments. All the comparisons were performed using One Way Analysis of Variance
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and EaRASMCs was not different compared to constructs containing cocultured

EaRASMCs and RASMCs (Figure 30D).

4.3.4 Assessment of proteolysis within the collagen constructs

Western blots (Figure 31A, 31B and 31C) did not show significant differences
in total, zymogen and active MMP-2 protein expression respectively within collagen
constructs seeded with cBM-SMCs alone compared to constructs seeded with RASMCs
alone and undifferentiated BM-MSCs alone. MMP-9 protein expression (Figure 31D)
in cBM-SMC-seeded constructs and BM-MSC seeded constructs was significantly
lower compared to constructs seeded with RASMCs alone (p < 0.001) but was not
different was seen compared to standalone BM-MSCs. Total, Zymogen and Active
MMP-2 protein expression was not different measured in co-cultures of both
EaRASMCs and RASMCs and EaRASMCs and c¢cBM-SMCs versus constructs
containing EaRASMCs alone (Figure 31E, 31F and 31G). Similarly, MMP-9 protein
expression was also not different in cocultures of both EaBRASMCs and RASMCs and
EaRASMCs and cBM-SMCs versus constructs containing EaRASMCs alone (Figure

31H).
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Low and high magnification images of VVG-stained sections of the constructs

in the different groups are shown in Figure 32.

Consistent with published literature [264], [265], in this uniaxial cell-
compaction model of collagen, elastin deposition if noted, was significantly greater at
the edges of the construct than in the bulk of the tissue. Morphometric analysis indicated
no significant differences in elastin content (measured as percent area of elastin)
between the standalone cultures of RASMCs, BM-MSCs and ¢cBM-SMCs (Figure
33A). VVG staining indicated little or no detectable elastin in standalone EaRASMC
cultures, which was the elastin among all groups tested (Figure 33B). While co-culture
of RASMCs with EaBRASMCs had no significant effect on elastic matrix deposition,
the percent area of elastin was significantly higher in co-cultures of EaBRASMCs and
the cBM-SMCs (0.4 + 0.3) (Figure 33B) vs. EaRASMCs alone (0 £+ 0) (p = 0.003) and
co-cultures of EaARASMCs and RASMCs (0.01 +0.001) (p =0.007). Morphometry also
indicated significantly lower minimal diameter of elastin deposits in standalone cultures
of cBM-SMC:s relative to cultures of RASMCs and BM-SMCs (p<0.001 and p=0.001)
(Figure 33C). As expected, minimum diameter of elastin deposits in the co-cultures of
EaRASMCs and both RASMCs and cBM-SMCs were much higher than in standalone
EaRASMC cultures, (p < 0.001 in both the cases) (Figure 33D). The mean minimum
diameter of elastin deposits in cocultures of EAARSMCs and RASMCs was modestly
lower than in EaBRASMC-cBM-SMC cocultures (2.8 + 0.2 pm vs. 3+ 0.2 um; p=0.02),

though there were no differences between the co-culture groups.
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this study as cBM-SMCs, were found to a) show distinct differences in protein
expression profiles compared to EaRASMCs (see heat map of protein synthesis in
(Figure 35), indicative their divergent phenotypes (see volcano plot in Figure 35), and
b) provide paracrine pro-elastogenic and anti-proteolytic stimuli to rat aneurysmal
SMCs (EaRASMCs) in non-contact 2-D co-cultures. Despite this promise, it is
necessary to further investigate correlates of these pro-matrix regenerative effects of
cBM-SMCs in a 3D microenvironment, in which cells are surrounded by other cells
and matrix in 3 dimensions evocative of a physiologic milieu; such a 3-D culture milieu
can thus more realistically simulate patterns of cell adherence, cytoskeletal
organization, signal transduction, and contractile phenotypic state in vivo, and cellular
response to treatments in vivo. While the ultimate validation of the efficacy of an
approach to treat disease lies in testing the same in vivo, our current objective is to
assess the elastic matrix regenerative and anti-proteolytic properties of cBM-SMCs
which cannot be deduced from in vivo assessments which provide only gross changes
to matrix homeostasis. Thus, in this aim, we investigated these aspects in an in vitro 3D
cell-compacted collagen construct model, selected to simulate a de-elasticized, collagen

rich AAA wall milieu.
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[257] in undifferentiated BM-MSCs, and showed them to be less contractile than
RASMCs in 2-D cultures, the significant contractility exhibited by BM-MSC-seeded
constructs in Figure 28 may be attributed to the rapid proliferation of these cells versus
the other cell types (see Figure 29A), to result in much high cellularity and ECM
compaction. Collagen constructs seeded with both EaRASMCs and ¢cBM-SMCs also
showed much greater contraction vs. constructs seeded with EaBRASMCs alone and
with EaRASMCs and RASMCs. Because a) cell seeding counts were identical in all
cases, and b) total cellularity of constructs at 21 days were not different (Figure 29B)
suggesting identical rates of overall cell proliferation, considering cell death was not an
impacting factor (Figure 29C), the differences in contraction between the construct
groups can be attributed solely to differences in contractility of component cell types.
Also, the differences in the contraction profiles of constructs containing co-cultures of
EaRASMCs and cBM-SMCs versus those containing cBM-SMCs alone suggest that
tissue compaction is a function of the number of the primary contractile cells (cBM-

SMCs).

Mirroring trends in our aim-1 2-D culture studies, in a 3-D collagenous milieu
also, elastic matrix neo-assembly was significantly higher in cBM-SMC cultures versus
RASMC cultures (Figure 30A). This can likely be attributed to significantly higher
expression of elastic fiber assembly proteins such as fibulins 4 and 5, and of the elastin
crosslinking enzyme, lysyl oxidase (LOX) we have measured in cBM-SMCs versus
RASMCs [257]. As expected, elastic matrix synthesis in constructs seeded with
EaRASMCs was significantly lower than even the RASMC-seeded constructs (Figure
30B). Co-culturing the EaRASMCs with cBM-SMCs but not RASMCs significantly

increased elastic matrix deposition, a likely outcome of both the higher elastogenicity
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of the cBM-SMCs (Figure 30A) and possibly, based on our previous findings [6],

stimulatory effects on elastogenesis by EaRASMCs.

Desmosine crosslink content within our constructs in cBM-SMC constructs was
not different from that in the RASMC-seeded constructs in contradiction to our findings
in 2-D culture [257]. In 2-D cultures of cBM-SMCs, de novo elastic matrix synthesis
greatly exceeds that of collagen (>10: 1 w/w) and thus desmosine amounts normalized
to total protein content of cultures are reliably indicative of desmosine crosslinking of
the elastic matrix. Differently, within our 3-D constructs, the sum total of exogenous
and newly synthesized collagen greatly exceeds the amount of cell-secreted matrix
elastin. Hence, the desmosine amounts presented on a dry weight of tissue basis (Figure
30C) provides a comparison of total desmosine content and does not necessarily
indicate extent of crosslinking of the elastic matrix alone. Further investigation using
mass spectrometry analysis [267] is required to assess changes to crosslinking and
elastin modifications in our samples. While overall desmosine synthesis in cBM- SMC
seeded constructs was not different from that in EaRASMC-seeded constructs,
desmosine amounts were modestly, but significantly higher in cocultures of
EaRASMCs and cBM-SMCs, suggesting that the latter cells improve desmosine
crosslinking of matrix elastin likely through their paracrine effects on their

EaRASMCs.

Favorably, elastolytic MMPs specifically MMP-2 and MMP-9 (which
specifically target elastic matrix degradation and are highly upregulated in AAAs,
contributing to loss of vessel elasticity and AAA growth and whose inhibition has been
linked to slowing or preventing AAA formation and slowing AAA growth) expression

in cBM-SMC-seeded constructs was similar (MMP2) or lower (MMP9) than in the
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healthy RASMC-seeded constructs (Figure 31), suggesting a less-activated SMC
phenotype in 3D culture. MMP-2 expression in cBM-SMC containing co-cultures
while apparently lower than in the other cases, was not deemed significantly different
most likely due to the cells being pooled from multiple animals. In case of MMP-9, it
is to be noted that we did not detect any MMP-9 zymogen although expression of active
MMP-9 was significantly decreased in cBM-SMCs cultures vs RASMCs (Figure
31G), suggesting lower MMP-9 activity. The lack of significant differences in
expression of active MMP-9 between EaRASMC cultures and co-cultures of these cells
with cBM-SMCs (Figure 31H) and separately, RASMCs may be attributed to lower
expression in all cultures, at lower limit of detection. While the mechanisms underlying
these outcomes need to be explored in future studies, we hypothesize that in general,
higher compaction of constructs by cBM-SMCs leads to increased stiffness of the
matrix, which in turn increases cytoskeletal tension to alter (reduce) MMP gene

expression within these cells.

Histological assessments of elastic matrix through VVG-staining (Figure 32)
was highly consistent with findings from the Fastin analysis. The results showed
significantly greater compaction of constructs and resultant higher cellular density and
increased elastic matrix deposition by cBM-SMCs relative to BM-MSCs and RASMCs.
The c¢cBM-SMCs also clearly increased these outcomes in constructs containing
EaRASMCs, which by alone produced very little elastic matrix. As seen in both the
VVG-stained sections and in pontamine sky-blue treated sections, except in constructs
containing ¢cBM-SMCs, elastin deposition in other cases was mostly limited to the
edges of the construct, a phenomenon we have reported in earlier work [231]. This may

be attributed to high stress gradients that exist along the construct edges, which
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stimulates elastogenesis by cells. Elastic matrix in the interior of the constructs, where
observed, was mostly in the form of amorphous elastin clumps. Differently, in
constructs containing cBM-SMCs alone or in co-culture with EaRASMCs, significant
elastic fiber assembly was noted in the interior and edges of cBM-SMC and cBM-
SMC/EaRASMC constructs. This may be attributed to higher expression of key elastic
fiber assembly proteins such as fibulins by cBM-SMCs, which we have previously
shown [257], and in standalone cBM-SMC cultures, also to lower activity of elastolytic
MMP2. Quantitative assessment of VVG stained sections using morphometry (Figure
33) confirmed the results of FASTIN assay in showing significantly higher percent area
of elastin in constructs containing both EaRASMCs and ¢cBM-SMCs relative to
EaRASMCs alone, and EaRASMCs and RASMCs together. The results indicate that
EaRASMCs do not produce much elastin on their own, but are stimulated by cBM-
SMCs, likely via their paracrine secretions, to greatly increase elastic matrix deposition.
Again, such effects were not seen with co-culture of the EaBRASMCs with RASMCs.
Co-culture cBM-SMC but not RASMC is inciting elastin formation by the EaRASMCs.
The diameter of mature elastic fibers are in the range of 0.5 to 1.5 microns [268]. A
significantly higher diameter of the elastin deposits was noted in constructs containing
RASMCs (2.5 + 0.2 microns) and separately, BM-MSC (2.4 + 0.2 microns) versus
constructs containing ¢cBM-SMC (1.9 = 0.3 microns). In ¢cBM-SMC cultures, it is
certainly possible that elastin fibrils are closely appositioned by significant contraction
of the construct to form a mature fiber, whereas in the RASMC and BM-MSC cultures,
poor contraction of the constructs results in a more diffuse cluster of elastin fibrils
exhibiting higher cluster diameters. While co-culture of EaBRASMCs with CBM-SMCs
and separately RASMCs, greatly increased elastic matrix accumulation within the

constructs, the diameters of the elastin deposits in the latter cultures was higher (3+0.2
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microns and 2.8 + 0.2 microns) than that which might be expected for a mature elastic
fiber. This might be attributed to high expression of MMPs by EaRASMCs, a milieu in
which re-clustering of elastin occurs into aggregates. The re-clustering of elastin into
these aggregates may be incited by abnormal accumulation of glycoprotein (fibrillin)
microfibrils (pre-scaffolds onto which crosslinked elastin aggregates coalesce to form
fibers) during elastolysis in the presence of MMPs, as has been reported in literature

[269].

In summary, the outcomes of this aim demonstrate significant potential benefits
of cBM-SMCs to augmenting elastic matrix neo-assembly and fiber formation, and
attenuating proteolysis in a 3D, collagenous milieu evocative of the de-elasticized
aneurysm wall, which proffers attractive prospects for use in cell therapies for AAA
wall repair. We acknowledge that further studies are required to further determine the
relative contributions of new elastic matrix assembly by cBM-SMCs and their pro-
elastogenic effects on EaRASMCs to the observed increases in elastic fiber assembly
in cBM-SMC/EaRASMC co-cultures. Rigorous proteomic assessments of cBM-SMCs
and EaRASMCs are also required to ascertain key differences in protein expression that
account for, or alternately, might result from differences in their phenotype, and to
identify secreted factors necessary and sufficient for the pro-elastogenic and anti-
proteolytic effects of the cBM-SMCs. Also, potentially critical to the effectiveness of
the treatment approach in vivo is the need to localize the cBM-SMCs at the AAA tissue
site and accordingly necessity to assess their ability to home into the injured tissue as
BM-MSCs have been shown to do [270], following systemic delivery. Alternately, the
ability of our derived SMCs to provide therapeutic benefit through long-range paracrine

signaling from remote site would also assure their therapeutic utility. These aspects
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critical to clinical translation of our cell therapy approach will be described in next

chapter.
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CHAPTER V

ASSESSING FATE, SAFETY, AND AAA REPERATIVE EFFECTS OF BM-

MSC AND ¢cBM-SMC IN VIVO

5.1 Introduction

Cell therapy represents interventions wherein viable cells of one or more types
are either infused/injected, implanted, or engrafted into a recipient in order to elicit a
therapeutic effect. This approach has shown promise in recent years in restoring the lost
function of damaged tissues or organs [271]. Diverse autologous, allogeneic, and
xenogeneic cell types including resident stem cells (SCs) and stem cell precursors,
multipotent adult progenitor cells, embryonic stem cells, pancreatic islet cells, and
others have been leveraged for cell therapy [272]. Such therapies have been applied to
stabilize or even reverse conditions such as diabetes, neurodegenerative diseases
(Parkinsons,  Alzheimers), cardiovascular diseases (myocardial infarction,

atherosclerosis, aortic aneurysms) and for islet transplantation for pancreas [272].

Recent evidence strongly suggests involvement of SCs and SC-derived smooth

muscle cells (SMCs) in vascular morphogenesis [273], [274] and tissue repair after
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injury [275] which are the only physiologic scenarios in the vasculature wherein elastic
matrix is prolifically synthesized. These outcomes, and the promise of these cells for
stimulating tissue repair have prompted us to hypothesize that they will be effective in
restoring matrix homeostasis in the AAA wall to slow, arrest or even reverse AAA
pathophysiology. Recent preclinical and clinical studies have shown high promise of
mesenchymal stem cells (MSCs), which are multipotent adult stem cells, for tissue
repair and functional restoration in vivo. As discussed in Chapter II, MSCs are likely
suited to such applications due to (a) well documented phenotype and characteristics
for effective quality control, (b) easy accessibility [276], (¢) simple and well-defined
processes for isolation and scale up for clinical use [277], (d) ease of preservation with
minimal loss of viability and potency, and (e) no adverse effects upon allogenic
transplantation making it easier to find donors in case of critical patients [278]. Bone
marrow MSCs (BM-MSCs) have also been shown to have the capacity for multi-
lineage differentiation, including into SMCs, as we have shown in a prior chapters,
which can be leveraged to develop cell-based approaches for in vivo cardiovascular
regeneration and in vifro tissue engineering. Finally, MSCs have been demonstrated to
possess anti-inflammatory and immune suppressive properties and the capacity to
naturally home into the diseased site to impart the desired reparative benefits [5]. In a
previous body of work from our lab, we investigated the pro-elastogenic effects of
MSCs and their derivatives and their ability to augment elastin matrix synthesis by
resident aneurysmal SMCs towards reversing proteolytic damage to the ECM,
particularly the elastic matrix, which is a major cause of continual aortal expansion in
AAAs. We demonstrated success in differentiating MSCs into SMC like cells of
specific phenotypes exhibiting both high elastogenicity, anti-proteolytic properties, and

high contractility in vifro [5], [6]. Collectively, these findings motivate us to investigate
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the in vivo tissue reparative effects of BM-MSCs and their SMC derivatives (cBM-

SMCs) in the context of AAA treatment in a rat model of the disease.

While we have shown in chapter III that our differentiated cBM-SMCs retain
their phenotype and superior elastogenicity in long term culture, major issues associated
with cell therapy such as their ability to home in to the AAA tissue following minimally
invasive method intravenous delivery, their in-vivo bio distribution and retention in the
AAA wall, and possible paracrine effects on AAA tissue repair processes even in the
event of localization in remote tissues remain uncertain. In this chapter we describe
studies that sought to investigate the natural homing of cBM-SMCs and their bio-
distribution upon intravenous injection of bolus of cells on elastase infused rat AAA
model. We also sought to establish the initial evidence of therapeutic potential of these

cells in restoring elastin homeostasis and arresting AAA growth in-vivo.

5.2 Materials and Methods

5.2.1 mRNA isolation and RT PCR for homing receptor gene expression

The BM-MSCs were seeded in polystyrene 6-well plate (USA Scientific, Ocala,
FL, USA) and cBM-SMCs were seeded in human Fn-coated 6-well plate (BD
Biosciences, San Jose, CA, USA) at 15,000 cells per well (A = 10 cm?). To study the
effect of TNF-a stimulation on homing receptor gene expression, on day 14 of culture,
the cells were serum starved for 3 hours with DMEM/F-12 containing 2% v/v FBS and
1% v/v PS. Following serum starvation, the cells were incubated with 0.1, 1 and 10
ng/ml of TNF- a for 24 hours and harvested in RLT buffer containing 1% v/v -

mercaptoethanol. As described in chapter I, total RNA was isolated from the cultures
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using a RNeasy mini kit (Qiagen, Valencia, CA, USA) and quantified using a Quant-
iT™ Ribogreen® RNA kit (Invitrogen) following the manufacturer’s instructions. An
iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA) was used to synthesize
cDNA using 1 pg of RNA from all the samples and reverse transcription was performed
for total of 40 minutes combining 5 minutes at 25 °C, 30 minutes at 42 °C and 5 minutes
at 85 °C according to the manufacturer’s instructions. Real time PCR was performed
using an Applied Biosystems 7500 Real-Time PCR system with Power SYBR® Green
Master Mix (Applied Biosystems). Specially designed primer was used for the 18s, the
house - keeping gene (relatimeprimers.com) [Forward 5 to 3”:
CGGACAGGATTGACAGATTG and Reverse 5° to 3°: ACGCCACTTGTCCCTC
TAAG] and readymade primers was used for CXCR4 (Bio-Rad, Hercules, CA, USA;
unique assay id# qRnoCED0007227) and CCR3 (Bio-Rad, Herculed, CA, USA; unique
assay 1d# qRnoCEDO0055609). The PCR data was analyzed using LinReg PCR program
as described in chapter II. This program uses a MATLAB® code separately for each
sample to determine baseline-corrected set of values and window of linearity. PCR
efficiency was calculated from the slope of linear fit for each sample. This provided
correction for NO. Data value obtained from this analysis was directly used to calculate
gene expression ratio as described in literature. A two-way ANOVA with Tukey

multiple comparison was used for statistical significance.

5.2.2 Western Blot for homing receptor expression

Western blot analysis was performed to semi-quantitatively compare protein
expression for the homing receptors CXCR4 and CCR3 for BM-MSC and cBM-SMCs.

Briefly, the cells were seeded at a density of 30,000/well in a 6 well plate (n = 6
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wells/case) and cultured for 21 days. To study the effect of TNF-o on homing receptor
expression, as described above in section 1, at day 21 of culture, the cells were
incubated with 0.1, 1 and 10 ng/ml of TNF-a for 24 hours following 3 hours of serum
starvation. The cell layers were harvested in RIPA buffer containing a protease inhibitor
cocktail (Thermo Scientific, Waltham, MA). The amount of protein in each sample was
quantified using Pierce™ BCA assay kit (Thermo Scientific, Waltham, MA, USA).
Western blotting was performed as described in chapter 3. Briefly, 15 ug of protein
sample for both cell types were mixed with loading buffer. The mixture was reduced
and loaded along with a pre-stained molecular weight ladder (Invitrogen) on to 4-12%
SDS-PAGE. The gels were subjected to dry transfer onto nitrocellulose membranes
using iBlot® western blotting system (Invitrogen). The membranes were then blocked
with Odyssey blocking buffer (LiCOR Biosciences, Lincoln, NE, USA) for 1 hour at
room temperature, and then incubated overnight with anti-CXCR4 antibody (Abcam,
Cambridge, UK; # ab124824) and anti-CCR3 antibody (Abcam, Cambridge, UK; #
ab32512) in manufacturer’s recommended dilution. Following this, the blots were
incubated with secondary antibodies against rabbit and mouse conjugated with IRDye®
680LT (1:15000 dilution) and IRDye® 800 CW (1:20000 dilution) respectively. The
bands were observed using a LICOR Odyssey laser-based scanning system, quantified
using Image Studio™ Lite software as relative density units (RDU) normalized to the
intensity the housekeeping protein (B-actin) bands. A two-way ANOVA with Tukey

multiple comparison was used for statistical significance.
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5.2.3 Immunofluorescence (IF) to visualize expression of homing receptor

proteins

MSC homing receptors CXCR4 and CCR3 were detected by IF labeling, as
described previously [228]. Cells were seeded on 12 well plates, cultured for 7 days,
serum starved for 3 hours and incubated with different doses of TNF-a, for 24 hours as
described in sections 5.2.1 and 5.2.2 above. The cells were then were fixed using 4%
w/v paraformaldehyde for 20 min at 4 °C and blocked with PBS containing 5% v/v goat
serum (Gibco Life Technologies, Grand Island, NY, USA) for 20 minutes at room
temperature. The cells were then incubated overnight with primary antibodies against
the CXCR4 (Abcam, Cambridge, UK; # ab197203) and CCR3 (Abcam, Cambridge,
UK; # ab32512). The expression of these proteins was then visualized using secondary
antibodies conjugated to AlexaFluor 488 or 633 probes (Molecular Probes, Temecula,
CA, USA). The cells were then incubated with aqueous DAPI (4°, 6-Diamidine-2’-
phenylindole dihydrochloride), the nuclear dye (Sigma Aldrich, St. Louis, MO, USA)
at 1:10000 dilution for 30 mins at room temperature followed by multiple washing.
Imaging was done using Leica SP8 confocal microscope (Leica Microsystems, Wetzlar,
Germany) and the images were analyzed using the NIH- Image J® software. A two-way

ANOVA with Tukey multiple comparison was used for statistical significance.

5.2.4 Generating small AAAs in rat model

All animal procedures were conducted with approval of the Institutional Animal
Care and Use Committee (IACUC) at the Cleveland Clinic (ARC # 2019-2107). The
animal facility at Cleveland Clinic is AAALAC-approved (animal assurance # A3145-

01). AAAs were induced in male Sprague Dawley rats (Young Adult, 100-2120 g,
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Charles River Laboratory, Wilmington, MA, USA) according to the established
protocol of the Ramamurthi Lab using intraluminal elastase infusion method. Briefly,
the rats were anesthetized using 2% v/v isoflurane (Piramal Enterprises Limited,
Telangana, India). The rat was then placed in supine position on the surgical bench with
continuous flow of anesthesia and the abdominal area was shaved and sterilized with
Iodine and 70% alcohol pad. Following subcutaneous Bupivicaine injection (local
anesthetic), the infrarenal aorta was then surgically exposed by laparotomy and
clamped just below and just above the renal and iliac bifurcation respectively to occlude
the blood flow. The clamped segment of the aorta was slowly infused with 40U/ml
porcine pancreatic elastase (MP Biomedicals, Solon, USA; # 100617) and allowed to
sit for 30 mins. After 30 mins the clamps were removed, blood flow was restored, and
the intestines were replaced. The incision at muscle and dermal layer were closed with
4-0 Vicryl suture (Ethicon, Somerville, NJ) and 4-0 Monosof suture (Covidien, Dublin,
Ireland) respectively. As the post-operative care, Buprenorphine injection was
administered twice daily for 48 hours for pain management. The aneurysm was allowed
to develop over the period of 3 weeks. AAA induction parameters were optimized so
that the diameter did not exceed a 50% increase over the baseline diameter. This
criterion ensured that our aneurysmal expansions are consistent with the % aortal size
increases typical of the small AAAs in clinical patients, that we propose to treat by cell
therapy in the future. The aneurysmal SMCs (EaRASMCs) used in chapter 4 were
isolated from the aorta of these rats using an explant culture method as previously

described.
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5.2.5 Characterization of AAAs using small animal Magnetic Resonance

Imaging (MRI)

AAA development as well as the effect of cell injection on the aorta in terms of
size was characterized non-invasively using a small animal MRI (7T, Bruker Biospin
Corp., Billerica, USA) using established method of our lab. Scanning was performed
just prior to surgery to measure the baseline aortal volume and subsequent scannings
were performed at 3 weeks post-surgery, 1 week after cell injection and 2 weeks after
cell injection. For MR, the rats were anesthetized in 2% v/v isoflurane as described
above and positioned in pronation position in a BioSpec 70/20 Bruker USR MRI system
with abdominal region aligned at the center of the magnetic field of the MR coil. Phase
contrast angiography (PCA) scans were used to visualize the aorta. PCA basically scans
the moving fluid or blood without requiring the contrast agents so as to obtain the
images of major blood vessels of the body including the aorta. PCA relies on the
principle that spins that are moving along the direction of magnetic field gradient
develop a phase shift which is proportional to the velocity of the spins. Two gradients
of equal magnitude and opposite direction are used to encode the velocity of the spins.
Stationary spins arising from the stationary tissues do not undergo net change in the
phase after applying the two equal and opposite gradients but the moving spins arising
from the moving blood flow will experience a net phase shift. This phase shift

information can be used directly to produce an angiogram.

Volumetric analysis of the scans was performed after imaging to obtain the
volume changes in the abdominal aorta subjected to AAA induction or cell treatment
post AAA formation. A 3-D rendering of the aorta was done using the software

Microview Parallax™ (Parallax Innovations, Ontario, Canada) by subtracting the
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background to isolate the aorta and vena cava. The aneurysmal segment of the aorta
and the number of slices within the segment were identified for the sequential scans of
each animal to analyze the equal segment length for each animal. The volume was
measured by tracing the contours of the circumference of the aortal segment in
transverse plane along the length of the aorta at every 5 slices. The percentage change
in volume between the baseline and AAA and baseline and treated aorta was plotted.
Two-way RM-ANOVA was used to compare the statistical significance between the
groups with Tukey multiple comparison where applicable for each doses and two-way
ANOVA with Tukey multiple comparison was used to compare the effect of dose and

effect of time between the groups and within the groups.

5.2.6 Labeling and intravenous injection of cells

BM-MSCs and cBM-SMCs were propagated in culture as described earlier. To
visualize the biodistribution of cells in vivo, the cells were labeled with Vivo track 680
(Perkin Elmer, Waltham, USA; for 24 hours bio-distribution studies) and LuminiCell
Tracker™ 670 Cell Labelling Kit (EMD Millipore, Burlington, MA; for 2 weeks
biodistribution studies) following the manufacturers’ protocol. Briefly, for labeling
cells with Vivo track 680, the cells were trypsinized with 0.05% v/v trypsin (Media
core, Cleveland Clinic) and 2.1 x 10° cells were resuspended in 400 ul of PBS. The
aliquot of reconstituted Vivo track 680 was added to 400 ul of cell suspension and
incubated for 20 mins at 37 °C in a shaker. Following incubation, the cells were washed
3 times for 10 mins each with DMEM/F-12 containing 10% v/v FBS. After the final
wash the cells were resuspended in 750 ul of warm PBS and injected into the rats via

tail vein injection. Similarly, for labelling cells with LuminiCell Tracker™ 680, the
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cell-injected rats and PBS-injected control rats were imaged together and total radiant
efficiency of each set of organs were measured. Total radiant efficiency is defined as
sum of fluorescence emission radiance per excitation power ([p/s]/[uW/cm?]). The
average of total radiant efficiency of each organs of PBS injected rats were subtracted
from the total radiant efficiency value of the each of the corresponding organs of the
labeled cell-injected rats to obtain the background subtracted total radiant efficiency
corresponding to the fluorescence signal from the probe. The background subtracted
average signals for 6 separate organs were plotted. For organs like kidneys, where the
total radiant efficiency was lower than the total radiant efficiency of background (PBS
treated control), the final values were negative. A two-way ANOVA with Tukey
multiple comparison was performed to compare the statistical significance between 24
hours and 2 weeks as well as between the two cell types for each organ whereas one-
way ANOVA was used to compare the statistical significance between all the organs

sepaartely for 24 hours and 2 weeks using Sigma Plot 13.0 software.

5.2.7 ELISA to assess C3 complement activation in plasma

C3 complement generation in plasma following the injection of cells was
measured using a C3 complement ELISA kit (Abcam, Cambridge, UK, # ab157737)
according to the manufacturer’s protocol. C3 complement activation was measured
after 24 hours and 2 weeks of cells injection. Plasma was isolated following the protocol
adapted from Lee et.al[277]. Briefly, the rat was anesthetized as described above and
laid down in a prone position on the surgical table with continuous flow of anesthesia.
The rat’s tail was slightly immersed in warm water to dilate the blood vessel as well as

to make it visible. Blood was drawn from the lateral tail vein using a heparin coated
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25G needle and collected in EDTA coated phlebotomy tube and was centrifuged at
2100%xg and 4 °C for 15 mins. A clear layer of plasma separated out and RBC was
settled on the bottom of the tube. The plasma was collected in a 1.5ml centrifuge tube

and stored at -80 °C to maintain the complement activity.

For ELISA, the plasma was diluted 1:10000 v/v and the standards were prepared
by serial dilution according to manufacturer’s instructions (Abcam, Cambridge, UK, #
ab157737). Both samples and standards were added to each well of the antibody coated
strips and incubated for 20 mins at room temperature. Following incubation, the strips
were washed 4 times and a 1x solution og Enzyme-Antibody Conjugate was added to
each well and incubated for 20 mins in the dark at room temperature. The wash steps
were repeated, and the reaction was stopped using stop solution. The absorbance of
each well was measured at A =450 nm. A four-parameter algorithm (4PL) was used to
plot the standard curve in order to determine the best fit. The C3 protein concentration
was extrapolated using the standard curve. One-way ANOVA was used to compare the

statistical significance between the groups both at 24 hours as well as 2 weeks.

5.2.8 Cytokine array

The change in proteome profile following cell injections was broadly assessed
by a Proteome Profiler™ Array (R&D systems, Minneapolis, USA; # ARYO030) per the
manufacturer’s instructions. Aortae from all the rats were harvested as described above
after 2 weeks of cell injection. For healthy controls, aorta was obtained from healthy,
age-matched rats. The aortal tissue was manually grinded in liquid nitrogen and

incubated in RIPA buffer for 20 mins on ice. The samples were then homogenized by
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sonicating on ice. The samples were then centrifuged at full speed for 15 mins in 4 °C.
The supernatant was collected and the protein samples from 6 rats were pooled for each
of the cases. The concentration of pooled protein samples was determined using
Pierce™ BCA protein assay kit. To perform the cytokine analysis, the cytokine array
membrane was blocked for 1 hour at room temperature on a rocking platform using the
provided blocking buffer. Each membrane was then incubated overnight at 4 °C with
200 ug of respective pooled protein samples for each of the cases. After overnight
incubation, the blots were washed (3 cycles, 10 mins each) incubated with a primary
antibody cocktail for 1 hour at room temperature. The wash step was repeated, and the
blots were incubated with 1x Streptavidin-HRP for 30 mins at room temperature. The
blots were washed again as previously described and 1ml of chemiluminescent reagent
was added and allowed to rest for Imin. The blots were then exposed in a GE
Amersham 600 Gel Imager (GE healthcare, Chicago, 1llinois) in an auto exposure
mode. The pixel density of each of the cytokines in duplicate were measured with NIH

JTM

Image software. The average of duplicate values was plotted for each cytokine.

5.2.9 Western blot analysis of aortal wall tissues

Western blots were used to measure expression of key proteins involved in
elastin homeostasis in the aorta wall after 2 weeks of cell injection. Aorta tissue sample
was collected and processed as described in section 5.2.8 above. The protein content in
the aortal tissue isolate from each rat was measured using a Pierce™ BCA protein assay
kit and western blots was performed as described in section 5.2.2 above. The list of
antibodies used for each of the proteins are given in Table V below. Two-way ANOVA

was used to compare the statistical significance between the groups.
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Figure 41. Total fluorescent radiant efficiency of cells injected organs after subtracting
auto fluorescent total radiant efficiency of PBS injected respective organs (A) Aorta, (B)
Liver, (C) Kidneys, (D) Lungs, (E) Heart and (F) Spleen. Values represent mean + SD

5.3.4.1

5.3.4.2

5.3.4.3

5.3.4.4

5.3.4.5

5.3.4.6

of n = 6 animals/group

Aorta: No difference was seen in the distribution of cells in the aorta within
the cell types and between the cell types both at 24 hours and 2 weeks (Figure

41A).

Liver: No difference was seen in the distribution of cells in the liver within
the cell types and between the cell types both at 24 hours and 2 weeks (Figure

41B).

Kidneys: No difference was seen in the distribution of cells in the kidneys
within the cell types and between the cell types both at 24 hours and 2 weeks

(Figure 41C).

Lungs: No difference was seen in the distribution of cells in the lungs within
the cell types and between the cell types both at 24 hours and 2 weeks (Figure

41D).

Heart: No difference was seen in the distribution of cells in the heart within
the cell types and between the cell types both at 24 hours and 2 weeks (Figure

41E).

Spleen: No difference was seen in the distribution of cells in the spleen within
the cell types and between the cell types both at 24 hours and 2 weeks (Figure

41F).
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5.3.5 C3 complement activation

No difference was seen in the plasma C3 complement protein between cBM-
SMC-, BM-SMC- and PBS-injected rats as measured by ELISA at 24 hours as well as

2 weeks of cell injection (Figure 43 A and B).
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Figure 41. C3 Complement protein concentration (ng/ml) as measured by ELISA at (A)
24 hours and (B) 2 weeks of cell injection

5.3.6 Volumetric assessment of Aorta using Phase Contrast Angiography (PCA)

Magnetic Resonance Imaging (MRI)

The results of volumetric assessment of aorta is categorized as below:
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5.3.6.1

5.3.6.2

5.3.6.3

5.3.6.4

Volume changes in aorta with single dose of cell injection: Percentage
change in volume of the aorta at baseline to AAA (B-AAA) versus aorta at
baseline to 2 weeks after a single dose treatment (B-2W treatment) was not
different for cBM-SMCs while it was significantly lower for BM-MSC and

not different (p = 0.075) for AAA control or PBS-injected rats (Figure 44A).

Volume changes in aorta with double dose of cell injection: Percentage
change in volume of the aorta at baseline to AAA (B-AAA) versus aorta at
baseline to 2 weeks after a single dose treatment (B-2W treatment) was not

different for all three groups (Figure 44B).

Effect of dose: Percentage change in volume of aorta between baseline to 2
weeks after treatment (B-2WT) was significantly higher at single dose versus
double doses for cBM-SMCs whereas no difference was seen between the

doses for BM-MSC as well as control (Figure 44C).

Effect of time: Percentage change in volume of aorta between baseline to 2
weeks after treatment (B-2WT) was significantly higher versus baseline to 1
week after treatment (B-1WT) for a single dose of cBM-SMCs whereas no
difference was seen for BM-MSCs injected rats as well as AAA Control or
PBS injected rats. Percentage change in volume of aorta between baseline to
1 week after treatment (B-1WT) was significantly lower in BM-MSCs versus

AAA control (Figure 44D).
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Figure 45: Western blot analysis of elastin homeostasis proteins. Dotted lines represent
protein expression by AAA control tissue

5.4 Discussion

Adult stem cells have been widely used in treatments of cardiovascular disease
such as in heart failure, myocardial infarction and ischemic heart disease [171], [272].
Besides their purported ability to home into the tissue site of disease or injury[279],
there is also evidence that these stem cells can initiate biological signaling cascades that
may work through paracrine mechanisms to regenerate or heal diseased tissues [280]-
[282]. In the context of application to cell therapy, there is evidence that mesenchymal
stem cells are immune system-privileged and possess anti-inflammatory properties
which can reduce the chances of their rejection when allo- or xeno-transplanted [212],
[272]. Also, attractiveness is their pluripotency, which allows them to be differentiated
into cells of multiple lineages, including cells of the vascular tissues, with prospects to
regenerate, repair, and restore function of those tissues [171]. Despite these advantages,
factors that limit ready application of these cells to cell therapy include uncertainties as
to (a) need for a minimally invasive and mode of cell delivery in vivo that ensures cell
survival and efficient therapeutic action, b) homing of cells to the target tissue and need
for such homing at all, for therapeutic action, (¢) long-term engraftment and retention
of the cells in target tissues, and in the context of our proposed treatment of AAAs, (d)
their ability to effect regenerative elastic matrix repair and reverse the inflammatory
and proteolytic pathophysiology in the AAA wall towards slowing AAA growth, and
(e) the differences in fate and functional effects of undifferentiated MSCs versus that
of their derivatives [283]. Following our generation of well-characterized MSC-derived

vascular SMCs, to address these questions, in the this chapter, we describe studies to
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compare undifferentiated MSCs and MSC-derived SMCs for their natural homing
properties, their bio-distribution in-vivo, and elastin regenerative benefits and anti-
proteolytic/-inflammatory effects if any, in the AAA wall and contribution of these

effects to slowing or reversing growth of small AAAs in an elastase injury rat model.

Among all the homing receptors involved in natural homing of BM-MSCs to
the disease site, the most common are CXCR4 and CCR3 [284]. Results of studies on
CXCR4 and CCR3 gene expression (Figure 37A and B) suggests that like
undifferentiated BM-MSCs, cBM-SMCs also express these primary homing receptors,
implying prospects to home into the diseased site in vivo. In fact, our findings suggest
that CXCR4 and CCR3 expression is significantly higher in cBM-SMCs vs BM-MSCs
regardless of TNF-o priming and priming dose. Although cell priming seemed to have
no effect on the expression of both receptors, literature suggests that regardless of the
expression of CXCR4, TNF-a might modify the sensitivity of MSCs to SDF-1a (its
ligand which is overexpressed in AAA tissue) [284]. This may be achieved by
modulating CXCR4 signal transduction without affecting receptor expression itself,
through inhibition of the protein kinase C pathway [285]. In contrary to published
studies which showed higher CCR3 expression than CXCR4 upon TNF-a stimulation,
our results showed significantly lower CCR3 versus CXCR4 gene expression by BM-
MSC whereas no such difference was seen in cBM-SMC cultures. However, in
congruence with the literature [284], CCR3 protein levels were significantly higher
versus CXCR4 for both BM-MSC and cBM-SMCs, as deemed from western blots
(Figure 38) and immunofluorescence (Figure 39). Consistent with published literature
[285] immunofluorescence studies showed significantly higher CXCR4 and CCR3

expression on per cell basis by cBM-SMCs versus BM-MSCs likely due to the
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concomitant expression of the intracellular pool by western blotting. These experiments
indicated that (a) cBM-SMCs retain the expression of CCR3 and CXCR4 as the primary
homing receptors exhibited by undifferentiated MSCs and hence likely their homing
properties, (b) CCR3 expression likely provides a greater homing role/mechanism, and
(c) receptor expression itself is unaffected by priming by inflammatory cytokines
though their homing to and migration within the AAA wall may be influenced by

inhibition of protein kinase C pathway.

Next, we assessed the short term (24 hours) and long-term (2 weeks) bio-
distribution of cells in vivo upon one time intravenous injection of a cell bolus (2x10°
cells), specifically their localization in the aorta, liver, kidneys, lungs, heart and spleen).
The cell distribution profile (Figures 41 and 42) showed that at both assessment time
points, and with both BM-MSCs and cBM-SMCs, a dominant fraction of the injected
cells were entrapped in lungs. This finding was as we expected since MSC retention in
the lungs due to a “pulmonary first pass effect” resulting from their large cell size is
well documented [286]. Our results also indicated higher signal associated with
presence of BM-MSCs in the lungs compared to the cBM-SMCs, even though the mean
difference was not sufficient to show statistical significance, which is likely due to their
larger size (~ 10-15 microns for BM-MSCs versus ~ 5 microns for cBM-SMCs). Prior
studies have also shown evidence of MSC adhesion to the endothelium of the
pulmonary vasculature, which can contribute to the pulmonary first pass effect [286].
Ruster et.al showed that P-selectin and a counter ligand can contribute to adhesion and
extravasation of MSCs in the lungs [287]. While this might also be a possibility with
our cBM-SMCs which as BM-MSC derivatives share many of their characteristics,

further investigation is required to determine the factors that contribute to their

141



localization in the lungs as well as to obtain the statistical difference. We also found
reduced distribution of BM-MSCs in the liver, heart and kidneys at 2 weeks versus 24
hours a result that was mimicked by cBM-SMCs although the mean difference was not
sufficient to show statistical significant. Differently, both the cell types showed near
significant (p = 0.06) time-dependent increases in localization in the spleen. These
results evoke published work that have shown rapid interaction of transplanted stem
cells with the cells of the immune system through circulating leukocytes or those in the
skin, spleen and lymph nodes [288]. The entrapment of transplanted cells in the spleen
is also suggested to be a potential mechanism of the immune suppressive effects of
MSCs. Indeed, studies have shown that shifts in ratio of regulatory T-cells to cytotoxic
CD8+ T- cells and also the polarization of TH1 cells to a cytokine profile-altered TH2
phenotype in splenocytes reduces antibody formation and T-cell responses against the
transplanted allogeneic MSCs, hence failing to identify them [288], [289]. Some studies
also suggest that entrapment of MSCs in the spleen and resulting T cell responses to be
the potential route of MSC clearance however the existence of physiological clearance
pathways for transplanted MSCs still remain unelucidated. No activation of C3
complement (Figure 43) relative to the PBS injected control animals provides further
corroboration that our injected cells do not trigger an immune response, although their
ability to lower basal expression of the C3 complement to levels in healthy animals was

not assessed.

The volumetric assessment of aorta pre and post cell injection using MRI
(Figure 44) shows that while injection of a single dose of BM-MSCs caused a
significant active reduction in volume of the AAA segment, cBM-SMCs at least

prevented an increase in segment volume. When the dose frequency was increased (2
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Chapter VI

CONCLUSIONS AND FUTURE DIRECTIONS

6.1 Overall Conclusions

In this body of work, we explored the utility of BM-MSCs and their smooth
muscle cell derivatives of select phenotypes as an approach for regenerating and
repairing extracellular matrix in the aorta wall towards stabilizing small AAAs and
growth. Since, vascular elastic matrix is synthesized in a developmental tissue milieu
rich in stem cells and progenitor cells, in our previous body of work, we successfully
confirmed a hypothesis that stem cell derived smooth muscle cell-like cells (SMLCs)
of specific phenotypes would exhibit superior elastogenicity than do healthy and
diseased adult vascular SMCs and in addition demonstrated that the derived cells
provide pro-elastogenic and anti-proteolytic stimuli to diseased cells. However, for cell
therapy applications, a large inoculate of cells, which mandates extensive, long-term
propagation in culture. For reliable benefits to tissue repair, phenotypic stability of the
derived cells and their maintenance of their superior elastin regenerative properties in
a pathophysiology-mimicking collagenous AAA milieu not conducive to elastogenesis,
are vitally important. Besides clarifying this, this study contributes vitally to providing

an understanding of the fate of the derived cells in an in vivo rat model of small AAAs,
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their homing properties relative to undifferentiated BM-MSCs and has generated

evidence of their benefits to stabilizing small AAAs against growth. Our primary

findings were:

(1)

2)

)

The BM-MSCs derived BM-SMCs better retained their differentiated phenotype
upon continued provision of the differentiation substrate and growth factor
conditions during propagation. The differentiated cells propagated under such
conditions were designated as cBM-SMCs. We also found that these cells were
of early intermediate phenotype as shown by robust expression of alpha smooth
muscle actin (ACTA-2), an early stage marker but not Myosin Heavy Chain
(MYH 11), a late stage marker. We found that cBM-SMCs were also more
elastogenic as suggested by the expression of LOX, Fibulin-4 and Fibulin-5,
desmosine as well as the TEM images which showed robust elastic fibers in cBM-

SMCs.

In a simulated 3-D collagenous tissue milieu evocative of the de-elasticized aorta
wall, cBM-SMCs retained their SMC phenotype and superior elastogenicity and
anti-proteolytic activity. We found significantly higher total matrix elastin, which
was corroborated by VVG staining of the constructs. With VVG staining we saw
robust, matured and thick elastin fibers in constructs containing standalone cBM-
SMCs or co-culture of cBM-SMCs with EaRASMCs suggesting that cBM-SMCs
in addition to generating elastin, also provide elastogenic stimulus to cultured

aneurysmal smooth muscle cells (EaRASMCs) from our rat model.

We found that cBM-SMCs as per our hypothesis, cBM-SMCs also possessed the

homing ability like BM-MSCs, with involvement of the same CCR3 and CXCR4
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(4)

)

receptors. In fact, we saw significantly higher expression of both CXCR4 and
CCR3 in cBM-SMCs vs BM-MSCs. We also, saw that priming with TNF-a did
not make significant difference in expression of homing receptors and among the
two receptors, CCR3 is expressed more compared to CXCR4. Thus, our results
suggest that CCR3 might be the primary homing receptor driving the homing of

cBM-SMCs to the AAA site.

Our in vivo studies indicated infused cells of both types to primarily engraft in the
lungs to be retained for at least 2 weeks, although cell presence in the aorta was
also noted. While no differences in BM-MSC presence in the aneurysmal aorta
segment were noted between 24 hours and 2 weeks, significantly higher number
of cBM-SMCs were seen in the aneurysmal aorta at the 2 week time point,
suggesting prolonged homing and retention of cells in the AAA vessel segment.
Similarly, the higher expression of both cell types in the spleen at 2 weeks
suggests the clearance of cells via spleen as documented in literature. Our studies
also indicated lack of immune complement C3 activation by the cell types in vivo,

vital to safe application for cell therapy.

Our results provide strong evidence as to the ability of the infused cells (both BM-
MSC and cBM-SMCs) to downregulate expression of several inflammatory and
pro-apoptotic cytokines that are upregulated in the AAA wall, contributing to
accelerated elastic matrix breakdown and suppression of elastic fiber
neoassembly, repair and crosslinking. Our results also indicated signficantly
improved elastic matrix in the AAA wall upon treatment with the cBM-SMCs but
not the BM-MSCs or saline treatment, modified HART stained aortal tissue

sections which showed thick and matured fibers on cBM-SMCs treated aorta
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(6)

whereas the fibers were thinner and fragmented in the BM-MSCs treated and PBS
treated AAA control. The results suggest effectiveness of ¢cBM-SMCs in

reversing AAA pathophysiology.

Volumetric assessment of the aneurysmal aorta segment using MRI/PCA showed
that a single dose of cBM-SMCs did not allow aorta to grow bigger in volume

whereas with double dose the aortal volume was considerably reduced at 2 weeks.

Thus, the overall initial evidence shows the prospective utility of cBM-SMCs

as potential cell source for cell therapy to reverse pathophysiology of matrix

degradative conditions like AAAs by imparting elastogenic impetus to the diseased

cells, reducing inflammation.

6.2 Limitations of the study

Although the results of this study were in accordance with our hypothesis, there

were some limitations which are listed below:

(1)

2)

3)

Our study investigated differential expression of homing receptors by our BM-
MSCs and ¢cBM-SMCs but did not specifically examine the mechanisms of

homing.

The small sample size in the experimental groups used in the in vivo study was
insufficient to observe statistical significance of outcomes for several studied

parameters.

For assessment of cell biodistribution we did not perform a longitudinal study.

Such a study would provide vital information of temporal changes in the
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migration of cells to different organs and their retention in situ over the period of

2 weeks.

(4) Some of the background subtracted total radiant efficiency values for organs like

)

kidneys and liver were negative. We assume this is due to very minimal presence
of tagged cells associated fluorescence and very high inherent autofluorescence

of the organs.

In 1 out of 6 BM-MSC injected rats for each one dose and 2 dose experiments we
saw tumor formation in the kidneys. At this time, we are unclear if this is a direct
BM-MSC-generated effect and how the diseased milieu influenced the matrix

regenerative outcomes in the AAA.

6.3 Future Recommendations

Based on our findings in this study, I propose the following recommendations

for future work:

(1)

2)

Investigate the mechanism(s) underlying homing of cBM-SMCs from circulation
to the AAA wall and engineer or prime the cells to enhance their homing potential.
Treatment with vasodilators can also help to reduce or overcome the pulmonary

first pass effect.

Enhance rigor of the in vivo assessments and ensure statistical significance of
differences in key parameters between groups through study of much larger
numbers of replicate animals/group. We have performed power analysis of our
current data to predict the animal numbers that would be required to limit animal
to animal variability and ensure statistical significance between experimental
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G)

(4)

)

(6)

(7)

groups. Similarly, in a future study, the treatment period can be extended well
beyond 2 weeks, which will provide the opportunity to test the efficacy of cell

therapy with greater rigor.

Utilize advanced MRI techniques to perform a non-invasive longitudinal study of
matrix changes in the AAA wall over time rather than performing end point
analysis for each animal at each time point. Also, for ex-vivo imaging, use large
number of controls so that the controls can be tightened which might reduce the
negative value of radiant efficiency. As well as take necessary precaution like pat

drying the tissue uniformly to avoid high background fluorescence.

Investigate the matrix regenerative and reparative potential of cBM-SMCs in

larger, critically-sized AAAs.

Explore utility of cBM-SMCs for correcting lung elastinopathies like COPD or

emphysema, which will leverage their entrapment in the pulmonary vasculature.

Assess the homing properties of the cells and determine the relative contributions
of cell localization in the aneurysmal aorta and in the lungs to the pro-matrix

regenerative benefits through the necessary and sufficient paracrine mechanisms.

Also assess if the knowledge of the necessary and sufficient secreted factors can
be leveraged for delivery from non-cellular vehicles like exosomes, nanoparticles,

scaffolds, etc.
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