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University of Washington
Abstract

Smooth Muscle Cell Interaction with Fibrin-A Possible Mechanism
for Vessel Narrowing During Atherosclerosis

by Karen O Yee

Chairperson of the Supervisory Committee
Professor Stephen M. Schwartz
Department of Pathology

Atherosclerosis is a disease that causes lumen narrowing in the vasculature.
Recent studies suggest that integrin antagonists may inhibit narrowing by
preventing cell interaction with the extracellular matrix in the plaque. A
number of in vitro assays were developed in order to identify potential
integrins important in mediating smooth muscle cell adhesion to,
contraction of and migration towards fibrin. Antibodies to a5p1
significantly inhibited smooth muscle cell adhesion to and contraction of
fibrin clots while antibodies to avf3 only had a slight effect. Cell migration
on fibrin was modestly affected by these antibodies; however, together both
avpf3 and a51 antibodies blocked smooth muscle migration on fibrin. A
pan-integrin antagonist and disintegrin, Kistrin, also had the same effect
suggesting that both integrins may play a role in smooth muscle interaction
with fibrin. Because both avB3 and a5B1 are receptors for fibronectin, the
role of fibronectin in smooth muscle cell interaction with fibrin was further
characterized. An antibody against fibronectin inhibited smooth muscle cell
adhesion and contraction of fibrin clots. Fibronectin was found on both the
cell surface and in the sources of fibrinogen.

In conclusion, I have demonstrated that the integrin a51 and the matrix
molecule, fibronectin, play an important role in smooth muscle cell
interaction with fibrin. By demonstrating that smooth muscle cells utilize
these proteins to adhere, contract and migrate on a fibrin matrix, I suggest
that this interaction could cause lumen narrowing during atherosclerosis.
Indeed, both fibrin and fibrinogen are found in the plaque in vivo and



smooth muscle cells in the lesions do not express high levels of avpf3 but
predominately express a581. This is especially seen in areas where smooth
muscle cells are co-localized with fibrin. Finally, the work presented here
on the disintegrin Kistrin suggest that a pharmaceutical reagent that targets
several integrins may be an effective drug to inhibit lumen narrowing
during atherosclerosis progression.
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Chapter 1: Introduction and Background
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Atherosclerosis is a prevalent disease that can lead to angina, stroke,

plaque rupture, aneurysm or myocardial infarction and eventually cause
sudden death in humans. This disease affects the large and medium size
muscular and elastic blood vessels and is characterized by lesions or plaques
on the vessel walls. Contrary to conventional wisdom!, it has been
observed that as atherosclerotic lesions enlarge, the vessels' lumen does not
narrow. Instead, it enlarges to maintain normal blood flow through the
vessel. This ability of the vessel to adapt to changes in lumen diameter has
been called either adaptive remodeling or compensatory enlargement. The
mechanism of adaptive remodeling is not known. It may occur as a
response to factors such as the sheer stress caused by the lesion, endothelial
cell factors, or medial attenuation due to the loss of structural support by
proteases found in the plaque 24,

Adaptive remodeling of atherosclerotic coronary vessels in man and
animals has been studied by a number of groups. Glagov and colleagues
examined the left main descending coronary arteries in hearts of patients
obtained through autopsyz. They found that the arteries will enlarge to
maintain normal blood if the plaque takes up less than 40% of the lumen
area, defined by the internal elastic lamina. If the plaque is greater than 40%,
the vessel is unable to compensate for the stenosis. Clarkson and colleagues
also examined the left anterior descending coronary arteries from humans
as well as non-human primates®. Their results were similar to Glagov
though they didn't find that 40% stenosis was a limiting factor for adaptive
remodeling. Therefore, arteries are capable of adapting to the presence of a
plaque. It's not clear why remodeling fails. Glagov suggested that the artery
loses its ability to sense the reduction in blood flow if the plaque covers a
majority of the vessel circumference (>40%). In any case, in advanced stages
of atherosclerosis, the arteries will fail to compensate and the atherosclerotic
plaques will eventually cause stenosis and occlusion of the vessel °.

Brief Historical Perspective

In the past 150 years, three main hypotheses to explain the
pathogenesis of atherosclerosis have been put forth. In 1844, Rokitansky
proposed that atherosclerosis was due to accumulation or encrustation of
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substances at endothelial cell junctions . In 1853 and 1858, Virchow
suggested that atherosclerosis was the result of both an inflammatory
response and an accumulation of blood lipids within the vessel wall’”. In
1946 and 1948, Duguid demonstrated that thrombosis and fibrin are
components of atherosclerosis progression 111, Ross and colleagues have
summarized these theories as the Response-to-Injury hypothesis and
suggest that atherosclerosis is caused by injury to the endothelium by blood
flow, sheer stress, chemicals and other harmful substances (i.e. tobacco
smoke). This results in accumulation of lipids in the wall, a thrombotic
response and plaque formation!” 1214 These processes are believed to
account for the increased risk of atherosclerosis due to age, sex, race, serum
lipids, dietary fat, exercise, hypertension, diabetes and cigarette smoking °.

Normal Blood Vessel Architecture

The basic architecture of the vascular wall contains three cells layers:
the endothelium, the media and the adventia. The endothelium is adjacent
to the lumen and is a single layer of endothelial cells that presents an anti-
thrombotic surface. The media is comprised of smooth muscle cells in a
basement membrane rich in extracellular matrix (ECM) components such as
collagen, elastin, fibrillin, osteopontin and thrombospondin. The adventia
is furthest from the lumen and is separated from the media by an elastic
lamina. It is comprised of fibroblasts and small blood vessels (vaso
vasorums) within a collagen matrix (Figure 1.1)16' 17 Larger arteries,
however, have an additional layer, the intima, which is located between the
endothelium and the media and is separated from the media by a well
defined layer of elastin, the internal elastic lamina. The cellular
composition of the intima is complex. It includes lymphocytic and fibroblast
like cells that may be derived indirectly from smooth muscle cells or blood

derived precursors!®.

Pathogenesis of Atherosclerosis
Atherosclerotic development is divided into five phases which are
distinguished by distinct structural lesions (Figure 1.2) 15 19, Phase 1 is
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characterized by small plaques containing high amounts of lipids (lesions

types I, II and III). Most of the lipids are in the "foam cells" which are
derived from macrophage. Smooth muscle cells are present but relatively
rare. Lesions of these types, however, are more widely scattered than the
typical atherosclerotic lesion of the adult so it is likely that these "foam cells
lesions” are fully reversible. These lesions occur during the first two
decades of life and describe the majority of plaques found in the vessel.
Phase 2 lesions contain a core of extracellular lipid and a fibrotic layer (type
IV and Va) and appear during the third decade of life 1% 1. Phase 3
atherosclerosis is marked by stenosis of the vessel by a mural thrombus,
caused by rupturing of a phase 2 lesion. These complicated lesions are
categorized as type VI lesions. Type VI lesions are also found in Phase 4
atherosclerosis and could cause acute coronary occlusion. Type VI lesions
are complicated lesions with surface defects, hematoma-hemorrhage and
thrombosis. They occur in humans starting at age 40 years. Phase 5
atherosclerosis contains type Vb and Vc lesions. Type Vb and Vc lesions
contain a calcified core or a fibrotic core, respectively. They can develop
from types IV or Va lesions before or after rupture of these lesions. 1519,

According to Ross' "Reaction to Injury Hypothesis”, atherosclerosis
begins with endothelial cell damagel. Damage endothelium allows the
passive migration of plasma low-density lipoproteins (LDL) into the
subendothelium. LDL is also transported through the endothelial cell layer
via receptors. Endothelial cells as well as smooth muscle cells oxidize the
LDL and trap it in the subendothelium. In response to the LDL, monocytes
migrate to the subendothelium and are converted to macrophages. In an
attempt to clear the oxidized LDL from the subendothelium, both the
macrophages and the smooth muscle cells engulf the lipids. These lipid
laden cells are known as foam cells and were described over number of years
ago by Rokitansky and Virchow. These foam cells comprise the
characteristic fatty streaks seen in type 1 lesions. They eventually die due to
the high levels of oxidized LDL within the cells. The dead cells aid in the
formation of the necrotic core found in type IV and V lesions 14 20-22,

Ross has proposed that advancement from phase 1 to phase 2 occurs
when foam cells secrete growth factors such as platelet derived growth factor
(PDGF), Interleukin 1(Il-1), basic fibroblast growth factor (bFGF) and
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macrophage-colony-stimulating factor (M-CSF). These growth factors

stimulate both smooth muscle cell and macrophage proliferation. PDGF is
also released by platelets adhering to the damaged endothelium and by
macrophages in the area. Macrophages also secrete metalloproteinases
(MMPs) and heparanases which degrade the matrix surrounding the plaque.
The net result is an efflux of smooth muscle cells towards the endothelium
as well as an increase in the number of smooth muscle cell derived foam
cells in the lesion. Accumulation of cells and lipids will form a neointima
that projects into the lumen and can cause stenosis. The smooth muscle
cells will eventually form a fibrotic cap between the lipid core and the
endothelial cell layer 141519,

Atherosclerosis, Thrombosis and Coagulation

At this stage in development, the atherosclerotic lesion is vulnerable
to fissure and rupture due to the high lipid content, high macrophage
infiltration and the small number of smooth muscle cells in the cap which
inadequately supports the plaque against the stresses caused by blood flow
and the rhythmic beating of the heart 23. Grenholdt and colleagues profiled
the plaques of men who died of ischaemic heart disease. They found that
aortic plaques which were ulcerated or thrombosed had a high proportion
(40%) of their volume occupied by extracellular lipid, had a large number of
macrophages as well as a small number of smooth muscle cells. In vivo cell
kinetic studies in several labs have consistently shown a low level of
smooth muscle cell replication even in areas of what appears to be on-going
injury®® . The lack of cells in the plaque is caused by either apoptosis or
cell rupture 21 22 and will lead to plaque instability because less collagen,
elastin and proteogylcan are deposited in the cap. This result in a softer and
less stable lesion 1521, 23,26,

Given the prominence of the fibrous cap in early lesions, we do not
know why the cap thins. This could be explained by the high density of
macrophages in the ruptured plaques27 . Moreno et al. examined
atherectomies from coronary arteries and observed that macrophage-rich
areas were frequently found in patients who had unstable angina, and non-

Q-wave myocardial infarction. The authors suggested that macrophages
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could be used as a marker to identify unstable atherosclerotic plaques 28

Recently, it has been shown that co-culturing macrophages with explanted
fibrous caps resulted in a breakdown of the collagen in the caps, and this
could be blocked by metalloproteinase inhibitors. The authors hypothesized
that macrophages could release matrix-degrading metalloproteinases in
vivo to cause destabilization of the plaque » Similarly, Hoefstra et al have
shown that macrophage conditioned media stimulates smooth muscle cell
death by the Fas/Fas ligand pathway and this could destabilize the plaque

further (Hoefstra, submitted).
A third contributor to plaque instability is calcification. During the

development of advanced atherosclerosis, calcium accumulates in the core
of the lesion and both macrophages and smooth muscle cells could
participate in the calcification process. Calcification of the lesion could cause
different properties of the plaque to be adjacent to each other, and this
difference, namely at the interface between the plaque and the area of
calcification, could predispose the lesion to be affected by changes in the
arterial blood pressure and rupture .

As discussed above, rupturing of the atherosclerotic plaque leads to
thrombosis. Tissue factor, the activator of the coagulation cascade, is found
in plaques, and upon plaque rupturing, is exposed to other coagulation
proteins found in the blood %- 30, Tissue factor will bind to factor VIla and
this complex will convert Factor X to Xa 3! The end result of the coagulation
cascade is the conversion of prothrombin to thrombin, which cleaves
fibrinogen to fibrin (Figure 1.3). Platelets, activated by thrombin, will adhere
to both collagen and fibrin presented in the plaque, and to the fibrin that is
cleaved by thrombin. The outcome is the formation of a thrombus 17

The thrombus may progress in several directions. One, it may be
sheered from the wall by blood flow. Depending upon how large the initial
plaque was, the thrombotic fragment may eventually get lodged in the
vascular system and cause a stroke, infarct or mural thromboses. Two, if the
plaque was small, the thrombus may be lysed by the plasminogen
fibrinolytic system and eventually dissolve. Three, the thrombus will heal
and organize into a type V or VI lesion. In all three cases, an open wound
on the vessel wall has be healed.



Wound Healing

Surprisingly there are few studies of wound healing in the
atherosclerotic wall. Most studies on wound healing focus on cutaneous
wound healing 32,33 A similar series of events probably occur during
healing of a wound on the vessel wall. A fibrin clot first forms on the initial
wound surface. Plasma proteins such as vitronectin, fibronectin and
thrombospondin intercalate into the fibrin clot. Platelets adhering to the
fibrin matrix release cytokines and growth factors from their granules to
start the wound healing process. As the fibrin clot matures, Factor XIIla
crosslinks the fibrin strands to themselves as well as fibronectin to fibrin.
Within a few days, inflammatory cells such as leukocytes and monocytes are
drawn to the wound by the chemoattractants present in the fibrin clot.
These cells engulf debris and bacteria that may be present in the wound.
Monocytes, which are converted to macrophages in situ, will also release a
number growth factors and cytokines in the wound area that are important
for healing 33,

Reepithelization of cutaneous wound occurs in two directions.
Keratinocytes in the basal lamina of the wound will start to proliferate and
migrate towards the provisional matrix provided by the fibrin clot. At the
same time, these keratinocytes express proteases, such as tissue-type
plasminogen activator (tPA), urokinase-type plasminogen activators (uPA)
or metalloproteinases (MMPs), to dissolve the fibrin matrix and facilitate
migration. tPA and uPA cleave plasminogen to plasmin which in turn
degrades fibrin. Members of the MMP family dissolve extracellular matrices
such as collagen and laminin. The second area of reepithelization occurs at
the dermal surface of the wound. Fibroblasts at the wound edge proliferate
and migrate into the provisional matrix (fibrin clot) in response to the
growth factors present. They will also start to lay down a collagen rich
matrix, a key component of granulation tissue 3. With the proper balance
of connecting tissues, cells are able to migrate, proliferate and synthesize
matrix proteins and enhance wound healing rather than lyse wounds as we
believe happens in the advanced plaque. Thus, it is likely that plaque
rupture depends, in part, on the failure of the smooth muscle cells in
advanced lesions to repair the wound.
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Returning to the skin as a model of wound healing, granulation

tissue appears around Day 4 after wound formation. The characteristic pink
color of granulation tissue is due to the Apresence of a vast number of blood
vessels that feed the healing tissue. McClain and colleagues studied
cutaneous wound healing in pigs to determine why there exists a lag time in
granulation tissue formation%. They found that the combination of fibrin,
fibroblast and platelet releasates must to be present in order to activate
mesenchymal cells to induce granulation tissue formation. To the extent
cutaneous wound healing is understood today, the rate-limiting factor
would be the activation and migration of fibroblasts from the dermal surface
into the fibrin clot.

Pathological Wound Contraction in Atherosclerosis: A Hypothesis

The last phase of healing is closure of the wound edges. Over time,
reepithelization will decrease the wound area. Once tension on the wound
edges reach a certain strength, fibroblasts, activated by growth factors such as
TGF-8, will be transformed into myofibroblasts, smooth muscle cell a-actin
expressing cells. Closure of the wound is caused by myofibroblast migration.
As the myofibroblast migrate, they pull the edges of the wound together.
Once the edges meet, tension on the wound edges is relaxed, and fibroblasts
cease to migrate and become quiescent. Healing is complete upon the
closure of the wound though several months may pass before any scarring is
resolved 3% 35,

It is tempting to think that a similar process might narrow the lumen
of a vessel following rupture. Although the Response to Injury hypothesis
posited that the accumulation of cells, matrix molecules and lipids on the
vessel wall is responsible for the narrowing of the lumen in atherosclerosis,
as we have stated, narrowing does not occur until lesions become very
advanced 1. However, if the plaque ruptures and thrombosis occurs, then
the narrowing of the lumen could occur as a normal outcome of wound
healing. In contrast, failure to heal might explain unstable angina.
Pathological consequences of contraction have been seen during healing of
severe wounds such as burns and in hollow organs such as esophagus %.
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Recently, we have demonstrated that pathological contraction could

be responsible for vessel narrowing after vascular injury. Courtman et al.
combined a double balloon injury rabbit model with a factor VIla inhibitor,
called DEGR-VII ¥. By inhibiting binding of factor VIla to tissue factor, the
generation of thrombin was prevented. Their studies demonstrated that
control rabbits, which were not infused with DEGR-VII during the second
balloon injury of the abdominal aorta, developed a smaller lumen 3 months
after the second injury as compared with treated rabbits. Furthermore,
maintenance of lumen was associated with less fibrin deposition on and in
the vessel of the treated animals as compared with the control. Importantly,
the areas of the media and intima in the two groups did not differ,
suggesting that the difference in lumen size was not due to mass but to
contraction or remodeling. This study also suggests that fibrin my play a
role in vessel narrowing after vascular injury.

The cell generating the contractile force and responsible for lumen
narrowing is presumably the intimal smooth muscle cells. Courtman et al.
showed that fibrin formation was restricted to the intima. Smooth muscle
cells are the only cell type in the intima at three months after injury and
would have the ability to contract. Furthermore, the myofibroblasts that are
found in cutaneous wounds and responsible for wound closure are very
similar to smooth muscle cells. Gabbiani and colleagues first identified the
existence of myofibroblasts in wounds 38, They found that fibroblasts in
granulation tissue were very similar to smooth muscle cells by electron
microscopy and immunofluorescent. They demonstrated that strips of
granulation tissue as well as blood clots from rats are able to contract when
exposed to a number of pharmacological agents that have been shown to
promote smooth muscle cell contraction. Using anti-serum against human
smooth muscle cells, they identified the presence of myofibroblasts in
granulation tissue at day 9, 11 and up to day 15 of wound healing. In the
atherosclerotic plaque, smooth muscle cells can take the place of
myofibroblasts and fulfill a similar role. However, in the vasculature the
contraction that occurs during wound healing could be pathological in
nature.

Geary et al looked at wound healing after vascular injury of pre-
existing atherosclerotic lesions in the iliac arteries of non-primate
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monkeys39. These monkeys were fed an atherogenic diet for several years
and then underwent vascular injury using a balloon catheter. This
procedure, called percutaneous transluminal angioplasty, is used in humans
to unblock stenotic lesions mechanically. The authors followed the healing
process up to 28 days post injury. They found a pattern very similar to
cutaneous wound healing with the majority of contractile cells being
smooth muscle a-actin positive cells (smooth muscle cells/ myofibroblasts).
They concluded that because wound healing in the arteries was so similar to
cutaneous wound healing, contraction as a mechanism of lumen narrowing
during atherosclerotic progression was plausible.

Fibrinogen and Fibrin

Courtman and colleagues’ study implicated fibrinogen or fibrin as a
key component in lumen narrowing. Fibrinogen is a symmetric disulfide-
linked homodimer, and each monomer contains 3 polypeptide chains (Aa,
BB and y) (Figure 1.4). Fibrinogen is converted to fibrin via thrombin, a
serine protease, which cleaves the A and B fragments off the a and 8 chains,
respectively. Cleavage creates de novo binding sites which allow fibrin
homodimers to anneal to form a profibril 40, The monomers are further
crosslinked together by Factor XIIla, which is also activated by thrombin 41,
There are two RGDX cell recognition motifs found on the Aa chains
(residues 95-98 and 572-575) of fibrinogen, and they may serve as cell
adhesion sites. On the y chain there is a third binding site, the
dodecapeptide (HHLGGAKQAGDV) region (residues 400-411)%% 43,

Fibrinogen has been found to be a normal component of the vessel
wall. Several groups have found the protein in the intima layer of the wall
even without signs of thromboses occurring 4447 Retention of fibrinogen
in the wall may depend on crosslinking by tissue transglutaminase rather
than being converted to fibrin 4. Fibrin is also found in the wall and
usually confined to the atherosclerotic plaque. There is evidence that this
fibrin is formed in situ by tissue factor trapped in the plaque 4% 50, Levels of
fibrinogen has been suggested to be predictive of cardiovascular disease state
and has been associated with coronary artery disease, carotid disease and
peripheral arterial disease 5. Fibrinolysis could reduce plaque size;
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however, the fibrin degradative products have been shown to be mitogenic

50, 52, 53 Fibrinogen and fibrin can also serve as a reservoir for many
proteins. Lp(a) and fibronectin have been shown to bind to fibrin and they
are both found in plaque 46 5355, Recently, one group has shown
biochemically that FGF also binds fibrin %

Smooth Muscle Cell-Fibrin Interaction _

Nucleated cells, such as smooth muscle cells, as well as platelets and
leukocytes bind to the ECM through a family of receptors called integrins.
Integrins are heterodimeric surface receptors composed of a non-covalently
linked « and B chain. In general, integrins have a large, globular
extracellular domain (NH2) and a short cytoplasmic tail (COOH), and
function in cell-ECM interactions (Figure 1.5) 57 38 In most cases, integrins
bind to an Arginine-Glycine-Aspartic Acid (RGD) motif in the ligand. To
date, 16 o chains and 7 § chains have been identified, and their ligands
include collagen type I and IV, fibronectin (FN), laminin (LM),
fibrinogen/ fibrin, osteopontin (OPN), thrombospondin (TSP), vitronectin
(VN), Von Willebrand Factor (vWF) and ICAM 1, 2 and 3%,

Only four integrins have been shown to bind to fibrinogen: aMp2,
allbf3, a581 and avf3. aMB2 is expressed in leukocytes, allbf3 is only
expressed in platelets and avf3 and a5f1 are expressed on a variety of cell
types including smooth muscle cell, endothelial cells, and melanoma cells
57, Synthetic peptides from the N termini of the B3 subunit can prevent
binding of purified allbf3 to fibrinogen 39 Also in cross-linking
experiments, RGD-peptides have been reported to bind to B3 fragments 0. It
has been shown that the dodecapeptide region of fibrinogen binds to the
allb3 integrin in both crosslinking experiments and inhibition
experiments using synthetic peptides ®1 62, Furthermore, there are plasma
proteins such as TSP, FN and vWF which can bind the Aa chain of
fibrinogen as well as interact with integrins other than avp3 such as a3gl,
a4fl and a581 40 63 gince these molecules use additional integrins to
adhere to cells, they may act as bridge molecules and increase the repertoire
of integrins that can interact with fibrinogen.
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Immunohistochemistry has been used to identify the integrins

present in the vessel wall with a focus on the integrins that have been
implicated by in wvitro studies as playing key roles in smooth muscle cell
migration. These include «281, a collagen receptor 64, avp3, a fibrin and
denatured collagen receptor 65, and a51, a fibronectin and fibrinogen
receptor 66, Despite some excellent studies in vitro,, in vivo studies have
only shown a2B1in the endothelium®. In contrast, both fibrin integrins
avB3 and a581 are abundant in the vascular media, as shown by Hoshiga et
al ®. a5p1 is also found in most plaque smooth muscle cells as well as in
the media®. avB3is abundant in carotid smooth muscle cells but only can
be found in a subset of intimal or plaque smooth muscle cells %. Thus, in
vivo, integrins that are receptors for fibrin are expressed by human smooth
muscle cells in vitro and in wvivo.

In Vitro Models to Study Wound Contraction

To elucidate the mechanism of wound contraction, in vitro models
such as collagen-fibroblast or fibrin-fibroblast matrices have been used to
observe cell-matrix interactions. The integrin that has been implicated in
the interaction between fibroblasts or smooth muscle cells with collagen is
a2l 32 Unfortunately, as noted earlier, the expression of a2f1 on smooth
muscle cells is an in vitro artifact %4. Studies using fibrin matrices have not
been as extensive as collagen, and most of the work has involved fibrin and
platelet interactions. However, a number of studies have demonstrated that
the integrin avB3 is important for fibrin clot contraction by nucleated cells.
Ylanne et al. demonstrated that chinese hamster ovary (CHO) cells,
nucleated cells which have been transfected with the human allbg3
integrin, are able to contract fibrin clots in vitro, and this event is dependent
on the B3 subunit 9. In a recent paper from the same group, they showed
that this contraction is mediated by avp3 where the integrin is composed of
the hamster av subunit and the human B3 subunit 9. Furthermore, Kitagiri
et al. have shown that melanoma cells, which express av, are able to
contract fibrin clots after being transfected with the B3 subunit 9.
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Thesis Studies

Due to the evidence that avf3 integrin binds fibrinogen/ fibrin, is
expressed on smooth muscle cell in vivo, and has been shown to mediate
fibrin gel contraction by nucleated cells, we originally hypothesized that
avp3 may be one of the integrins mediating smooth muscle cell and fibrin
interactions during atherosclerosis. This hypothesis has turned out not to
be entirely correct. As already noted, studies of smooth muscle cell
interaction with collagen in wvitro are of little value in vivo because this
integrin appears to be an in vitro artifact. Fortunately for us, a2g1 is not
relevant to smooth muscle cell interaction with fibrin”’.

In the following chapters, I will describe the integrins that are
important in smooth muscle cell adhesion to, contraction of and migration
on fibrin. These interactions will be determined using a number of
antibodies, peptides and chemical reagents. I have been especially concerned
about the choice of cell lines. Two smooth muscle cells strains, HNB18E6
E6E7 and Ductus smooth muscle cells, will be used in the work presented in
Chapter 2. Only HNB18E6E7 will be used in the subsequent chapters. These
cultured smooth muscle cells display several characteristics of intimal
smooth muscle cells which are found in the plaque. These smooth muscle
cells are not quiescent and are actively synthesizing a number of
extracellular matrices 7' 72, As I will show, they express avf3, a581 and 1
integrins. Therefore I believe that these cultured smooth muscle cells
adequately represent smooth muscle cells found in an atherosclerotic
plaque.

Three sources of fibrinogen will also be used in all three assays. These
differ in the levels of other plasma proteins. The simplest clots are made
from human recombinant fibrinogen that is expressed in chinese hamster
ovary cells. This should not contain any other plasma proteins besides
human fibrinogen. Gelatin sepharose treated human plasma will also be
used. This preparation is frequently employed to eliminate fibronectin from
the studies of fibrin clot contraction’”. This source of plasma does contain
the other plasma proteins normally found in plasma, such as vitronectin.
My third source of fibrinogen is human plasma which contains all the
protein normally found in plasma and represents the in vivo milieu of a
fibrin clot.
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The work presented here extends the body of knowledge regarding

cell interaction with fibrin to include human smooth muscle cell adhesion,
contraction and migration on fibrin. By demonstrating that smooth muscle
cells are capable of interacting with a fibrin clot, specifically contracting a
fibrin clot, the hypothesis that smooth muscle cell mediated fibrin clot
contraction as a mechanism of lumen narrowing in atherosclerosis is
feasible (Figure 1.6). This work also presents a novel target, a581, and a
bridge protein, fibronectin, as possible targets to be used in pharmaceutical
intervention to inhibit atherosclerosis progression.
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Figure 1.1: Vessel Architecture
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Staging and Lesion Morphology of
Atherosclerosis Progression
(Stary et al., 1995)

Phase Lesion Types Description

1 -1 macrophages, lipid
droplets, SMC

2 IV-Va extracellular lipid,
lipid core, collagen,
SMC cap

3 \% disruption of plaque
and thrombus; mural

4 VI occulusion and
reocculusion

5 Vb collagen, SMC layer
with lipids, calcification

Ve same a Vb but has a

fibrotic core

Figure 1.2: Staging and lesion morphology of atherosclerosis
progression



17

Tissue Factor + Factor VIIa

l

Factor X » Factor Xa +
l Factor Va
Prothrombin —» Thrombin
Fibrinogen * Fibrin

Figure 1.3: Coagulation Cascade
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Figure 1.4: Structure of fibrinogen
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Chapter 2: Human Smooth Muscle Cells Interact with Fibrin

This work was published in similar form by Karen O Yee, Michael M.
Rooney, Cecilia M. Giachelli, Susan T. Lord and Stephen M. Schwartz in
Circulation Research, 1998. Vol 83, No. 3, pp- 241-251.
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Introduction to Chapter 2

It is generally believed that the accumulation of cells, matrix molecules and
lipids on the vessel wall is responsible for the gradual narrowing of the
lumen in atherosclerosis. ] Recent studies, however, have shown that
lumen size correlates poorly with atherosclerotic lesion mass in either
primary or restenotic vessels. > % 73 74 These studies demonstrate that
arteries enlarge at lesion sites and thereby maintain normal blood flow.
This ability of the vessel to adapt to changes in lumen diameter has been
called compensatory enlargement or remodeling. %3 Thus, it is reasonable
to hypothesize that the pathologié narrowing of the lumen in
atherosclerosis may arise from a failure of remodeling or an active
narrowing at certain lesion sites.

We have considered the possibility that pathologic narrowing results
from plaque rupture, a process characteristic of advanced lesions. 26 27. 30, 75
When plaques rupture, platelets adhere to exposed collagen. Next, tissue
factor is released, initiating the coagulation cascade. Activation of thrombin
leads to formation of fibrin. 17+ 1% 31, 50 By analogy to other wounds, the
thrombus situated at the ruptured lesion site could serve as a focus for
subsequent healing and presumably wound contraction. 7 Thus the role of
fibrin-smooth muscle cell interactions could be critical to vascular
narrowing in atherosclerosis.

It is important to note that unlike other types of wounds, the
atherosclerotic plaque is chronic and characterized by the persistent presence
of fibrin, fibrinogen and fibrin degradative products in the vessel wall.1” 1%
26 Because active thrombin is found in plaques, it is reasonable that plaque
fibrinogen is converted to fibrin in situ . 90 Fibrin is present not only in
thrombi associated with acutely ruptured plaques, but also at sites of chronic
injury. 46, 47 Crosslinked fibrinogen is also abundant in the intimas of
atherosclerotic aortas. 4448

There is data indicating that fibrin provides a scaffold for smooth
muscle cell migration.25-46 Cells interact with fibrin via integrins, which
are heterodimeric surface receptors composed of a non-covalently linked «
and B chain. %/58 Three integrins have been shown to bind to fibrin: aMp2,
which is expressed on leukocytes, allbf3, which is expressed on platelets and
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megakaryocytes, and avf3, which is expressed on a variety of cells including
smooth muscle, endothelial and melanoma cells. 37+ 77-80 Recently, three
groups have reported that cells can also adhere to fibrinogen via a g1
integrin. Marshall et al. demonstrated that adhesion of human melanoma
cells to fibronectin depleted fibrinogen is inhibited by antibodies against av
and g1. 81 Neugebauer et al. showed that adhesion of a chicken myeloblast
cell line to commercial fibrinogen was inhibited by an anti-avf3 antibody
and an anti-g1 antibody. 8 Suehiro ét al. implicated a5@1 as a receptor for

fibrinogen on endothelial cells in the presence of manganese. %
Similar to platelets, nucleated cells can contract a fibrin clot in witro.

Early reports demonstrated that bovine endothelial cells and smooth muscle
cells can contract a fibrin clot. # More recently, cell mediated fibrin clot
contraction has been demonstrated with human melanoma cells, which
express avf3, and transfected Chinese hamster ovary cells (CHO) that
express human 3 complexed with hamster av. 6769

The studies described here examine whether human smooth muscle
cell lines are able to contract fibrin clots composed of either gelatin
sepharose treated plasma ("plasma clots") or recombinant fibrinogen
("recombinant fibrin clots”). Using integrin specific antibodies, as well as
specific peptide inhibitors, we investigated which integrins were utilized by
the smooth muscle cell lines to contract and adhere to fibrin. We report that
contraction of fibrin clots by cultured smooth muscle cell lines was not
inhibited by antibodies to avf3 but by antibodies to a5, 1 and a5p1. We
also found that smooth muscle cell adhesion to plasma clots differed from
adhesion to recombinant fibrin. These data suggest that smooth muscle cell
contraction of fibrin clots involves the a5B1 integrin, and smooth muscle
cell adhesion to plasma clots involves at least the participation of one
plasma protein, vitronectin, and possibly others. The fact that the smooth
muscle cells are able to contract a fibrin matrix in vitro suggest that in vivo,
they could do the same and cause vessel narrowing.

Materials and Methods
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Flow Cytometry
Human smooth muscle cell lines were harvested with trypsin-EDTA

(GIBCO/BRL; Gaithersburg, MD), washed twice in PBS

containing 0.5 mg/ ml of Soybean Trypsin Inhibitor (Sigma Chemical Co; St.
Louis, MO) and incubated on ice with the primary antibody (1:100 dilution)
in 50ul of PBS containing 0.2% BSA (Sigma Chemical Co; St. Louis, MO) for
2 hours. The samples were subsequently washed three times with PBS
containing 0.2% BSA, and incubated for 1 hour with a phycoerythrin
conjugated goat anti-mouse IgG secondary antibody (Biomeda; Foster City,
CA) at a concentration of 0.2 mg/ml in PBS containing 0.2% BSA. Cells
were washed in PBS and fixed using 1% paraformaldehyde. Peak
Fluorescence Intensity was measured on a FACScan flow cytometer (Becton
Dickinson Immunocytometry System; San Jose, CA).

Antibodies and Peptides
Mab 1976/ LM609 (anti-human integrin avB3),®® Ascites PAG9 (anti-

human integrin a4),% Mab 1980 (anti-human integrin av),¥ Ascites JBS5
(anti-human integrin a581)% and Ascites LM534 (anti-human integrin g1)8
were purchased from Chemicon International (Temecula, CA). Ascites
P4C10 (anti-human integrin B1),%0 Ascites P1E6 (anti-human integrin 2),%!
Ascites PIF6 (anti-human integrin avg5),’> Mab P1B5 (anti-human integrin
a3),° Peptide GRGDSP, Peptide GRGESP, penRGD* and Ascites Clone I
(anti-human fibronectin)® were purchased from GIBCO/BRL (Gaithersburg,
MD). Mab 16 (anti-human integrin a5 ) was purchased from Becton
Dickinson (San Jose, CA). %. 97 Mouse IgG was purchased from Jackson
Immuno Research Laboratories, Inc. (West Grove, PA). c¢7E3 Fab Fragment
Mab (anti-human integrin avg3 and allbf3) was a gift from Drs. Robert
Jordan and Jim Woody at Centocor (Malvern, PA). 68,98-100 Anti-human
integrin a1 Mab (SE8D9)!”! and Mab DE9 (anti-human integrin $1)!%were
purchased from Upstate Biotechnology Inc. (Lake Placid, NY). Monoclonal
antibody Y9A2 (anti-human integrin a9)!® was a gift from Dr. Dean
Sheppard. Monoclonal antibody JIB5, anti-human integrin a6, was
provided by Dr. Caroline Damsky. 104 Anti-human vitronectin polyclonal
antibody was a gift from Dr. Klaus T. Preissner. 1%
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Purification of 1.230 Hybridoma Supernatant :
The hybridoma cell line L230 was purchased from ATCC (Rockville,

MD). This antibody blocks all av integrins. 1% The cell line was cultured in
RPMI 1640 media (BioWhittaker; Walkersville, MD) supplemented with
0.35 mg/ml L-glutamine, 1 mmol/L sodium pyruvate, and 0.01 mmol/L
non-essential amino acids which were all purchased from GIBCO/BRL
(Gaithersburg, MD). To this media 10% FCS (HyClone Laboratories, Inc.;
Logan, UT) was added. The cells were allowed to grow to confluence and
the media was harvested by spinning at 1000 x g for 10 minutes and filtering
through a 0.45um filter. The media, diluted 1:1 with Pierce InmunoPure
Gentle Ag/Ab binding buffer (Rockford, IL), was placed on a goat-anti-
mouse IgG agarose column (Sigma Co; St. Louis, MO) that was previously
equilibrated with Pierce ImmunoPure Gentle Ag/Ab binding buffer
(Rockford, IL) at room temperature. The column was washed with binding
buffer and the flow-through was saved to be reloaded on the column. The
antibody was eluted using Pierce InmunoPure Gentle Ag/ Ab Elution Buffer
(Rockford, IL), and dialyzed against Tris buffer (50mmol/L Tris, pH 7.5 and
100mmol/L NaCl) overnight at room temperature. The antibody was
concentrated using Centriprep 10 Concentrators (Amicon, Beverly, MA).

Purification of P4C10 Ascites _

P4C10, purchased from GIBCO/BRL (Gaithersburg, MD) was
resuspended in binding buffer (0.01 mol/L NaP0s, pH 7 and 0.015 mol/L
NaCl) and loaded onto a recombinant protein G Agarose column that was
previously equilibrated with binding buffer at 4°C. The IgG antibody was
eluted with 0.1mol/L glycine hydrochloride, pH 2.6, at 4°C. The eluted
antibody was brought to pH 7 using 1mol/L Tris, pH 8, dialyzed against PBS
overnight at 4°C and concentrated using Centricon 10 Concentrators
(Amicon, Beverly, MA).

Cell Culture

Human Newborn 18 smooth muscle strain has been described
previously and was originally derived from the aorta of a newborn infant (2-
day old) autopsy. 1% This strain has been transfected with a plasmid
containing the type 16 human papilloma virus proteins E6 and E7, which
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interact with p53 and Rb and cause immortalization of the cell. 1%® Thus,
the strain is now referred to as Human Newborn 18 E6E7 (HNB18EGE?7).
E361812 (ductus smooth muscle cell) is a non-immortalized smooth muscle
strain derived from the region of the aorta adjacent to the ductus arteriosus
from a human newborn. This strain was a gift from J. Slomp (Rijks
University, The Netherlands). By immunocytochemistry, these cells express
a-actin, a marker for smooth muscle cells (unpublished data, 1998). Both
strains were grown in Waymouth media (GIBCO/BRL; Gaithersburg, MD)
containing 0.23% sodium bicarbonate, 0.35 mg/ml L-glutamine, 1 mmol/L
sodium pyruvate, and 0.01 mmol/L non-essential amino acids (GIBCO/BRL;
Gaithersburg, MD). This basic media was supplemented with 10% FCS
(HyClone Laboratories, Inc.; Logan, UT). HNB18E6E7 smooth muscle cells
were harvested at passages 24-30, and Ductus smooth muscle cells were
harvested at passages 15-20.

Plasma, Recombinant Fibrinogen and Thrombin

Citrated human blood was centrifuged at 150 x g for 15 minutes at
20°C and the subsequent platelet-rich plasma was then centrifuged at 1400 x
g for 20 minutes at 20°C. The platelet-poor plasma was placed on a gelatin-
sepharose 4B column (Pharmacia; Uppsala, Sweden) that was previously
equilibrated with a buffer containing 0.05 mol/L Tris-HCL, pH 7.5, 5 mmol/L
benzamidine and 0.02% sodium azide. The gelatin sepharose treated plasma
was collected and the extent of fibronectin depletion determined by Western
Blot analysis. 109, 110 1n all cases, 80-90% of the fibronectin was removed
from the plasma. The gelatin sepharose treated plasma was stored at -70°C.
In the text, plasma will refer to gelatin sepharose treated plasma. The
production, purification and characterization of recombinant fibrinogen has
already been described.!! 112 Hyman a-thrombin was purchased from
Sigma Chemical Co. (St. Louis, MO).

Adhesion Assay
25 ul of plasma, diluted 1:5 with PBS, was added to each well of a 96

well immunosorbant plastic plate (Nunc; Naperville, IL). An equal amount
of thrombin (Sunits/ml) was then added to each well and the plate was
stored overnight at 4°C. The wells were washed twice with PBS, blocked
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with 10 mg/ml of BSA-PBS for 1 hour at 37°C and in some experiments, pre-

incubated with an anti-human vitronectin polyclonal antibody for 15
minutes. The smooth muscle cells (50,000 cells/ well) were pre-incubated for
15 minutes at room temperature with the indicated antibody in serum-free
Waymouth media containing 1 mg/ml of BSA, and then allowed to adhere
to the substrate at 37°C/5% CO2 for 1 hour. Non-adhering cells were washed
off using PBS that was pre-warmed at 37°C, and the adhering cells were fixed
in 4% paraformaldehyde and stained with 4% paraformaldehyde containing
0.5% toludine blue. The color was solubilized using 1% SDS and color
intensity was measured using an ELISA reader set at 595nm 113, All
experiments were carried out independently at least twice with n=3 for each

group.

Plasma Clot Contraction Assay
This assay is based on the one published by Ylanne et al. 31 Cultured

human smooth muscle cell lines were harvested using trypsin-EDTA,
washed twice in 0.5mg/ml of soybean trypsin inhibitor (Sigma Chemical
Co.; St. Louis, MO), and resuspended at a concentration of 107 cells/ml in
serum-free, Hepes (25mmol/L) buffered-DMEM (GIBCO/BRL; Gaithersburg,
MD). 40ul of diluted human gelatin sepharose treated plasma was added to
700,000 smooth muscle cells (70ul) in a 6mm X 50mm pre-siliconized,
autoclaved borosilicate test tube. For the HNB18E6E7 smooth muscle cells,
the optimal plasma: Hepes-DMEM ratio was 1:5 while for the ductus smooth
muscle cell, it was 1:3. Lastly, 40ul of a mixture containing 28mmol/L CaClp
and 5 units/ ml of thrombin in serum-free, Hepes-DMEM was added to the
test tube. The test tubes were incubated at 37°C with 5% CO,. Pictures were
taken with an Olympus OM2 camera using Kodak Ektachrome T64 slide
film (Rochester, NY) and a Zuiko 50mm 3.5 macro lens at t=0 and at time
points specified in the figure legends. The slide was projected onto a piece of
paper and the clot was traced. From the tracing, a two dimensional area was
calculated to determine the percent of clot contraction using the following
equation.
% Clot Contraction (t= 8 hrs) = 100 - [area t=8 hrs x 100]
area at t=0
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The mean and the standard error (SE) were calculated (Microsoft Excel;

Redmond, WA). All experiments were carried out independently at least
twice with n=3 for each group. One representative experiment is shown.

Recombinant Fibrin Clot Contraction Assay and Adhesion

The assays were similar to what was described above except that
recombinant fibrinogen!!? 112 at a final concentration of 0.2mg/ml, was
used instead of human gelatin sepharose treated plasma.

Metabolic Labeling with Cycloheximide

Equal numbers of human smooth muscle cells were plated on 60mm
tissue culture dishes and grown to 70% confluence. At that time they were
washed once with PBS, once with methionine free DME media (Gibco/BRL;
Gaithersburg, MD) and incubated for 30 minutes at 37°C in methionine free
DME media. Methionine free DME media containing 35S-methionine
(Amersham Life Science, Inc.; Arlington Heights, IL) with or without
cycloheximide (80pg/ ml) was added to the cells and the cells were incubated
at 37°C. At the time points listed on the graph, the cells were washed twice
with PBS and lysed on ice using an extraction buffer (PBS, 1% Triton X-100)
containing a protease inhibitor cocktail (Pierce; Rockford, IL). After 10
minute, the lysates were scraped from the plate and 400 ul was placed in
EcoLite scintillation cocktail (ICN; Costa Mesa, CA). The amount of
radioactivity was measured using a Beckman LS 5000CE scintillation
counter (Palo Alto, CA).

Western Blot Analysis of Fibronectin proteins

2X SDS sample buffer was added to either the supernatant or the cells
obtained from the contraction assay. The proteins were electrophoresed on
a 5% SDS polyacrylamide gel and then transferred to PolyScreen PVDF
transfer membrane (NEN Research Products; Boston, MA) using standard
protein transfer techniques. The PVDF membrane was first probed with an
antibody against human fibronectin at 1/100,000 dilution followed by a goat
anti-mouse antibody at 1/100,000 dilution. The proteins were visualized
using Renaissance Western Blot chemilumenscence Reagent (NEN Life
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Science; Boston, MA) and by exposing the membrane to autoradiography

film.

Statistical Analysis

StatView 4.5 for MacIntosh (Abacus Concepts, Inc., Berkeley, CA) was
used to calculate the p-values for all of the data. Briefly, the percent clot
contraction (contraction assay) or the absorbance at 595nm (adhesion assay)
was entered into the program. The mean, variance, standard deviation and
standard error were calculated. If the variance between groups differed
more than 20 fold, transformation analysis was performed on the raw data.
In this paper, the function used for the contraction assays was the log (x)
where x represents the % clot contraction. For the adhesion assays, the
function 1/x was used to transform the data, where x represents absorbance
at 595nm. Using either the transformed data or raw data, an F-test was
performed as well as an ANOVA. If the ANOVA conveyed a p-value less
than 0.05, than a Fisher's PLSD was calculated. A p-value less than 0.05

indicates statistical significance.

Results

Integrin Surface Expression Pattern on Human Smooth Muscle Cell Lines

The data from flow cytometry analysis indicated that both
HNB18E6E7 and ductus smooth muscle cell lines expressed a number of
different integrins on their surfaces, and except for a3, the amount of each
integrin was comparable between the lines. Notably both cell lines
expressed a large amount of 1 on their surface and a small amount of avg3
and av@5 (Figure 2.1). In increasing amounts, HNB18E6E7 smooth muscle
cells expressed the integrin al, a4, avf3, avp5, a3, a5, av, a2 and 1, while
ductus smooth muscle cells expressed al, a4, avp3, avB5, av, a5, a 2, a3
and @1 on their cell surface. We could not detect expression of the subunits
a6 and of. By immunoprecipitating biotin labeled surface proteins, we
could detect avf3, a581, av and B1 expression on HNB18E6E7. We could
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not detect a8 expression (data not shown). In Table 2.1, a list of the

antibodies and their antigens is presented.

Contraction of Plasma Clots by Human Smooth Muscle Cell Lines

When either the HNB18E6E7 or ductus smooth muscle cell line were
incorporated into a plasma clot, they were able to contract the plasma clot to
a smaller area. To determine which integrins mediate plasma clot
contraction by human smooth muscle cell lines, we measured the ability of
peptides that are known to bind to various integrins to inhibit clot
contraction. As seen in Figure 2.2A, the linear peptides GRGDSP and
GRGESP did not inhibit clot contraction by HNBISE6E7 cells. There were no
significant differences among the groups (p-values > 0.05). These peptides
were functional since they blocked smooth muscle cell adhesion to
vitronectin at the same concentrations (data not shown). In contrast to the
linear peptides, a cyclic peptide, penRGD, blocked plasma clot contraction by
HNB18E6E7 approximately 75% at the highest concentration tested (p-
value<0.001) (Figure 2.2A). This peptide has been shown to block cell
adhesion to vitronectin but not to fibronectin.** In our hands penRGD at
concentrations between 250-500uM slightly blocked cell adhesion to
fibronectin, but at 100uM significantly blocked adhesion to vitronectin (data
not shown). The simple interpretation would be that penRGD blocks all
vitronectin integrins (avf1l, avgf3, and avf5), but because avp3 is also a
receptor for fibronectin, it had an effect on adhesion to fibronectin at high
concentrations . Therefore the av integrins may be important during
plasma clot contraction.

Antibodies against specific integrins were tested for their ability to
inhibit plasma clot contraction. The first antibody, ¢7E3 Fab, was made
against platelets and recognizes allbf3 and avp3 1% As expected this
antibody blocked adhesion of the ductus smooth muscle cell line to
vitronectin (data not shown). In the plasma clot contraction assay, ¢7E3 Fab
at 150 pg/ml blocked HNB18E6E7 mediated contraction by 50%; however, a
Fisher PLSD test gave a p-value greater than 0.05 indicating that this
inhibition was not statistically significant (Figure 2.2B). Likewise, a second
antibody, LM609, which specifically blocks avp3 %, did not significantly
inhibit contraction of a plasma clot at the concentrations tested (Figure 2.2B)
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nor did an av specific antibody, L230, at 100ug/ml (data not shown). In
contrast, a purified p1 integrin antibody (P4C10), a purified a5 antibody (Mab
16) and an ascites antilgody against a581 (JBSS) blocked contraction of plasma
clots (p-value<0.01)(Figure 2.2C). The purified mIgG antibody and the non-

blocking B1 ascites (LM534) had no effect (Figure 2.2C).
Similarly, plasma clot contraction by ductus smooth muscle cells was

not inhibited by antibodies against avB3 (data not shown). Surprisingly, the
cyclic peptide, penRGD, did not inhibit contraction of plasma clots by ductus
smooth muscle cells (data not shown). However, the neutralizing B1 ascites
(P4C10) did inhibit clot contraction. At 1/100 dilution, clot contraction was
inhibited 100%, but a 1/100 dilution of a non-blocking f1 ascites (LM534) had
no effect (p-value<0.001) (data not shown).

Contraction of Recombinant Fibrin Clots by Human Smooth Muscle Cell
Lines

To determine whether plasma molecules other than fibrin contribute
to smooth muscle cell clot contraction, we incorporated recombinant
fibrinogen in the established clot contraction assay. Both smooth muscle
cell lines contracted the recombinant fibrin clots in the absence of exogenous
plasma proteins. Contraction of recombinant fibrin clots by HNB18E6E7 was
not inhibited by either penRGD (Figure 2.3A) or by L230, an anti-av antibody
(Figure 2.3A). The anti-avB3 antibody, LM609, also did not inhibit
contraction (data not shown). In contrast, contraction was inhibited by
neutralizing antibodies to g1 (P4C10) and a5 (Mab 16) (p-value<0.05) while a
mlgG control did not block contraction (Figure 2.3B). An antibody against
a51 (JBSS) also inhibited recombinant fibrin clot contraction by HNB18E6E7
(data not shown). Similar results were found with ductus smooth muscle
cells. LM609, an anti-avB3 antibody, did not block recombinant fibrin clot
contraction by ductus smooth muscle cells, but the anti-B1 ascites (P4C10) at
1/100 dilution did block recombinant fibrin clot contraction (data not
shown). The anti-a5 and anti-a51 antibodies also blocked contraction of
recombinant clots by ductus smooth muscle cells (data not shown).

Adhesion Assays Using Plasma Clots as a Substrate
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To determine a possible mechanism of inhibition of contraction, we

looked at the effect of the antibodies and peptides on adhesion of smooth
muscle cells to plasma clots. Adhesion of HNB18E6E7 to plasma clots was
inhibited by ¢7E3 Fab and LM609, anti-avf3 antibodies (p-value<0.05), and to
a greater extent by penRGD and L230, an anti-av antibody (p-
value<0.01)(Figure 2.4A). Adhesion of HNB18E6E7 to vitronectin was also
inhibited significantly by c¢7E3, LM609, L230 and penRGD at the same
concentrations (data not shown). The g1 antibody (P4C10), a5 antibody (Mab
16) and ascites 51 antibody (JBS5) also inhibited adhesion of human
smooth muscle cell lines to plasma clots (p-value<0.05)(Figures 2.4B, C).
P4C10 at 25 ug/ml also significantly inhibited adhesion to laminin (data not
shown). The o581 and a5 antibodies inhibited adhesion to fibronectin, but
did not inhibit cell adhesion to collagen (data not shown). Human smooth
muscle cells did not adhere to either thrombin or BSA coated wells (data not
shown). Comparable results were obtained with ductus smooth muscle cells
using P4C10 ascites (data not shown).

Adhesion Assays Using Recombinant Fibrin Clots as a Substrate

Next we examined the ability of antibodies and cyclic peptides to
inhibit adhesion of human smooth muscle cell lines to recombinant fibrin.
To our surprise, adhesion to recombinant fibrin was poorly inhibited by
antagonists of avf3 (c7E3 Fab and LM609) and av (L230) (Figure 2.5A).
However, the cyclic peptide, penRGD, inhibited adhesion 50% (p-
value<0.05) (Figure 2.5A). Furthermore, the p1 neutralizing antibody, the
a5 neutralizing antibody and a5p1 antibody all had a statistically significant
inhibitory effect (p-value<0.05)(Figures 2.5B, C). Similar results were found
using the ductus smooth muscle cell line. Cell adhesion to recombinant
fibrin was inhibited by antibodies against a5, a581 and B1, but not by
antibodies against avpf3 (data not shown).

Adhesion Assay Using an Antibody Against Human Vitronectin

The differential effect of anti-avf3 antibodies on smooth muscle cells
adherence to plasma clots versus recombinant fibrin clots was puzzling. To
determine whether the ligand for av@3 in plasma clots was vitronectin, we
decided to treat the matrix with an antibody against human vitronectin, one
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of the main ligands for avB3. The matrix was preincubated with either the
anti human vitronectin polyclonal antibody or a rabbit IgG control. We
found that adhesion of HNB18E6E7 was significantly inhibited by this
antibody at 184ug/ ml and 337ug/ml while the IgG control had no effect at
the same concentrations (p-value <0.01) (Figure 2.6). This suggests that in
plasma clots, vitronectin is one of the substrates that the HNB18E6E7
smooth muscle cells are recognizing. This antibody also inhibited
HNBI18E6E7 adhesion to vitronectin, but not to whole plasma (data not
shown).

Fibrin Clot Contraction Assay in the Presence of Cycloheximide

To determine if protein synthesis is required for fibrin clot
contraction, HNB18E6E7 smooth muscle cells were treated with 80 ug/ml of
cycloheximide for one hour. In both plasma and recombinant clot
contraction assays, the ability of the cells to contract the clot was not effected
by the presence of cycloheximide (Figure 2.7). To characterize whether cells
were secreting fibronectin during the assay, the supernatant or clot was
removed from the test tube at the conclusion of the experiment and
electrophoresed on a SDS polyacrylamide gel. Following transfer to a PVDF
membrane the presence of human fibronectin was detected using an anti-
human fibronectin antibody which does not cross react with bovine
fibronectin. Fibronectin was detected in the samples that were treated with
cycloheximide, indicating that secretion occurred (Figure 2.8). At the same
time, a metabolic labeling experiment was carried out in the presence and
absence of cycloheximide. The results showed that protein synthesis was
decreased by 95% during the time frame of the contraction assay (Figure
2.9A). To test whether cell-fibrin interaction via a5p1 was dependent on
protein synthesis, a plasma clot contraction assay was carried out in the
presence of cycloheximide and anti-a5 antibody. Anti-a5 antibody still
inhibited plasma clot contraction in the presence of cycloheximide (Figure
2.9B). Therefore, a5 may be interacting with a protein present in the initial
plasma clot or with a secreted matrix protein.
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Discussion

While it is logical to assume that narrowing of atherosclerotic or
restenotic vessels is a simple result of accumulation of plaque material,
several studies in human and animals have failed to show a correlation
between intimal plaque mass and stenosis. % ¥ 73 74 We have been
intrigued by the possibility that intra-mural fibrin, a prominent component
of advanced plaques 147 and a critical component of the provisional matrix
required for wound healing, 76 might play a role in wound contraction and
thus in narrowing of injured vessels. This hypothesis is supported by
studies by Courtman et al. 37 who used a factor VIIa inhibitor in a balloon
injury rabbit model. The VIIa inhibitor prevented the generation of
thrombin, and thus less fibrin was deposited on and in the vessel of the
treated animals. The control animals but not the treated animals showed
vascular narrowing. Importantly, the areas of the media and intima in the
two groups did not differ, suggesting that the difference in lumen size was
not due to change in mass but to remodeling. These data suggest that fibrin
could play a role in vascular narrowing.

The data presented in this paper demonstrate that human smooth
muscle cell lines are able to contract clots composed of either plasma that
has been depleted of fibronectin, or recombinant fibrinogen. Because avf3
has been reported to be a fibrin receptor on nucleated cells, °7» 115 we
expected that LM609 and 7E3 Fab, two antibodies against avf3, would inhibit
smooth muscle cell contraction of fibrin clots. Remarkably, antibodies
against av3 failed to significantly inhibit contraction of fibrin clots. We did
not see any inhibition even at 100 pg/ml of LM609. However, the cyclic
peptide (penRGD), the B1 antibody (P4C10), the a5 antibody (Mab 16) and
the a5p1 antibody (JBS5) inhibited contraction of plasma clots by human
smooth muscle cell lines. With recombinant fibrin clots, P4C10, Mab 16 and
JBSS inhibited smooth muscle cell mediated contraction. These data suggest
that contraction of fibrin clots by human smooth muscle cell lines is mainly
mediated by the a581 integrin.

In concurrence with the contraction assay data, antibodies PAC10, Mab
16, and JBS5 also inhibited cell adhesion to both plasma clots and
recombinant fibrin clots. Furthermore, cell adhesion to plasma clots was
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inhibited by the anti-avf3 antibodies (LM609 and 7E3 Fab), an anti-av
antibody (L230), the cyclic peptide (penRGD) and an anti-vitronectin
antibody suggesting that vitronectin may be the ligand for avp3 in this
system. In contrast, adhesion to recombinant clots was not inhibited by anti-
avf3 antibodies. This result is not surprising since vitronectin should not
be present in recombinant fibrin. However, the cyclic peptide, penRGD, did
prevent cell adhesion to recombinant fibrin at 500uM. We found that at
high concentrations, penRGD will inhibit smooth muscle cell adhesion to
fibronectin. Overall, the data suggest that adhesion to recombinant fibrin is
a5p1 dependent while adhesion to plasma clots involves avf3 and a581.
Thus adhesion to recombinant fibrin clots may be mediated by a subset of

the integrins involved in plasma clot contraction and adhesion.
The differential effect of anti-avB3 antibodies on plasma clot

contraction versus cell adhesion may be due to the inherent differences in
the two processes. Human smooth muscle cells will spread when placed
within a plasma clot, but remain rounded within a recombinant fibrin clot
(unpublished data, 1997). In both situations, the cells will contract the fibrin
clot. In contrast, during adhesion to both plasma clots and recombinant
fibrin clots, the cells achieve a spread morphology. Furthermore we have
observed that anti-avf3 antibodies prevent cell spreading in both assay
systems. This may not affect the cell's ability to contract a fibrin clot, but it
may affect the cell’s ability to adhere to a clot.

In our assays, we have also seen conflicting results between the anti-
av antagonists. The peptide (penRGD) did not block contraction, but it did
block adhesion to recombinant clots. In contrast, the anti-av antibody (L230)
did not inhibit either smooth cell adhesion to or contraction of recombinant
fibrin clots. The two different results using anti-av antagonists may be due
to the different epitopes that are recognized by the peptide and the antibody.
We also saw that penRGD blocked plasma clot contraction while LM609 did
not have an effect. This could be due to the fact that penRGD blocks all av
integrins while LM609 only blocks avg3. If vitronectin is playing a role in
cell interaction with plasma clots, then LM609 may not have a significant
effect due to the availability of the other two av integrins to interact with
the matrix.
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The idea that a 1 integrin is a fibrin receptor is not novel. Three
groups have reported that cells will adhere to fibrinogen via a 81 integrin.
8183 Marshall et al. demonstrated that adhesion of avB3 negative human
melanoma cells to fibronectin depleted fibrinogen was inhibited by
antibodies against av and B1, thus implicating avfl as the integrin
mediating this interaction. Human melanoma cells that express high levels
of both avfl and avf3 did not adhere to fibronectin depleted fibrinogen in
the presence antibodies against avg3. Anti-B1 antibodies had no effect. 81
Neugebauer et al. showed that adhesion of a chicken myeloblast cell line,
which express avf3 and not avfl, to commercial fibrinogen was inhibited
by an anti-av3 antibody and a g1 antibody.82 Suehiro et al. reported that
endothelial cells bind directly to fibrinogen via a581 in the presence of
maganese. However, in the presence of calcium, integrin mediating
endothelial interaction with fibrinogen was through avp3.8

Several factors distinguishes these three studies from ours. First,
fibrinogen and not fibrin was the matrix of choice and it was not determined
whether the cells were secreting any matrix proteins. Second, these
investigations utilized either commercial fibrinogen, which is likely to be
contaminated with plasma proteins, or gelatin sepharose treated plasma.
Gelatin sepharose treated plasma has been used to effectively isolate cell-
fibrinogen interaction because cells can adhere to fibrinogen via fibronectin.
Therefore the source of fibrinogen could also influence any results. In our
studies, we have used recombinant fibrinogen, which is initially free of
contaminating plasma proteins, and may be a better source of "pure"
fibrinogen. We have also repeated the contraction assays using whole
plasma, a more physiologically relevant source of fibrinogen, and found
inhibition by both Mab 16 and P4C10 (unpublished data, 1997). Therefore,
we conclude that a581 may participate in smooth muscle cell adhesion and
contraction of physiologically relevant plasma clots.

Whether the smooth muscle cells are utilizing a581 to directly
interact with fibrin is still unclear. We found that the addition of
cycloheximide to the cell culture did not affect the cells' ability to contract
either a plasma clot or a recombinant fibrin clot; however, we also found
that even in the presence of cycloheximide, the cells secreted fibronectin.
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What role fibronectin plays in smooth muscle cell contraction and adhesion

to fibrin clots is still being investigated. The linear GRGDSP peptide and the
cyclic penRGD peptide did not inhibit recombinant fibrin clot contraction.
This could indicate that a581 on smooth muscle cells is not binding to an
RGD site on fibronectin during recombinant fibrin clot contraction. Thus
we need to consider the possible sites of fibrin that may be binding sites for
integrins. It should be noted that Suehiro et al. determined that endothelial
cells bind the C terminal RGD site on the alpha chain of fibrinogen, 8 while
Smith et al. demonstrated that this RGD site is not required to support
endothelial cell-mediated clot retraction. 16

Finally, the accuracy of the representation of integrins in cultured
smooth muscle cells as a model for integrins in smooth muscle cells in vivo
is an important issue. Surprising little is known about the profile of
integrins expressed by vascular smooth muscle cells in vivo. 117-121
Hoshiga et al. found that smooth muscle cells of both atherosclerotic and
non atherosclerotic coronary arteries expressed diffuse but extensive
amounts of avp3 in the media.  This study also showed that avf3 is
expressed in some smooth muscle cells that have accumulated in the intima
but such cells are relatively rare. Recently, Dr. Yuji Ikari has seen o581
expression on smooth muscle cells in atherosclerotic lesions®. In contrast
to the in vivo studies, cultured smooth muscle cells express variable levels
of avp3. % This difference in integrin expression may be due to culture
conditions as it is known that the extracellular matrix affects the integrin
expression pattern on cultured cells. 12 The two cell lines examined here
were chosen because they consistently express avB3 as well as a selection of
B1 integrins.

Our data is not the first to study the interactions of smooth muscle
cells with fibrin. Barbieri et al. showed that bovine smooth muscle cells
contract fibrin clots, and Naito et al. have investigated bovine smooth
muscle cell attachment and migration on purified bovine fibrin obtained
commercially. 8,123,124 we have shown that human smooth muscle cell
lines are able to contract a fibrin clot and that certain integrins mediate this
interaction. Surprisingly, antibodies to the avp3 integrin, a known receptor
for fibrin, did not significantly inhibit contraction, while antibodies to a5, g1
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and a5B1 significantly blocked contraction. This advocates that aS5g1
integrin is important in this process. The fact that the smooth muscle cells
are able to contract a fibrin matrix in vitro suggest that this event can occur
in vivo and thus contribute to vessel narrowing during atherosclerosis
progression.



39

8

| OHNB18E6E7

N @
o O

| ®Ductus smc

Peak Fluorescent Intensity

J

migGaipha alpha alpha alpha aipha alpha alpha alphabeta 1 avB3 avB5
1 2 3 4 5 6 9 v

0
o O

E-3
o

o

== N W
o O

o

Figure 2.1: Integrin surface expression pattern on HNB18E6E7 and Ductus
smooth muscle cells.

(A) Cells were incubated with the following primary antibodies: mIgG,
SE8D9 (anti-alpha 1), P1E6 (anti-alpha 2), P1B5 (anti-alpha 3), P4G9 (anti-
alpha 4), P1D6 (anti-alpha 5), JIBS (anti-alpha 6), Y9A2 (anti-alpha 9), 1980
(anti-alpha v), P4C10 (anti-beta 1), LM609 (anti-avp3), and P1F6 (anti-av@5),
followed by a phycoerythrin conjugated anti-mouse IgG. Peak fluorescent
intensity was measured by flow cytometry.



Figure 2.2: Effect of peptide antagonists and anti-integrin antibodies on
plasma clot contraction by HNB1SE6E7.

Human smooth muscle cells were untreated or treated with either (A) 100
#M, 250 uM or 500 uM GRGDSP/GRGESP peptides or 100 uM, 250 uM or 500
uM penRGD peptides (B) 150 ug/ml of 7E3 FAB or mIgG FAB, 40 ug/ml or
100 ug/ml of LM609 (anti-av$3) or migG (C) 100 pg/ ml of P4C10 (anti-B1) or
mIgG, 40 ug/ml of Mab 16 (anti-a5)or migG, or 1/500 dilution of JBS5 (anti-
a5p1) and 1/500 dilution of LM534 (non-blocking anti-g1) for 30 minutes at
room temperature. Fibronectin depleted human plasma and human
thrombin were added to the cells to form a clot, and the clot was incubated at
37°C for 8 hours. The % clot contraction was calculated as described in
methods. Values represent the mean + standard error (n=3).
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Figure 2.3: Effect of a cyclic-peptide antagonist and anti-integrin
antibodies on recombinant clot contraction by HNB18E6GE?7.

Human smooth muscle cells were untreated or treated with either (A) 100
uM, 250 uM or 500 uM of penRGD or 100ug/ml of L230 (anti-av) or migG (B)
50 pg/ml and 100 pg/ml of P4C10 (anti-B1) or mIgG, 60 ug/ml or 100 pg/ml of
Mab 16 (anti-a5) or mIgG for 30 minutes at room temperature. Recombinant
fibrinogen and human thrombin were added to the cells to form a clot, and
the clot was incubated at 37°C for 8 hrs. The % clot contraction was
calculated as described in methods. Values represent the mean + standard
error (n=3).



Figure 2.4: Inhibition of cell adhesion to plasma using anti-integrin
antibodies

(A) Inhibiting adhesion of HNB18E6E7 smooth muscle cells to plasma clots

using anti-avf3 antibodies (LM609 and c7E3 Fab), anti-av antibody (1.230)
and a cyclic peptide. Plasma and thrombin were coated onto a 96 well plate
overnight for 24 hrs at 4°C. Human smooth cells were preincubated for 15

minutes at room temperature with either 10 pug/ml of LM609, 100 ug/ml of
c7E3 Fab or mlIgG Fab, 40 ug/ ml of L230 or mIgG or 500 uM of penRGD. The
cells were allowed to adhere to the substrate for 1 hour at 37°C and non-
adhering cells were washed off with PBS. The adhering cells were fixed with
4% paraformaldehyde and stained with toludine blue. The color intensity
was measured by an ELISA reader at 595nm. Values represent the mean
divided by the mean of the No Ab control + standard error (n=3). (B)

Inhibiting adhesion of HNB18E6E7 to plasma clots using the anti-g1
antibody, P4C10. Procedure is the same as in figure 4A except that human
smooth muscle cells were preincubated for 15 minutes at room temperature
with 20 pg/ml, 40 ug/ml and 60 ug/ ml of P4C10 and miIgG. Values represent
the mean divided by the mean of the No Ab control + standard error (n=3).

(O) Inhibiting adhesion of HNB18E6E7 to plasma clots using the anti-a5

antibody, Mab 16, and the anti-a5p1 antibody, JBS5. Procedure is the same as
in figure 4A except that human smooth muscle cells were preincubated for
15 minutes at room temperature with either 20 or 40 ug/ml of Mab 16 or
mlgG, or 1/200 or 1/500 dilution of JBS5 or LM534. Values represent the
mean divided by the mean of the No Ab control + standard error (n=3).
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Figure 2.5: Inhibition of cell adhesion to recombinant fibrin using anti-
integrin antibodies

(A) Inhibiting adhesion of HNB1S8E6E7 smooth muscle cells to recombinant
fibrin using anti-avp3 antibodies (LM609 and c7E3 Fab), an anti-av antibody
(L230) or a cyclic peptide (penRGD). Recombinant fibrin and thrombin were
coated onto a 96 well plate overnight for 24 hrs at 4°C. Human smooth cells
were preincubated for 15 minutes at room temperature with either 20 ug/ml
of LM609 or migG, 150 ug/ml of c7E3 Fab or mlIgG or 500 uM of penRGD
peptide. The cells were allowed to adhere to the substrate for 1 hour at 37°C,
and non-adhering cells were washed off with PBS. The adhering cells were
fixed with 4% paraformaldehyde and stained with toludine blue. The color
intensity was measured by an ELISA reader at 595nm. Values represent the
mean divided by the mean of the No Ab control + standard error (n=3). (B)
Inhibiting adhesion of HNB18E6E7 smooth muscle cells to recombinant

fibrin using the anti-g1 antibody, P4C10. The procedure is the same as in 5A
except that human smooth cells were preincubated for 15 minutes at room
temperature with 20 ug/ml, 40 ug/ml and 60 pg/ml of P4C10 and migG.
Values represent the mean divided by the mean of the No Ab control +
standard error (n=3).(C) Inhibiting adhesion of HNB18E6E7 smooth muscle

cells to recombinant fibrin using the anti-a5 antibody, Mab 16, and the anti-

@51 antibody, JBS5. The procedure is the same as in 5A except human
smooth cells were preincubated for 15 minutes at room temperature with 20
or 40 ug/ml of Mab 16 or mIgG, or 1/200 or 1/500 dilution of JBS5 or LM534.
Values represent the mean divided by the mean of the No Ab control +
standard error (n=3).
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Figure 2.6: Effect of an anti-human vitronectin polyclonal antibody on
HNB18E6E7 adhesion to plasma clots.

The procedure is similar to the one in figure 5 except that plasma clots were
preincubated for 15 minutes at room temperature with 33 ug/ml, 184 ug/ml
or 337 ug/ ml of vitronectin polyclonal antibody or rabbit IgG. Untreated
cells were then added to each well. Values represent the mean divided by
the mean of the No Ab control + standard error (n=3).
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Figure 2.7: Effect of cycloheximide on plasma clot and recombinant fibrin
clot contraction by HNB1SE6GE7.

Cells were preincubated with 80 ug/ml of cycloheximide for 1 hour. Either
fibronectin depleted human plasma or recombinant fibrinogen and human
thrombin were added to the cells to form a clot, and the clot was incubated at
37°C for 8 hrs. The % clot contraction was calculated as described in
methods. Values represent the mean + standard error (n=3).
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Figure 2.8: Presence of fibronectin in the supernatant and the cellular clot
in the presence and absence of cycloheximide.

Either the supernatant or the clot was removed from the experiment in
figure 6. The samples were electrophoresed on a 5% SDS-PAGE, transferred
to a membrane and probed with an anti-human fibronectin antibody and a
goat-anti-mouse antibody.
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Figure 2.9: Effect of cycloheximide on protein synthesis and clot
contraction

(A) Effect of cycloheximide on protein synthesis. Smooth muscle cells were
incubated with 80 ug/ml of cycloheximide and 35S-methionine in
methionine-free DME media for 9 hours. At 1, 3, 5, 7 and 9 hours, cells were
lysed and the supernatant was measured in a scintillation counter for the

presence of 355-methionine. (B) Effect of cycloheximide and anti-a5
antibody, Mab 16, on plasma clot contraction. Smooth muscle cells were

incubated with 80 pg/ml of cycloheximide for 1 hour and 40 ug/ml of anti-a5
antibody, Mab 16, for 30 minutes at room temperature. Fibronectin depleted

plasma and human thrombin were added to the cells to form a clot, and the

clot was incubated at 37°C for 8 hrs. The % clot contraction was calculated as
described in methods. Values represent the mean + standard error (n=3).



Table 2.1. List of antibodies and their antigens

Antibody Antigen
LM609 avB3

c7E3 Fab avf3 and allbf3
L1230 av '
Mab 1980 av

P4C10 B1

DE9 B1

LM534 B1

5E8D9 al

P1E6 a2

P1B5 a3

P4G9 ad

Mab 16 o5

JBSS a5p1

JIB5 ab

Y9A2 a9

P1F6 avSs

Polyclonal VN
Ascites Clone I

human vitronectin
human fibronectin




Chapter 3: Fibronectin Plays a Critical Role in Human
Smooth Muscle Cell Interaction with Fibrin

This chapter is part of a manuscript that will be submitted for publication by
Karen O Yee, Michael M. Rooney, Susan T. Lord and Stephen M. Schwartz.
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Introduction to Chapter 3

The common belief is that vascular narrowing in atherosclerosis is
caused by an increase of cells, lipids and extracellular matrix molecules on
the vessel wall. However, both primary and restenotic vessels have been
shown to be able to accommodate an increase in lesion mass by adaptive
remodeling to maintain normal blood flow by enlarging the cross sectional
areas of the vessel. This process is called compensatory enlargement or
adaptive remodeling® % 7%, The failure of vessels to remodel or pathological
remodeling to actively narrow the vessel will lead to lumen narrowing and
clinical symptoms of atherosclerosis.

We have suggested that failure to remodel could be due to smooth
muscle cell interactions with fibrin during the wound healing that occurs
following plaque rupture!® 37. Courtman et al. demonstrated the
detrimental effect of fibrin on vessel lumen area during healing of injured
vessels 3. The abdominal aorta of a rabbit was twice injured using a balloon
catheter and treated with a Factor VIla inhibitor which prevented the
formation of thrombin and thus fibrin. This paper found that the treated
vessels had a larger lumen diameter than the untreated vessels without a
difference in the intima or media area. Thus fibrin was involved not only
in the failure of vessels to remodel after injury, but in an active narrowing
that might be considered pathological remodeling. Such a role for fibrin in
the vascular response to injury might explain the well known role of
fibrinogen levels and other precoagulants as risk factors in atherosclerosis.
Therefore we considered the possibility that fibronectin was the ligand,
perhaps acting as a bridge to fibrin (REF). Our clot contraction studies were
done in gelatin sepharose treated plasma and recombinant fibrin, situations
where we would not expect fibronectin to be present, other than trace
amounts of hamster fibronectin used to produce the recombinant fibrinogen
in the transfected CHO cells.

However, because integrin antagonists have been introduced as
therapeutic reagents, we attempted to define the integrins responsible for
human smooth muscle cell interaction with fibrin, an extracellular matrix
found in all wounds. We found that this interaction is mediated by the
a5p1 integrin!®. This integrin is a receptor for the extracellular matrix
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molecule, fibronectin, though recently one group has demonstrated that in

the presence of manganese a5B81 can be a receptor for fibrinogen on
endothelial cells 3 12, Fibrinogen, however, did not appear to be the
receptor in our studies because we demonstrated that fibronectin is secreted
by the cells during its interaction with fibrin, even in the presence of
cycloheximide. This suggests that there are internal stores of fibronectin in
human smooth muscle cells and these stores are released during human
smooth muscle cell interaction with fibrin. .

Fibronectin is a large glycoprotein that is secreted into the blood by
hepatocytes!?® and is also secreted by several cells types such as endothelial
cells, fibroblasts, chrondrocytes and glial cells!?. Fibronectin is found in the
matrix surrounding the cells as well as in the basement membrane. It is a
homodimer linked by disulfide bonds at the carboxyl terminus and within
each subunit exists a number of functional domains. Fibronectin has a
collagen binding domain, cell binding domain that includes the well known
integrin recognition motif RGD, a fibrin and transglutaminase interaction
region as well as glycosaminoglycan-binding domains!?”12, Thus
fibronectin could play a key role in this process.

Two different post-translational types of fibronectin exist, plasma and
cellular!¥, They differ in their isoelectric point, solubility, number of
subunits linked together by disulfide bonds and their size 126 128, Cellular
fibronectin is slightly larger than plasma fibronectin because of the existence
of the ED-A and ED-B domains 12, Cellular fibronectin also interacts with
the microfilament component of the cells 3. Both plasma and cellular
fibronectin will promote cell adhesion, cell spreading and cell migration®®
132,133 There are monoclonal antibodies that are able to distinguish
between the two forms 130, The receptors for fibronectin includes the
integrins avf3 and a581 which are expressed by numerous cells types
including endothelial cells, fibroblasts, melanoma and smooth muscle
cells121, 133,134

There is a precedent in thrombosis for proposing that an interaction
of fibrin and fibronectin may be important during wound healing. Platelets
adhere to fibrin during the initial injury and release fibronectin from their
alpha granules 13, Plasma fibronectin will also be caught up in the fibrin
meshwork of the thrombus. Fibrin interacts with fibronectin non-
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covalently, but can also be cross-linked to fibrin by transglutaminase or

Factor XIlla!®. The fibronectin binding site on fibrin(ogen) is on the Aa
chain and it is also the same site where Factor XIIla can cross-link
fibronectin to fibrin 137- 138, Op fibronectin, there are two fibrin(ogen)
binding sites on the N and C terminus of the molecule 129,139 1t would be
logical to assume that in healing wounds, fibronectin and fibrinogen will be
co-localized. Indeed cells attach and spread better on fibronectin-fibrin
matrices than on fibrin alone!#¥ 141, Therefore, smooth muscle cells in a
ruptured plaque could interact with fibrin through fibronectin.

In the work presented here, we extend our previous studies on
human smooth muscle cell interaction with fibrin. Using both monoclonal
and polyclonal antibodies we demonstrate that smooth muscle cell adhesion
and contraction of whole plasma clots, gelatin sepharose treated plasma clots
and recombinant fibrin clots are dependent on fibronectin. In particular we
show that both cellular and plasma fibronectins play a role in smooth
muscle cell interaction with fibrin and that this fibronectin could be acting
as a bridge molecule between the fibrin matrix and the smooth muscle cell.
Because fibronectin and fibrin will often be co-localized in atherosclerotic
plaques and areas of thromboses in vivo, we believe that the work presented
here highlights the importance of fibronectin in the overall scheme of
smooth muscle interaction with fibrin in the plaque. This component in
the equation should be taken into consideration when designing
pharmaceutical reagents for the prevention of atherosclerosis progression.

Materials and Methods

Antibodies and Reagents
Brefeldin A was purchased from Calbiochem (La Jolla, CA). Anti-

human fibronectin antibody (clone 3E1) was purchased from Gibco/BRL
(Gaithersburg, MD)®. This antibody does not recognize bovine fibronectin.
Human fibronectin was purchased from Sigma Chemical Co. (St. Louis,
MO).
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Cell Culture
Human Newborn 18 smooth muscle strain has been described

previously and was originally derived from the aorta of a newborn infant (2-
day old) autopsy. 107 12 This strain has been transfected with a plasmid
containing the type 16 human papilloma virus proteins E6 and E7, which
interact with p53 and Rb respectively, and cause immortalization of the cell.
18 Thus, the strain is now referred to as Human Newborn 18 E6E7
(HNB18E6E7). We have previously demonstrated that HNB18S8E6E7 interacts
with fibrin clots in the exact manner as non-immortalized smooth muscle
cells!®. Due to the fact that HNBISE6E7 human smooth muscle cells grow
well in culture while most others do not, we preferentially utilize this cell
strain. The cells were grown in Waymouth medium (GIBCO/BRL;
Gaithersburg, MD) containing 0.23% sodium bicarbonate, 0.35 mg/ml L-
glutamine, 1 mmol/L sodium pyruvate, and 0.01 mmol/L non-essential
amino acids (GIBCO/BRL; Gaithersburg, MD). This basic medium was
supplemented with 10% FCS (HyClone Laboratories, Inc.; Logan, UT).
HNB18E6E7 smooth muscle cells were harvested at passages 23-27.

Whole Plasma, Gelatin Sepharose Treated Plasma, Recombinant Fibrinogen
and Thrombin

Citrated human blood was centrifuged at 150 x g for 15 minutes at
20°C and the subsequent platelet-rich plasma was then centrifuged at 1400 x
g for 20 minutes at 20°C. A portion of the platelet-poor plasma (called whole
plasma) was stored at -70°C. The rest of the platelet-poor plasma was placed
on a gelatin-sepharose 4B column (Pharmacia; Uppsala, Sweden) that was
previously equilibrated with a buffer containing 0.05 mol/L Tris-HCL, pH
7.5, 5 mmol/L benzamidine and 0.02% sodium azide. The gelatin sepharose
treated plasma was collected and the extent of fibronectin depletion
determined by Western Blot analysis. In all cases, 80-90% of the fibronectin
was removed from the plasma. The gelatin sepharose treated plasma was
stored at -70°C. The production, purification and characterization of
recombinant fibrinogen has already been described.!'' 112 Hyman a-
thrombin was purchased from Calbiochem (La Jolla, CA).
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Purification of fibronectin from whole plasma
Fibronectin was isolated following a protocol published by Vuento

and Vaheri 110, Platelet-poor plasma was placed on a gelatin-sepharose 4B
column (Pharmacia; Uppsala, Sweden) that was previously equilibrated
with a buffer containing 0.05 mol/L Tris-HCL, pH 7.5, 5 mmol/L
benzamidine and 0.02% sodium azide. The gelatin-sepharose-fibronectin
column was washed with a 1 mol/L NaCl, 0.05 mol/L Tris-HCL, pH 7.5
buffer followed by a wash with a buffer containing 0.2 mol/L arginine, 0.05
mol/L Tris-HCL, pH 7.5. Fibronectin was eluted from the column in
fractions using a 1 mol/L arginine, 0.05 mol/L Tris-HCL, pH 7.5 buffer. The
fibronectin was dialyzed overnight at 4°C in 0.05 mol/L Tris-HCL, pH 7.5.
Fibronectin was concentrated using Centriprep concentrators (Amicon;
Beverly, MA).

Coupling of Fibronectin to Affi-gel 10 column
4 mis of Affi-gel 10 agarose (Bio Rad; Hercules, CA) was washed in

cold dHO twice. The slurry was resuspended in a buffer containing 0.1
mol/L MOPS pH 6.5, 80mmol/L CaCl. Human plasma fibronectin isolated
from human blood and purchased from Sigma Chemical Co (St. Louis, MO)
was added to the slurry. The mixture was rotated on a wheel for 4 hours at
4°C. 20 ul of 0.1 mmol/L ethanolamine, pH 8.0, was added to the slurry and
the slurry incubated at 4°C for another hour. The slurry was loaded into a 10
ml column (Bio Rad; Hercules, CA), washed with cold dH2O, washed with
Pierce ImmunoPure Ag/Ab Gentle Elution Buffer (Rockford, IL ) and then
washed with Pierce InmunoPure Ag/Ab Gentle Binding Buffer (Rockford,
IL).

Purification of R790, anti-fibronectin polyclonal antibody

R790, a polyclonal anti-fibronectin antibody serum, was a gift from Dr.
William Carter'®, The serum was placed over a DEAE affi-gel blue-affinity
chromatography column (Bio Rad; Hercules, CA) to remove any
contaminating serum proteins such as albumin. Subsequently, the serum
was placed on the affi-gel-10-fibronectin column described above. The
serum and the subsequent flow-through were reloaded multiple times on
the column to insure that all the anti-fibronectin antibody had attached.
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The column was washed twice with 10 bed volumes of Pierce ImmunoPure

Ag/Ab Gentle Binding Buffer and the antibody was eluted with Pierce
ImmunoPure Ag/Ab Gentle Elution Buffer (Rockford, IL). The antibody
was dialyzed overnight in a buffer containing 50 mmol/L Tris, pH 7.5, 100
mmol/L NaCl. The antibody was concentrated using Amicon Centriprep
concentrators (Beverly, MA).

Flow Cytometry

Human newborn smooth muscle cell lines were harvested with
trypsin-EDTA (GIBCO/BRL; Gaithersburg, MD), washed twice in PBS
containing 0.5 mg/ml of Soybean Trypsin Inhibitor (Sigma Chemical Co; St.
Louis, MO) and incubated on ice with the primary antibody (1:100 dilution)
in 50 pl of PBS containing 0.2% BSA (Sigma Chemical Co; St. Louis, MO) for
2 hours. The samples were subsequently washed three times with PBS
containing 0.2% BSA, and incubated for 1 hour with either the
phycoerythrin conjugated goat anti-mouse IgG secondary antibody
(Biomeda; Foster City, CA) or the fluorescein isothiocyanate conjugated
swine anti-rabbit IgG secondary antibody (Dako Corp.; Carpinteria, CA).
Cells were washed in PBS and fixed using 1% paraformaldehyde. Peak
Fluorescence Intensity was measured on a FACScan flow cytometer (Becton
Dickinson Inmunocytometry System; San Jose, CA).

Adhesion Assay
This assay has been previously described 1. Either whole plasma (1:5

dilution), gelatin sepharose treated plasma (1:5 dilution) or recombinant
fibrinogen (0.25 mg/ml) were added to each well of a 96 well
immunosorbant plastic plate (Nunc; Naperville, IL). An equal amount of
thrombin (5 units/ ml) was then added to each well and the plate was stored
overnight at 4°C. The wells were washed with PBS, blocked with BSA-PBS
for 1 hour at 37°C and pre-incubated with anti-human fibronectin antibodies
for 15 minutes. The smooth muscle cells (50,000 cells/well) were pre-
incubated for 15 minutes at room temperature with the indicated antibody
in serum-free Waymouth medium containing 1 mg/ml of BSA, and then
allowed to adhere to the substrate at 37°C/5% CO? for 1 hour. Non-adhering
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cells were washed off using PBS and the adhering cells were fixed in 4%

paraformaldehyde and stained with 4% paraformaldehyde containing 0.5%
toludine blue. The color was solubilized using 1% SDS and color intensity
was measured using an ELISA reader set at 595nm 113, All experiments
were carried out independently at least twice with n=3 for each group.

Plasma Clot Contraction Assay
This assay is based on the one published by Ylanne et al. and has been

previously described®” 1. Cultured human newborn smooth muscle cell
lines were harvested using trypsin-EDTA, washed twice in 0.5 mg/ml of
soybean trypsin inhibitor (Sigma Chemical Co.; St. Louis, MO), and
resuspended at a concentration of 107 cells/ml in serum-free, Hepes (25
mmol/L) buffered-DMEM (GIBCO/BRL; Gaithersburg, MD). Human
plasma (1:5 dilution), gelatin sepharose treated plasma (1:5 dilution) or
recombinant fibrinogen (0.75 mg/ml) were added to the smooth muscle cells
in a 6 mm X 50 mm pre-siliconized, autoclaved borosilicate test tube. Lastly,
a mixture containing 28 mmol/L CaCl2 and 5 units/ml of thrombin in
serum-free, Hepes-DMEM was added to the test tube. The test tubes were
incubated at 37°C with 5% COj. Pictures were taken with an Olympus OM2
camera using Kodak Ektachrome T64 slide film (Rochester, NY) and a Zuiko
50 mm £3.5 macro lens at t=0 and at time points specified in the figure
legends. The slide was projected onto a piece of paper and the clot was
traced. From the tracing, a two dimensional area was calculated to
determine the percent of clot contraction using the following equation.
% Clot Contraction (t= 10 hrs) = 100 - [area t=10 hrs x 100]
area at t=0

The mean and the standard error (SE) were calculated (Microsoft Excel;
Redmond, WA). All experiments were carried out independently at least
twice with n=3 for each group. One representative experiment is shown.

Enzyme Linked Immunosorbant Substrate Assay (ELISA)

Either whole plasma (1:5 dilution), gelatin sepharose treated plasma
(1:5 dilution) or recombinant fibrinogen (0.25 mg/ml) were added to each
well of a 96 well immunosorbant plastic plate (Nunc; Naperville, IL). An
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equal amount of thrombin (5 units/ ml) was then added to each well and the

plate was stored overnight at 4°C. Wells were washed twice with PBS and
blocked with PBS containing 2% BSA and 10% normal serum from horse
(monoclonal antibody) or goat (polyclonal antibody) for 1 hour at room
temperature. The wells were rinsed thrice with PBS and the primary
antibodies (mAb 3E1 or polyclonal antibody R790) were added for 1 hour at
room temperature. The antibody concentrations are stated in the figure and
figure legends. The wells were rinsed thrice with PBS and the secondary
antibody was added for 1 hour at room temperature. For biotinylated horse
anti-mouse secondary antibody, a 1:200 dilution in PBS/2% BSA was used.
For biotinylated goat anti-rabbit secondary antibody, a 1:1000 dilution in
PBS/2% BSA was used. The wells were rinsed thrice with PBS. The avidin-
biotin-peroxidase conjugate, from the Vectastain Elite ABC kit (Vector
Laboratories, Inc.; Burlingame, CA), was diluted in PBS/2% BSA, added to
the wells and left for 1 hour at room temperature. The wells were rinsed
thrice with PBS. Chromogenic solution (30mg of o-phenylenediamine in 30
mis of 0.1 mol/L sodium citrate (pH 4.5) with 15 ul of 30% H20;) was added
to all wells. The color was allowed to develop and the reaction was stopped
by the addition of 4.5 mol/L sulfuric acid. The color intensity was measured
at 490nm.

Western Blot Analysis of Fibronectin Proteins
2X SDS sample buffer was added to either the supernatant or the

fibrin/cell clot obtained from the contraction assay. The proteins were
electrophoresed on a 5% SDS polyacrylamide gel and then transferred to
PolyScreen PVDF transfer membranes (NEN Research Products; Boston,
MA) using standard protein transfer techniques. The PVDF membrane was
first probed with either a monoclonal anti-human fibronectin antibody or a
polyclonal anti-fibronectin antibody followed by either a goat anti-mouse
antibody or a goat anti-rabbit antibody at 1/100,000 dilution. The proteins
were visualized using Renaissance Western Blot chemilumenscence
Reagent (NEN Life Science; Boston, MA) and by exposing the membrane to
autoradiography film.
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Statistical Analysis
StatView 4.5 for MacIntosh (Abacus Concepts, Inc., Berkeley, CA) was

used to calculate the p-values for all of the data. Briefly, the percent clot
contraction (contraction assay) or the absorbance at 595nm (adhesion assay)
was entered into the program. The mean, variance, standard deviation and
standard error were calculated. If the variance between groups differed
more than 20 fold, transformation analysis was performed on the raw data.
In this paper, the function used for the contraction assays was the log (x)
where x represents the % clot contraction. For the adhesion assays, the
function 1/x was used to transform the data, where x represents absorbance
at 595nm. Using either the transformed data or raw data, an F-test was
performed as well as an ANOVA. If the ANOVA conveyed a p-value less
than 0.05, than a Fisher's PLSD was calculated. A p-value less than 0.05
indicates statistical significance.

Results

Brefeldin A _does not inhibit human smooth muscle cells contraction of a
fibrin clot

Previously, we demonstrated that human smooth muscle cells can
contract both a gelatin sepharose and a recombinant fibrin clot in the
presence of cycloheximide!®. When we analyzed the supernatant from
these clots through Western Blot analysis, we detected the presence of
human fibronectin. This suggests that when human smooth muscle cells
are put into these matrices, stores of fibronectin are released into the clot
supernatant 15, To determine whether cellular fibronectin is interacting
with a51 on the human smooth muscle cells as well as interacting with
fibrin, we treated the cells with Brefeldin A, an inhibitor of golgi transport
143,144 when we placed the cells in a recombinant fibrin clot, we saw that at
0.1 pg and 1.0 ug Brefeldin A did not significantly affect the cell's ability to
contract a fibrin clot (Figure 3.1A). When we repeated the experiment using
whole plasma as our source of fibrinogen, as expected we also didn't see any
effect (data not shown).
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We manually separated the recombinant fibrin-smooth muscle cell

clot from the surrounding supernatant and carried out a Western Blot
analysis on both the recombinant fibrin-smooth muscle cell clot and the
supernatant. We used an anti-fibronectin monoclonal antibody, clone 3E1,
that is specific for human fibronectin and does not recognize bovine
fibronectin. We did not find that human fibronectin is present in the
supernatant in the Brefeldin A treated cells demonstrating that Brefeldin A
did inhibit fibronectin release from the cell (Figure 3.1B). Thus if fibronectin
is the ligand for a5B1, these data suggest that the ligand is nascent
fibronectin on the cell surface itself.

Fibronectin is present on the surface of human smooth muscle cells

To determine whether fibronectin is already present on the surface of
these cells before the start of the experiment, we looked at surface expression
of fibronectin through flow cytometry. We incubated the cells with either
the anti-human fibronectin monoclonal antibody, 3E1, or the anti-
fibronectin polyclonal antibody, R790. We detected the binding of these
antibodies to the cell surface by using either a phycoerythrin conjugated
anti-mouse secondary antibody or a fluorescein isothiocyanate conjugated
anti-rabbit secondary antibody. We found both human fibronectin and non-
human fibronectin present on the cell surface (Table 3.1).

To address the same question in another way, we tested whether
human smooth muscle cells will adhere to R790 in a standard adhesion
assay. If the cells are able to adhere to the antibody, this suggests that there
must be fibronectin present on the cell surface. We plated 1, 5 and 10 ng/ml
of R790, rabbit polyclonal IgG antibody and human fibronectin in triplicates
in a 96 well plate. We found that human smooth muscle cells will adhere
to 5 and 10 pg/ml of R790 and human fibronectin but not to the same
concentrations of a non-specific rabbit polyclonal IgG (Figure 3.2). We also
found that human smooth muscle cells will not adhere to a polyclonal anti-
vitronectin antibody (data not shown). We repeated this experiment using
the monoclonal antibody, 3E1, as a substrate and saw smooth muscle cell
adhesion to this antibody (data not shown). These experiments suggest that
on the surfaces of human smooth muscle cells fibronectin is present.
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Fibronectin is important in human smooth muscle cell adhesion to fibrin

To determine if fibronectin is important in human smooth muscle
cell adhesion to fibrin, we utilized the blocking polyclonal anti-fibronectin
antibody, R790, in a standard adhesion assay. We first preincubated the
smooth muscle cells with R790 for 15 minutes and then added them to
recombinant fibrin, gelatin sepharose treated plasma clots and whole plasma
clots. Adhesion was not affected by the antibody (data not shown). Next we
preincubated the fibrin matrices with the antibody for 15 minutes and found
that human smooth muscle cell adhesion to recombinant fibrin, gelatin
sepharose treated plasma clots and whole plasma clots was significantly
inhibited in the presence of R790 (p-value<0.05) (Figures 3.3 A, B, C). A
rabbit polyclonal IgG antibody did not have an effect on smooth muscle
adhesion to fibrin when compared with the untreated control. As expected,
the polyclonal anti-fibronectin antibody R790 inhibited human smooth
muscle cell adhesion to human fibronectin (10 ug/ml) (p-value<0.001)
(Figure 3.4A) but did not inhibit cell adhesion to collagen (10 pg/ml) (Figure
3.4B). These data confirm that R790 specifically blocks cell adhesion to
fibronectin and that matrix fibronectin is a component in human smooth
muscle cell adhesion to fibrin clots.

Smooth muscle cell contraction of whole plasma clots utilize cell surface

fibronectin

We next tested the role of fibronectin in human smooth muscle cell
mediated contraction of whole plasma clots. We found that when R790 was
preincubated with either the cells (100 pug/ml) (Figure 3.5A) or with both the
cells and the matrix (50 ug/ml) (Figure 3.5C), smooth muscle cell contraction
of whole plasma clots was significantly inhibited (p-value<0.001). However,
when only the whole plasma was incubated with 100 ug/ml R790, clot
contraction was not affected (Figure 3.5B). Rabbit IgG antibody incubated
with the cells alone, matrix alone or with both the cells and the matrix did
not have a significant effect on whole plasma clot contraction by human
smooth muscle cells. Therefore, fibronectin present on the cell surface
seems to play a role than plasma fibronectin in smooth muscle cell
contraction of whole plasma dots.
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Smooth muscle cell contraction of gelatin sepharose treated plasma clots

utilize cell surface fibronectin

We also tested whether cell surface fibronectin was important in
smooth muscle contraction of gelatin sepharose treated plasma clots-clots
that have been depleted of fibronectin. When R790 at 100 ug/ml was
preincubated with smooth muscle cells (p-value<0.001) (Figure 3.6A), clot
contraction was sigm’ﬁczintly inhibited. When 50 pg/ml of R790 was
preincubated with both the cells and the gelatin sepharose treated plasma,
clot contraction was inhibited 100% (p-value<0.001) (Figure 3.6C). Again, it
seems that cell surface fibronectin plays a role in smooth muscle contraction
of gelatin sepharose treated plasma clots.

Smooth muscle cell contraction of recombinant fibrin clots utilize a non-
human fibronectin

Lastly we tested the effect of the anti-fibronectin polyclonal antibody
R790 on smooth muscle cell contraction of recombinant fibrin clots. We
found that smooth muscle cell contraction of recombinant fibrin clots was
significantly inhibited when R790 was preincubated with recombinant
fibrinogen, a situation different from what was found for whole plasma (p-
value<0.05) (Figure 3.7A). When either smooth muscle cells alone or both
the smooth muscle cells and the recombinant fibrinogen were preincubated
with R790, there was a decrease in clot contraction, but this was not
statistically significant. These results are surprising because recombinant
fibrinogen should not have any fibronectin.

A non human fibronectin is a contaminating protein in_recombinant
fibrinogen
To determine what could be the protein in recombinant fibrinogen

that is responsible for smooth muscle cell interaction with fibrin and is also
the ligand for a5p1, we tested for the presence of fibronectin in recombinant
fibrinogen by using an ELISA assay. When we used the anti-human
fibronectin monoclonal antibody, 3E1, at 1: 10,000 and 1: 100.000 dilution, we
could not detect any significant amounts of human fibronectin in the
recombinant fibrin clot (Figure 3.8A). However, when using whole plasma
clots as a substrate, we detected the presence of human fibronectin as
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expected (Figure 3.8B). In contrast, when we used the polyclonal anti-

fibronectin antibody, R790, at 1 ug/ml and 5 pg/ml on both substrates, we
detected fibronectin in both sources of fibrinogen (Figure 3.9 A, B). In all
cases, mlgG and rabbit IgG did not give a positive result. Interestingly, when
we looked for fibronectin in the gelatin sepharose treated plasma clots, R790
also was positive in the ELISA assay (data not shown). These data suggest
that both human and non-human fibronectins are present in both gelatin
sepharose treated plasma and recombinant fibrinogen. The human
fibronectin could be smaller fragments of fibronectin that are not detected by
the monoclonal antibody, 3E1.

To determine if there are smaller fragments of fibronectin present, we
carried out a Western Blot Analysis on whole plasma, gelatin sepharose
treated plasma and recombinant fibrinogen. When using 3E1 as the primary
antibody, we found that in whole plasma, there were both high and low
molecular weight human fibronectin present (Figure 3.10A, Lane 3). In
gelatin sepharose treated plasma, there was only low molecular weight
human fibronectin seen (Figure 3.10A, Lane 2). In recombinant fibrinogen,
there was no human fibronectin in the sample (Figure 3.10, Lane 4).
However, when we used R790 as the primary antibody, we found that in all
three samples, fibronectin was present (Figure 3.10B, Lanes 1-4). We
conclude that there are human fibronectin fragments in the gelatin
sepharose treated plasma and that there is a non human fibronectin
contaminating the recombinant fibrinogen. Because the recombinant
fibrinogen is harvested from chinese hamster ovary cells that express the
proteins, we believe that the fibronectin is hamster in origin.

Discussion

We previously demonstrated that human smooth muscle cells
interact with fibrin through the integrin a5811%. This integrin has always
been considered to be a fibronectin receptor; however, recently Suehiro et al.
demonstrated that in endothelial cells, it can be a receptor for fibrinogen in
the presence of manganese83. In the work presented here, we further
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characterize smooth muscle interaction with fibrin by exploring the role of

fibronectin in this interaction. To do this, we utilized two different types of
anti-fibronectin antibodies, 3E1 and R790. 3E1 is a non-blocking,
monoclonal anti-human fibronectin antibody that does not cross react with
bovine fibronectin®®. From our data, it seems to recognize high molecular
weight fibronectin-probably either dimer or monomer fibronectin. The
other antibody is a blocking, polyclonal anti-fibronectin antibody that
recognizes both the high molecular weight as well as the lower molecular
weight fragments of fibronectin. This antibody also recognizes other species
of fibronectin such as bovine fibronectin (W. Carter, unpublished data,
1998).

We first determined that actively secreted fibronectin is not critical for
smooth muscle cell contraction of recombinant fibrin clots. We treated the
cells with Brefeldin A, an inhibitor of the Golgi exocytosis pathway, and
found that smooth muscle cells were able to contract a recombinant fibrin
clot (Figure 3.1). Next we used flow cytometry analysis and a standard
adhesion assay to determine if fibronectin was present on the cell surface
after harvesting. By flow cytometry, we saw that both 3E1 and R790
recognized fibronectin on the surface of the cell. However, R790 had a peak
fluorescent intensity 2.5 times greater than 3E1 (Table 3.1). This suggests that
there are either fragments of fibronectin on the cell surface or that there is a
non-human fibronectin, such as bovine fibronectin, present. These
fibronectin fragments could be surface fibronectin that has been cleaved by
trypsin during cell harvesting. When we looked at the ability of human
smooth muscle cells to adhere to antibodies coated on plastic, we saw that
the cells were able to bind to the anti-fibronectin antibodies but not to the
non-immune migG or rabbit IgG antibodies. This suggests that there is an
epitope on the cell surface that is recognized by the anti-fibronectin
antibodies. From these data we conclude that fibronectin is present on the
cell surface after cells are harvested.

We next looked at smooth muscle cell adhesion to three sources of
fibrinogen: whole plasma, gelatin sepharose treated plasma and
recombinant fibrinogen. When we pre-treated the cells with R790, cell
adhesion to these matrices was not inhibited. However when we pretreated
the matrices with R790 and then added the human smooth muscle cells to
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the wells, we found that smooth muscle cell adhesion was greatly reduced

in all three cases (Figure 3.3). Inhibition of smooth muscle cell adhesion to
recombinant fibrin was surprising because we assumed that there weren't
any other plasma proteins besides fibrinogen present. Interestingly,
inhibition of cell adhesion to recombinant fibrin by R790 showed a dose
dependent profile, while in both whole plasma clots and gelatin sepharose
treated plasma clots, the degree of inhibition was higher and saturated at the
initial concentration. Assuming that all the HNB18E6E7 smooth muscle
cells are similar in regards to the amount of fibronectin on their surfaces,
this could be due to (1) differences in the amount of fibronectin in the
matrices, (2) differences in the amounts of high and low molecular weight
fibronectin and (3) differences in the affinity of R790 for the different forms
of fibronectin. These data suggest that smooth muscle cells adhesion to
fibrin clots is mediated by fibronectin that is found in the matrices and that
non-human fibronectin may be present in recombinant fibrinogen.

We also wanted to know whether smooth muscle cell mediated fibrin
clot contraction relied on fibronectin. In these experiments we used all
three sources of fibrinogen and pre-incubated either the cells alone,
fibrinogen alone or both the cells and the fibrinogen with R790. When
using whole plasma as our source of fibrinogen, clot contraction was
inhibited when we incubated the cells with R790 while incubating only the
matrix did not have an effect. When we incubated both the cells and the
matrix (cells/matrix) with R790, contraction of whole plasma clots were
inhibited. When we looked at smooth muscle cell contraction of gelatin
sepharose plasma clots, incubation of both the cells and the cells/matrix
with R790 inhibited clot contraction. This suggests that cell surface
fibronectin is more important than soluble fibronectin for contraction of
plasma clots. However, when we carried out the same experiments but used
recombinant fibrin, clot contraction was only statistically inhibited if we
only pre-incubated the matrix suggesting a greater role for the non-human
fibronectin than the cell surface fibronectin in recombinant fibrin clot
contraction by smooth muscle cells. These data indicated that the role of
fibronectin in smooth muscle cell interaction with fibrin depends on the
source of fibronectin.
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This was confirmed when we looked at the forms of fibronectin in

whole plasma vs. recombinant fibrinogen. By both ELISA and western blot
analysis using the two antibodies, which differ in their specificity for human
fibronectin, we found that in recombinant fibrinogen, there are high and
low molecular weight fibronectins present that are not recognized by the
human specific anti-fibronectin antibody, 3E1, but are recognized by the anti-
fibronectin antibody, R790 (Figures 3.9, 3.10). We also found out by Western
Blot analysis that fibronectin depleted plasma is only depleted of the high
molecular weight form of fibronectin (Figures 3.10A, B). There are plenty of
fibronectin fragments present and these fragments probably do play a role in
smooth muscle cell interaction with fibrin (Figure 3.10).

The solubility of the fibronectin in each assay may be the reason why
there are such diverse results between the different substrates and the
different assays, adhesion vs. contraction. In the adhesion assay, the
fibronectin is insoluble and easily recognized by the cell. This may be the
reason why blocking the matrix with the antibody R790 was more effective
in inhibiting adhesion than blocking the smooth muscle cells. While in the
contraction assays, the fibronectin is mainly soluble though it is possible that
cross-linking by Factor XIIla will render it insoluble within the fibrin matrix
and accessible to the cell's integrin receptors. However, because pre-
incubation of the plasma did not inhibit contraction of plasma clots, only a
small percentage of the fibronectin may be cross-linked. It must also be
taken into consideration that the smooth muscle cells themselves are
probably secreting fibronectin and this fibronectin is deposited on the cell
surface or in the supernatant. The data supports the idea that during
contraction of whole plasma and gelatin sepharose treated plasma clots, cell
surface fibronectin mediates smooth muscle cell interaction with fibrin.

The data is a little more complicated with recombinant fibrinogen.
Under these conditions there are two sources of fibronectin, smooth muscle
cells and chinese hamster ovary fibroblasts. During secretion of the
recombinant fibrinogen from the hamster fibroblasts cells, fibronectin may
be cross-linked to the fibrinogen by transglutaminases. This hamster
fibronectin would then be insoluble when the fibrin clot forms and more
easily accessible to the cells than the fibronectin secreted in the supernatant.
However, smooth muscle cells are probably also secreting fibronectin onto
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the surface of the cells, the Brefeldin A data imply that this fibronectin is

also playing a role in smooth muscle cell interaction with fibrin. In our
contraction data, we saw that when we incubated the cells, the matrix and
both the cells and matrix with R790, in all cases we saw inhibition of clot
contraction. Only in the case where the matrix alone was incubated with the
antibody did we see a statistical significance. This suggest that perhaps the
cell surface fibronectin is important as well though not as important as the
hamster fibronectin that is already present in the matrix.

In conclusion we have demonstrated that smooth muscle cells
interaction with fibrin is mediated by the extracellular matrix protein
fibronectin. We have shown that both cell surface and matrix fibronectins
can function in this interaction, depending upon the solubility of the
fibronectin. Other groups have also shown that fibronectin is able to
interact with fibrinogen and that this matrix is more conductive for cell
interaction than fibrin alonel4?: 141, However, in previous publications
where others have characterized fibroblast, melanoma, endothelial and
CHO cells interaction with fibrin, the fibronectin component wasn't
revealed®7: 69 116,145 1p;¢ may be to due to the integrin surface expression
on the cells. In human smooth muscle cells, av B3, a known fibrin receptor,
is not highly expressed while in these other cell types it is highly expressed.
On our cells and on other cells, the fibronectin receptor, a5B1, is also highly
expressed. This difference in integrin expression may direct how the cells
are interacting with the matrix. In our case, the low expression of the fibrin
receptor, av3, forces the cells to search for other matrix proteins since avb3
is rarely found in intimal smooth muscle cells, even in fibrin in plaques.
Even though a5B1 interaction with fibronectin is found in many cell types
and many biological situations, the role of fibronectin as a mediator between
smooth muscle cell 581 and fibrin may be important in atherosclerosis
progression.
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Figure 3.1: Effect of Brefeldin A on recombinant clot contraction by
HNB18E6E?7.

Human smooth muscle cells were untreated or treated with either (A) 0.1 ug
or 1 ug of Brefeldin A for 30 minutes at room temperature. Recombinant
fibrinogen and human thrombin were added to the cells to form a clot, and
the clot was incubated at 37°C for 8 hours. The % clot contraction was
calculated as described in methods. Values represent the mean + standard
error (n=3). (B) Western Blot Analysis to determine the presence of
fibronectin in the supernatant or in the fibrin/ smooth muscle cell clot in
the presence and absence of Brefeldin A. Either the supernatant or the clot
was removed from the experiment in figure 3.1A. The samples were
electrophoresed on a 5% SDS-PAGE, transferred to a membrane and probed
with an anti-human fibronectin antibody and a goat-anti-mouse secondary
antibody.
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Figure 3.2: Adhesion of HNB18E6E7 smooth muscle cells to an anti-
fibronectin polyclonal antibody, R790, Rabbit IgG and human fibronectin.

R790, Rabbit IgG and human fibronectin at 1 ug/ml, 5 ug/ml and 10 ug/ml
were coated onto a 96 well plate and stored overnight for 24 hrs at 4°C.
Human smooth cells were allowed to adhere to the substrate for 1 hour at
37°C, and non-adhering cells were washed off with PBS. The adhering cells
were fixed with 4% paraformaldehyde and stained with toludine blue. The
color intensity was measured by an ELISA reader at 595nm. Values represent
the mean + standard error (n=3).
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Figure 3.3: Inhibiting cell adhesion assay using R790

(A) Inhibiting adhesion of HNB18E6E7 smooth muscle cells to recombinant
fibrin using R790, an anti-fibronectin polyclonal antibody. Recombinant
fibrin and thrombin were coated onto a 96 well plate overnight for 24 hrs at
4°C. The recombinant fibrin matrix was pretreated with either 10 ug/ml, 25
rg/ml or 50 ug/ ml of R790 or rabbit IgG. Human smooth muscle cells were
allowed to adhere to the substrate for 1 hour at 37°C, and non-adhering cells
were washed off with PBS. The adhering cells were fixed with 4%
paraformaldehyde and stained with toludine blue. The color intensity was
measured by an ELISA reader at 595nm. Values represent the mean divided
by the mean of the No Ab control + standard error (n=3). (B) Inhibiting
adhesion of HNB18E6E7 smooth muscle cells to gelatin sepharose treated
plasma clots using R790, an anti-fibronectin polyclonal antibody. The
procedure is the same as in 3.3A except that gelatin sepharose treated plasma
clots were pretreated with either 10 ug/ml, 25 ug/ml or 50 ug/ml of R790 or
rabbit IgG. Values represent the mean divided by the mean of the No Ab
control + standard error (n=3). (Q) Inhibiting adhesion of HNB1SE6E7
smooth muscle cells to whole plasma clots using R790, an anti-fibronectin
polyclonal antibody. The procedure is the same as in 3.3A except that whole
plasma clots were pretreated with either 10 pg/ml, 25 pg/ml or 50 ug/ml of
R790 or rabbit IgG. Values represent the mean divided by the mean of the
No Ab control + standard error (n=3).
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Figure 3.4: Inhibiting adhesion of HNB1SE6E7 smooth muscle cells to
human fibronectin and collagen using R790, an anti-fibronectin
polyclonal antibody

(A) Human fibronectin at 10 ug/ ml was coated onto a 96 well plate
overnight for 24 hrs at 4°C. The human fibronectin was pretreated with
either 10 pg/ml, 25 ug/ml or 50 ug/ ml of R790 or rabbit IgG. Human smooth
muscle cells were allowed to adhere to the substrate for 1 hour at 37°C, and
non-adhering cells were washed off with PBS. The adhering cells were fixed
with 4% paraformaldehyde and stained with toludine blue. The color
intensity was measured by an ELISA reader at 595nm. Values represent the
mean divided by the mean of the No Ab control + standard error (n=3). (B)
The procedure is the same as in 3.3A except that collagen at 10 ug/ml was
pretreated with either 10 ug/ml, 25 rg/ml or 50 pg/ ml of R790 or rabbit IgG.
Values represent the mean divided by the mean of the No Ab control +
standard error (n=3).
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Figure 3.5: Effect of R790, anti-fibronectin polyclonal antibody, on whole
human plasma clot contraction by HNB1SEGE7.

(A) Human smooth muscle cells were untreated or treated with either 100
rg/ ml of R790 or Rabbit IgG (B) Whole plasma was untreated or treated with
100 ug/ ml of R790 or Rabbit IgG (C) Human smooth muscle cells and whole
plasma were untreated or treated with either 100 ug/ml of R790 or Rabbit
IgG Whole human plasma and human thrombin were added to the cells to
form a clot, and the clot was incubated at 37°C for 10 hours. The % clot
contraction was calculated as described in methods. Values represent the
mean + standard error (n=3).
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Figure 3.6: Effect of R790, anti-fibronectin polyclonal antibody, on gelatin
sepharose treated human plasma clot contraction by HNB1SE6E7.

(A) Human smooth muscle cells were untreated or treated with either 100
ug/ ml of R790 or Rabbit IgG (B) Gelatin sepharose treated human plasma
was untreated or treated with 100 ug/ml of R790 or Rabbit IgG (C) Human
smooth muscle cells and gelatin sepharose treated human plasma were
untreated or treated with either 100 pg/ml of R790 or Rabbit IgG Gelatin
sepharose treated human plasma and human thrombin were added to the
cells to form a clot, and the clot was incubated at 37°C for 10 hours. The %
clot contraction was calculated as described in methods. Values represent the
mean + standard error (n=3).
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Figure 3.7: Effect of R790, anti-fibronectin polyclonal antibody, on
recombinant human fibrin clot contraction by HNB1SE6GE?7.

(A) Human smooth muscle cells were untreated or treated with either 100
ug/ ml of R790 or Rabbit IgG (B) Recombinant human fibrinogen was
untreated or treated with 100 ug/ ml of R790 or Rabbit IgG (C) Human
smooth muscle cells and recombinant human fibrinogen were untreated or
treated with either 100 ug/ml of R790 or Rabbit IgG Recombinant human
fibrinogen and human thrombin were added to the cells to form a clot, and
the clot was incubated at 37°C for 10 hours. The % clot contraction was
calculated as described in methods. Values represent the mean + standard
error (n=3).
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Figure 3.8: ELISA assay to detect human fibronectin in recombinant
human fibrinogen and human whole plasma.

(A) Recombinant human fibrinogen at 0.25 mg/ml or (B) human whole
plasma were placed in the wells of a 96 well plate overnight. Monoclonal
anti-human fibronectin antibody 3E1 was added to the plates at 1: 10,000 and
1:100,000 dilution. MIgG antibody was also added to the wells. After
washing with PBS, the biotinylated horse anti-mouse secondary antibody
was added to the wells. Finally avidin conjugated peroxidase was added and
color intensity was measured at 490nm. Values represent mean + standard
error (n=3).
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Figure 3.9: ELISA assay to detect fibronectin in recombinant human
fibrinogen and human whole plasma.

(A) Recombinant human fibrinogen at 0.25 mg/ml or (B) human whole
plasma were placed in the wells of a 96 well plate overnight. This assay is
similar to what was described in Figure 3.7 except polyclonal anti-fibronectin
antibody, R790, was added to the plates at 1 ug/ml and 5 pg/ml. Rabbit IgG
was also added to the wells at 5 ug/ ml. After washing with PBS, the
biotinylated goat anti-rabbit secondary antibody was added to the wells.
Finally avidin conjugated peroxidase was added and color intensity was
measured at 490nm. Values represent mean + standard error (n=3).
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Figure 3.10: Western Blot Analysis to determine the presence of
fibronectin in whole plasma, gelatin sepharose treated plasma and
recombinant fibrinogen.

Samples of whole plasma gelatin sepharose treated plasma and recombinant
fibrinogen were electrophoresed through a 5 % SDS polyacrylamide gel. The
proteins were transferred to a membrane and probed with either (A)
monoclonal anti-human fibronectin antibody, 3E1, at 1:10,000 dilution or (B)
polyclonal ant-fibronectin antibody, R790, at 1:10,000 dilution
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Table 3.1: Expression of fibronectin on the surface of HNB18E6E78

Antibody Peak Fluorescent Intensity
migG 1.0

3E1 6.38

P4C10 69.6

rabbit IgG 1.0

R790 16.79




Chapter 4  Kistrin Inhibits Human Smooth Muscle Cell
Interaction with Fibrin

This work was submitted to Circulation Research by Karen O Yee, Yuji Ikari,
Sarah Bodary and Stephen M. Schwartz.
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Introduction to Chapter 4

Until recently the conventional wisdom has been that vessels narrow
in atherosclerosis or restenosis because of an increase in intima mass’.
However morphometric studies of autopsy tissues as well as intravascular
ultrasound studies of restenotic vessels have shown a lack of correlation
between lumen size and intimal mass® > 7% This has led to the somewhat
vague notion that the loss of lumen is attributed to "remodeling” which
could be defined as a redistribution of mass or a morphological
constriction® 16, In an effort to explore possible mechanisms for narrowing
after injury, we focused on the possible role of intramural fibrin. We chose
fibrin because many groups have demonstrated the presence of fibrinogen
and fibrin in the arterial wall and in the atherosclerotic plaque?® 47-50
Furthermore, others have shown that fibrinogen blood indexes indicate the
extent of coronary artery disease, carotid artery disease and peripheral
arterial disease®" %7. We believe that cell-fibrin interactions could
contribute to lumen narrowing during atherosclerosis.

Recently, Courtman et al. demonstrated that fibrin has a role in vessel
narrowing after angioplasty. By introducing a factor VIIa inhibitor, VIlai,
fibrin formation and lumen narrowing were prevented in a rabbit model of
restenosis?. Specifically, at 6 weeks after the second balloon injury, the
lumen of the untreated vessel was smaller than that of the treated vessel
without a difference in media and adventia thickness. This suggested that
fibrin was important in the remodeling process. In another study, Geary et
al. showed that wound healing could cause lumen narrowing after arterial
reconstruction3’, They performed experimental angioplasty on monkeys
that were fed an atherogenic diet for three to five years. They found that
lumen narrowing was caused by a decrease in artery wall diameter. They
also characterized the matrix and integrin expression patterns on these
vessels and concluded that they were similar to those found in healing
wounds. In fact, fibrin was detected in these vessels. Therefore wound
contraction may play a role in lumen narrowing in vessels that have
undergone angioplasty. These two studies highlight the possible
importance of both fibrin, a wound matrix protein, and wound contraction
as causes of vessel narrowing after injury.
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A number of drugs, such as Reopro, have been developed in an

attempt to prevent this process. Reopro is a humanized antibody against
both the avp3 and allbp3 integrins!® 114, In clinical trials this product has
decreased significantly the incidence of clinical events after angioplasty. This
prevention has also been shown to be long term, lasting up to 3 years post
angioplastyus. The long term effect of Reopro suggests that smooth muscle
cells may have a role in vessel remodeling since platelets will not be present
in the wound area 3 years after injury149. _

Other groups have tried to prevent lumen narrowing using a
different approach. They used integrin antagonists to prevent intimal
thickening in models of atherosclerosis. Specifically, they have used peptide
antagonists such as linear and cyclic RGD peptides. Matsuno et al
demonstrated in hamsters that a cyclic RGD peptide, G4120, effectively
prevented neointima formation and was more effective in combination
with quinapril, an angiotensin converting enzyme inhibitor!®% 151, Choj et
al. showed that in a rabbit carotid balloon injury model, a cyclic peptide,
penRGD, inhibited neointima formation with a difference in the
intima:media ratiol®2. In all of these studies, the authors hypothesized that
smooth muscle cell migration and proliferation were inhibited by these
peptides. The target of the peptide was assumed to be the integrin avg3,
consistent with the evidence that this integrin plays a critical role in
migration on vitronectin and fibrin by many cell type5153' 155

Previously we have shown that human smooth muscle cell
interaction with fibrin could be prevented by using antibodies against
fibronectin and the a5@1 integrin 125 1% Integrins are transmembrane
glycoproteins that form a heterodimer composed of an alpha and a beta
chain®®. The family of integrins are composed of 15 alpha chains and 8 beta
chains!®. Heterodimers of these alpha and beta chains can be formed to
confer specific binding to extracellular matrix proteins such as collagen,
laminin, vitronectin, fibronectin and fibrin(ogen). The integrins of interest
in our studies of atherosclerosis and luminal occlusion are the fibrin(ogen)
receptors. These are av@3, amp2, allf3 and a56157' 77-80

Due to the lack of integrin blocking reagents that could be used in
animal studies of atherosclerosis and our previous results on the
effectiveness of a5p1 and fibronectin antibodies to inhibit smooth muscle
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cells-fibrin interactions, we were interested in identifying small molecular

weight integrin antagonists that could specifically prevent human smooth
muscle cell interactions with fibrin. We tested four different molecules,
penRGD, G4120, VCAM345 and Kistrin® 158160 They have all been shown
to disrupt cell-matrix interactions by blocking specific integrins. PenRGD
and G4120 are cyclic peptides that predominantly inhibit the avg3 and
allbf3 integrins. VCAMB345 blocks both the a4f1 and a5B1 integrins.
Kistrin is a snake venom disintegrin that blocks the g1, B2, 83 and B5
integrins. Of all of the antagonists, Kistrin was the most effective in
preventing human smooth muscle cell interactions with fibrin. This
suggests that a pan-integrin inhibitor may be the ideal molecule to test in
animal models of both restenosis and atherosclerosis progression.

Materials and Methods

Reagents
The cyclic peptide, penGRGDSPCA, was purchased from Gibco/BRL

(Gaithersburg, MD).%* The cyclic peptide G4120 and the disintegrin, Kistrin,
were gifts from Genentech, Inc. (South San Francisco, CA)158' 160 vCcAM345
was provided by Sherman Fong and Dave Jackson of Genentech, Inc. (South
San Francisco, CA)28 . PenGRGDSPCA (penRGD) and G4120, are cyclic RGD
peptides % 158 Both peptides have been shown to inhibit interactions of
avPp3 with vitronectin and allbf3 with fibrinogen. While G4120 displays
similar activities for both B3 integrins, penRGD appears to be approximately
10-fold more potent for avp3 over alIbB3158' 161 The third molecule,
VCAM345, has been shown to be a potent inhibitor of a4 interaction with
VCAM as well as a5p1 interaction with fibronectin!®. Kistrin efficiently
blocks 1, B2, B3 and B5 interactions!®® 160, 162(g Bodary, unpublished data).

Cell Culture

Human Newborn 18 smooth muscle cell strain, originally derived
from the aorta of a newborn infant (2-day old) autopsy , has been described
previously 107 3 | This strain was immortalized by transfection with the type
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16 human papilloma virus proteins E6 and E7, which interact with p53 and

Rb 1% This strain is now referred to as Human Newborn 18 E6E7
(HNB18E6E7). We have previously shown that HNB18E6E7 smooth muscle
cells interact with fibrin exactly as a non-immortalized smooth muscle cell
strain derived from the aorta of a newborn!®. Because HNB18E6E7 smooth
muscle cells grow better in culture, we have chosen to use this strain in
these studies. HNB18E6E7 smooth muscle cells were grown in Waymouth
medium (GIBCO/BRL; Gaithersburg, MD) containing 0.23% sodium
bicarbonate, 0.35 mg/ml L-glutamine, 1 mmol/L sodium pyruvate, and 0.01
mmol/L non-essential amino acids (GIBCO/BRL; Gaithersburg, MD). This
basic medium was supplemented with 10% FCS (HyClone Laboratories, Inc.;
Logan, UT). HNB18E6E7 smooth muscle cells were harvested at passages 25-

27.

Plasma, Gelatin Sepharose Treated Plasma, Recombinant Fibrinogen and

Thrombin
Citrated human blood from healthy donors was centrifuged at 150 x g

for 15 minutes at 20°C and the subsequent platelet-rich plasma was then
centrifuged at 1400 x g for 20 minutes at 20°C. Part of the platelet poor
plasma was stored at -70°C. The rest of the platelet-poor plasma was placed
on a gelatin sepharose 4B column (Pharmacia; Uppsala, Sweden) that had
previously been equilibrated with a buffer containing 0.05 mol/L Tris-HCL,
pH 7.5, 5 mmol/L benzamidine and 0.02% sodium azide. The gelatin
sepharose treated plasma was collected and the extent of fibronectin
depletion was determined by Western Blot analysismg' 10, 1n all cases, 80-
90% of the fibronectin was removed from the plasma. The gelatin
sepharose treated plasma was stored at -70°C. The production, purification
and characterization of recombinant fibrinogen have already been
described - 112, Human a-thrombin was purchased from Calbiochem (La

Jolla, CA).

Adhesion Assay
This assay has already been described 1. Briefly, equal amounts of a

fibrinogen solution (1:5 dilution of plasma) and a thrombin solution (5
units/ ml) were added to each well of a 96 well immunosorbant plastic plate
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(Nunc; Naperville, IL) and stored overnight at 4°C. The wells were washed

twice with PBS and blocked with 10 mg/ml of BSA-PBS for 1 hour at 37°C.
The smooth muscle cells (50,000 cells/well) were pre-incubated for 15
minutes at room temperature with the indicated peptides in serum-free
Waymouth medium containing 1 mg/ml of BSA, and then allowed to
adhere to the substrate at 37°C/5% CO2 for 1 hour. Non-adhering cells were
washed off using PBS that was pre-warmed at 37°C, and the adhering cells
were fixed in 4% paraformaldehyde and stained with 4% paraformaldehyde
containing 0.5% toludine blue. The color was solubilized using 1% SDS and
color intensity was measured using an ELISA reader set at 595nm 113, All
experiments were carried out independently at least twice with n=3 for each

group.

Plasma Clot Contraction Assay
This assay is based on the one published by Ylanne et al. and has been

modified as described previously 57 125 | Briefly, cultured human smooth
muscle cells were harvested using trypsin-EDTA, washed twice in 0.5mg/ml
of soybean trypsin inhibitor (Sigma Chemical Co.; St. Louis, MO), and
resuspended at a concentration of 107 cells/ml in serum-free, Hepes
(25mmol/ L) buffered-DMEM (GIBCO/BRL; Gaithersburg, MD). Fibrinogen
solution (1:5 dilution of plasma) was added to the smooth muscle cells in a
6émm X 50mm pre-siliconized, autoclaved borosilicate test tube. Lastly, a
mixture containing 28mmol/L CaCl2 and 5 units/ml of thrombin in serum-
free, Hepes-DMEM was added to the test tube. The test tubes were incubated
at 37°C with 5% QO;. Pictures were taken with an Olympus OM2 camera
using Kodak Ektachrome T64 slide film (Rochester, NY) and a Zuiko 50mm
£3.5 macro lens at t=0 and at time points specified in the figure legends. The
slide was projected onto a piece of paper and the clot was traced. From the
tracing, a two dimensional area was calculated to determine the percent of
clot contraction using the following equation.
% Clot Contraction (t= 10 hrs) = 100 - [area t=10 hrs x 100]
area at t=0
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The mean and the standard error (SE) were calculated (Microsoft Excel;

Redmond, WA). All experiments were carried out independently at least
twice with n=3 for each group. One representative experiment is shown.

Transwell Migration Assay

Migration assays were performed using Transwell tissue culture
inserts with 8 um pores (Costar, Cambridge, MA). The bottoms of the filters
were coated with plasma (1:5 dilution) and thrombin (5 units/ml) and
incubated coated side up at 37°C for 1 hour. Both sides of the filter were
blocked for 1 hour at 37°C with a 2% BSA-PBS solution. Meanwhile,
human smooth muscle cells were harvested in the same manner as in the
clot contraction assay and preincubated with the stated concentration of
peptides for 30 minutes at room temperature in a volume of 300 ul of
Waymouth medium containing 1 mg/ml of BSA. 100 ul of cells were added
to the top wells and 200 ul of Waymouth medium containing 1 mg/ml of
BSA and 1 ng/ml of PDGF-BB were placed in the bottom well. The wells
were incubated at 37°C for 6 hours. Cells remaining in the top wells were
removed using a cotton swab. The filters were dipped in PBS, fixed in 4%
paraformaldehyde and stained with 0.5% toludine blue in 4%
paraformaldehyde. Filters were washed in water to remove excess dye, cut
from the wells and placed on glass slides. Cells were counted using a light
microscope (magnification 20X) fitted with a grid-containing eye-piece. All
experiments were carried out independently at least twice with n=3.

Recombinant Fibrin Clot Contraction Assay , Adhesion Assay and Migration
Assay
The assays were similar to those described above except that

recombinant fibrinogenul' 112 4t a final concentration of 0.2 mg/ml, was
used instead of whole plasma or gelatin sepharose treated plasma.

Statistical Analysis
StatView 4.5 for MacIntosh (Abacus Concepts, Inc., Berkeley, CA) was

used to calculate the p-values for all of the data. Briefly, the percent clot
contraction (contraction assay), the absorbance at 595nm (adhesion assay) or
cell number (migration assay) was entered into the program. The mean,
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variance, standard deviation and standard error were calculated. If the

variance between groups differed more than 20 fold, transformation analysis
was performed on the raw data. In this paper, the function used for the
contraction and migration assays was the log (x) where x represents the %
clot contraction or number of cells migrated to the bottom of the filter. For
the adhesion assay, the function 1/x was used to transform the data, where x
represents absorbance at 595nm. Using either the transformed data or raw
data, an F-test was performed as well as an ANOVA. If the ANOVA
conveyed a p-value less than 0.05, than a Fisher's PLSD was calculated. A p-
value less than 0.05 indicates statistical significance.

Results

Adhesion of human smooth muscle cells to fibrin is inhibited by integrin

peptide antagonists
We first tested the ability of the four integrin antagonists to inhibit

smooth muscle cell adhesion to recombinant fibrin clots. Human smooth
muscle cells preincubated with 200 uM of the cyclic RGD peptide G4120 did
not adhere well to recombinant fibrin clots as compared with the untreated
control (p-value <0.001) (Figure 4.1A). VCAM345 also inhibited human
smooth muscle cell adhesion to recombinant fibrin clots, but to a lesser
extent at the same concentration (p-value <0.005) (Figure 4.1A). PenRGD,
another cyclic RGD peptide, was a more potent inhibitor than G4120 at 200
umol/L (p-value<0.001). Neither of these peptides are considered to be
potent inhibitors of o581 interactions with fibronectin. The effect of
penRGD was almost equal to Kistrin, a disintegrin. Kistrin had the most
pronounced inhibitory effect on smooth muscle cell adhesion to
recombinant fibrin clots. At 25 umol/L of Kistrin, cell adhesion was
inhibited almost 90% (p-value<0.001) (Figure 4.1A).

We then looked at the effect of these peptides on cell adhesion to
gelatin sepharose treated plasma clots, which have been depleted of
fibronectin, a ligand for many integrins 110 we have previously shown
that cell adhesion to this matrix was largely though the plasma protein
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vitronectin, an RGD containing matrix molecule!”. The data presented
here also support this conclusion. The cyclic RGD peptides, G4120 at 200
umol/L and penRGD at 200 umol/ L, inhibited smooth muscle cell adhesion
to gelatin sepharose treated plasma clots more than to recombinant fibrin (p-
value<0.001) (Figure 4.1A and 4.1B). Kistrin at 25 umol/L blocked smooth
muscle cell adhesion to gelatin sepharose treated plasma clots equally as
well (p<0.001) (Figure 4.1B). VCAM345, an a5 and a4 integrin specific cyclic-

peptide antagonist, had a modest effect (Figure 4.1B). .
Finally we examined the effect of the peptides on smooth muscle cell

adhesion to clots made from whole plasma, the matrix most likely to
resemble a fibrin clot in vivo. smooth muscle cell adhesion to whole
plasma clots was not significantly diminished by either the cyclic peptides,
penRGD and G4120, or VCAM345 (Figure 4.1C). The failure of these
peptides to inhibit adhesion on this substrate may be due to the numerous
plasma proteins that are present in the clot that could be used by the cells for
adhesion. Alone, none of these peptides were sufficient to block these
interactions. However, the disintegrin Kistrin, which effectively blocks p1,
B2, 3 and B5 integrins, dramatically inhibited smooth muscle cell adhesion
to whole plasma clots (p-value<0.001) (Figure 4.1C).

To explore the potency of Kistrin, we used a range of concentrations
of Kistrin to inhibit smooth muscle cell adhesion to recombinant fibrin
clots, gelatin sepharose treated plasma clots and whole plasma clots. We saw
that a concentration as low as 0.1 umol/L of Kistrin was sufficient to block
smooth muscle cell adhesion to recombinant fibrin and to gelatin sepharose
treated plasma clots (Figure 4.2A and 4.2B). This concentration is
approximately 10-fold above the IC50 for inhibition of adhesion of avf3
expressing cells to vitronectin or fibrinogenl®! and is in agreement with
Kistrin being a inhibitor of both Bl and B3 integrins at nmol/L
concentrations. To significantly block cell adhesion to whole plasma clots, a
concentration of 25 umol/L was needed (Figures 4.1C and 4.2C).

We also looked at the ability of these antagonists to block smooth
muscle cell adhesion to fibronectin and to vitronectin. Smooth muscle
adhesion to fibronectin was significantly blocked by VCAM345 and by
Kistrin (p-values<0.001)(Figure 4.3A). However, penRGD and G4120 also
significantly inhibited cell adhesion to fibronectin (p-value<0.001 and p-
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value=0.015, respectively). Cell adhesion to vitronectin was inhibited to a

greater degree by both the cyclic RGD peptides as well as Kistrin (p-
values<0.001). VCAM 345 also inhibited cell adhesion to vitronectin (p-
value=0.039) (Figure 4.3B). Since avB3is a receptor for both fibronectin and
vitronectin, the data with G4120 and penRGD inhibition (Fig 4.3A) are not
surprising. In fact, both o581 and avp3 probably mediate adhesion to
fibronectin in smooth muscle cells. These data agree with our observation
that G4120 is a much better inhibitor of av$3 than of a51. The IC50's in a
protein-protein assay are 8 nmol/L for avp3/vitronectin and 2340 nmol/L
for a5p1/ fibronectin (S. Bodary, unpublished data)l(’l. Based on the data in
Figures 1A and 3A, penRGD is a better fibronectin receptor antagonist than
G4120. Thus VCAM345, G4120 and penRGD are able to inhibit to various
degrees cell adhesion to fibronectin and vitronectin, but only Kistrin is able
to inhibit cell adhesion profoundly to both matrices.

Smooth muscle cell contraction of fibrin clots and migration to fibrin is only
inhibited by Kistrin

Smooth muscle cell adhesion to fibrin is not the only event that
could occur in vivo. After the initial adhesion to the matrix, smooth
muscle cells can interact with fibrin in a three dimensional manner and this
interaction could affect vessel narrowing during atherosclerosis progression.
To determine whether our Integrin antagonists can inhibit smooth muscle
cell interaction with a fibrin clot in a three dimensional system, we tested
whether smooth muscle cells that are immersed in a clot can contract the
clot in the presence of the inhibitors. Contraction of recombinant fibrin
clots, gelatin sepharose treated plasma clots or whole plasma clots by smooth
muscle cells was not significantly inhibited by penRGD, G4120 or VCAM345
(Figures 4A, 4B and 4C). Only Kistrin was able to inhibit smooth muscle cell
contraction of fibrin clots and in all cases this inhibition was greater than
80% (p-values<0.001).

A second event that could occur once smooth muscle cells have
adhered to the fibrin matrix is the migration of smooth muscle cells on and
through a fibrin clot. To test whether these antagonists can effect cell
migration on fibrin, we looked at how smooth muscle cells are able to
migrate to a fibrin clot in the presence of these inhibitors using a transwell
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migration assay system. When we coated filters with either recombinant

fibrin, gelatin sepharose treated plasma clots or whole plasma clots, we
found that only Kistrin was able to significantly block smooth muscle
migration to these sources of fibrin (figure 5A, 5B, 5C). penRGD, G4120 and
VCAM345 had some inhibitory effect, but Kistrin consistently inhibited
migration when using all three sources of fibrinogen. These data along with
our previous data suggest that human smooth muscle cell contraction of
fibrin clots and migration on fibrin use multiple Integrins including o581
and avp3.

Discussion

Numerous attempts have been made to develop therapeutic reagents
that prevent restenotic narrowing. Recently, these attempts have included
peptide antagonists to the Integrin family of matrix receptors and such
peptides have been tested in animal models of vascular diseases30-152
These studies demonstrated that the peptides were effective in preventing
intima thickening; however, as we have already noted, a more relevant
problem may be remodeling37. Indeed to our knowledge, the only
published data showing inhibition of remodeling after vascular injury is
ours¥”’. By blocking fibrin formation, we were able to inhibit lumen
narrowing. Because fibrin is a matrix molecule, its ability to interact with
cells depends on cell surface matrix receptors such as integrins. However, in
the studies using integrin antagonist peptides the cell-matrix interactions
and the integrins being affected by the peptides were not identified. The
investigators assumed that the cyclic RGD peptide, an av integrin
antagonist®, was preventing smooth muscle proliferation and migration.

Ikari et al. recently demonstrated the presence of fibrin(ogen) in
human carotid lesions and the predominance of §1 integrins over B3
integrins on smooth muscle cells co-localized with fibrin(ogen)®. Smooth
muscle cell interaction with intramural fibrin could play a critical role in
remodeling. In this study we have attempted to identify integrin
antagonists that inhibit human smooth muscle cell interaction with fibrin.
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We have used four different integrin antagonists in three different assays

(adhesion assay, clot contraction assay and migration assay) using three
different sources of fibrinogen (recombinant, gelatin sepharose treated and
whole plasma) and characterized their effects on smooth muscle cell
interaction with fibrin.

Two of these molecules are cyclic RGD peptides (penRGD and G4120)
that have been used in numerous animal studies!>*152 163 we observed
that they were effective inhibitors of smooth muscle cell adhesion to
recombinant fibrin clots and gelatin sepharose treated plasma clots, but not
to whole plasma clots. Because we have shown previously that adhesion to
gelatin sepharose treated plasma clots is via the vitronectin protein, the
effectiveness of the cyclic RGD peptides in inhibiting smooth muscle
adhesion to this matrix was not surprisingus. However, neither peptides
was able to inhibit contraction of fibrin clots or migration of smooth muscle
cells on fibrin clots. This could be related to the dose used in this study.
Previously, we showed that penRGD was able to inhibit contraction of
gelatin sepharose treated plasma clots at a much higher concentration (500
uM)!®. The ineffectiveness of these peptides to block smooth muscle cell
contraction and migration on fibrin clots could be due to the inability of the
peptides to inhibit all the fibronectin and vitronectin receptors on the cell
surface.

Based on our previous results which demonstrated that antibodies
against the a5f1 integrin and fibronectin are able to inhibit human smooth
muscle cell interaction with fibrin, we tested a cyclic peptide, VCAM345, that
has been shown to inhibit the integrin subunit a5 interaction with
fibronectin and a4 interaction with VCAM in an ELISA assay (M. Beresini,
unpublished data) 1. We found that VCAM345 inhibited smooth muscle
adhesion to recombinant fibrin clots, but not to gelatin sepharose treated
plasma clots or whole plasma clots. It is likely that human smooth muscle
cell adhesion to these matrices occurs via vitronectin binding to avp3 which
is not inhibited by VCAM345. However, VCAM345 also did not inhibit
contraction of fibrin clots or migration of smooth muscle cells on fibrin
clots. Perhaps in these cellular events, both the avf3 and the a5p1 integrins
need to be blocked.
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Kistrin, a disintegrin derived from the venom of the viper snake,

Agkistrodon rhodostoma, has been shown in protein based assays to inhibit
vitronectin interactions with av integrins, fibrinogen interactions with
allbf3 and av@3 and fibronectin interaction with a581. In addition, Kistrin
is a less potent though effective inhibitor of a4f1 interaction with VCAM
and alf2 and ampB2 interactions with ICAM-1 (S. Bodary and S. Fong,
unpublished data)160 164,165 15, g4yp system, Kistrin was the most effective
inhibitor of smooth muscle cell adhesion, contraction and migration to all
three sources of fibrin (recombinant fibrin clots, gelatin sepharose treated
plasma clots and whole plasma clots).

The data presented here suggest that adhesion to fibrin clots is
mediated by both the avf3 and a5p1 integrins. The ability of different
peptides to inhibit this interaction depends on the integrin specificity of the
peptide. PenRGD was considered an av antagonists because it was effective
in inhibiting adhesion of rat kidney cells to vitronectin and not to
fibronectin at 100 uM. However, at higher concentrations of penRGD, cell
adhesion to fibronectin was slightly inhibited®. In our hands, penRGD at
100 uM is able to inhibit smooth muscle cell interaction with fibronectin and
vitronectin. This difference in results could be due to the different species
and cell types used in each experiment. Others have shown that cyclic RGD
peptides are able to inhibit other non-av integrins such as a4f1 interaction
with VCAM 1, In this case the authors did not believe that the RGD motif
contributed to the inhibitory effect, but that the tertiary structure of the cyclic
peptide was responsible for the activity. This could explain why a cyclic
RGD peptide was effective in preventing hyperplasia in several animal
models of atherosclerosis 150 152,

VCAM345 was effective only in inhibiting smooth muscle cell
adhesion to recombinant fibrin. Unlike the anti-a581 antibodies, VCAM345
did not affect contraction of fibrin clots. This could be due to several factors.
One, the antibodies may have a higher affinity for the integrin and thus be
more effective. Two, because VCAM345 blocks both «4f1 and a5p1
integrins, it may not be as specific for a51 as the anti-a5p1 antibody. Three,
the antibodies could be having another effect on the cells besides inhibiting
cell-matrix interactions. There have been examples of cross-talk between
integrins in other cell types where ligation of one integrin affects the activity
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of another!67-169  Therefore, the anti-a581 antibodies may affect the av@3
integrin binding affinity.

Of all of the molecules, only Kistrin was effective in preventing
smooth muscle cell interaction with all three sources of fibrin in all three
assays. The ability of Kistrin to inhibit both B1 and 3 integrins may be due
to the RGD loop in the protein. Based on 2D NMR studies, the RGD loop is
thought to be present in numerous different conformations which may
explain why Kistrin is such a good inhibitor of many RGD sensitive
integrins, such as avp3, allbf3, o581 and the $2 integrins, amp2 and
aLBZUo. Other members of the disintegrin/snake venom family, such as
Batroxostatin, have also been shown to block multiple integrins!’!. The fact
that a non-selective integrin antagonist was the most effective in preventing
smooth muscle cell interaction with fibrin was not surprising. When we
combined antibodies against the avf3 and a5B1 integrins, we observed a
greater inhibition of smooth muscle cell interaction with fibrin than with
the individual antibodies alone (K. Yee, unpublished data). The data
presented in this manuscript suggest that future successful therapies for
vascular diseases may include drugs that inhibit the various fibrinogen
receptors such as avf3, allbf3, a561 and am 2.

The potency of Kistrin leads us to believe that the most effective
integrin antagonists may be small molecules that are less specific than those
currently in use. Studies using Kistrin in animal models have been carried
out or are in progress. One group tested the anti-thrombolytic effect of
Kistrin in conjunction with recombinant tissue plasminogen activator in a
canine model of coronary artery thrombosis’2. The investigators found a
decrease in reperfusion time, increase in bleeding time that became normal
at the end of the experiment, decrease in platelet aggregation, and a higher
degree of patency. This study suggest that a Kistrin-like antagonist could be
a promising pharmaceutical agent for prevention of vascular diseases. '



Figure 4.1: Inhibition of cell adhesion to fibrin clots using anti-integrin
peptides

(A) Integrin antagonists VCAM345, penRGD, G4120 and Kistrin.
Recombinant fibrin and thrombin were coated onto a 96 well plate
overnight at 4°C. Human smooth cells were preincubated for 15 minutes at
room temperature with either 25 umol/L of Kistrin, 200 umol/L VCAM345,
200 pmol/L G4120 or 200 umol/L penRGD peptides. The cells were allowed
to adhere to the substrate for 1 hour at 37°C, and non-adhering cells were
washed off with PBS. The adhering cells were fixed with 4%
paraformaldehyde and stained with toludine blue. The color intensity was
measured by an ELISA reader at 595nm. Values represent the mean of the
treated divided by the mean of the control + standard error (n=3). (B) The
procedure is the same as in 1A except that gelatin sepharose treated plasma
clots was used as a substrate. (C) The procedure is the same as in 1A except
that plasma clots was used as a substrate.



23 23
: . g8
83 8
LB 38 ‘s
.
= =
-l 1| —
3 3 4
g g .- E
¢
|| —
JEE IR JRE IR
edueq.osqy eApe|ey oueqIosqy eAguley
e ] - :

< e @)




93

Figure 4.2: Kistrin inhibits cell adhesion to fibrin ‘clots using

(A) Recombinant fibrin and thrombin were coated onto a 96 well plate
overnight at 4°C. Human smooth cells were preincubated for 15 minutes at
room temperature with either 0.1 umol/L, 0.25 umol/L, 0.5 umol/L, 0.75
pmol/L or 1 umol/L of Kistrin. The cells were allowed to adhere to the
substrate for 1 hour at 37°C, and non-adhering cells were washed off with
PBS. The adhering cells were fixed with 4% paraformaldehyde and stained
with toludine blue. The color intensity was measured by an ELISA reader at
595nm. Values represent the mean of the treated divided by the mean of the
control + standard error (n=3). (B) The procedure is the same as in 2A except
that gelatin sepharose treated plasma clots was used as a substrate. (C) The
procedure is the same as in 2A except that plasma clots was used as a
substrate.
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Figure 4.3: Inhibiting cell adhesion to fibronectin and vitronectin

(A) Human smooth muscle cells were untreated or treated with either 50
umol/L of Kistrin, 200 umol/L of VCAMS345, 200 umol/L G4120 or 200
umol/L penRGD peptides for 30 minutes at room temperature.
Recombinant fibrinogen and human thrombin were added to the cells to
form a clot, and the clot was incubated at 37°C for 8 hours. The % clot
contraction was calculated as described in methods. Values represent the
mean * standard error (n=3). (B) The procedure is the same as in 4A except
that gelatin sepharose treated plasma was used in the assay. (C) The
procedure is the same as in 4A except that whole plasma was used in the
assay.
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Figure 4.4: Effect of integrin antagonists on fibrin clot contraction by
HNB18E6E7

(A) Human smooth muscle cells were untreated or treated with either 50
umol/L of Kistrin, 200 umol/L of VCAM345, 200 umol/L G4120 or 200
umol/L penRGD peptides for 30 minutes at room temperature.
Recombinant fibrinogen and human thrombin were added to the cells to
form a clot, and the clot was incubated at 37°C for 8 hours. The % clot
contraction was calculated as described in methods. Values represent the
mean + standard error (n=3). (B) The procedure is the same as in 4A except
that gelatin sepharose treated plasma was used in the assay. (C) The
procedure is the same as in 4A except that whole plasma was used in the
assay.
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Figure 4.5: Inhibiting cell migration on fibrin clots

(A) Human smooth muscle cells were untreated or treated with either 50
umol/L of Kistrin, 200 umol/L of VCAM345, 200 umol/L of G4120 or 200
umol/L of penRGD peptides for 30 minutes at room temperature. The cells
were added to the upper chamber of a Transwell apparatus that had
previously been coated with recombinant fibrin. The cells were induced to
migrate for 6 hours at 37°C using PDGF-BB. At the end of the assay, non-
migrating cells were removed from the upper chamber and the migrating
cells were fixed with 4% paraformaldehyde, stained with toludine blue and
counted under a light microscope. Values represent the mean number of
cells + standard error (n=3). (B) The procedure is the same as in 5A except
that gelatin sepharose treated plasma was used to coat the bottoms of the
filters. (C) The procedure is the same as in 5A except that whole plasma was
used to coat the bottoms of the filters.
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Chapter 5:  Fibrin and Integrin Expression in Human Carotid
Arteries: Role of o581 and avg3 integrins in Smooth
Muscle Cells Spreading and Migration

This work was submitted to Circulation by Yuji Ikari, Karen O Yee, Thomas
S. Hatsukami and Stephen M. Schwartz.
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Introduction to Chapter 5

Interest in the role of B3 integrins in the vascular response to injury
has been heightened by clinical use of an anti-integrin antibody, ReoPro,
which blocks avf3 and allb83 integrins 173 ReoPro successfully reduced
late clinical events as well as acute complications following angioplasty in
patients with unstable angina 114 148, 174178  The acute effects were to be
expected since allbB3 expressed on platelets is a major receptor for fibrin and
ReoPro prevents platelet aggregation 17°. Anti-platelet effects, however,
might be expected to be important only in the early phases of the vessel's
response to angioplasty. The other target of ReoPro, avf3, has also been
proposed to play a role in preventing restenosis. avB3 is expressed on
smooth muscle cells , and is also a receptor for fibrin as well as other
matrices 130, Animal studies using peptide antagonists to av3 suggest that
such drugs may be effective in blocking smooth muscle cell migration 151
152 This has led to the hypothesis that the long term effects of ReoPro
depend is due to its ability to inhibit smooth muscle cell migration by
blocking cell-matrix interactions via the avB3 integrin.

We tested this hypothesis by studying the integrin expression pattern
on intimal smooth muscle cells located in vessels that have undergone
spontaneous injury as well as by analyzing the integrins involved in cell
spreading and migration assay on fibrin in vitro. We focused on the
interaction of smooth muscle cells with fibrin for several reasons. First,
fibrin is the major provisional matrix formed at the site of injury following
angioplasty 181, Second, an elevated level of plasma fibrinogen is a risk
factor for restenosis 132, Third, because the success of ReoPro may not be
primarily due to the blocking of the fibrin receptor on platelets, other B3
integrins on other cells types should be explored as potential targets for
Reopro. One example is the fibrin receptor on smooth muscle cells. Fourth,
we have recently shown that vascular narrowing, though not neo-intimal
formation, is blocked when animals undergo sequential balloon injury in
the presence of a Factor VIIa inhibitor 3. This suggest that fibrin may be
important in narrowing. Finally, while collagen substrates are also of
interest, in vitro studies are difficult to carry out because the expression of
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one of the main receptors for collagen, integrin a2f1, is a culture artifact for

human smooth muscle cells. a2f1 is not seen in these cells in vivo 64

Materials and Methods

Antibodies and peptides
MAb LM609 (anti-human integrin avf3) and MAb JSB5 (anti-human

integrin a581) were purchased from Chemicon International (Temecula,
CA). MAD P4C10 (anti human integrin 1) was purchased from GIBCO/BRL
(Gaithersburg, MD). MAb Y2/51 (anti-human 83 integrin) and MADb anti a-
actin were purchased from Boehringer Mannheim (Germany). MAb anti-
CD68 was purchased from DAKO (Denmark). MAb anti-human tissue
factor type 1 was purchased from Calbiochem (La Jolla, CA). MAD anti-
fibrinogen and fibrin BB chain (#350) was purchased from American
Diagnostica (Greenwich, CT) and MAb T2G1 (anti-fibrin g chain) was from
Centocor (Malvern, PA). GRGDSP, GRGESP,  GRGDNP and
GPenGRGDSPCA were purchased from GIBCO/BRL(Gaithersburg, MD).

Cell spreading assay in plasma clots
Human Newborn 18 smooth muscle strain (HNB18E6E7) has been

described previously and was originally derived from the aorta of a newborn
infant (2-day old) autopsy 197108 The integrin expression pattern of this cell
line has been reported previously 1%. The expression of avf3 is low in this
cell line. HNBISE6E7 cells were detached by a brief exposure to 0.05%
trypsin - 0.02% EDTA. Trypsin was inactivated by excess amounts of soy
bean trypsin inhibitor. After washing in PBS, cells were resuspended in
serum-free DMEM containing 25 mM HEPES (1.3 X 105 / 105 ul). Antibodies
were added to the cell suspension and incubated for 30 min. Sodium-
citrated human plasma from a normal healthy subject with was diluted to
20% by DMEM containing 25 mM HEPES. Cells were mixed well with 60 pl
of 20% plasma in 8-well slide chambers. Subsequently, 60 ul of thrombin (5
units/ml) in DMEM containing 25 mM HEPES and 28 mM CaCl2 was added.
Clots were formed in a few minutes after addition of thrombin. The slide
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chamber was incubated at 37°C with 5% CO2 for 24 hours. The number of

spread cells and the number of rounded cells were counted in 3 separate
fields for each well using a microscope. Mean value of the number of spread
cells was calculated.

Migration assay into fibrin clots

We modified the fibrin invasion/migration assay originally reported
by Naito et al 18 because in the original method the use of antibodies to
inhibit migration was not possible. Fibrinogen was diluted to 4.1 mg/ml
(final concentration 3.0 mg/ml) with serum-free DMEM containing 25 mM
HEPES. Thrombin (5 units/ml) was added to DMEM containing 25 mM
HEPES and 28 mM CaClp. 733 ul of fibrinogen solution and 266 ul of
thrombin solution were added to each well of a 6-well plate. The plate was
incubated at 37°C with 5% CO2 for 1h. HNB18E6E7 cells were detached by a
brief exposure to 0.05% trypsin - 0.02% EDTA. Trypsin was inactivated by
excess amounts of soy bean trypsin inhibitor. After washing in PBS, cells
were resuspended in serum-free DMEM containing 25 mM HEPES (1.5 X
106 / 400 ul). Antibodies were added to the cell suspension at the total
concentration of 20 ug/ml and incubated for 30 min. Cells were placed on
the fibrin and incubated for 3 h at 37°C. After most of the cells reached the
bottom of the fibrin coated well, media was gently removed. 733 pl of fibrin
solution containing fetal bovine serum (final 5%) and 266 ul of thrombin
solution were added to the cells to create a fibrin sandwich with cells
between the two layers. Cell migration into the overlaid fibrin was observed
at 24 h. Numbers of migrated cells were counted using a phase-contrast
microscope. Migrated cells were easily detected by focusing into the top clot.
In this assay system, migration into the bottom fibrin layer was never
observed.

Carotid arteries

Eighty four carotid artery segments were obtained from 14 patients (all
male, 58 to 81 years old) undergoing carotid endarterectomy. The
endarterectomy samples were dissected in saline at 4°C and the specimens
were frozen in OCT compound (Miles) and stored at -70°C.
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Western Blot analysis
This method has been described previously . In brief, cell lysates

were made from fresh carotid endarterectomy samples, from a fresh normal
carotid artery obtained from an autopsy that died of liver disease and from a
fresh thrombi in an abdominal aortic aneurysm. Tissues were
homogenized in extraction buffer (PBS with 1% Triton X-100 and protease
inhibitors) and allowed to incubate on ice for 20 min. The cell lysates were
centrifuged twice at 16,000 x g for 10 min and the supernatants were kept as
samples. Protein amount was measured using the Bio-Rad protein assay kit
(Hercules, CA) and 10 ug of protein was loaded in each lane. After samples
were separated by electrophoresis on 8% polyacrylamide-SDS gels under
reducing conditions, the proteins were transferred to polyvinylidene
difluoride membranes (DuPont NEN). The membranes were blocked with
5% non-fat dry milk in buffer (10 mmol/1 Tris base, pH 8, 150 mmol/l NaCl,
and 0.05% Tween 20) at room temperature for 1 hour. After washing, the
blots were incubated for an additional hour with a 1:150 dilution of MAb
#350 or a 1:150 dilution of MAb T2G1 in buffer containing 5% non-fat dry
milk. This was followed by a 1:5000 dilution of horseradish peroxidase-
~ conjugated goat anti-mouse antibody (Jackson Immunolabs). The proteins
were visualized by the addition of a chemiluminescence reagent to the
membrane according to the manufacturer's instructions (DuPont NEN).

It is difficult to distinguish fibrin § chain from fibrinogen BB chain by
molecular weight because the difference between the two is less than 2% (14
amino acids). In order to distinguish fibrin from fibrinogen, we compared
binding of two antibodies, MAb #350 and MAb T2G1. MAb #350 reacts with
fibrin B chain, fibrinogen 8B chain and degradation product X and Y but
does not react with degradation product D or E. MAb T2G1 reacts with fibrin
B chain (B 1542) and does not react with fibrinogen since the epitope appears
after thrombin cleavage of fibrinopeptide B from the p chain. Thus, a
sample stained positive with both antibodies was considered to be fibrin and
a sample stained positive with #350 but negative with T2G1 was considered
to be fibrinogen 3¢ . The specificity of T2G1 has already been shown 185191,
But we performed both immunohistochemistry and western blot analysis to
confirm the specificity in our system. T2Gl1 is specific for fibrin in our
control samples (data not shown).
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Immunohistochemistry
Immunohistochemistry was performed as described previously 6, In

brief, the cryostat sections were fixed in 10% neutral-buffered formalin for 5
min at room temperature and internal peroxidase was blocked by incubating
the sections in 3% hydrogen peroxide for 5 min at room temperature.
Blocking was performed with 10% normal horse serum in PBS containing
1% BSA. Slides were incubated with primary antibody for 1h at room
temperature: the titer was 1:500 for LM609 and JSBS, 1:200 for Y2/51, 1:150 for
T2G1 and #350, 1:25 for anti-tissue factor antibody, 1:250 for anti-a-actin,
1:1000 for P4C10 and 1:8000 for CD68. A biotinylated horse anti-mouse
secondary antibody was then applied for 30 min, followed by an avidin-
biotin-peroxidase conjugate (ABC Elite, Vector Labs) for 30 min at room
temperature. Then 3,3'-diaminobenzidine with nickel chloride was added
to yield a black reaction product, and methyl green was used as a nuclear
counterstain.

Fibrin positive area

Fibrin positive area stained with MAb T2G1 was quantified on cross
sectional slides. We calculated the positive circumference / total
circumference ratio. Twenty slides of diffuse intimal thickening and thirty-
four slides of advanced lesion were addressed. The number of slides were
low because only the tissues that were cut cross-sectionally were used. As a
control for MAb T2G1, seven slides of coronary arterial diffuse intimal
thickening from heart transplant recipients were stained.

Determining positive integrin _expression_on_smooth muscle cells co-

localized with fibrin

First, all areas where smooth muscle cells co-localized with fibrin
were noted. These areas were identified by H&E staining and included
diffuse intimal thickening, fibrous cap and regions of intramural
hemorrhage. Intramural hemorrhage was confirmed by the presence of
sideroblasts which are hemosiderin rich macrophages. Some smooth
muscle cells were co-localized with fibrin that was found deep in the intima
and below the necrotic core, but these areas were excluded from statistical
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analysis because the number of areas were low. Sometimes it was difficult

to determine whether smooth muscle cells or macrophages expressed the
integrin because they commonly co-localized in intimas of carotid arteries.
Thus, we simply noted whether the integrin staining was positive in the
area. In all cases, there was no doubt as to the negative expression of
integrins by the cells. Areas that show positive integrin expression was
confirmed by two independent pathologists. It was reassuring that there was
no discrepancy between the two pathologists in their opinion of which areas
were positive for integrin expression.

Results

In vitro interaction between smooth muscle cell and fibrin

Human vascular smooth muscle cells (HNB18E6E?7) were trypsinized
and mixed with human plasma. The cells were embedded in plasma clots
by addition of thrombin. In the plasma clots, cells were round just after the
clot formation (Figure 5.1A); however, spreading of smooth muscle cells
was observed by 24 hours (Figure 5.1B) in a time dependent phenomenon
(Figure 5.1C). Combination of anti-avp3 (LM609) and anti-g1 (P4C10)
inhibited cell spreading dramatically (Figure 5.2A). However, neither
antibody alone could inhibit spreading even at 50 ug/ml (Figure 5.2B) This
was also true when the anti-a5p1 antibody (JSB5) was used instead of the
anti-p1 antibody (P4C10) (Figure 5.2B). These two integrins, avf3 and a581,
are required for smooth muscle cell spreading in human plasma clots. The
cell spreading assay was also performed using RGD peptides. Linear RGD
peptides had no effect on spreading. However, GPenGRGDSPCA inhibited
cell spreading, suggesting that this peptide blocked a581 as well as avp3

(Figure 5.3A).

In _vitro migration into fibrin clots

Migration of human vascular smooth muscle cells was not inhibited
by single anti-integrin antibodies (Figure 5.3B). Anti-avg3 (LM609), anti-g1
(P4C10) and anti-a5p1 (JSBS), used at 50 pg/ml, inhibited spreading as well as
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attachment to relevant substrates such as vitronectin and fibronectin (data

not shown). However, a combination of anti-avB3 and anti-B1 or anti-avg3
and anti-a5f1 dramatically inhibited migration (Figure 5.3B). This suggests
that both avf3 and a5B1 integrins on vascular smooth muscle cells are
required for migration into fibrin clots.

Western blot analysis
We performed Western blot analysis using two antibodies: #350 that

recognizes both fibrin and fibrinogen and T2G1 that is specific for fibrin.
Band intensities were measured by a computer assisted system. As a
positive control for fibrin we used lysates from a thrombus that was found
in an abdominal aortic aneurysm (Figure 5.4, lane 4). The band intensity
with #350 was weak in a normal carotid artery obtained from an autopsy
patient (Figure 5.4, lane 1), medium in diffuse intimal thickening from a
carotid endarterectomy (Figure 5.4, lane 2) and strong in an advanced plaque
from an endarterectomy (Figure 5.4, lane 3). This indicates that the total
amount of fibrin and fibrinogen is small in normal arteries and larger in
advanced plaques. The band intensities of #350 and T2G1 in both advanced
plaque (Figure 5.4, lane 3) and thrombus (Figure 5.4, lane 4) were similar,
indicating a predominance of fibrin versus fibrinogen in these lesions.
However, the intensity of T2G1 was weaker than that of #350 in diffuse
intimal thickening (Figure 5.4, lane 2). This suggests that both fibrin and
fibrinogen accumulated in this lesion.

Tissue factor and fibrin localization in the intima

To test the specificity of T2G1, immunohistochemistry was first
performed using control slides of either fibrin or fibrinogen. Human
plasma was placed on slides and allowed to air dry. To some slides,
thrombin was applied for five minutes at room temperature to form fibrin.
To other slides, PBS was added to form fibrinogen. As shown in Figure 5.5,
T2G1 was specific for fibrin and not for fibrinogen. Next, two different areas
from one patient were tested (Fig 5.6). One contained a necrotic core (Figure
5.6A) and the other showed diffuse intimal thickening (Figure 5.6B). Fibrin,
indicated by positive staining with MAb T2G1, was found in both samples
(Figures 5.6C, D). The necrotic core contained heavy fibrin accumulation
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(Figure 5.6C) while diffuse intimal thickening had diffuse fibrin

accumulation (Figure 5.6D). In the peripheral area of the necrotic core,
fibrin was associated with tissue factor (Figure 5.6E). A necrotic core was
identified in a total of 34 areas and all were associated with tissue factor
expression. However, in this particular case of diffuse intimal thickening,
there was no co-localization between fibrin and tissue factor (Figure 5.6F).
Overall tissue factor was found in 14 of a total of 27 areas of diffuse intimal
thickening. Interestingly, fibrin was always co-localized with macrophages.

Fibrin in the non-atherosclerotic intima of carotid endarterectomy samples

Areas positive for T2G1 as well as #350, were found in all 84 slides.
We selected 54 cross sections for quantitative analysis. Positive
circumference / total circumference was calculated (Table 5.1). Neither
antibody ever stained the media. As expected, fibrin was frequently
observed in advanced plaques. However, more than half the circumference
of the intima was unexpectedly positive in 13 of the 20 (65%) samples of
diffuse intimal thickening. We considered the possibility that the intimal
fibrin formation might be due to surgical manipulation performed at the
time of the endarterectomy. To eliminate this possibility, we examined four
specimens taken from autopsy tissue at the same site and found similar
results. In contrast, 5 of the 7 diffuse intimal thickening specimens from
coronary arteries of heart transplant recipients were negative for fibrin.
Thus, intimal fibrin formation may be a property of the carotid artery.

Integrin expression in diffuse intimal thickening

Diffuse intimal thickening from carotid endarterectomies showed
fibrinogen and fibrin accumulation mainly in the intima near the lumen
(Figures 5.7A,B). a-actin staining showed smooth muscle cells in superficial
and deep intima (Figure 5.7C,D). CDé68 staining showed macrophages in the
intima (Figure 5.7D). Co-localization between fibrin and macrophage was
found, however, tissue factor was not detected on the macrophages (data not
shown). Staining by Y2/51, a B3 integrin antibody, showed B3 integrin
expression by macrophages (Figure 5.7E). However, smooth muscle cells
were negative for this antibody. In contrast, staining was positive in all
areas including smooth muscle cells, macrophages and endothelial cells
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when using the anti-B81 antibody, P4C10 (Figure 5.7F). The B1 integrin, not
the B3 integrin, was predominant in the intima. In the 84 slides we studied,
1 integrin expression was always greater than B3 expression in the intima
of carotid endarterectomies.

Integrin expression in intramural hemorrhage.

Figure 5.8 is an area of recent plaque rupture and intramural
hemorrhage which is indicated by the presence of sideroblasts in the tissue
(data not shown). Staining with T2G1 showed a heavy accumulation of
fibrin in the area (Figure 5.8A, 5.8B). a-actin staining indicated the presence
of some smooth muscle cells in the intramural hemorrhaged area (Figure
5.8C, 5.8D). avp3 integrin staining was negative on these smooth muscle
cells (Figure 5.8E, 5.8F). The a5f1 integrin was expressed on smooth muscle
cells in the hemorrhaged area (Figure 5.8G, 5.8H).

Positivity of avf3 integrin in the intima of carotid arteries

Table 5.2 summarizes the frequency of finding areas positive for
specific integrins. The avp3 integrin was expressed in only 24% of the areas
containing intramural hemorrhage, but a581 was positive in 88% of these
areas (p<0.001). Expression of av@3 integrin was seen in 55% of the fibrous
caps, however, this was less than a5p1 (90%, p<0.05). In regions of diffuse
intimal thickening, the frequency of avB3 expression was higher (75%),
however, it was still less than a581 (97%, p<0.05). In all the intimal areas
that we studied, the frequency of avf3 was significantly less than a5p1.
Moreover, avf3 was rarely seen in areas of recent plaque rupture.

Discussion

This study shows that avf3 is not, by itself, sufficient to support
either migration or spreading of cultured smooth muscle cells in fibrin clots.
Moreover, while we have shown that some intimal and plaque smooth
muscle cells do express avB3 in vivo 65, we do not see avf3 in human
vascular tissue at sites of probable recent injury. These observation suggest
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that B3 antagonists will only be effective on restenosis if platelets are the
critical target.

Our focus on intramural fibrin represents a generally unexplored
area. There is extensive evidence that high plasma fibrinogen is a risk factor
for atherosclerosis 19219 and restenosis 8. This hypothesis is supported by
several observations including our own finding that an inhibitor ‘of the
extrinsic coagulation pathway can block restenosis 3. Dvorak et al. have
suggested that fibrin plays a critical role in tumor angiogenesis , a feature
also seen in advanced atherosclerotic plaque 1% A small literature exists
about fibrin function in culture systems. Fibroblasts!%, endothelial cells¢,
melanoma cells!¥” and smooth muscle cells!® all migrate into fibrin clots
and will contract fibrin clots much as they contract collagen clots 69, 116, 125,
145 It has been hypothesized that such contraction mechanisms as well as
invasion may be important for the interactions of cells with the
"provisional wound matrix" around the wound 198201 and during wound
contraction.

Our studies identify a581 and avf3 as critical integrins in smooth
muscle interactions with fibrin. Five integrins have been shown to bind
fibrin or fibrinogen: aMp22®2, allbg3 203 avp3 180 avfl 81 and a5p1
integrins 8. The aMp2 integrin is expressed on leukocytes and allbg3 is
expressed on platelets. The avfl integrin has been described as an
alternative receptor for fibrin on melanoma cells which do not express avp3
81 In melanoma cells, avp3 has been shown to bind fibrin or fibrinogen 180,
Endothelial cells expressing a581 bind fibrinogen in the presence of
manganese 8, Therefore, smooth muscle cells could interact with
fibrinogen through avg3 1%, avp1 8 or as5p1 integrins 8. We have
previously shown that a5f1 is critical for fibrin clot contraction 12, Both
avf3 and a5Bl are responsible for transmigration of fibroblasts from
collagen into fibrin 2%, In intimal formation at the ductus arteriosus, both
avBf3 and a5B1 were up-regulated on smooth muscle cells at the newly
formed intima in monkeys 205 Similarly, the present study shows that two
integrins, a5f1 and avf3, are required for in vitro interaction between
human vascular smooth muscle and fibrin.
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In vitro functional assays, however, can not be interpreted unless we

also know the target molecules that are present at the sites of interest. For
example, despite numerous in vitro studies implicating a2f1 in smooth
muscle cell interaction with collagen 64,206, this integrin is only seen on the
endothelium in the vessel wall and never seen on smooth muscle cells
except during development 2®. In a previous report, we found the
expression of avpf3 integrin on intimal cells in vivo 8. The intima is
usually assumed to be the layer critical for vessel response to injury.
However, in our previous report, B1 was universally present while B3 was
seen only in a small portion of the intimal smooth muscle cells. Similarly,
in the present study, avp3 integrin was rarely seen on smooth muscle cells
even in areas of recent injury identified by evidence of intramural
hemorrhage. Geary et al. have shown similar results. avf3 was expressed
less in intima than in media in a monkey vascular injury model 3. When
avf3 was seen in lesions, it was usually focally located on macrophage or
endothelial cells. .

These data are not inconsistent with animal studies showing
prevention of intimal hyperplasia with cyclic RGD peptides 150, 152, 207 4 jo
important to note that the peptides are not specific for only avp3 162 166, 206,
208 For example, the assertion that GPenGRGDSPCA is specific to avp3 was
based on studies of normal rat kidney cells . The GPenGRGDSPCA was
unable to inhibit cell adhesion to fibronectin at under 1 mM although a
little inhibition was seen at over 1 mM %%. However, we have found that
the GPenGRGDSPCA blocks the attachment to fibronectin as well as
vitronectin using human vascular smooth muscle cells at lower
concentration (K. Yee, unpublished data, 1998). We have also shown here
that GPenGRGDSPCA blocked both a581 and avp3 in spreading assay of
human vascular smooth muscle cells.

Another possibility is that the critical matrix molecule supporting
migration at sites of injury is collagen. However, in vivo, a2f1, a known
collagen receptor, is apparently only expressed on smooth muscle cells
before birth 2®. Studies analyzing the function of integrins during smooth
muscle cell interaction with collagen can not be interpreted because
expression of a2fl on smooth muscle cells is an in vitro artifact. This
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expression may overwhelm any normal adherence and signaling pathways

that exist.

We need to conclude by commenting on the serendipitous discovery
in this study of finding fibrin in non-atherosclerotic intimas of carotid
arteries. Observation of fibrin in advanced lesions are not new. Bini et al,
using antibodies similar to those employed here, showed that fibrin was
prominent in the advanced lesions of aortas or coronary arteries but that
diffuse intimal thickening mainly showed fibrinogen 184 Valenzuela et al,
in contrast, reported that fibrin was prominent in the pseudo-intima of
prosthetic devices while fibrinogen preferentially accumulated in the
atherosclerotic aortic plaque . Thus, we might have expected arterial
intima to contain fibrinogen. However, the presence of fibrin in the intima
of the carotid arteries but not in the coronaries suggests that the carotid
intima may express tissue factor, the usual requisite to initiate coagulation
209-211 Though we did find a high frequency of CDé68 positive cells,
macrophages, in diffuse intimal thickening in the carotid artery, about half
of the diffuse intimal thickening containing fibrin did not stain for tissue
factor. Thus, one must posit either that coagulation in these sites is being
promoted by some pathway other than the extrinsic pathway or that the
time of active coagulation has passed when we sampled the tissues. This
may reflect episodes of local inflammation and activation of tissue factor in
"normal” intima, as proposed by Libby for plaques 212, Our data suggest that
fibrin is much more wide spread in the arterial intima than previously
suspected. This fibrin could play a key role in vascular narrowing, as
suggested by the effect of a blocker of the extrinsic cascade %.

In summary, we suggest that more attention should be paid to the
possible biological role that intramural fibrin plays during the response to
injuries produced by both spontaneous rupture and angioplasty. In addition
to our own focus on vascular remodeling, other possibilities for fibrin
include its role in intima-plaque angiogenesis in tumors as suggested by
Dvorak %, The integrins controlling this pathway could be intriguing
clinical targets.
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Figure 5.1. Cell spreading in human plasma clots.

Human vascular smooth muscle cells (HNB18S8E6E7) were embedded in
human plasma clots. The clot was incubated at 37°C for 24 hours. (A) just
after clot formation (t=0), (B) 24 hours after incubation (t=24h). (C) Time
course of cell spreading. Error bars represent + standard deviation.
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Figure 5.2. Inhibition of cell spreading in plasma clots by a combination
of monoclonal anti-integrin antibodies.

(A) The same protocol was followed as described in figure 5.1 except that
cell spreading was inhibited by a combination of anti-avg3 (LM609) and
anti-pl (P4C10) antibodies. The x axis represents the total antibody
concentration. Therefore, 50 ug/ml is equivalent to 25 ug/ml of LM609 plus
25 ug/ ml of P4C10. Control samples were non-immune mouse IgG at the
same concentrations. Error bars represent + standard deviation. B) Human
smooth muscle cells were preincubated with the following antibodies:
LM609 (anti-avg3), P4C10 (anti-g1) or JBS5 (anti-a5p1). The antibodies were
added singularly or in combination. The antibody concentrations were 50
pg/ ml. The same experimental procedure was followed as described in
figure 5.1. Error bars represent + standard deviation.



spread ce

70

60

40

30

20

10

-

n

-

100 50
antibody concentration (u g/ml)

40

20

il

10 5

IOigG ‘
| LME09+P4C10 !

spread celli (

3
—

70
60
50

30
20
10




112

Figure 5.3A. Inhibition of cell spreading in plasma clots by cyclic RGD
peptides

The same experimental procedure was followed as described in figure 5.3A

except that the human smooth muscle cells were preincubated with 500 uM
of linear and cyclic RGD (GPenGRGDSPCA) peptides. Error bars represent +
standard deviation.

Figure 5.3B. Invasion and migration of human smooth muscle cells
into fibrin clots.

The invasion/migration assay into fibrin clots was performed using a
modification of the method originally reported by Naito et al (see material
and methods). Inhibition of migration by the following antibodies at 20
ug/ml was not observed: LM609 (anti-av g3 integrin), P4C10 (anti-1
integrin) or JSB5 (anti-a5p1 integrin). However, a combination of LM609
and P4C10 dramatically inhibited migration (p < 1X10-10). The extent of
inhibition seen by combining LM609 and JSB5 was similar (p < 1X10-10),
The bars represent mean + standard deviation. Statistical analysis was done
using chi-square test.
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Figure 5.4. Western Blot Analysis using MADb #350 and MAb T2G1 on
reduced carotid artery samples.

Lysates from normal carotid artery (lane 1), diffuse intimal thickening (lane
2), advanced plaque (lane 3) and thrombus from an abdominal aortic
aneurysm (lane 4) were electrophoresed through an 8% SDS polyacrylamide
gel, transferred to a PVDF membrane and probed with either #350 or T2Gl1.
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Figure 5.5. Specificity of MAb T2G1.

Human plasma was air-dried on slides and either PBS (A) or thrombin (B)
was added to the slides. Immunohistochemistry was performed on the
samples using monoclonal antibody 2TG1.
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Figure 5.6. Expression of tissue factor and fibrin in carotid
endarterectomy samples.

These samples were derived from two separate areas from one patient's
carotid artery. In the first sample, H&E staining reveals the necrotic core in
the middle of the intima (A). Fibrin stained by MAb T2Gl is positive at the
necrotic core (B) and tissue factor is also positive at the peripheral area of the
necrotic core (Q). In the second sample, H&E staining shows existence of
diffuse intimal thickening in the tissue (D). Fibrin stained with MAb T2Gl1 is
positive in the intima near the lumen (E). However, tissue factor does not
co-localize with fibrin (F). (Original magnification was 4X.)



116

Figure 5.7. Integrin expression in diffuse intimal thickening.

The lumen is located at the left top of the pictures. This endarterectomy
sample has only a thin layer of media. Samples of diffuse intimal thickening
were stained for fibrinogen with MAb #350 (A) and for fibrin with MADb
T2G1 (B). Both fibrin and fibrinogen are found in the intima near the
lumen. a-actin staining indicates that smooth muscle cells are present in the
intima and the media (C). CD68 staining reveals that macrophages are found
in the intima (D). In this case, macrophages are co-localized with fibrin,
however, these macrophages do not express tissue factor (data not shown).
Staining with Y2/51 for g3 integrin shows positive 3 expression on
macrophages located at the right middle field where there are no smooth
muscle cells present (E). Staining with MAb P4C10, an anti-1 integrin
antibody, is positive in all areas of the tissue including on smooth muscle
cells, macrophages and endothelial cells (F). gl integrin is a predominant
integrin in the intima. (Original magnification is 4X).
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Figure 5.8. Integrin expression in areas of intramural hemorrhage from
an endarterectomy sample.

This lesion contains an intramural hemorrhage caused by recent intimal
rupture. Panels A and B were stained with MAb T2G1, an anti-fibrin
antibody. Heavy fibrin accumulation is seen at the site of intramural
hemorrhage (A, 4X; B, 20X). A serial section was stained with an anti-a-actin
antibody which identifies smooth muscle cells in the tissue (C, D). Some
smooth muscle cells remain in the cap near the lumen and some are in the
intramural hemorrhage area (C, 4X; D, 20X). The cells in the hemorrhage
may have migrated into the fibrin matrix from the adjacent intima (D, 20X).
Staining is negative for the anti-avg3 integrin antibody LM609 on these
smooth muscle cells (E, 4X; F, 20X). However, it is positive on macrophages
in the necrotic core, on vaso vasorum endothelium and on smooth muscle
cells in the media. o581 integrin, identified by the antibody JSBS5, is expressed
on both smooth muscle cells and macrophages in the hemorrhagic area (G,
4X; H, 20X).
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Table 5.1. Fibrin staining of diffuse intimal thickening and plaques from
coronary and carotid arteries with T2G1

Coronary Carotid
Positive/Total Diffuse Intimal  Diffuse Intimal Plaque
Circumference Thickening Thickening n=34
Stained with T2G1 o n=20 .
0% 5(71%) 0 0
1%-5% 2 (29%) 7 (35%) 2 (6%)
51-99% 0 9 (45%) 15 (44%)
100% 0 4 (20%) 17 (50%)

Diffuse Intimal Thickening was defined as areas of diffuse thickening
without findings of advanced atherosclerosis like necrotic cores. Plaque was
defined as intima that contained a fatty mass. Specimens were selected that
consisted entirely of cross-sectional plaque or entirely of cross sectional
diffuse intimal thickening. No specimens were found that did not contain
areas of T2G1 staining except specimens showing no or minimal intimal
thickenings in carotid arteries. However, diffuse intimal thickening in
coronary arteries from heart transplant receptionist contained less fibrin
than carotid arteries.
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Table 5.2. Distribution of integrins in areas where smooth muscle cells
and fibrin were both found.

Histology Integrin + +/- - P-value
Her;grrhage avp3 6 (24%) 1 (%) 18 (7%)  P<0.001
n=

a5p1 22 (88%) 2 (8%) 1 (4%)
pibrzo;s Cap  gvp3 11 (55%) 4 (20%) 5 (25%) P<0.05
n=

a5p1 18 (90%) 1 (5%) 1(5%)
Diffuse avp3 24 (67%) 3 (8%) 9 (25%) P<0.05
Intimal
Thickening
n=36

a5p1 35097%) 1(3%) 0

Hemorrhage was defined as areas containing red cells and sideroblasts.
Fibrous cap was defined as a fibrous capsule separating the lumen from the
vessel wall. Diffuse intimal thickening was defined as areas of diffuse
thickening without findings of advanced atherosclerosis like necrotic cores.
Frequency values were set to the incidence of areas showing the features
listed. For example, of 25 areas of intramural hemorrhage on 20 slides, 6
areas contained cells that stained for avg3. P-value was calculated by chi-
square test comparing avg3 integrin with 581 integrin.



Chapter 6: Discussion and Future Directions
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Cell-matrix interactions are important components of many

biological activities such as development, wound healing and disease
progression. One disease of interest is atherosclerosis. Narrowing of the
large, muscular arteries or rupture of the atherosclerotic lesion is one of the
primary causes of morbidity and mortality in humans. To assist in finding
treatments for this disease, many researchers have attempted to identify
molecules that could serve as targets for pharmaceutical intervention. This
thesis arises from the hypothesis that wound healing is a mechanism of
vessel narrowing during advanced stages of the disease. We have suggested
that fibrin, an extracellular matrix found in all wounds and a prominent
feature of lesions, could serve as a focal point for cellular interaction and
decrease the cross-sectional area of the vessel lumen.

In this dissertation, I have characterized how smooth muscle cells
interact with fibrin in order to to identify molecules that would serve as
targets for pharmaceutical development. In summary my studies have
demonstrated that human smooth muscle cells are able to interact with a
fibrin clot composed of either recombinant fibrinogen, gelatin sepharose
treated plasma or whole plasma. By using antibodies against various
members of the integrin receptor family, I have identified two integrins that
are important for smooth muscle cell adhesion, contraction and migration
on fibrin clots. One integrin, a5p1, seems to play a greater role than the
other, avf3, in human smooth muscle cell interaction with fibrin. I have
also demonstrated that fibronectin, a matrix molecule found in plasma and
secreted by cells, acts as a mediator between smooth muscle cells and the
fibrin matrix. Fibronectin binds to fibrinogen and is the ligand for the
integrins a581 and avB3. This model has physiological relevance in wvivo
since a581, fibronectin and smooth muscle cells are found in atherosclerotic
plaques.

Adhesion on recombinant fibrin clots

Smooth muscle cell adhesion to recombinant fibrin is mediated by
the a5f1 integrin on the smooth muscle cell and hamster fibronectin found
in recombinant fibrinogen. Antibodies against the 81 integrin (P4C10), a5
integrin subunit (Mab 16), o581 (JBS5) integrin and fibronectin (R790)
inhibited cell adhesion to recombinant fibrin. Furthermore, the peptides
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penRGD, VCAM345 and G4120 also inhibited cell adhesion to the matrix. A

disintegrin, Kistrin, had the most potent effect on inhibiting cell adhesion to
recombinant fibrin.

In this two-dimensional assay system, smooth muscle cells adhere to
recombinant fibrin that has been coated onto plastic. In this situation, cells
are interacting with insoluble fibronectin in the fibrin matrix and they
utilize the integrin a5@1 to attach to this matrix. Even though avp3 is also a
receptor for fibronectin, its role is small due to the low numbers of receptors
on the smooth muscle cell surface. So it is not surprising that LM609, an
anti-avp3 antibody, only partially blocked cell adhesion. However, penRGD
and G4120, avf3 peptide antagonists, significantly blocked cell adhesion to
this matrix. Even though penRGD has been labeled an av inhibitor, our
data demonstrate that it also can inhibit smooth muscle cell adhesion to
fibronectin. Because the low number of avf3 on the cell surface can not
account for all the cell-fibronectin interaction, penRGD must also inhibit
@51 interaction with fibronectin. In agreement with our data, penRGD was
more effective than G4120 in inhibiting smooth muscle cell adhesion to
recombinant fibrin. G4120 inhibited cell adhesion to vitronectin better than
penRGD, but it was not as effective in inhibiting cell adhesion to fibronectin.
This suggests that G4120 is more specific for avf3 than penRGD is for this
integrin. Indeed, it's effect on inhibiting adhesion to recombinant fibrin was
comparable to LM609, an antibody against avg3.

Adhesion on gelatin sepharose treated plasma clots and whole plasma clots

Smooth muscle cell adhesion to gelatin sepharose treated plasma
clots involves the integrins a5g1 and avp3, as well as the matrix proteins
fibronectin and vitronectin. Antibodies against avp3 (LM609), av (L230),
a581 (JBSS), a5 (Mab 16), p1 (P4C10), fibronectin (R790) and vitronectin
inhibited smooth muscle cell adhesion to gelatin sepharose treated plasma
clots. Antibodies against avB3 were more effective than those against a581
in inhibiting cell adhesion suggesting a greater role for avg3 in smooth
muscle cell adhesion to this matrix. This was confirmed when an antibody
against vitronectin inhibited cell adhesion. Data on the effectiveness of the
peptides penRGD, G4120 and VCAM345 to inhibit cell adhesion also support
this conclusion. VCAM345, an anti-a4 and anti-a5 peptide antagonist, was
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not as effective as the avB3 peptide antagonists, G4120 and penRGD, in
inhibiting cell adhesion. As in the case of recombinant fibrin, the
disintegrin Kistrin had a very potent effect in preventing smooth muscle
cell adhesion to gelatin sepharose treated plasma clots. The data suggest that
smooth muscle cells are adhering to this matrix through the integrins avg3
and a5p1 with avf3 playing a greater role due to the presence of vitronectin.
The plasma protein fibronectin is also important in this interaction.
Western blot analysis demonstrates the presence of low molecular weight
fragments of fibronectin in this source of fibrinogen. These small
fibronectin fragments may not be as effective as the high molecular weight

fibronectin in promoting cell adhesion.
Adhesion to whole plasma clots represents a more physiological

system because whole plasma contains almost all of the proteins that would
be found in a clot in vivo. Smooth muscle cell adhesion to whole plasma
clots was inhibited by the disintegrin Kistrin and the anti-fibronectin
antibody R790 but not by the cyclic peptides VCAM345, penRGD and G4120.
The data suggest that smooth muscle cell adhesion to whole plasma clots is
mediated by fibronectin found in the whole plasma clots and by several
integrins, possibly a51 and avp3. Kistrin, a pan-integrin antagonist was
the most effective in inhibiting cell adhesion to whole plasma clots at low
concentrations. The data indicate that cell adhesion to this matrix involves
multiple integrins due to the complexity of proteins in the clot. To
effectively block all receptor-ligand interactions, all the receptors must be
blocked or all the ligands must be blocked. This data is supported by the fact
that a high concentration of Kistrin was needed to block cell adhesion to this
matrix.

Contraction of Fibrin Clots

Contraction of recombinant fibrin clots, gelatin sepharose treated
plasma clots, and whole plasma clots by human smooth muscle cells is
mediated by the a5p1 integrin and the molecule fibronectin. In all three
cases only the anti-B1 antibody (P4C10), anti-a5 antibody (Mab 15), anti-a5p1
antibody (JBS5), anti-fibronectin antibody (R790) and the disintegrin Kistrin
inhibited contraction of fibrin clots. Antibodies and peptides against av and
avB3 were generally not effective (1230, LM609, 7E3 Fab, penRGD, and
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G4120). Furthermore, the anti-a4 and anti-a5 peptide antagonist,
VCAM345, was also not able to inhibit clot contraction. However, penRGD,
at a concentration between 250-500 uM, was able to block clot contraction of
gelatin sepharose treated plasma clots. This concentration range affects cell
binding to fibronectin and vitronectin. By blocking both low molecular
weight fibronectin and vitronectin, contraction of gelatin sepharose treated
plasma clots was inhibited. The effectiveness of Kistrin, a pan-integrin
antagonist suggest that multiple integrins are involved. in clot contraction
with a5B1 playing a dominant role. As explained later, the integrins are not
only mediating cell-matrix interactions, but also fibronectin assembly.

Migration on Fibrin Clots

Two assays were used to test smooth muscle cell migration towards
and within fibrin clots. The first assay, a Transwell migration assay, tested
the cells’ ability to migrate through a recombinant fibrin, a gelatin sepharose
treated plasma clot or a whole plasma clot. In all three sources of fibrinogen,
migration towards and within the fibrin clot was mediated by both the avf3
and o5B1 integrins. Antibodies to each of these integrin alone did not
inhibit migration but in combination they halted cell migration (data not
shown). In support of this statement, the pan-integrin antagonist, Kistrin,
was very effective in inhibiting smooth muscle cell migration on fibrin.

The second assay, an invasion/migration assay, demonstrated that
smooth muscle cells sandwiched between two layers of fibrin were able to
migrate up into the top fibrin layer. This migration into fibrin clots was also
dependent on both the avf3 and 51 integrins as antibodies against both of
these integrins were effective in inhibiting migration into the fibrin clot.
The role of fibronectin was not explored. However, extrapolation from the
adhesion and contraction data predicts that migration would depend on
fibronectin.

Fibronectin Incorporation into a fibrin clot

Cell adhesion to recombinant fibrin, gelatin sepharose treated plasma
clots and whole plasma clots was inhibited by treating the matrices with an
anti-fibronectin antibody. Furthermore, recombinant fibrin clot contraction
by smooth muscle cells was statistically inhibited only when the matrix was
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pre-incubated with the anti-fibronectin antibody. When the cells or the cells

plus the matrix were treated with the antibody, clot contraction was
inhibited but it wasn't statistically significant. This would suggest that in
these specific situations fibronectin found in the fibrin clots is more
important than cell surface fibronectin.

In these assays, smooth muscle cells are interacting with an insoluble
matrix of fibrin. Fibrinogen, normally soluble in solution, is rendered
insoluble by the cleavage of fibrinopeptides A and B off the a and B chains of
fibrinogen, respectively. The de novo sites cause the fibrinogen molecules
to interact and Factor XIIla or tissue transglutaminase cross-links the fibers
to form a rigid meshwork. At the same time, soluble fibronectin can also be
cross-linked and incorporated into the fibrin matrix by Factor XIlla?13. This
could be the situation for gelatin sepharose treated plasma and whole
plasma during clot formation in the 96 well plates used for the adhesion
assay.

Soluble fibronectin can also be rendered insoluble if it is interacting
with the fibrinogen molecule non covalently before thrombin cleavage.
When fibrinogen is cleaved and forms a matrix, the fibronectin that is
already attached to the fibrinogen molecule could become insoluble with the
fibrin matrix. This process may occur during the recombinant fibrin clot
contraction assay and adhesion assay. Our initial results that a51 mediated
cell contraction and adhesion of recombinant fibrin clots were surprising
because we assumed that recombinant fibrinogen did not contain
fibronectin and that a5B1 could not bind to fibrin. Our later results on the
ability of the anti-fibronectin antibody R790 to inhibit cell interaction with
recombinant fibrin caused us to search for the source of fibronectin found in
recombinant fibrinogen. Through western blot analysis and an ELISA assay,
a non-human fibronectin was detected in the recombinant fibrinogen. We
hypothesize that during production of recombinant fibrinogen in the
hamster chinese ovary cells, fibronectin could be attached to the fibrinogen
molecule and secreted from the cell as a unit. During polymerization of the
fibrin clot, the fibronectin could be incorporated in the fibrin strands and
made available for cellular interaction.

Western blot analysis detected both low and high molecular weight
fibronectins in whole plasma, gelatin sepharose treated plasma and
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recombinant fibrinogen. Fibronectin is usually found as a dimer in plasma

and as multimers on the cell surface. Binding of the 70kDa N-terminal
fragment of fibronectin with a fragment of the first type III repeat (IlI1+C)
can cause fibronectin to aggregate in solution 214, 215 The aggregated
fibronectin can bind to the fibrin clot or can be cross-linked to the clot by
transglutaminases. At this time, it is not known whether any of the
fibronectin fragments in plasma or recombinant fibrinogen include I1+C.

Recently one group explored the effect of the fibronectin fragment
II1+C on vascular smooth muscle cell growth and fibronectin matrix
assembly?®. The authors found that cells plated on fibronectin will
proliferate better than cells grown on plastic. However, when the cells were
grown on IlI1+C, incorporation of labeled thymidine was much lower. This
decrease in cell proliferation was specific for rat and human smooth muscles
as other cell types, such as endothelial cells, were not affected by fragment
[I;+C. Furthermore, fragment I1I1+C did not affect a5p1 localization to focal
contacts, but it did affect the ability of the cells to assemble a fibronectin
matrix. So while III;+C in solution can cause fibronectin to aggregate, on
the cell surface it blocks fibronectin matrix assembly.

Cell Surface Fibronectin Assembly

When we pre-incubated either gelatin sepharose treated plasma or
whole plasma with the anti-fibronectin antibody, R790, inhibition of clot
contraction did not occur. However, when the cells or the cells plus the
matrix were treated with R790, contraction was significantly inhibited. This
would suggest that clot contraction of these two matrices relied mainly on
cellular fibronectin interaction with the fibrin matrix.

There are regions on the cell surface, called LAMMSs (molecules of
large apparent molecular mass), that are sites of fibronectin assembly.
Fibronectin 217assembly requires both the participation of integrins, such as
a5p1 and avf3, as well as certain regions of fibronectin: the amino terminal
70-kDa region, the cell adhesion site on the tenth Type III repeat (RGD
sequence) and the I9 site on the first Type III repeat. A third inducer of
fibronectin assembly is the formation of actin stress fibers in the cell. One of
the reagents that induces tension on the cell, lysophophatidic acid, also
increases binding of soluble fibronectin?13. Recently Zhong et al.
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demonstrated that lysophophatidic acid modulated it's effect through Rho

GTPase. In the assays describe in this dissertation, smooth muscle cell
spreading, contraction and migration on fibrin could increase fibronectin on
the cell surface.

Integrins are also key components of matrix assembly on the cell
surface. Integrin interaction with the RGD motif on fibronectin is required
for fibronectin assemblylls. o561 has been shown to be the principle
integrin in fibronectin assembly; however, avf3 can also assemble the
matrix on the cell surface in the absence of a58121%. Furthermore antibodies
against a5p1 inhibited matrix assembly?!8. In our case, anti-a5, @581 and B1
antibodies may be inhibiting not only integrin-ligand interactions but also
fibronectin assembly. It's interesting that the linear RGD peptides did not
have an effect on smooth muscle cell interaction with fibrin. Perhaps it's
because the RGD peptides were interacting with the cell and increasing
fibronectin assembly on the cell surface and this would not decrease clot
contraction.

Cell Spreading: Role of Fibronectin

In the course of these studies, it was noted that smooth muscle cells
would spread when adhering to gelatin sepharose treated plasma clots or
whole plasma clots coated on plastic or in a three dimensional plasma clot.
However, when smooth muscle cells were immersed in a recombinant
fibrin clot (three dimensional), they did not spread and while adhering to
recombinant fibrin coated on plastic, they slightly spread. Cell adhesion to
any matrix does not require cell spreading, a process involving the
cytoskeleton. We initially postulated that the difference in cell shape was
due to a lack of either fibronectin or vitronectin in the recombinant fibrin
clot. That is to say that cells will not spread on pure fibrin. However, we
now have evidence that in recombinant fibrin, there is hamster fibronectin
present, though this may not be enough to promote cell spreading. The
other difference between plasma and recombinant fibrinogen is the presence
of Factor X1IIa, a transglutaminase. Perhaps the combination of fibronectin,
fibrin and factor XlIla is conductive for cell spreading.

Summary: Difference Between Plasma and Recombinant Fibrinogen
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Smooth muscle cell adhesion to whole plasma clots is mediated by

both fibronectin and vitronectin in the plasma. The integrins a5p1 and
avfi3 are the receptors for these molecules, respectively. The three ligands
allow the cells to maintain cell adhesion if one of the integrins is blocked.
However, because there are more o581 integrins than avf3 integrins,
blocking this integrin will have a greater effect than blocking the avp3.
However, if you block both integrins by using Kistrin, adhesion is nearly
abolished. The same is true for smooth muscle cell adhesion to gelatin
sepharose treated plasma clots. Gelatin sepharose is suppose to remove
fibronectin from the plasma; however, only the high molecular weight
fibronectin is removed. The lower molecular weight fragments remain in
the solution.

Cell adhesion to recombinant fibrin involves hamster fibronectin,
recombinant fibrin, a581 and avB3. Both of these integrins recognize
fibronectin and avf3 also recognizes fibrin. Again, because there are eight
times the number of a5p1 on the cell surface than av3, blocking the
integrin a51 will have a huge effect on cell adhesion. There may not be
enough av@3 on the surface to sustain cell interaction with the fibrin
matrix. However blocking both of these integrins will abolish cell adhesion.
This is seen when treating the cells with the disintegrin Kistrin.

In smooth muscle cell contraction of plasma clots, the key players are
surface fibronectin, a5g1 and probably to some extent avg3 since blocking
both the integrins inhibits contraction greater than blocking either one of
them alone. The greater role of surface fibronectin over plasma fibronectin
could be due to the nature of the three dimensional assay and the
availability of the plasma fibronectin to the cell. Factor XIIla may crosslink
the fibronectin to the fibrin matrix in such a way that it is not easy for the
cells to bind to it. Smooth muscle cell contraction of recombinant fibrin
clots is probably similar to plasma clot contraction except that hamster
fibronectin seems to be more accessible for cell binding due to the lack of
Factor XIIIa in the solution.

Conclusion

In conclusion, I have determined that human smooth muscle cells
interact with a fibrin matrix through cellular or plasma fibronectin and they
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utilize the a5f1 integrin to do so (Figure 6.1). The fact that fibronectin can
mediate cell interaction with fibrin is not novel since fibronectin has been
shown to be able to bind to fibrin covalently and non covalently!36: 220,
However, what is novel about this work is that smooth muscle cell
interaction with fibrin requires fibronectin. Previous studies on cell
interaction with fibrin has shown that avf3 is the direct receptor for fibrin
on fibroblasts, endothelial cells, and melanoma cells %% 116, 145 Tpe
difference between these cells and human smooth muscle cells is the level
of avPB3 expression on the cell surface. Human smooth muscle cells express
very low levels of avB3in vitro and this low level is also found on intimal
smooth muscle cells in vivo % 9. In contrast, expression of a581 on
human smooth muscle cells is relatively high in vitro and in vivo.
Moreover, smooth muscle cells co-localized with fibrin in atherosclerotic

plaques have the same integrin profile with respects to avp3 and a581.
The expression of the integrin on the surface of the cell is important

when contemplating whether 2 particular integrin would be a suitable target
for pharmaceutical development. As reviewed in Chapter 1, plaque rupture
and thrombosis occur during advance stages of atherosclerosis. This can
also occur during medical intervention. Angioplasty is a technique used to
forcibly reopen and enlarge the lumen of a vessel that has been closed due to
atherosclerosis. During angioplasty, the vessel is severely wounded and
fibrin accumulates in the wall. In this situation, wound healing would play
an important part in the maintenance of the vessel wall while wound
contraction may explain the incidence of restenosis, a decrease in lumen
area. One component of wound healing is smooth muscle cells interaction
with fibrin through integrin receptors. If smooth muscle cells can cause
pathological narrowing during the healing of the vessel wall, then
preventing smooth muscle cell interaction with fibrin would be a way to
decrease the incidences of restenosis after angioplasty.

A pharmaceutical reagent that inhibits the integrins avg3 and allbg3
has already been developed. Reopro is a humanized antibody against the
fibrin receptors, avf3 and allbB3. In clinical trials, Reopro decreased the
clinical incidence of restenosis significantly and this protection has lasted
over two years!!% 148, 176 1¢ (ag hypothesized that the effectiveness of
Reopro was due to its ability to block both platelet and smooth muscle cell
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interaction with ligands of avp3 and ollb3 found in the atherosclerotic
plaque and the vessel wall. However, work cited in this dissertation has
demonstrated that intimal smooth muscle cells do not express the integrin
avp3; therefore, Reopro must not be effective in preventing smooth muscle
interaction with ligands of avf3, including fibrin and fibronectin. Smooth
muscle cell migration and proliferation are important components of
atherosclerosis progression and a reagent that could prevent these events
would be an effective drug in inhibiting atherosclerosis and restenosis.

Fibrin

v \avp3

\

Fibronectin

Smooth Muscle Cells

Figure 6.1: Model of Smooth Muscle Cell Interaction with Fibrin
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Future Directions

The initial characterization of human smooth muscle cell interaction
with fibrin has been presented in this dissertation. The knowledge gained
will aid other researchers in their search for pharmaceutical targets in the
prevention of atherosclerosis progression and restenosis. Even though a
number of key components in smooth muscle cell interaction with fibrin
have been identified, a number of new questions have been raised.

The first area of further research is the role of fibronectin in smooth
muscle cell interaction with fibrin. Small molecular fragments of
fibronectin have been identified in all three sources of fibrinogen and the
role of these fibronectin fragments is unknown in regards to smooth muscle
cell-fibrin interaction. Are these fragments causing fibronectin to
polymerize? Are they inhibiting fibronectin assembly on the cell surface?
Are cells interacting with these fragments? Do the concentrations of these
fragments confer different experimental results between plasma clots and
recombinant fibrin? To address these questions, the identification of some
of the fragments through peptide sequencing should be carried out. In
particular, the presence of the III}-C fragment in the sources of fibrinogen
should be confirmed. To determine if the smaller molecular weight
fibronectins are important in smooth muscle cell interaction with fibrin,
fibronectin can be cleaved using a number of proteases. These smaller
molecular weight fragments can be mixed with the recombinant fibrinogen
and the effect on smooth muscle cell adhesion and contraction of fibrin clots
can be assessed.

The second area of research may be the role of the integrins o581 and
avB3 on smooth muscle cell interaction with fibronectin and fibrin. When
we initiated this project, we assumed that the integrins would be receptors
for the extracellular matrices. However, in the course of our studies, we
realized that integrins can assemble the fibronectin matrix on the cell
surface and can also transduct signals to the cell nucleus. The studies
presented here utilize many anti-integrin antibodies and peptides. It would
be interesting to assess the affect of these inhibitors on fibronectin secretion,

fibronectin matrix assembly and expression of other proteins on the cell
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surface. There has also been much work presented in the literature on

crosstalk between the integrins avf3 and a561'%. In smooth muscle cell
interaction with fibrin, anti-a581 antibodies inhibited cell-matrix
interactions and by blocking both the a581 and avf3 integrins, the extent of
inhibition increased. I hypothesized that this was partly due to the different
amounts of avf3 and o581 on the cell surface. However, this result could
be due to intracellular signaling between the two integrins.

The third promising area of research is the role.of Factor XIIla and
tissue transglutaminase in smooth muscle interaction with fibrin. In the
data presented in this dissertation, I have assumed that Factor XIIla is
crosslinking fibronectin to fibrin in the plasma clots. Crosslinking of
fibronectin to fibrin should be confirmed through SDS-PAGE analysis. It is
not known for instance whether all of the fibronectin fragments are being
cross-linked to fibrin. Ccross-linking these fragments together may prevent
the cells from interacting with the fibronectin in a clot contraction assay. It
is not known whether the smooth muscle cells used in these studies are able
to secrete tissue transglutaminase. Since many other cell types such as
fibroblasts and endothelial cells are able to secrete tissue transglutaminase, I
assume that smooth muscle cells are also able to do this. If the cells are able
to secrete tissue transglutaminase, then the proteins in the recombinant
fibrin clot may be cross-linked together by tissue transglutaminase. Because
factor XIIla and tissue transglutaminase cross link proteins using different
bonds, these hypotheses can be tested using Western blot analysis. The role
of Factor XIIla or tissue transglutaminase should be explored in regards to
cell spreading and fibrin clot contraction.

A fourth area of further research development would be to
characterize the mechanism of action of Kistrin. Kistrin had a huge effect in
inhibiting smooth muscle cell interaction to all three different sources of
fibrin. These exploratory experiments could be the first steps in determining
the potential of Kistrin as a pharmaceutical reagent. The answers to the
following questions are still not known and would make a fascinating area
of research. Is the molecule actually inhibiting all the possible cell-matrix
interactions? Where is Kistrin binding on the cell surface? Is it changing
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the affinity state of any of the integrins? Would Kistrin be effective in an
animal model of atherosclerosis?

Lastly, it is still not know how smooth muscle cells and fibronectin
are interacting with the fibrin molecule. There are two integrin recognition
sites on fibrinogen: two RGD sequences and a dodecapeptide sequence. It is
not clear in the literature which RGD sites are available for cell binding. It is
known that the dodecapeptide site is recognized by the allb3 integrin% 62-
2,22 Initial experiments using antibodies against each of the RGD sites in
fibrinogen to inhibit smooth muscle cell-fibrin interaction gave conflicting
results. Therefore more work should be carried out to determine how the

cells are interacting with fibrin.
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