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The focus of these studies was to characterize a novel connective tissue
model for use in experiments examining possible contraction initiators in the
wound healing process, i.e. endothelin-1 (ET-1). Through these studies, it has
been shown that use of a telomerized dermal fibroblast cell line addresses the
concerns relating to variations due to heterogeneity of normal human cells
cultured in vitro, without creating a cancerous cell line or interfering with normal
phenotypic changes. In addition, the incorporation of telomerized cells into our
TE, which does not spontaneously contract (US Patent #6471958), provides a
unique model to study the contraction and scar formation process. Using the TE
populated with hTERT fibroblasts, an innovative technique was developed to
identify the initiation of tissue contraction using an optical fiber interferometry
system. The process allows observation of contraction within five minutes of
stimulus addition and also enables continuous data capture over a period of
several hours. The greatest strength of this system is its sensitivity, since the
optic interferometer allows measurement of displacement (contraction) to the

tens of nanometers.






Along those lines, the current studies have identified ET-1 as a potential
early initiator in wound healing and suggest a novel pathway through which it
functions. This proposed mechanism includes both direct effects of ET-1 through
the Rho-associated kinase pathway and indirect effects potentiated by TGF-f.
Future studies addressing whether TGF- converges on the Rho-associated
kinase pathway or acts independently through other signaling mechanisms
should be initiated. The discovery of early initiators of tissue contraction is
essential in the identification of potential therapeutic targets in the quest to

reduce prolonged and severe tissue contracture and scaring.
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Chapter |

Statement of Problems

There are a number of gaps in our understanding of scar formation
and the mechanisms that regulate it. Because of the deleterious effects of
excessive scarring, it is desirable not only to understand but also to be able to
intervene in this process. The present work focused on the characterization of an
in vitro connective tissue equivalent model proposed to study the processes of
tissue contraction and scar formation in three dimensions. Furthermore, the
model is used to examine the role of endothelin — 1 as an early initiator of tissue
contraction and scar development.

Lack of a dimensionally stable in vitro tissue model and of a near normal
fibroblast cell line produce confusing results when studies of tissue contraction in
vitro are performed. Thus, the characterization of telomerized fibroblasts as a
standard cellular component of a stable three-dimensional connective tissue
equivalent addresses major deficiencies of in vitro models.

Specific Aim 1: To demonstrate that fibroblasts transfected with the
catalytic subunit of human telomerase are a good cellular model for studies of
fibroblasts activated to a wound healing phenotype. Specifically, to demonstrate
that telomerized fibroblasts are able to function normally in response to various

wound healing scenarios both in monolayer and as cellular components of tissue

equivalents.






Hypothesis 1: Fibroblasts transfected with the catalytic subunit of
human telomerase behave in a manner similar to normal human fibroblasts in
response to wound healing stimuli.

Hypothesis 2: Telomerized fibroblasts as cellular components of
tissue equivalents are a valid model to study normal wound healing, and
particularly tissue contraction.

Telomerized fibroblasts were characterized in monolayer'culture and as
cellular components of the three-dimensional connective tissue equivalent by
evaluating their ability to function in various wound-healing scenarios. Fc;r
example, the ability of normal and telomerized cells to proliferate in response to ‘
basic fibroblast growth factor (FGF2), synthesize and secrete collagen in
response to ascorbate, migrate within a collagen matrix, and contract that matrix
was examined and compared. In addition, the cytoskeletal protein expression
and localization in both cell types was studied via immunofluorescence and
western analysis. Finally, reservations with respect to the constitut}ve ectopic
expression of telomerase were addressed by a series of experiments designed to
show that the telomerized fibroblasts are in a quiescent s%ate in the connective

tissue equivalent.

Vo

The inability to accurately measure the extent of in vitro tissue contraction,
particularly in the initial phases of the process, makes it difficult to establish a
complete list of significant contractile ligands and delineate their synergy.

Development of a novel system for quantifying matrix contraction establishes a






basis for understanding some early initiators of the contractile process in vitro,
including endothelin — 1.

Specific Aim 2: To develop a method to measure the early stages of
contraction.

Hypothesis 3: It is possible to measure the initial stages of tissue
equivalent contraction utilizing an optical fiber interferometer system.

An optical fiber interferometer system originally described to measure the
out-of-plane displacement of microelectromechanical structures was modified
and used to measure initial contraction of a connective tissue equivalent
following stimulation with 20% fetal bovine serum or 10ng/ml transforming growth
factor-beta (TGF-B).

Furthérmore, while endothelin has been extensively studied as a
contractile factor in several physiological systems, its role in wound healing had
not yet been examined. Utilizing the newly characterized connective tissue
equivalent model based on the telomerized fibroblast cell line established
endothelin as an initiator of wound contraction and proposed some of the

~signaling involved in that process.

Specific Aim 3: To determine the role endothelin—1 plays during the
wound healing process.

Hypothesis 4: Endothelin—1 is an initiator of alpha-smooth muscle

actin (o-SMA) expression in human fibroblasts and thus a mediator of tissue






contraction, either directly or via stimulation of transforming growth factor-beta
(TGF-B) release.

These experiments utilized monolayer cultures and telomerized fibroblasts
as the cellular components of connective tissue equivalents to examine the role
of endothelin as an early initiator of tissue contraction. Through
immunofluorescence and western analysis, cytoskeletal changes following
| endothelin treatment were examined and the presence of the endothelin receptor
A (ETa) was identified in both normal and telomerized fibroblasts. Also, tissue
equivalent contraction was measured following stimulation with endothelin. In
addition, collagen synthesis and proliferation in response to endothelin was
measured. Endothelin stimulated calcium influx was examined using fura-2
calcium imaging. Finally, endothelin-1 stimulated transforming growth factor-beta
1 (TGF-B1) secretion was analyzed using ELISA.

Together, these experiments focused on delineating the contribution of
endothelin-1 in the early stages of tissue contraction and were based on a

working schematic of endothelin-1 signaling in non-muscle cells (Fig. 1).






Introduction to the Studies

Tissue Structure and Function

Living organisms function through the coordinated performance of a
number of organs. These complex tissues are composed of a variety of cells,
extracellular matrix macromolecules, and water. Tissue components are
arranged to confer a three-dimensional architecture that assists with the
necessary physiological functions and provides mechanical stability. Therefore,
tissue may be soft (connective tissue) or hard (bone), and cell-rich (epithelia,
muscle) or matrix-rich (dermis, cartilage). During embryonic development cells
and matrix compose a dynamic state of complexity as the organism prepares for
self-supporting functions. In the post-natal period, tissues continue to change in
order to support life through the full range of physiological and mechanical tasks.
This sophistication can only be maintained by an intricate balance of the
functions of tissue components working in concert. This orchestration depends
on numerous cell-cell and cell-matrix interactions, the consequences of which are
just beginning to be studied and appreciated. As important as these intricate
structure-function relationships are in homeostasis (quiescent tissue), the
complexity and maintenance of dynamics become even more critical when the
equilibrium is disrupted by injury or disease. When the continuum of tissue
architecture is interrupted, its normal function is disrupted. Rather than
maintenance, the primary objective then becomes that of structural repair so that

proper function may resume as quickly as possible. It is the regulation of these






processes at molecular and cellular levels that governs the rate, the extent, and

the quality of tissue repair and the restoration of its function.

Tissue Components

A large component of tissue is the extracellular matrix (ECM). ECM is
composed of a number of biologically active polymers synthesized, extruded and
deposited into the extracellular space by the appropriate cells. These
biopolymers include three different families of macromolecules: collagens,
elastin, and glucosaminoglycans. While elastin enables tissue to be flexible and
retain its shape following displacement by external forces, collagens are
essential for mechanical strength [1-3]. Glucosaminoglycans maintain the
tissue’'s water homeostasis, facilitate the passage of small molecules (nutrients,
essential ions), and maintain the appropriate spatial relationships between
collagen and elastin [4]. These macromolecules continue to adopt higher levels
of organization until they can fulfill the appropriate requirements of mature, fully
functional tissue architecture. By definition these macromolecules are insoluble in
their aqueous physiological environment and are resistant to the general
proteolytic enzymes present. They are, however, subject to damage and
turnover during injury and tissue repair and their proteolysis or excessive
synthesis may become a problem during certain disease processes [4].

The most abundant extracellular matrix (ECM) component in the human

body is collagen, a member of the super-family of rigid insoluble proteins,






particularly prominent in connective tissue [1, 5]. The collagen type and
organization is dictated by the structural role it plays in each tissue or organ. For
example, in the vitreous humor of the eye and in the extracellular matrix, collagen
confers firmness and reinforces strength of the gel-like structure [6].
Alternatively, in tendons collagen is bundied into tight fibers and, in cooperation
with elastin, provides strength and stretching stability [7]. In the cornea, collagen
is arranged in sheets of fibers with a specific diameter so that the matrix can
transmit light without scattering [6].

The basic rope-like structure of collagen is formed by three polypeptide o-
chains, composed of a repeated tripeptide (Gly — X — Y, where X is often proline
and Y is often hydroxyproline or hydroxylysine), which coil around each other in a
triple helix [1]. The type of collagen that results depends on the sequence of
amino acids that compose each of the three chains and the combination of those
a-chains. For example, in collagen tybe I, the triple helix is formed from two a1
chains and one a2 chain. The polypeptide precursors (a-chains) are synthesized
in fibroblasts (Fig. 2) and secreted into the extracellular matrix where enzymatic
modification by lysyl oxidase primes the triple helical molecules for further
organization into fibrils [1]. Fibrilogenesis and higher levels of collagen
organization (aggregation) occur by cross-linking of the collagen monomers.

Normal collagens are hydrophobic and highly stable, with half-lives as
long as several months. Collagen is extracted from tissue with minimal

denaturation using aqueous acid (hydrochloric or acetic) or salt solutions [8, 9].






An acidic solution of collagen is typically stored at 4°C to maintain its original
composition (i.e., resist hydrolysis). When neutralized and allowed to attain 37°C,
aqueous collagen solution begins to undergo fibrilogenesis (polymerization), to
form a stable gel [9]. Because collagen is not soluble in aqueous environments
and is denatured when extracted from tissue, it has been difficult to study its
structure by conventional methods and little is known about its three-dimensional
organization into fibrils, fibers, and bundles. However, predictions have been
made using modeling programs [10]. For example, Silver et al [10] modeled the
flexibility of the alphal-chains found in types I-lll collagen molecules and
microfibrils in order to understand the molecular basis of elastic energy storage in
collagen fibers by analyzing the areas under conformational plots for dipeptide
sequences. Their results of stereochemical modeling suggested that the collagen
triple helix is made up of rigid and flexible domains that alternate with periods
that are multiples of three amino acid residues [10]. Although a number of genes
involved in collagen synthesis have been cloned [11-14], the intracellular
processes of collagen translation, its post—translational modifications, and the
fact that there are extracellular processes involved in its organization, make
collagen synthesis an extremely complex process to study. Consequently,
recombinant methods for the production of human collagen have yet to be
developed. Most researchers in the tissue construct arena utilize commercially
available bovine collagen or in-house purified rat-tail collagen [5, 8, 9]. Impurities

in collagen solutions affect the interactions between collagen fibrils and interfere






with the three;dimensional collagen gel structure. Therefore, collagen free of
denatured fragments is required for proper fibrilar organization. While the
conditions promoting collagen polymerization have been established, they
remain imprecise. For example, detailed relationships between the time of
initiation or rate of polymerization and concentration of collagen have not been
studied. There is also little or no information about the effect of temperature on
| the initiation or the rate of collagen polymerization.

While collagen is extremely stable, connective tissue, like all other tissues,
is dynamic and is continuously being remodeled. This largely occurs during
growth or repair in response to injury. Extracellular matrix degradation is
accomplished by a family of matrix degrading enzymes, metalloproteinases [15].
Collagenases are a group of metalloproteinases that specifically cleave collagen
into small fragments that may then be phagocytosed by cells to be further
degraded into component amino acids and recycled [15]. Collagenase activity is
controlled by a number of factors, including parathyroid hormone, adrenocorticoid
steroids, and colchicines [16]. A strict balance between collagen deposition and
degradation is vital to extracellular matrix maintenance and becomes particularly
important during wound healing. While chronic wounds and inflammatory
diseases are often characterized by excessive collagen degradation,
overproduction of collagen (fibrotic diseases) is equally undesirable and can lead
to excessive scar formation and loss of function [17, 18]. In addition to the

obvious structural obstacles that overabundance of extracellular matrix proteins






can present, especially when it is densely concentrated, the interactions of the

cells with their tissue environment are also compromised.

Cell — Matrix Interaction

The extracellular matrix exerts profound control over cellular functions.
The effects of the matrix are primarily mediated by integrins, a family of cell
surface receptors that are used to form attachments to the matrix, and which are
now known to mediate mechanical and chemical signaling [19]. Integrins are
composed of two transmembrane subunits, o and B, with each af heterodimer
having its own binding specificity and signaling properties. They participate in bi-
directional signal transduction (Fig. 3). Thus, the attachment of cells to the
extracellular matrix involves signaling activities and utilization of integrins and
originates from within the cell (inside-out signaling) [20]. These actions occur
both by inducing the conformational change in and altering the affinity of integrin
heterodimers, and also by clustering integrins [19]. As with signal transmission to
other parts of the cell, plasma membrane receptors presumably regulate
integrins by triggering post-translational changes that affect the activity and/or
subcellular localization of key enzymes and substrates in integrin-regulated
pathways [20]. The signaling activity in the opposite direction (outside-in
signaling) occurs when a cell responds to changes in the extracellular matrix
domains and signals are transmitted into the cell [21]. This type of signaling can

affect cell migration, contraction, and ultimately cell survival. For example, when
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a2+ integrin interactions with the extracellular matrix are blocked, migration is
halted and the cells adopt a spherical morphology by distributing integrins evenly
around the cell periphery [22]. For attachment dependent cells, change in or loss
of an anchorage to ECM components can trigger the process of apoptosis [23].
Integrin signaling is intimately linked with the assembly and functions of the
cytoskeleton. When cells come into contact with the extracellular matrix, they
extend filopodia. Outside the cell, integrin subunits at the filopodia tip associate
with each other and bind to specific recognition sites (domains) on the ECM
macromolecules [22]. This assembly initiates the formation of focal adhesion
complexes (plaques) at the cytoplasmic ends of the integrin [21]. These focal
adhesion plaques are aggregates of the cytoplasmic integrin subunits and linker
proteins (paxilin, vinculin, talin, etc.), and through cytoskeletal proteins link the
extracellular matrix to the nucleus [20]. The advanced establishment of focal
adhesion complexes relies on phosphorylation events, mainly by focal adhesion
kinase (FAK) [24]. The organization of actin filaments into stress fibers causes
further clustering of integrins and facilitates focal adhesion assembly.
Specialized control of these events (attachment to the matrix, integrin clustering,
focal adhesion formation) finally affects changes in cell shape and function.
During cell-mediated tissue contraction the cell pulls on the matrix, whereas in
cell migration, cyclic pull and release of the matrix takes place [19]. In addition,
physical forces exerted on the nucleus by integrin-induced changes in the

cytoskeleton may regulate nuclear events without evoking classical second
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messenger mechanisms, but remain dependent upon protein phosphorylation or
dephosphorylation [22]. Thus, the coordinated control of cell shape, survival,
division, and movement by integrins is important in the establishment and

maintenance of tissue architecture.

Fibroblast Phenotype

The principal cell type that has frequently been used to model cell-
matrix interactions is the fibroblast, the most abundant cell type in the body [25].
Quiescent fibroblasts that are cellular components of a normal three-dimensional
tissue undergo phenotypic changes (“differentiation”) to the activated
myofibroblast phenotype (MyoFbs) when an injury to surrounding tissue occurs
[26]. Therefore, it is believed that the myofibroblasts are the wound healing cells
that proliferate, migrate into the wound [22], synthesize and deposit new collagen
and other matrix macromolecules, and through tissue contraction close the
wound [27]. Although in vitro experiments have shown that fibroblasts carry out
individual tissue repair functions [25], it has not been demonstrated in real time
that the myofibroblast phenotype is responsible for these functions. In order to
carry out migratory and contractile tasks, the fibroblasts alter their profile of
cytoskeletal proteins. For example, in order to contract the matrix and close the
wound the fibroblasts adopt smooth muscle cell characteristics, specifically the
complete contractile cytoskeleton and become myofibroblasts (Fig. 4) [28]. The

accepted marker for this transition is the transient expression of alpha-smooth

12






muscle actin (a-SMA) and its involvement in stress fiber formation [29].
However, the mechanisms leading to these cytoskeletal changes remain poorly
understood [30]. Furthermore, the fate of the myofibroblast once it has performed
its necessary function(s) is not clear. One hypothesis is that the cells undergo
phenotypic “dedifferentiation” to quiescent fibroblasts [25]. This view is based on
the fact that cells within the matrix are required to continue the remodeling phase
' long after acute wound healing has ceased, and also the fact that scars are not
always acellular. On the other hand, some dense scar tissue does not contain
cells, and thus the opposing view that the myofibroblasts undergo apoptosis
following wound contraction has been advanced. According to the latter
hypothesis, the condensed extracellular matrix is a source of a crisis signal for
the myofibroblast, leading to cell death via apoptosis [25]. The extracellular
matrix therefore, functions not only as a scaffolding for the fibroblasts, but also is
intimately involved in the signaling cascades leading to the changes in fibroblast
phenotype. Several research groups have developed three-dimensional
connective tissue models in order to study in a more in vivo like fashion these

interactions and other tissue related phenomena in homeostasis and tissue

repair.

Connective Tissue Models

Since the dermis has relatively simple composition and skin is a readily

available human tissue, skin models (skin equivalents) have been the first tissue
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developed by a number of laboratories [31]. A variety of dermal models (dermal
equivalents, DEs) have been proposed, ranging from a simple monolayer of
fibroblasts cultured on a collagen coated plastic surface or collagen gels to
fibroblasts dispersed into a three-dimensional matrix composed of multiple
extracellular matrix macromolecules [3, 5, 8, 9, 23, 32, 33]. The applications of
these “tissue equivalents” are as numerous as the models themselves. Dermal
and skin equivalents have been used to address issues ranging from the basic
problems in skin bioldgy, to the mechanisms of the wound healing process [5,
23]. In the clinical setting they have been proposed as tissue substitutes (grafts)
for treatment of burns and other skin injuries [8, 9, 33].

Unfbrtunately, every dermal equivalent constructed and utilized to date
contracts spontaneously. This contraction occurs within the first few hours
following completion of the assembly process and results in a dense, opaque
tissue [5, 8]. When used as grafts, severe contraction due to loss of water
decreases the surface area and volume of the graft, leading to undesirable
outcomes. For example, this process forms a scar, and interferes with the
invasion of cells required for the remodeling phase of wound healing [5, 33].
While a certain amount of tissue contraction is acceptable and desirable so that
wound closure may occur in an appropriate time frame, excessive contraction
produces contractures (very dense scars) that are impenetrable to
vascularization and innervation [34]. Heavy scars may also be acellular which is

another undesirable outcome since the remodeling phase of wound healing is
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reliant upon resident cells. A number of spontaneously contracting models have
been frequently used as research tools in studies examining the mechanisms of
contraction and scar formation [31, 35-38]. Such an unfortunate choice of model
leads to conclusions that do not clarify our understanding of the tissue
contraction process. Since the model is already in a state of contraction and the
fibroblasts have been activated to the contractile phenotype, the signaling
cascade initiated by additional ligands is superimposed on an already activated
pathway. These may act in an additive, synergistic, or opposing manner.
Furthermore, once the model is dense and opaque, it is impossible to monitor the
morphological status of the cells by simple non-intrusive methods (e.g. light,
fluorescent, or scanning laser confocal microscopy).

The transient or stable expression of green fluorescent protein (GFP) by
fibroblasts is beginning to be used to address the difficulties in the real time
monitoring of cells in three-dimensional models. GFP is a biological marker
protein cloned from jellyfish and facilitates, amongst other applications, the
observation of cell morphology in three-dimensions by scanning laser confocal
microscopy [39].

Measurement of contraction has also been a difficult task in research that
utilizes various models in studies of the contraction process. The most common
and perhaps most primitive method involves determining the wet weight of the
contracted equivalent and reporting the change as a percentage weight loss of

the control (untreated) collagen gel [9]. Weight loss remains an obvious indicator
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of contraction, because as the resident cells contract the matrix, they force water
out of the equivalent, thus reducing its wet weight. Along the same lines,
measuring the diameter or thickness of the contracted model has been frequently
used as the easiest measurement of the extent of contraction [17, 35, 38, 40-45].
However, since the cells are randomly arranged throughout the collagen gel,
contraction occurs non-uniformly. Therefore, while measurement of the diameter
approximates the range of contraction, it does not take into consideration the
total contraction process. Other methods have been proposed for assessing
tissue contraction including: the counting of wrinkles created by cell contraction
on a silicone film [46], the use of fluorescently labeled latex beads dispersed into
the collagen matrix to visualize local distortions of the matrix in two-dimensions
[47], and complex measuring devices coupling strain gauges to gel contraction
[36]. Short of elaborate equipment and complex computer assisted mathematical
modeling systems, there have been no simple methods established for
measurement of collagen gel contraction, particularly in the early stages when
contraction is not detectable by optical microscopy.

Another drawback of the existing connective tissue models is the use of
primary fibroblasts as the principle cellular component. In vitro behavior of
primary fibroblasts (and other cells) varies significantly from donor to donor, with
respect to donor age and gender, and from passage to passage [48]. Such
variability produces data that is difficult to interpret and makes it formidable to

demonstrate statistical significance of changes over several experiments. It
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seems that the most effective way to address this problem is to develop a human
dermal fibroblast cell line with extended in vitro life span. A minimally altered cell
line should result from the introduction of constitutive expression of the recently
cloned catalytic subunit of human telomerase in primary human dermal

fibroblasts.

Telomerase and Cell Cycle Control

All normal human cells, even fibroblasts, undergo a finite number of cell
divisions when cultured in vitro, and ultimately enter a state of replicative
senescence or terminal differentiation [49]. It has been proposed that telomere
shortening is the molecular mechanism that leads to senescence [50].
Telomeres are single stranded DNA fragments that cap the ends of eukaryotic
chromosomes. They maintain chromosomal stability by protecting the ends from
exonuclease digestion or illegitimate recombination and also ensure complete
chromosome replication [51]. Human telomeric DNA is composed of the
hexanucleotide repeat TTAGGG [51]. During in vitro mitosis, telomeres shorten
with each successive cell division due to the incomplete replication of the lagging
strand by DNA polymerase, thus supporting the contention that telomeres serve
as a cellular mitotic clock. In each cell type critically shortened telomeres can no
longer perform their protective function, and trigger replicative senescence or

crisis leading to cell death [52]. In developing organisms that require continuous
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cell division, and most cancer cells, the telomere length is maintained by
telomerase activity.

Telomerase is a ribonucleoprotein complex that synthesizes and
maintains telomeric DNA by adding the repeat units onto the 3’ ends of single-
stranded telomeric DNA [53]. Telomerases contain several protein components
and an RNA subunit [53]. The catalytic subunit has recently been cloned from a
variety of species, including human [50, 51]. It is a specialized reverse
transcriptase that uses its RNA subunit as a template for the synthesis of
telomeric DNA repeats. The human telomerase catalytic subunit is designated
hTERT (human telomerase reverse transcriptase), and when stably expressed,
has been shown to extend the life span of normal human cells [54]. While
telomerase is not expressed in most human somatic tissues, increased
telomerase activity through ectopic expression of hTERT has enabled normal
human fibroblasts to bypass senescence [51]. Introduction of viral oncogenes
such as the SV40 large T antigen, E6/E7 genes of the human papillomavirus,
and adenoviral ET-1 have also been used to extend the life span of various cell
types. However, these immortalizing strategies not only circumvent senescence,
but also alter the differentiation programs of the cells. In contrast, ectopic
expression of telomerase is believed to confer replicative immortality on celis
without affecting other regulatory systems, such as those that control
differentiation [52). As telomerase expression is also detected in the majority of

neoplastic cells, reservations concerning the use of cells engineered to express
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telomerase constituitively are being addressed [55]. To date no evidence has
emerged to suggest that telomerized cells implanted into animal models give rise
to tumors. There is no evidence of an increased growth rate as found in many
cancer cell lines, and telomerized cells remained contact inhibited [55]. Also, the
ectopic expression of telomerase did not affect the integrity of the pRb
checkpoint or the p53-mediated cell cycle checkpoint and thus did not bypass
cell cycle induced checkpoint controls [55]. Finally, cytogenetic analysis showed
that hTERT fibroblasts were of a predominently normal karyotype with a low
frequency of chromosomal aberrations [55]. Therefore, it has been proposed that
use of a telomerized dermal fibroblasts cell line addresses the concerns relating
to variations due to heterogeneity of normal human cells cultured in vitro, without
creating a cancerous cell line or interfering with normal phenotypic changes.
This is a particularly important cell line since the wound healing process involves

fibroblasts at various stages of phenotypic differentiation.

Normal Wound Healing Process

Wound healing involves a highly regulated and coordinated sequence of
biochemical and cellular events that initiate the restoration of the structural and
functional integrity of the tissue [2]. This is a complex and dynamic process,
requiring an intricate collaboration of different components of the surrounding
healthy tissue and systemic links throughout the multiple overlapping phases

[56]. In skin, these phases include formation of the fibrin clot and the consequent
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inflammatory response, reepithelialization, fibroplasia, neovascularization, matrix
deposition, wound contraction, and extracellular matrix reorganization/matrix
remodeling [2].

In addition to hemostasis following blood vessel rupture, the formation of a
fibrin clot creates a temporary barrier to protect the wound bed and leads to the
establishment of a provisional matrix over and into which cells may migrate [57].
The provisional matrix also serves as a reservoir of cytokines and growth factors,
which provides chemotactic cues to recruit inflammatory cells to the wound site
[56]. Neutrophils and monocytes invade the wound site from the circulating
blood. In addition to their role of clearing bacterial contamination early in the
inflammatory process, neutrophils are also a source of cytokines that may serve
as early signals to activate and recruit fibroblasts and epithelial cells to the
wound [56]. Under normal conditions, neutrophils populate the wound within
minutes of injury and remain there for a few days [58]. Macrophages continue to
accumulate at the wound site as a result of the differentiation of the recruited
monocytes [2]. Their tasks include phagocytosis of any pathogenic organisms
and cell and matrix debris resulting from the injury [59]. Activated macrophages
also release various cytokines (Tumor Necrosis Factor (TNF), Interleukin-8 (IL-
8)) and growth factors (e.g. Platelet Derived Growth Factor (PDGF), Epithelial
Growth Factor (EGF), basic Fibroblast Growth Factor (FGF2), and Transforming

Growth Factor beta (TGF-B)), thus amplifying the signals initiated earlier in the

process by the neutrophils [56, 59].
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Wound healing of dermal tissue has been most extensively studied
because skin is exposed to a wide variety of insults. More importantly, due to its
accessibility, it is relatively easy to observe progression of the tissue repair
process. Despite some tissue specific differences, the repair process generally
follows a similar course. In dermal wound healing, several hours after injury,
keratinocytes (epidermal epithelial cells) begin to migrate from the wound edges
onto the provisional matrix to reepithelialize the wound [60]. Since this stratified
epithelium serves as a protective barrier, it is imperative that a functional
epidermis be reestablished as quickly as possible. The lag in keratinocyte
response is in part due to the rearrangement of the cellular cytoskeletal
apparatus and changing integrin expression to facilitate motility over the
unfamiliar matrix [2, 56]. Once the denuded wound surface has been covered by
a monolayer of keratinocytes, migration and proliferation stop, differentiation is
activated, and the new stratified epidermis is established from the wound margin
inward [60]. The process of reepithelialization is aided by the contraction of the
underlying connective tissue, which brings the wound edges closer together thus
reducing the area to be epithelialized [56].

One of the early responses to injury is recruitment of fibroblasts (dermal)
from the wound edge. Fibroblasts proliferate in response to secreted mitogens
(e.g. FGF, EGF, and TGF - B) to repopulate the wound bed and synthesize and
secrete collagen and glucosaminoglycans (GAGs) so that the normal

composition of connective tissue matrix may be reestablished. Granulation tissue
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begins to form approximately four days after injury [2]. Finally, the fibroblasts
assemble a contractile cytoskeleton, similar to that found in smooth muscle cells,
in order to contract the matrix and close the wound [56]. In a number of tissues
where fibroblasts are not the principal cellular component, but are present,
fibroblast activation appears to be a preferred event. In most cases the
fibroblasts adopt the leading role in tissue repair because the principal cells lack
mitotic activity and perhaps motility. This type of wound healing (fibrosis)
culminates in scar formation that is both structurally and functionally
inappropriate. The resulting fibrotic scars interrupt the continuum of tissue and
are a serious problem in a number of organs (e.g. heart, liver, lungs, kidney) [61-
64]. Activation of fibroblasts and the consequent scar formation is therefore a
serious global problem, occurring more frequently than would appear upon
superficial analysis.

The provisional matrix is also known as granulation tissue, a term related
to its pink granular appearance, which is due to the developing vascular bed [56].
Revascularization is driven by vascular endothelial growth factor (VEGF)
secreted at the wound site to promote angiogenesis [2]. As with the fibroblasts
and epithelial cells previously mentioned, vascular endothelial cells must
upregulate specific cell matrix interactions, o,f3 integrins, in order to respond to
the angiogenic signals [2, 65]. Vascularization is critical in order to satisfy the
increasing demand for oxygen and other nutrients required by the cells invading

the wound site [45, 65]. Innervation also begins to be reestablished at this time,
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in response to the nerve growth factor (NGF) released by the resident cells [66].
It has been established in experimental animal models and observed in patients
that sparsely innervated areas of the body tend to develop spontaneous
ulcerations and heal poorly when injured [56]. This supports the hypothesis that
the neural network and the neuropeptides it secretes play an important role in
homeostasis and tissue repair. The mechanisms involved in the participation of

the neurogenic component during tissue repair are poorly understood. It is
possible that innervation plays some stimulatory role in the healing process by
secreting neuropeptides and other neurotrophins at the wound site [56].

Matrix remodeling during the transition of granulation tissue to a mature
scar is dependent upon the controlled synthesis/deposition and degradation of
the extracellular matrix by fibroblasts. Further remodeling occurs through
myofibroblast contraction of the matrix and the formation of larger collagen
bundles and intricate cross-linking which serves to gradually increase the
strength of the scar [2].

A strict balance between synthesis and deposition of ECM components is
critical to maintain tissue structure and function. The ECM-degrading proteinases
can be subdivided into three classes: 1. serine proteinases, 2.
metalloproteinases (MMPs), and 3. cysteine proteinases (cathepsins) [15].
Serine proteinases and metalloproteinases play major roles in most physiological
and pathological states involving tissue remodeling [15]. Plasminogen activators

(PAs) are the major members of the serine proteinase class, responsible for the
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conversion of plasminogen to plasmin. Plasmin has broad substrate specificity,
and is therefore responsible for the degradation of fibronectins, laminin,
proteoglycan cores, gelatins, and partially degraded collagens [15]. Plasmin can
also activate certain prometalloproteinases by cleavage of the pro-domain to
yield an active MMP. MMPs are a family of enzymes that are secreted as inactive
zymogens and degrade ECM components including laminin, collagen,
fibronectin, proteoglycans, gelatin and elastin [15]. Their proteolytic activity is
inhibited by tissue-derived metalloproteinase inhibitors (TIMPs). TIMPs block the
activity of all MMPs of mammalian origin, but have no efficacy against other
proteases, including metalioenzymes [15]. In normal wound healing, the
activation of proteases and their inhibitors is tightly regulated. The dysregulation
often characteristic of pathogenic situations exemplifies the importance of
maintaining a balance during wound repair and remodeling.

While these basic processes are generally understood, detailed
knowledge about which growth factor or combination of growth factors are
involved in the initiation, upregulation, and maintenance or downregulation of
signaling is not known. In order to intervene and modulate scar formation, it is
imperative to understand not only cell-matrix interactions, but also the role of
extracellular ligands and their signaling cascades. This is particularly important
for wound repair modulation, targeting a more regenerative and less scar-based

outcome [56].
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Tissue Contraction

In normal tissue repair processes, tissue contraction is beneficial, resulting
in rapid wound closure and restoration of the tissue integrity. However, frequently
excessive contraction takes place and is detrimental [17, 34, 67]. For example,
the loss of large expanses of skin after chemical or thermal injury results in the
formation of large areas of contracting granulation tissue. These can result in
restricted blood flow, limited joint mobility, and disfiguring scars [3, 8, 18]. In
>some types of injuries the healing interface forming the scar can form a barrier
between the two areas of healthy tissue (e.g. wound edges, grafted and host
tissue) impeding integration. To date, there are no pharmacological agents
available to reduce or prevent inappropriate or excessive contraction. Thus, a
primary goal of wound healing research has been to develop specific strategies
that allow repair of wounded tissues without excessive contraction and extensive
scarring.

Excessive connective tissue contraction and scar formation are not
necessarily inevitable consequences of wound healing. Significant experimental
evidence indicates that during development, response to injury is fundamentally
different from that in the adult organism [67]. Fetal wound healing occurs without
escar formation, without the inflammation characteristically associated with adult
wound healing, and in the presence of an altered ratio and generally reduced
level of cytokines [34]. Since hyaluronic acid (HA) is a substantially greater

component of the fetal ECM, its presence has been correlated to scarless wound
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healing [68]. One possible explanation for this is that tissue contraction induced
loss of water from a matrix rich in highly hydrophilic HA is reversible, whereas a
significantly more hydrophobic collagen matrix cannot easily rehydrate [68]. It
has also been shown that myofibroblasts are absent in fetal wounds and
consequently, the process of tissue contraction is minimal or may not take place
at all [29]. Although every point of difference between adult and fetal wound
healing is not necessarily significant in terms of scarring, defining and
understanding all the factors responsible for scarless fetal wound healing is
important. It is perhaps even more important to elucidate all the effectors of adult
tissue contraction and tissue regeneration and the molecular mechanisms of their
action. While the list of contractile ligands is long and comprehensive (Table 1),

the role of some peptides in scar formation has not been explored.

Endothelin - 1

One contractile ligand that has not been thoroughly studied is endothelin.
Endothelins are a family of peptides originally identified as potent
vasoconstrictors secreted by vascular endothelial cells. In 1988, Yanagisawa et
al isolated, purified, sequenced and cloned endothelin-1 (ET-1) from the culture
media of porcine aortic endothelial cells [69). The ET-1 gene is found on the
human chromosome 6 and is translated into a 203 amino acid pre-pro peptide,
the cleavage of which yields a 38 amino acid pro-endothelin, Big ET. Proteolytic

cleavage between Trp 21 and Val 22 by endothelin-converting enzyme (ECE)
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produces the bioactive 21 amino acid peptide, ET-1 [70]. ET production appears
to be mainly regulated at the level of gene expression or translation of mRNA
[69].
Receptors

ETs initiate their biological effects by binding to 7-transmembrane, G-
protein coupled receptors, with an extracellular amino terminus and an
intracellular carboxy terminus. They are members of the rhodopsin superfamily of
transmembrane receptors, the second intracellular loop of which is highly
conserved. These receptors are designated ETa and ETg according to the
primary ligand affinity (ET-1 and ET-2, respectively) and are subject to ligand-
induced down regulation. ET-1 pretreatment decreased ET-1 binding sites and
attenuated the ability of ET-1 to increase intracellular calcium in Swiss 3T3
fibroblasts. Exposure of Swiss 3T3 fibroblasts to ligand also increased turnover
of ETa receptors [69].

Signaling

ET-1 is known to induce the phosphorylation of numerous cytosolic and
membrane-bound proteins that are part of signal transduction pathways involved
in cell proliferation and differentiation [70]. Since ET-1 was first identified as a
potent vasconstrictor, studies of its signaling have been historically targeted to
vascular cells. In addition to its acute role in modulating vascular tone, ET-1
plays a critical role in the long-term control of cellular growth and remodeling of

the vascular network. In order to produce such a diverse range of biological
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responses, ET-1 is able to activate distinct effector systems including
phospholipase C (PLC), phospholipase D (PLD), phospholipase A; (PLA)),
adenylate and guanylate cyclases, and numerous cytosolic and nuclear protein
kinases [70]. The wide range of biological activities that ET-1 exerts on the
vasculature includes vascular contractility, cell division, and differentiation. This
wide range of actions, combined with the fact that endothelin receptors have
been identified in numerous cell types, has led to studies of ET-1 in many
systems.

In Swiss 3T3 fibroblasts, endothelin receptor activation leads to increased
activity of PLC, increased phosphatidylinositol (Pl) turnover, and ultimately an
elevation of intracellular calcium [71]. Pertussis toxin fails to inhibit
phosphatidylinositol turnover in rat-1 fibroblasts stimulated with ET, leading to the
conclusion that multiple G proteins couple ET receptors to PLC [71]. ET also
stimulates a dose-dependent increase in diacylglycerol and phosphorylation of a
protein kinase C (PKC) substrate in fibroblasts [71, 72]. The focal adhesion
associated protein, paxillin, was phosphorylated following ET-1 stimulation of
Swiss 3T3 cells, linking endothelin to focal adhesion assembly in fibroblasts [73].
The stimulation of focal adhesion plaque formation by Rho and Rho-associated
kinase (ROCK) in non-muscle cells has been well established [74-77]. However,
the link between endothelin and Rho signaling in normal fibroblasts has not been
clearly established. Cultured hepatic stellate cells, when stimulated with ET-1,

assembled F-actin fibers and showed increased myosin light chain
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phosphorylation. Contraction was also induced by endothelin. The addition of Y-
27632, a specific rho-associated kinase inhibitor diminished these effects [78].
Therefore, in some cell types, but not in human dermal fibroblasts, the
cytoskeletal effects of endothelin have been linked to Rho associated signaling.
The finding that ET is a potent mitogen for cultured cells demonstrates
that ET regulates gene expression to produce long-term responses. One
pathway activated by ET and possibly responsible for the subsequent nuclear
events is signaling involving the c- fos proto-oncogene. c-Fos belongs to a group
of inducible genes that convert short-term, transmembrane signals into long-term
responses requiring transcriptional regulation of target genes. Therefore, fos
genes act as switches for activating the transcription of multiple genes in
response to a variety of extracellular signals including growth factors and
neurotransmitters. Expression of c-fos in response to ET-1 stimulation has been
demonstrated in glomerular mesangial cells, vascular smooth muscle cells, and

3T3 fibroblasts, but not in human dermal fibroblasts [71].

The Role of ET — 1 in Wound Healing
Although initially ET-1 was classified as a potent vasoconstrictor, recent
evidence suggests that it also regulates a wide variety of non-vascular functions.
It is a potent mitogen in Swiss 3T3 fibroblasts [79], normal rat kidney cells [80],
and smooth muscle cells [81]. ET-1 contracted renal fibroblasts [82], caused

concentration dependent granulation tissue contraction in male Wistar rats [83],
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and contracted collagen lattices populated with human dermal fibroblasts [32,
84]. However, these studies were performed using spontaneously contracting
collagen gels, so that the contraction reported was a percentage of the reduced
controls. ET-1 was also shown to affect collagen synthesis. It stimulated normal,
human dermal fibroblasts to synthesize collagen types | and Il by a mechanism
dependent upon both the ETa and ETg receptors. ET-1 also enhanced the steady
state levels of collagen mRNA and activated the proa2(l) collagen promoter [84].
Both an increase in procollagen synthesis and in procollagen stabilization was
shown in human fetal lung fibroblasts treated with ET-1 [81]. ET-1 and ET-3 have
also been shown to regulate cytoskeletal actin organization, and restore stress
fibers in rat astrocytes [85]. Endothelins increase the expression of sarcomeric
myosin in kidney mesangial cells and liver stellate cells [82] and stimulate paxillin
tyrosine phosphorylation in Swiss 3T3 cells [73]. All these changes in the
cytoskeletal organization and the status of the focal adhesion plaque caused by
endothelin stimulation may also activate normal human dermal fibroblasts and
prime them for matrix contraction and/or cell migration.

As discussed above, the wound healing process involves the activated
fibroblast phenotype, the myofibroblast. Normal wound healing requires that the
activated fibroblasts, be they myofibroblasts or not, have the ability to (1) divide
and migrate within the provisional matrix of the wound, (2) proliferate to
repopulate the wound site, (3) synthesize collagen to rebuild the extracellular

matrix and (4) contract the matrix to close the wound. Every one of these phases
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of wound healing has been shown to be stimulated by endothelin in a variety of
models.

A clear role remains to be established for endothelin as an important
player in scar formation. However, evidence is beginning to accumulate to
support the presence of endothelin after injury in various systems. Using
experimental animal models, changes in ET-1 levels (mMRNA and protein),
receptor kinetics and functional reactivity (ECso) have been observed, thus
vimplicating ET-1 in the etiology of a variety of diseases [70]. ET-1 has been
shown to be upregulated during renal injury [82] and elevated circulating levels of
ET-1 have been reported in a variety of vascular and inflammatory diseases, and
in the connective tissue disease scleroderma [84]. A role for ET-1 in the chronic
inflammation associated with atherosclerosis has been demonstrated.
Myofibroblasts stained positively for ET-1 immunoreactivity in human
atherosclerotic coronary tissue [86]. In addition, wounded male Wistar rats
showed an increase in myofibroblasts at the site of granulation tissue over time
and a time dependent increase in ET-1 expression in endothelial cells at the
same sites [83]. Endothelin expression can also be induced by thrombin, a factor
known to be at the wound site [72] and can also be expressed by macrophages
[69]. Therefore, recent studies have implicated endothelin in processes of wound

healing and injury, and have suggested relevant sources of endothelin at the

wound site.
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The following studies are directed toward satisfying some of the
deficiencies discussed. Further work should target the discovery of agents that

are able to prevent deleterious scar formation.
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Table 1. Effect of various components on collagen matrix contraction [35].

Diameter (mm)

Treatment Day1 Dayé6
20% FBS 21.75 | 13.75 +/-1
Control 53 16.5 +/-1
Dexamethasone (55ng/ml) 53 15.8 +/-3
Dihydrotestosterone (10nM) 51 17.0 +/-1
B-estradiol (10nM) 52 16.5 +/-1
Glucagon (5ug/ml) 53 20.2 +/-2
Hydrocortisone (500nM) 47.8 | 15.0 +/-1
Progesterone (100nM) 53 17.8 +/-1
Prostaglandin D (100ng/ml) 45 13.5 +/-1
Prostaglandin E4 (100ng/ml) 53 26.5 +/-2
Prostaglandin F2 (100ng/mil) 49 19.5 +/-2
Somatostatin (10ng/mil) 83 17.8 +/-2
Endothelial Growth Supplement (100ug/ml) 35.5 | 15.75 +/-1
Epidermal Growth Factor (100ng/ml) 48.3 | 20.3 +/-2
Fibroblast Growth Factor (100ng/ml) 485 | 20.5 +/-3
Nerve Growth Factor (10ng/ml) 50.8 | 16.0 +/-1
Platelet Derived Growth Factor (2U/ml) 30.8 | 13.75 +/-1
Ascorbic Acid (10pg/ml) 53 | 24.75 +/-7
Human Transferrin (100ug/ml) 50.53 | 19.75 +/-1
Fibronectin (8ug/ml) 53 25.0 +/-7
Thrombin (1pg/ml) 41 16.0 +/-1
Ethanol (1%) 44 16.0 +/-1
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Figure 1. Schematic representation of proposed signaling by endothelin -

1 in wound healing fibroblasts.
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Figure 2. Collagen synthesis by wound healing fibroblasts.
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Figure 3. Cell-Matrix Interactions [Biocarta.com].
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Figure 4. Schematic Representation of Myofibroblast Evolution [25].
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Chapter Il

Telomerized Human Fibroblasts Respond Normally to a Wound Healing
Environment in Monolayer Culture and as Cellular Components of a

Connective Tissue Model

Introduction

When cultured in vitro, normal human fibroblasts undergo a finite number
of cell divisions and ultimately enter a state of replicative senescence [49].
Introduction of viral oncogenes such as the SV40 large T antigen, E6/E7 genes
of the human papillomavirus, and adenoviral ET-1 have been used to extend the
life span of various cell types. However, these immortalizing strategies not only
circumvent senescence, but also alter a number of normal cellular functions. In
contrast, ectopic expression of telomerase is believed to confer replicative
immortality on cells without affecting other regulatory systems, such as those that
control differentiation [52].

Telomere shortening has been proposed as the principle molecular
mechanism that leads to senescence [50]. Telomeres are single stranded DNA
fragments that cap the ends of eukaryotic chromosomes. They maintain
chromosomal stability by protecting the ends from exonuclease digestion or
illegitimate recombination and also ensure complete chromosome replication

[51]. The catalytic subunit of telomerase reverse transcriptase (TERT) has
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recently been cloned from a variety of species, including human (hTERT) [50,
51]. When stably expressed, hTERT extended the life span of several normal
human cell types [54].

While telomerase is not expressed in most human somatic tissues,
increased telomerase activity through ectopic expression of hTERT enables
normal human fibroblasts to bypass senescence [51]. As many human cancers
have been shown to express telomerase activity, reservations concerning the
Use of cells engineered to express telomerase constituitively are being
addressed [55]. To date no evidence has emerged to suggest that telomerized
cells implanted into animal models give rise to tumors, there is no evidence of an
increased growth rate as found in many cancer cell lines, and telomerized cells
remain contact inhibited [55]. Furthermore, ectopic expression of telomerase did
not affect the integrity of the pRB or the p53 — mediated cell cycle checkpoints,
and thus did not bypass cell cycle induced controls [55]. Finally, cytogenetic
analysis showed that hTERT fibroblasts were of a predominantly normal
karyotype with a low frequency of chromosomal aberrations [55].

It is therefore likely that telomerized cells may combine the advantages of
cell lines and primary cultures to produce cells with an extended lifespan and
seemingly near normal cell functions. The utility of such cells as components of
three-dimensional in vitro models is beginning to be studied.

- The in vivo tissue repair process involves the activation of fibroblasts to

perform a variety of functions. Quiescent fibroblasts populating normal tissue,
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undergo phenotypic change upon stimulation, and produce the activated
myofibroblasts [26]. It is believed that myofibroblasts are the wound healing cells
that proliferate, migrate within the matrix [22], synthesize and deposit new
collagen and other matrix macromolecules, and through tissue contraction close
the wound [27]. Behavior of hTERT fibroblasts under these conditions has not
been studied. In order to demonstrate that hTERT fibroblasts respond normally to
wound healing stimuli, we compared cell proliferation, collagen synthesis,
rﬁigration and contraction capabilities of normal, human fibroblasts with that of
the telomerized fibroblasts both in monolayer culture and in a three—dimensional

tissue equivalent (TE).

Materials and Methods

Cell Culture.
General. Cells were passaged before they reached confluency using
trypsin/EDTA (Gibco-BRL) and were cultured on tissue culture flasks (Corning) in
37°C incubators with 5% CO,. They were cultured in Dulbecco’s Modified Eagle
Medium (DMEM, Gibco-BRL) with 10% Fetal Bovine Serum (FBS), unless
otherwise indicated.
Infant Fibroblasts. Dermal fibroblasts were obtained from infant human foreskin
explants as previously described [87]. Briefly, human infant foreskins were
incubated at 4°C in a solution of 20 U/ml dispase (Collaborative Research) in

DMEM for 48 hours. The epidermis was separated from the dermis and






processed further for epidermal cells. Infant fibroblasts were obtained as out
growths from explanted dermal tissue, following incubation at 37°C in DMEM +
10% FBS. All experiments were performed with Infant fibroblasts between
passages 3 and 9, population doubling 9.13 to 27.67.
hTERT Fibroblasts. The catalytic subunit of human telomerase was retrovirally
transfected into normal human infant fibroblasts [50]. This transfection was
stable, and hTERT fibroblasts at population doubling 232.8 or higher were used
ih the experiments. Cells were a gift from Dr. Jerry Shay, University of Texas
Southwestern Medical School.
hTERT + eGFP Fibroblasts. Following numerous attempts at stable transfection
using more conventional methods (Superfect, Fugene, lipofectamine, calcium
chloride), enhanced green fluorescent protein was lentivirally transfected into
hTERT fibroblasts [88]. Cells expressing green fluorescent protein were selected
using a fluorescent automated cell sorter (FACS). Because fibroblasts are
attachment dependent cells, they were separated into a single cell stream by
passing them through a fine mesh and sorted twice to assure a homogenous cell
population. This transfection was stable and cells were used at population
doubling higher than 240.

Tissue Equivalent (TE) Construction. The collagen matrix was prepared
by mixing 8 parts collagen (0.3%, Vitogen-100 (Celtrix Pharmaceuticals); 0.5%,
ICN (ICN Biomedicals), 1 part 10X Ham’'s F-12 medium, and 1 part

Reconstitution Buffer (0.05N NaOH, NaHCO3, Hepes). The appropriate number
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of cells was suspended within the collagen mixture and the TE was allowed to
polymerize at 37°C, 5% CO,. TE were supplied with Ham’'s F-12 Nutrient
Medium + 5% FBS (Gibco) every other day unless otherwise indicated.

In Vitro Quiescence. Normal and hTERT fibroblasts (0-350,000 cells/ml
collagen) were added to a collagen mixture (0.3 or 0.5% Collagen |) in 24 well
plates (1ml collagen/well). The tissue equivalents (TE) were removed on days 3,
6, 9, 12, 15 and 20. Wet weight and volume (water displacement) were analyzed
and the equivalents were dissolved using collagenase (Sigma) to count cell
number. The combination of these parameters is designed to show that the cells
are quiescent within the matrix and are not activated to their myofibroblast
phenotype. A one-way ANOVA or Kruskal-Wallis one-way analysis of variance
on ranks was performed on the average TE wet weights for each cell type and
cell number to determine that no statistically significant difference between the
two cell types exists.

Western Analysis. Infant or hTERT fibroblasts were lysed using lysis
buffer (1.0M Tris, pH 7; 0.5% SDS; 5% sucrose). The amount of total protein was
determined using the BCA protein assay (Pierce). Briefly, it combines the
reduction of Cu?* to Cu'* by protein in an alkaline medium (the biuret reaction)
with the highly selective and sensitive colorimetric detection of the cuprous cation
using a reagent containing bicinchoninic acid (BCA). Approximately 10 Og total
protein was added to each well of a 4-15% gradient Tris-Glycine gel and SDS-

PAGE was completed using the BioRad vertical electrophoresis system. The gels
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were transferred to a nitrocellulose membrane at 20 mAmps overnight using the
BioRad transfer system. The membranes were blocked with 1% Bovine Serum
Albumin (BSA, Sigma) and 5% milk in 1X PBS, and then incubated at 4° C
overnight with monoclonal primary antibody diluted in 1X PBS + 0.1% Tween 20
(alpha- smooth muscle actin, 1:400; myosin light chains, 1:200; myosin heavy
chain, 1:1000). Membranes were washed with 1X PBS + 0.1% Tween 20, and
the appropriate secondary antibody was incubated on the membrane for 30 min.
to 1 hour at RT (1:1000 dilution in 1X PBS + 1% BSA). Once the membranes
were washed again, the bands were detected using the ECL chemiluminescence
method (Amersham).

Indirect Immunofluorescence. Normal infant fibroblasts and hTERT
fibroblasts were cultured in chamber slides or on glass coverslips. After fixing
with Methanol: Acetone (1:1) at 4°C for 10 min., the cells were blocked with 1%
BSA in 1X PBS overnight at 4°C. Primary monoclonal antibody diluted in 1% BSA
in 1X PBS (Vimentin, 1:200; a-Smooth Muscle Actin, 1:200; Myosin Light Chain,
1:200) was incubated on the cells overnight at 4°C. Following multiple washes
with 0.1% Tween 20 in 1X PBS, the cells were incubated with secondary
antibody (AlexaFluor or FITC, Molecular Probes, diluted 1:1000 in 1% BSA in 1X
PBS) for 1 hr. at 37°C. The slides were washed again, mounted using FluorSave
(CalBiochem) and were examined by fluorescence microscopy.

Proliferative Response to a Growth Factor. Infant human dermal

fibroblasts and hTERT fibroblasts were plated at 2000 cells/well and cultured in
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96 well plates. They were serum starved overnight and then stimulated with basic
Fibroblast Growth Factor (FGF2, 0 — 4nM) over 7 days. Cell proliferation was
determined using the Sulfrhodamine B (SRB) method [89). Briefly, the cells were
fixed with 10% TCA for 10 min. at 4°C and stained with SRB in 1% acetic acid.
Once dry, the dye was solubilized in 10mM Tris base. The absorbance was read
at 564nm. The dye binds total protein and the cell number reported is the result
of the same experiment performed on a known number of cells to create a
standard curve. An unpaired t-test was performed on the averages of normal and
hTERT fibroblasts at each bFGF concentration to show there is no statistically
significant difference between the two cell types (p = 0.100).

Matrix Biosynthesis. Infant human dermal fibroblasts and hTERT
fibroblasts were plated at 40,000 cells/well and cultured in 96 well plates. They
were serum starved overnight and stimulated with ascorbate (50ug/ml) in phenol
red free DMEM + 0.1% BSA over 48 hours. Collagen synthesis was determined
using a picrosirius dye, as described by Walsh et al [90]. Briefly, the medium was
removed from the wells at 8 and 48 hours and dispensed into fresh 96 well
plates. The medium was allowed to evaporate. The plates were rinsed three
times in distiled water and assayed immediately. Additionally, the collagen
produced but still associated with the cells was measured; cells were lysed with
rapid freeze thawing and were allowed to dry on the plates. Once rinsed, the
wells were filled with 100ul of 0.1% Sirius Red F3BA (Direct Red, Sigma) in

saturated picric acid and stained for one hour at room temperature. The plates
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were washed five times with 200ul of 10mM HCI. The collagen bound stain was
then eluted with 200pl of 0.1M NaOH for 5 min. The eluted stain was dispensed
into a fresh 96 well plate and the absorbance read at 450nm. The dye is specific
for collagen type | and the collagen concentration was derived form a standard
curve of known collagen concentrations. An unpaired t-test was performed on the
averages of normal and hTERT fibroblasts at each time point (8 and 48 hours) to
show there is no statistically significant difference between the two cell types.

Tissue Contraction Assay. Normal and hTERT TE were constructed in
BSA (2% in 1X PBS) coated wells and then stimulated with serum (10 - 20%) or
TGF-B (10ng/ml) to induce contraction of the collagen gel. Contraction was
quantitated by weighing and measuring the contracted TE and compared to non-
contracted controls. Mean wet weight +/- standard deviation was reported, and a
one-way ANOVA followed by a Tukey Test or an unpaired t-test was utilized to
show statistically significant differences (p<0.050).

Migration Assay. Telomerized fibroblasts expressing green fluorescent
protein (RNTERT+eGFP fibroblasts) were plated on a 12 — well plate insert at high
density. Once confluent, an acellular collagen gel was constructed in the insert.
The cells were allowed to migrate into the matrix for two weeks. The equivalents
were optically sectioned using scanning laser confocal microscopy (SLCM) to

visualize cell fronts, extent of migration, and organization within the equivalent.
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Results

Telomerized fibroblasts populating a tissue equivalent remain
quiescent. Normal and hTERT fibroblasts were dispersed in a 0.5% collagen
type | matrix and sustained for 20 days. Every three days tissue equivalents (TE)
were weighed and dissolved with collagenase to determine wet weight and cell
number. Slight variation among each TE in volume and cell number occurs due
to the viscosity of the collagen solution and the resulting difficulty in evenly
dispersing the cells within the matrix. The wet weight serves as a measure of
contraction since as cells contract the matrix, they squeeze water from it, and
thus decrease the wet weight of the TE. Wet weight over the 20 days remained
constant (Fig. 1). Therefore, the cells have not been activated to contract the TE
spontaneously. This experiment was also conducted with a 0.3% collagen matrix
and the results were the same (data not shown).

It is also important to show that the telomerized fibroblasts are not
hyperproliferative in the three—dimensional matrix environment, to address
concerns regarding telomerase and its role as a marker for some types of
cancer. Thus, the cells were counted following dissolution of each TE with
collagenase, and the cell numbers over the 20-day period were consistent with
the number of cells initially dispersed into the TE (Fig. 2).

Normal cytoskeletal expression and organization is retained by
telomerized fibroblasts. Since changes in certain cytoskeletal proteins are

recognized indicators during activation of fibroblasts, western analysis and
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indirect immunofluorescence were performed on both hTERT and Infant
fibroblasts as monolayer cultures. Using western analysis (Fig. 3), it was shown
that the expression levels of myosin light and heavy chains were the same in
both cells types. In addition, alpha smooth muscle actin (a-SMA) expression was
similar between the two groups. This is particularly important since a-SMA is the
accepted marker for the activated myofibroblast phenotype [28]. The cytoskeletal
organization was examined by immunofluorescence (Fig. 4), and confirmed that
the hTERT fibroblasts preserved the cytoskeletal arrangement of the normal
cells.

Fibroblast growth factor stimulates hTERT fibroblasts to proliferate.
A key stimulus that fibroblasts receive during wound-healing is basic fibroblast
growth factor (FGF2), which causes fibroblast proliferation and wound bed
repopulation. Therefore, we examined proliferation of Infant and hTERT
fibroblasts in response to 0 to 4nM FGF2 (Fig. 5). Both cell types responded to
FGF2 over a seven day time period, proliferating to over 5000 celis/well in
response to the highest dose (4nM). The difference in the mean values of the two
cell types at the concentrations of FGF2 used in this experiment was analyzed
via t-test and is not statistically significant (p>0.050).

Collagen synthesis and deposition following stimulation with
ascorbic acid. Another characteristic of the myofibroblast phenotype is the
synthesis and deposition of matrix proteins, especially collagen type . In both cell

types, stimulation by ascorbate over 48 hours leads to the synthesis and
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secretion of collagen type | (Fig. 6). The total collagen type | synthesized and
secreted doubled within 48 hours for both Infant and hTERT fibroblasts. Again, a
t-test was used to show that the mean values obtained at 8 and 48 hours were
not statistically significantly different between the two groups of cells (p>0.050).

Contraction of the three—dimensional TE. While spontaneous
contraction in TE is not desirable, the fibroblasts must be responsive to factors
that activate them to contract the matrix. In wound healing, this occurs to close
the wound and often leads to scar formation. The telomerized fibroblasts did
contract the matrix following the addition of serum or transforming growth factor
beta (Fig. 7), two stimuli found at the wound site and shown to be potent
stimulators of wound contraction. The mean wet weights of hTERT fibroblast TE
treated with 20% FBS decreased by nearly half within 18 hours of serum addition
(Fig. 7A). The mean wet weights of treated TEs were statistically significantly
different from the 5% FBS treated control TEs (p<0.050). Also, TE treated with
10ng/ml TGF-B showed statistically significant contraction over 20 days (unpaired
t-test, p<0.001) (Fig. 7B).

Migration of the hTERT fibroblasts into an acellular collagen matrix.
Migration through the matrix is another function of the activated fibroblast. Cells
transfected with both the human catalytic subunit of telomerase (hTERT) and
enhanced green fluorescent protein (eGFP) were used to visualize cell migration
into an acellular collagen matrix (Fig. 8). This system allowed non-intrusive, real-

time visualization of the movement of fibroblasts into the acellular matrix. Within
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one week, cells had begun to migrate into the matrix. At two weeks, laser
scanning confocal microscopy was used to obtain optical sections of the model
and analyze it for cell migration. There appear to be surges of fibroblast cell
fronts, leading the migration and perhaps showing a wave of migration occurring
at regular time intervals. Optical sectioning of the collagen matrix and
determination of the amount of fluorescence in each section shows the migrating
cell fronts graphically. Since the cells are cultured on a membrane in monolayer
and have the ability to proliferate on the surface of the collagen, there is no

simple technique for quantifying the number of cells that enter the matrix.

Discussion

The purpose of this study was to characterize the hTERT fibroblast cell
line for use in wound healing studies, including as part of our three-dimensional
TE. Since the vast majority of tumor cells express telomerase while most normal
human cells do not, it was imperative to show that cells immortalized by hTERT
retain normal growth control and checkpoint mechanisms and a stable karyotype
[48]. To this end, the quiescence experiments illustrate that hTERT fibroblasts
are neither hyperproliferative within the three-dimensional collagen matrix, nor do
they spontaneously contract the matrix. Furthermore, we wanted to demonstrate
that ectopic expression of telomerase by dermal fibroblasts did not drive them
irreversibly toward their proliferative phenotype, but that they are able to respond

to various wound healing stimuli to perform all the other functions required of the
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fibroblast during the tissue repair process. In fact, hTERT fibroblasts in TE
behaved identically to normal cells and remained contact inhibited within the
collagen matrix.

The expression and localization of cytoskeletal proteins including desmin,
vimentin, myosin light chain, myosin heavy chain, and alpha smooth muscle actin
was similar for both normal human and hTERT fibroblasts, suggesting that
phenotypes requiring special cytoskeletal arrangements can be obtained.

| FGF2 has been well established as a potent mitogen for several cell
types, including fibroblasts [91]. At the wound site, FGF2 is thought to promote
angiogenesis and facilitate the closure of lesions by accelerating granulation
tissue formation [92]. Ectopic telomerase expression is thought to drive
proliferation in the hTERT fibroblast cells, and it has therefore been hypothesized
that they may not be as sensitive to growth factor stimulus as normal cells.
Therefore, the experiments showing that hTERT fibroblasts proliferate in
response to FGF2 in a manner comparable to that of infant fibroblasts were
particularly important. Not only did the telomerized fibroblasts remain contact
inhibited, they were also able to respond to proliferation stimulus provided by
FGF2. As proliferation is an important function of the wound healing fibroblast
phenotype, it was important to show that these cells have retained the ability to
respond in an appropriate fashion to their environment.
 For the reasons outlined above, hTERT fibroblasts also had to be

evaluated for their ability to perform other wound healing functions, including






collagen synthesis and deposition, matrix contraction, and migration through the
matrix. In each instance, the hTERT fibroblasts responded appropriately to the
environmental factors. Hence, while they have an expanded lifespan due to the
ectopic expression of telomerase, hTERT fibroblasts were able to function
normally and were not solely proliferative at the expense of other wound healing
functions.

Therefore, as cellular components of our three-dimensional connective
tiésue equivalent, telomerized fibroblasts reduce the variation due to donor
gender, ethnic origin and age, and allow the performance of multiple experiments
with a homogeneous “cell line”. This will allow a more systematic approach to
studies of the molecular mechanisms involved in wound healing and when
combined with the recent advancement of our non-contracting connective tissue
equivalent (US Patent #6471958), provides a novel way to study these
processes in three dimensions.

In particular, studies focused on the tissue contraction and scar formation
processes require a three-dimensional tissue model to appropriately examine the
cell-matrix interactions that are necessary for the subsequent matrix contraction.
The effects of the matrix are now known to mediate mechanical and chemical
signaling [19]. Thus, collagen not only serves as scaffolding for the fibroblasts,
but also promotes the appropriate signals essential to the tissue contraction
process. Additionally, the utilization of a three-dimensional tissue equivalent for

studies of wound closure and tissue contraction enables obvious, gross changes
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in the tissue model which can be easily observed and subsequently measured.
In contrast, cellular models require elastic substrates that wrinkle upon fibroblast
contraction or constant microscopic observation to visualize changes in the
contractile function of the fibroblast. Therefore, the connective tissue equivalent
characterized in the present study remains the most advanced and suitable way

to study the contraction process proposed to date.






Figure 1. Stability of Connective Tissue Equivalents. Infant (A) and hTERT
(B) fibroblasts (0 to 350,000 cells/mL collagen) dispersed into 0.5% collagen type
| matrices do not spontaneously contract over a 20 day period. The mean wet
weights (g) +/- standard deviation of each group are reported, and are not

statistically significantly different (n = 6, ANOVA, p>0.050).
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Figure 2. Fibroblasts are quiescent in three-dimensional connective tissue
equivalent. The cell number of Infant (A) and hTERT (B) fibroblasts remains
constant over 20 days in TE culture. The mean cell numbers are reported +/-

standard deviation.
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Figure 3. Western Analysis of Infant and hTERT fibroblasts. Expression of
a-SMA (A), myosin light chains (B), and myosin heavy chain (C) in Infant and
hTERT fibroblasts was examined via western analysis. In panel C, fibroblasts
were cultured at high (HD) and low (LD) densities. No significant difference in
expression was observed. Blots shown are representative of two separate

experiments.
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Figure 4. Localization of cytoskeletal proteins via indirect
immunofluorescence. Infant and hTERT fibroblasts were cultured on glass
coverslips and key cytoskeletal protein localization was examined via indirect
immunofluorescence. Vimentin (A&B), a-SMA (C&D), and myosin light chain
(E&F) expression was observed in both cell types. While the expression appears
slightly different (due to the use of two different secondary antibodies), the
localization of each protein is the same for both cell types. The total protein
expression was analyzed by the more quantitative method of western analysis

(Fig. 3).
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Figure 5. FGF2 stimulated proliferation of Infant and hTERT fibroblasts.
Fibroblasts were stimulated with FGF2 (0 — 4nM) over 6 days in culture and the
resulting proliferation was assayed using the sulfrhodamine B method. An
unpaired t-test comparing the mean cell number of Infant and hTERT fibroblasts
at each concentration of FGF2 was performed and no significant difference

between the two cell types was found (p>0.050).
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Figure 6. Collagen synthesis by Infant and hTERT fibroblasts in response
to ascorbate stimulation. Infant and hTERT fibroblasts were stimulated with
ascorbate (50pg/mL) and assayed for collagen type | synthesis and secretion at
8 and 48 hours. Infant and hTERT fibroblasts mean total collagen +/- standard
deviation was reported. The difference between Infant and hTERT fibroblasts
mean total collagen at the two time points was analyzed by unpaired t-test and

was not statistically significant (p>0.050).
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Figure 7. hTERT fibroblast contraction of a connective tissue equivalent.
hTERT fibroblasts (250,000 cells/mL collagen) in 0.3% collagen were set up and
allowed to polymerize and adapt for 6 hours. Addition of Ham’s F-12 nutrient
medium + 5% FBS (control) and 10 or 20% FBS (A) or 10ng/mL TGF-B (B)
occurred at 6 hours. TE were weighed 18 hours, 3 days and 20 days after
addition of medium in (A). An asterisk (*) denotes statistically significant
difference from control TE treated with 5% FBS (ANOVA followed by Tukey Test,
p<0.050). In (B), contraction took place for 20 days and then the TE were
weighed. The difference between the control (6% FBS) and TGF-f mean wet

weights was statistically significant (unpaired t-test, p<0.001).
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Figure 8. hTERT + eGFP fibroblasts migrate into an acellular collagen
matrix. Fibroblasts seeded on top of an acellular collagen gel migrated into it
within two weeks. Optical sections (15um) of the gel were taken using scanning
laser confocal microscopy (A.1-12). The sections begin at the point farthest from
the seeded cells and progress toward the cell monolayer. A graphic
representation of the total fluorescence in each section is also reported (B). One
major cell front is apparent and is followed by a small number of cells migrating
behind it. These sections are representative of the data collected for three

experiments.
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Chapter Il

Measurement of Contraction Initiation by Optical Fiber Interferometry

Introduction

Measurement of matrix contraction, particularly in the initial stages when it
cannot be detected by light microscopy, has been a difficult task common to all
studies that utilize various in vitro models. Common methods used to quantify
gross contraction include determination of wet weight and change in diameter or
thickness [9, 17, 35, 38, 40, 42, 45, 93]. Weight loss remains an obvious indicator
of contraction, because as the resident cells contract the matrix, water is forced
out of the equivalent matrix, thus reducing its wet weight. Along the same lines,
measuring the diameter of the contracted model has frequently been used as the
simplest method for measuring the extent of contraction. However, neither
method is sensitive enough to determine the initiation of contractién or small but
significant contraction caused by minor contractile ligands.

In order to determine when the initiation of contraction occurs, we are
studying a method originally described for measuring the out-of-plane
displacement of microelectromechanical structures. With a few minor
adjustments, this optical fiber interferometer system can detect the initiation of
contraction with sensitivity in the tens of nanometers. It also has a wide dynamic

range of measurement, up to 2 mm. In addition, computer-assisted data
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acquisition allows measurement of the contracting tissue equivalent over several

hours continuously or as a series of sampling periods.

Materials and Methods
Cell Culture.
General. . Cells were passaged before they reached confluency using
trypsin/EDTA (Gibco) and were cultured in tissue culture flasks (Corning) at 37°C
in 5% CO; incubators. They were cultured in DMEM + 10% FBS, unless
otherwise indicated.
Infant Fibroblasts. Dermal fibroblasts were obtained from infant human foreskin
explants as previously described [87]. Briefly, human infant foreskins were
incubated at 4°C in a solution of 20 U/ml dispase (Collaborative Research) in
DMEM for 48 hours. The epidermis was separated from the dermis and
processed further for epidermal cells. Infant fibroblasts were obtained as out
growths from explanted dermal tissue, following incubation at 37°C in DMEM +
10% FBS. All experiments were performed with Infant fibroblasts between
passages 3 and 9, population doubling 9.13 to 27.67.
hTERT Fibroblasts. The catalytic subunit of human telomerase was retrovirally
transfected into normal human fibroblasts [50]. This transfection was stable, and
hTERT fibroblasts at population doubling 232.8 or higher were used in the

experiments.
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Tissue Equivalent Construction. The collagen solution was mixed
thoroughly at 4°C as 8 parts collagen (0.3%, Vitogen-100, Celtrix
Pharmaceuticals), 1 part 10X Ham’'s F-12 medium, and 1 part Reconstitution
Buffer (0.05N NaOH, NaHCOs, Hepes) and the pH was adjusted to 7.4. The
appropriate number of cells was suspended in this collagen mixture which was
allowed to polymerize at 37°C, 5% CO,. Tissue equivalents (TE) were cast into
multiwell plate inserts (Costar) that had been glued into a 6 well plate to insure
stability during the measurement. Medium and/or contractile stimuli (TGF-B,
10ng/ml or FBS, 20%) were added to the bottom of the insert only. A single piece
of glitter or glass coverslip (12 mm diameter) was positioned in the center of the
TE to provide a reflective surface for the measurement.

Interferometer system configuration (Figure 1). Polarized light with a
wavelength of 0.6328um is coupled into a single mode optical fiber and then split
with a 3-dB fused fiber coupler. One of the coupler’s output pigtails is attached to
a piezoelectric transducer stack, which moves the tip of the fiber in a direction
along its axis. This pigtail serves as the probe of the interferometer. The other
pigtail is unused, immersed in index matching fluid to minimize back reflections.

The tip of the probe is cleaved such that the normal to the cleaved fiber
facet is collinear with the fiber axis. The cleaved facet serves as both the
interferometer’s beam splitter and beam combiner. The airffiber interface at the
cleaved facet of the fiber probe provides a 4% power reflection back into the

single mode fiber. This reflected field is the interferometer’s reference beam.
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The light transmitted through the fiber probe’s facet reflects off the glitter on the
TE to be measured and is coupled back into the fiber. Consequently, the cleaved
facet now acts as a beam combiner.

The distance traveled from the end of the fiber, to the glitter, and back
into the fiber forms the signal path of the interferometer. The reference and signal
fields co-propagate back through the fiber until they reach the fused fiber coupler,
where an additional 3-dB power reduction is encountered. Finally, the
interference signal is detected with a photodetector. The common signal and
reference paths in this optical configuration eliminate signal fading due to non-
signal induced polarization drift and optical path length drift in the fiber. Also, the
common paths obviate the need for high-cost polarization-preserving single
mode fiber.

Demodulation of the optical signal is implemented by sampling the
photodetected signal and performing digital signal processing on it. Digital
demodulation was performed using the commercially available OPD-200 Digital
Demodulator (Optiphase, Inc.). The contraction, or movement of the glitter/TE
away from the probe is reported as displacement in microns. Discontinuities in
the displacement data result from the finite voltage range in the digital signal-to-
analog converter (DAC). When the DAC reached its maximum output voltage,

known as the rail voltage, the output cycles to its most negative voltage.
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Results

High serum causes contraction. Initiation of fibroblasts contracting the
tissue equivalent was detectable within the first ten minutes following stimulation
with 20% FBS (Figure 2B). Nearly 300 microns of displacement was measured
over the duration of the experiment, 2 hours. The baseline measurements were
taken using a TE with fibroblasts which were not stimulated with 20% FBS in
DMEM, but instead tap water was introduced to simulate the effects of adding the
contractile stimulus to the well. A reasonably constant baseline was observed
(Figure 2A). The slight drift toward the probe may be due to hydration of the TE.
After approximately 12 min. the TE came into contact with the fiber probe and the
measurement was discontinued (Figure 2A). In the future, medium (DMEM)
lacking the contractile agent will be added instead of tap water to simulate the
effects of adding the contractile stimulus without introducing additional variables.

Transforming Growth Factor—3 stimulated contraction is also
detected at an early stage. Since TGF-p has become a well-documented
contractile agent found at the wound site, we also examined contraction due to
TGF-B in TE using the interferometer setup. Again, slow, constant contraction
was observed following TGF-B stimulation (Figure 3). Contraction was measured
for five hours, and during that time a displacement of nearly 600 microns was

recorded.
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Discussion

The interferometer system greatly improves upon previous methods of
matrix contraction measurement, particularly enabling the identification of
contraction initiation. This process allows observation of contraction within five
minutes of stimulus addition. Other methods are much less sensitive and rely on
gross contraction, which is not detectable for hours [17, 38, 41]. The optic
interferometry system also enables continuous data capture over a period of
several hours and can be left unattended. In contrast, the measurements taken
using other proposed methods occur at absolute time points and thus give no
information with respect to the course of the contraction process taking place
between measurements. This fact may be of particular importance, as we have
observed a unique pattern of rapid contraction followed by longer periods of slow
contraction in response to serum using the interferometer method (data not
shown). Unfortunately, these results have not been replicated, possibly due to
the fact that the experiments have been conducted at different room
temperatures. It has been shown that an increase in temperature influences
contraction, thus the low room temperature probably affected the contraction of
the collagen matrix [40]. In order to address this concern, we are preparing to
adjust the system to accommodate an environmental chamber that will allow
maintenance of constant temperature during the measurement.

The greatest strength of this system is its sensitivity, since the optic

interferometer allows measurement of displacement (contraction) to the tens of
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nanometers. Contraction of fibrin gels has been measured using an Olympus
inverted microscope equipped with a Mitutoyo digital indicator with a range of
0.01 — 10 mm [17]. Free-floating collagen gel contraction has been determined
by measuring the diameter of the gel to the nearest 0.25 mm with a Nikon SMZ-1
stereoscope [38]. These methods utilizing light microscopy and optical methods
to measure matrix contraction are the most sensitive proposed to date and yet, at
best they are still 1000 - fold less sensitive than our interferometry system. This
will be particularly important when studying a multi-component contractile system
and may enable the differentiation between additive and synergistic effects.

The optic interferometer system proposed measures displacement
(contraction) in one direction. One concern when developing a new technique to
measure matrix contraction is how to take into consideration the entire
contraction occurring, in every direction. While contraction generally takes place
in all planes since the cells are randomly organized in the collagen matrix, in
these experiments, the collagen matrix is polymerized in the insert and thus is
attached on the sides of the well. This restricts the initial contraction to one
direction [17, 41]. Therefore our system is appropriate to measure contraction in
its initial stages, prior to gross contraction when the cells generate enough force
to detach the matrix from the walls of the insert.

As these are preliminary studies directed towards the development of a
novel method to measure collagen matrix contraction, further characterization of

the system is certainly necessary. Incorporation of an environmental chamber will
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undoubtedly produce more reproducible results and allow examination of the
effect of temperature on the contraction process. In the future, studies of
contraction over time in response to various known contractile agents should

take place.
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Figure 1. Fiber Optic Interferometry System. This system is introduced to
measure the surface displacement of a collagen gel due to contraction following
stimulation of the fibroblast cells within the matrix. The interferometric system is
non-intrusive and offers a large dynamic range of measurement. Computer-
controlled data acquisition allows continuous measurement of the contracting gel

over a period of several hours.
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Figure 2. Serum stimulates slow, constant contraction. The fiber optic
interferometry system was Used to measure the onset of contraction stimulated
by 20% FBS. Either 2.0 ml tap water (A) or 2.0 ml DMEM + 20% FBS (B) was
added to TE (250,000 hTERT fibroblasts/ml Vitrogen-100 collagen) and
contraction was measured as microns of displacement. Serum stimulated
contraction was performed for two wells in this experiment, a representative

graph is shown in (B).
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Figure 3. Transforming Growth Factor — B stimulates slow, constant
contraction. TE (250,000 hTERT fibroblasts/mli Vitrogen-100 collagen)
displacement (microns) was collected over a 5 hour time period using the fiber
optic interferometry system. TGF — B (20ng/ml) in Ham's F-12 + 5% FBS was
added to the well 15 minutes after data collection began to stimulate contraction
of the matrix. The graphs represent data from one experiment over the entire 5

hours of data collection (A) and the first hour of data collection (B).
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A. Full data set (approximately 5 hrs.)

B. Same data set (plot of the first hour only)
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Chapter IV

The Role of Endothelin — 1 in Tissue Contraction

Introduction

Endothelin-1 (ET-1) is a potent vasoconstrictor originally isolated, purified,
sequenced, and cloned by Yanagisawa et al from the culture media of porcine
aértic endothelial cells in 1988 [69]. Since then, it has been widely studied for its
potential role in vasculature and cardiovascular diseases. However, evidence is
beginning to accumulate to support the presence of endothelin after injury in
various systems. Using experimental animal models, changes in ET-1 levels
(mRNA and protein), endothelin receptor kinetics and receptor activity (ECsp)
have been observed, thus implicating ET-1 in the etiology of a variety of diseases
[70]. Upregulation of ET-1 has been shown during renal injury [82] and elevated
circulating levels of ET-1 have been reported in a variety of vascular and
inflammatory diseases, and in the connective tissue disease scleroderma [84]. A
role for ET-1 in the chronic inflammation associated with atherosclerosis has also
been proposed. Myofibroblasts exhibited ET-1 immunoreactivity in human
atherosclerotic coronary tissue [86]. In addition, male Wistar rats wounded
dorsally by injection of croton oil showed an increase in myofibroblasts at the site
of granulation tissue formation over time, and a time dependent increase in ET-1

expression in endothelial cells at the same sites was observed [83]. Therefore,
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recent studies have implicated ET-1 in processes of wound healing and injury,
and have suggested possible sources of ET-1 at the wound site. These include
endothelial cells, fibroblasts, and various immune cells recruited to the site of
injury during early stages of inflammation.

The wound healing process involves the activated fibroblast phenotype,
the myofibroblast. Normal wound healing requires that the activated fibroblasts
have the ability to (1) migrate within the provisional matrix of the wound, (2)
proliferate to repopulate the wound site, (3) synthesize collagen to rebuild the
extracellular matrix and (4) contract the matrix to close the wound. All phases of
wound healing have been shown to be stimulated by ET-1 in a variety of injury
models, involving Swiss 3T3 fibroblasts, sclerodermal fibroblasts and in vivo rat
studies [32, 73, 79, 83, 84]. However, a clear role remains to be established for
ET-1 as an important player in scar formation, especially with respect to the
temporal aspects of wound healing and the activation of fibroblasts.

The signaling that occurs to produce contraction by non-muscle cells,
such as fibroblasts, has been shown to involve the phosphorylation of key
cytoskeletal and associated proteins. These activated proteins lead to the
assembly of focal adhesion plaques and prepare the cell for interaction with the
matrix. Furthermore, redistribution and activation of contractile proteins, such as
alpha-smooth muscle actin («-SMA) and myosin are required for cell contraction
[27, 94). Studies involving treatment with ET-1 in various cell types have shown

phosphorylation of a number of proteins involved in the contraction process,
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including the focal adhesion associated-protein, paxillin and myosin light chain
[70, 73]. An important signaling cascade associated with cytoskeletal
reorganization and cell activation is the Rho-associated kinase pathway. The
stimulation of focal adhesion plaque formation by Rho and Rho-associated
kinase in non-muscle cells has been well established [74-77]. However, the link
between ET-1 and Rho signaling in normal fibroblasts has not been fully
examined. Therefore, we propose that ET-1, acting through its receptor, activates
Rﬁo and Rho-associated kinase. Subsequent phosphorylation by Rho-kinase of
key proteins activates fibroblasts and prepares the cytoskeleton for tissue
contraction. Furthermore, it is also proposed that ET-1 acts through transforming
growth factor-beta (TGF-f) to amplify and sustain the initial signal (Fig. 1).

In this study, the role of ET-1 as an activator of human fibroblasts to their
contractile phenotype, and thus a mediator of tissue contraction, was
established. In addition, the method of ET-1 stimulation of fibroblasts was
examined. Both its direct action and its stimulation of TGF-f release in the tissue

contraction process were studied.

Materials and Methods

Cell Culture.
General. Cells were passaged before they reached confluence, using

trypsin/EDTA (Gibco), and were cultured in tissue culture flasks (Corning) at
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37°C in 5% CO; incubators. They were cultured in DMEM + 10% FBS, unless
otherwise indicated.
Infant Fibroblasts. Dermal fibroblasts were obtained from infant human foreskin
explants as previously described [87]. Briefly, human infant foreskins were
incubated at 4°C in a solution of 20 U/ml dispase (Collaborative Research) in
DMEM for 48 hours. The epidermis was separated from the dermis and
processed further for epidermal cells. Infant fibroblasts were obtained as out
growths from explanted dermal tissue, following incubation at 37°C in DMEM +
10% FBS. All experiments were performed with Infant fibroblasts between
passages 3 and 9, population doubling 9.13 to 27.67.
hTERT Fibroblasts. The catalytic subunit of human telomerase was transfected
into normal human fibroblasts using the pBabe retroviral vector [50]. This
transfection was stable, and hTERT fibroblasts at population doubling 232.8 or
higher were used in the experiments.

Tissue Equivalent (TE) Construction. The collagen matrix was prepared
by mixing 8 parts collagen (0.3%, Vitogen-100 (Celtrix Pharmaceuticals); 0.5%,
ICN (ICN Biomedicals); or a combination of the two), 1 part 10X Ham’s F-12
medium, and 1 part reconstitution buffer (0.05N NaOH, NaHCO3;, Hepes). The
appropriate number of cells was suspended within the collagen mixture and the
TE was allowed to polymerize at 37°C, 5% CO,. TE were supplied with Ham’s F-

12 Nutrient Medium + 5% FBS (Gibco) every other day unless otherwise

indicated.
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Western Analysis. Infant or hTERT fibroblasts were stimulated with 10nM
endothelin-1 in serum free DMEM for 24 hours and lysed using lysis buffer (1.0M
Tris, pH 7; 0.5% SDS; 5% sucrose). The amount of total protein was determined
using the BCA protein assay (Pierce). Briefly, it combines the reduction of Cu®* to
Cu' by protein in an alkaline medium (the biuret reaction) with the highly
selective and sensitive colorimetric detection of the cuprous cation using a
reagent containing bicinchoninic acid (BCA). Approximately 10 (g total protein
was loaded in each well of a 4-15% gradient Tris-Glycine gel and SDS-PAGE
was completed using the BioRad vertical electrophoresis system. The gels were
transferred to a nitrocellulose membrane at 20 mAmps overnight using the
BioRad transfer system. The membranes were then blocked with 1% Bovine
Serum Albumin (BSA, Sigma) and 5% milk in 1X PBS, and then incubated with
primary antibody diluted in 1X PBS + 0.1% Tween 20 at 4° C overnight (o —
Smooth Muscle Actin, 1:400; Myosin Light Chains, 1:200; Myosin Heavy Chain,
1:1000). Membranes were washed with 1X PBS + 0.1% Tween 20, and the
appropriate secondary antibody was incubated with the membrane for 30 min. to
1 hour at RT (1:1000 dilution in 1X PBS + 1% BSA). Once the membranes were
washed again, the bands were detected using the ECL chemiluminescence
method (Amersham).

Indirect Immunofluorescence. Normal infant fibroblasts and hTERT
fibroblasts were cultured in chamber slides or on glass coverslips and stimulated

with ET-1 (100nM) or transforming growth factor-beta (TGF-B, 10ng/ml) for 24
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hours. Fibroblasts were pretreated for 30 minutes with an ETams mixed antagonist
(PD-142893, Sigma) and fresh antagonist was added to the nutrient medium
containing ET-1. In another set of experiments, fibroblasts were pretreated for 30
minutes with a rho-kinase inhibitor, Y-27632 (CalBiochem). After fixing with
methanol: acetone (1:1) at 4°C for 10 min., the cells were blocked with 1% BSA
in 1X PBS overnight at 4°C. The cells were incubated with primary antibodies
diluted in 1% BSA in 1X PBS (ETa, 1:200; a-Smooth Muscle Actin, 1:200: Myosin
Light Chain, 1:200; or Myosin Heavy Chain, 1:50) overnight at 4°C. Following
multiple washes with 0.1% Tween 20 in 1X PBS, the cells were incubated with
secondary antibody (AlexaFluor, Molecular Probes, diluted 1:1000 in 1% BSA in
1X PBS) for 1 hr. at 37°C. The slides were washed again, mounted using
FluorSave (CalBiochem) and examined by fluorescence microscopy.

Matrix Biosynthesis. hTERT fibroblasts were plated at 40,000 celis/well
and cultured in 96 well plates. They were serum starved overnight and stimulated
with ascorbate (50ug/ml) or ET-1 (0.1 and 1uM) in phenol red free DMEM + 0.1%
BSA over 48 hours. Ascorbate has been shown to stimulate collagen synthesis
through the induction of lipid peroxidation leading to increased collagen gene
transcription [95]. Collagen synthesis was determined using a picrosirius dye, as
described by Walsh et al [90]. Briefly, the medium was transferred from the wells
at 8 and 48 hours into fresh 96 well plates, and was then allowed to evaporate.
The plates were rinsed three times in distilled water and assayed immediately.

Additionally, the collagen produced but still associated with the cells was

93






measured; cells were lysed with rapid freeze thawing and were allowed to dry on
the plates. Once rinsed, the wells were filled with 100ul of 0.1% Sirius Red F3BA
(Direct Red, Sigma) in saturated picric acid and stained for one hour at room
temperature. The plates were washed five times with 200u! of 10mM HCI. The
collagen bound stain was then eluted with 200u! of 0.1M NaOH for 5 min. The
eluted stain was dispensed into a fresh 96 well plate and the absorbance read at
450nm. The dye is specific for collagen type | and the collagen concentration was
derived form a standard curve of known collagen concentrations.

Tissue Contraction Assay. hTERT TE (1ml/well) were constructed in
BSA (2% in 1X PBS) coated 24-well plates and then stimulated with ET-1 (0.01 —
10uM), TGF-B (10ng/ml), or a combination of the two to induce collagen gel
contraction. To some TE, an ETag mixed antagonist, PD-142893 (Sigma) was
added at the time of collagen polymerization and fresh antagonist was added
with the nutrient medium. In a separate set of experiments, a rho-kinase inhibitor,
Y-27632 (CalBiochem), was added to the collagen matrix of select TE prior to
polymerization. Contraction was quantitated by weighing the contracted TE and
compared to non-treated controls.

TGF-B Secretion. hTERT fibroblasts (400,000 cells/well) were cultured in
a six-well plate for 24 hours. The cells were serum starved overnight and
stimulated with ET-1 (1 — 100nm) for 24 hours. Quantitative determination of
secreted human TGF-§ following ET-1 stimulation was accomplished using a

commercially available ELISA kit (R&D Systems).
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Intracellular Calcium ([Ca®']) Measurement. Measurements of
intracellular calcium were recorded as previously described [96]. Briefly, Infant
and hTERT fibroblasts were cultured on coverslips (3000 cells/coverslip) and
serum starved 1 hour prior to the experiment. The cells were incubated with 3 uM
Fura-2 dye (Molecular Probes) in a modified Krebs-Ringers Buffer solution (KRB:
115 mM NaCl, 2.5 mM CaCl,, 1.2 mM MgCl,, 24 mM NaHCO3, 5 mM KCI, 5 mM
glucose, and 25 mM HEPES, pH 7.4) for 30 minutes at 37°C. Fura-2
fluorescence of these cells was monitored at 37°C by the ratio technique
(excitation at 340 nm and 380 nm, emission at 500 nm) under a Nikon Diaphot
microscope using Metafluor software (Universal Imaging, West Chester, PA).
Conditions of high [Ca®*]; were achieved by adding the Ca?* ionophore, 4-Bromo-
A23187 (1-3 uM) (Calbiochem), whereas conditions of low [Ca?*]; were obtained
by adding EGTA (4-5 mM). [Ca?"]; for each treatment was measured in at least
two coverslips, such that approximately 5 cells were monitored each time.

Representative tracings are reported.

Results
Infant and hTERT fibroblasts express the endothelin receptor.
Endothelin receptors (ETa and ETg) have been identified on several cell types
[44, 69, 71, 97, 98]. To show that the endothelin receptor A (ET,) is expressed in
human fibroblasts, a monoclonal antibody against ETao was used in indirect

immunofluorescence studies of Infant and hTERT fibroblasts. Both cell types
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expressed the receptor, and that expression was uniformly distributed along the
cell membrane (Fig. 2). Expression of ETg on fibroblasts was also examined, but
no expression was detected. This may be a function of culture conditions or a cell
type specific feature.

ET-1 stimulates collagen synthesis by hTERT fibroblasts. Since one
function of the activated fibroblast is to synthesize and secrete collagen to rebuild
the extracellular matrix, the ability of ET-1 to mediate collagen synthesis was
e*amined. Untreated hTERT fibroblast collagen synthesis was compared to that
of fibroblasts treated with ET-1 (0.1uM and 1uM) or ascorbate (50ug/ml) over 48
hours (Fig. 3). While at the 8-hour time point, there was no statistically significant
difference between the 4 groups (unpaired t-test with Bonferroni correction,
p<0.017), collagen synthesis by treated fibroblasts at 48 hours was statistically
significantly higher than the control cells (unpaired t-test with Bonferroni
correction, p<0.017). In addition, the ET-1 treated fibroblasts synthesized
significantly less collagen than the fibroblasts treated with ascorbate (unpaired t-
test with Bonferroni correction, p<0.025). Therefore, ET-1 increased collagen
synthesis by fibroblasts, but not to the extent of ascorbate.

Cytoskeletal changes occur following ET-1 treatment. Western
analysis was performed on 10nM ET-1 treated Infant and hTERT fibroblast cell
lysates to examine expression of a-SMA and myosin light and heavy chains. It
has been established that the culture density of fibroblasts in monolayer has a

direct effect on the cytoskeletal expression of certain marker proteins, including
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a-SMA [99, 100]. Typically, fibroblasts cultured at low density have the
cytoskeletal profile of activated fibroblasts, while those plated at high density
decrease their expression of these cytoskeletal proteins [100].

a-SMA. Since o-SMA expression is the accepted marker for fibroblast activation,
changes in a-SMA expression in fibroblasts cultured at high and low densities
and treated with ET-1 were examined [2, 30]. a-SMA expression was higher in
the cells cultured at low density, for both Infant and hTERT fibroblasts (Fig. 4A).
Also, the fibroblasts treated with ET-1 showed a slight increase in a-SMA.
Myosin Heavy Chain. Increased myosin heavy chain expression has been used
as a secondary marker for fibroblast phenotypic change [25]. Again, myosin
heavy chain expression was greater for the cells cultured at low density (Fig.
4B). However, a substantial difference was not observed between the control
and the ET-1 treated cells.

Myosin Light Chain. Previously, we have shown that a better cytoskeletal
marker for fibroblast activation may be expression of myosin light chain [101].
Thus, we examined changes in the expression of myosin light chain in Infant and
hTERT fibroblasts following ET-1 treatment (Fig. 4C). Treatment of hTERT
fibroblasts with ET-1 did not appear to increase myosin light chain expression.
However, a third band appeared, particularly in the hTERT fibroblast lane,
suggesting a possible shift from its unphosphorylated form to an active,

phosphorylated protein.

97






ET-1 stimulates myosin light chain redistribution. To further elucidate
the connection between ET-1 and myosin light chain in fibroblasts, myosin light
chain localization was examined. hTERT fibroblasts plated sparsely on glass
coverslips were analyzed for myosin light chain expression using indirect
immunofluorescence. While basal expression of myosin light chain was highly
localized in the perinuclear region with faint expression along the cell periphery
(Fig. 5A), in ET-1 treated fibroblasts myosin light chain was redistributed
throughout the cytoplasm (Fig. 5B). To determine if the ET-1 response was
receptor mediated, fibroblasts were pretreated with ETas receptor mixed
antagonist, PD-142893 (1uM) for 30 minutes prior to ET-1 stimulation. The highly
localized and perinuclear myosin light chain localization in untreated controls was
restored in fibroblasts treated with PD142893 before ET-1 treatment (Fig. 5C).
Furthermore, ET-1 — mediated myosin light chain redistribution was blocked by
Y-27632, a rho-kinase inhibitor (Fig. 5D).

Endothelin-1 stimulates contraction of TE populated with hTERT
fibroblasts. The in vitro model of connective tissue utilized for this set of
experiments has been characterized previously (US patent #6471958)[101]. TE
is a three-dimensional model in which fibroblasts dispersed in a hydrated
collagen matrix do not contract spontaneously, and is therefore the ideal in vitro
model to study tissue contraction. Since any contraction initiators must diffuse
through the collagen matrix, uM range of ET-1 was chosen. This is in contrast to

the nM concentrations used for monolayer studies. The mean wet weights +/-
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standard deviation of each treatment group is reported as a measure of matrix
contraction [35, 93]. Weight loss is commonly used as an indicator of contraction,
because as the resident cells contract the matrix, water is forced out of the
equivalent, thus reducing its wet weight. ET-1 caused a significant reduction in
TE wet weight (Fig. 6A). This decrease in wet weight was approximately 34%
with 1 and 10uM ET-1. TE treated with 0.01uM ET-1 did not contract and thus
represents the limiting concentration for this model. The difference between the
control group and the TE treated with 1 and 10uM ET-1 was statistically
significant (unpaired t-test with Bonferroni correction, p<0.0125). Moreover, the
ET-mediated contraction of TE was blocked by PD-142893. The Rho-kinase
inhibitor, Y-27632, also blocked the effect of ET-1. The mean wet weights of TE
treated with ET-1 (0.01uM) and Y-27632 (10uM) or PD-142893 (1uM) were not
significantly different from control TE (unpaired t-test with Bonferroni correction,
p<0.0125). Therefore, it appeared that ET-1 stimulated TE contraction through its
receptors and the rho-kinase pathway. TE were also treated with ET-1 (1uM),
TGF-B (10ng/ml), or a combination of the two (Fig. 6B). TGF-B, a potent cytokine
implicated in several stages of wound healing including tissue contraction,
caused contraction of TE by approximately the same degree as ET-1 (i.e., 35%).
Mean wet weight of TE treated with ET-1 or TGF-B alone was significantly
different than control TE (*) and TE treated with both ET-1 and TGF-§ (**)
(unpaired t-test with Bonferroni correction, p<0.001). TGF-8 and ET-1 produced

additive effects on TE, reducing the wet weight by about 70%.
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ET-1 does not increase intracellular calcium. To determine if fibroblast
contraction by ET-1 is mediated by an increase in intracellular calcium, Fura-2
calcium imaging was performed on Infant (Fig. 7A) and hTERT (Fig. 7B)
fibroblasts treated with ET-1 (1, 10, 100nM). No increase in intracellular calcium
upon ET-1 addition was observed.

ET-1 stimulates TGF-B secretion from hTERT fibroblasts. Since ET-1
is hypothesized to be an initiator of contraction, we determined if ET-mediated
contraction could also be sustained by TGF-B production. Serum starved hTERT
fibroblasts were treated with ET-1 (1, 10, or 100nM) for 24 hours. The culture
medium was assayed for secreted TGF-B by ELISA. Mean concentration of
fibroblast secreted TGF-B +/- standard deviation is reported (Fig. 8). ET-1
caused nearly a 2-fold increase in TGF-B levels over a period of 24 hours. The
difference in mean secreted TGF-B between control and ET-1 stimulated
fibroblasts was statistically significant for the 10 and 100nM doses (unpaired t-

test with Bonferroni correction, p<0.017).

Discussion
Crucial experiments in this study included the functional analysis of ET-1
as a contractile ligand and its capacity to initiate TGF-B secretion. hTERT

fibroblasts dispersed in TE contracted the collagen matrix by 35% of control TE
following ET-1 treatment. This ET-1 mediated contraction occurred through ETr

and the Rho-associated kinase pathway. The Rho-associated kinase signaling
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pathway has been implicated in the assembly of focal adhesion plaques and
stress fibers which are essential components of the contractile system in non-
muscle cells [24, 74]. In Swiss 3T3 fibroblasts, active Rho was vital for the
coordinated assembly of stress fibers and focal adhesions induced by various
growth factors, including serum, epidermal growth factor, thrombin and TGF-p
[102]. In addition, several studies have shown Rho-associated kinase
phosphorylation of myosin light chain and myosin phophatase [103-105]). ET-1
induced myosin light chain redistribution and possible phosphorylation in hTERT
fibroblasts was observed in the present study. Rho-associated kinase directly
induced smooth muscle cell contraction through myosin light chain
phosphorylation and independently of the calcium-calimodulin dependent
signaling pathway [106]. Accordingly, an ET-1 mediated increase in intracellular
calcium was not seen in hTERT fibroblasts, suggesting that a calcium-
independent contraction pathway may be involved.

A link between ET-1 and the Rho-associated kinase pathway has recently
been proposed. Contraction of hepatic stellate cells in culture by ET-1 (5nM) was
attenuated in a dose-dependent manner by Y-27632, and Y-27632 also reduced
ET-1 mediated F-actin stress fiber formation and phosphorylation of myosin light
chain [78]. C3 transferase (which inactivates Rho through ADP-ribosylation) and
Y-27632 inhibited serum (20%) and ET-1 (8nM) mediated myosin light chain
phosphorylation and contractile force generation in chicken embryo fibroblasts

dispersed in a collagen matrix [104]. We have presently demonstrated that TE

101






populated with hTERT fibroblasts contracted upon ET-1 treatment, which is
blocked by Y-27632. Altogether, these studies identify the Rho-associated kinase
pathway as a principal mediator of myosin light chain phosphorylation and
consequent contraction of non-muscle cells by ET-1.

In addition to the direct roles proposed above, ET-1 may also act indirectly
through TGF-B production and secretion. ET-1 has been shown to regulate gene
expression to produce long-term responses [71]. Functional Rho and the Rho-
associated kinase pathway have also been implicated in gene transcription [104,
107-109]. Specifically, the c-fos serum response element has been shown to
effect gene transcription through the serum response factor induced by serum
and Rho [107, 108]. Thus, the serum response factor has been established as a
nuclear target of a novel, Rho-mediated signaling pathway and functional Rho is
required for the regulated activity of the c-fos promoter [107, 108]. In addition, the
expression of constitutively active Rho-associated kinase stimulated the
transcriptional activity of c-fos, demonstrating a distinct role, downstream of Rho,
in gene expression [109]. ET-1 treatment of hTERT fibroblasts over 24 hours
resulted in a significant increase of TGF-f secretion. Since ET-1 and the Rho-
associated kinase pathway have been implicated in gene transcription, it is
reasonable to propose that ET-1 stimulates TGF-B production and secretion in
hTERT fibroblasts. Future studies should focus on delineating the role of Rho
and the Rho-associated kinase pathway in ET-1 mediated TGF-p secretion by

hTERT fibroblasts. In addition, treatment of hTERT populated TE with ET-1 and
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TGF-B together resulted in a significant increase in contraction as compared with
TE treated with ET-1 or TGF-B alone. Therefore, the actions of ET-1 and TGF-B

appear to be additive. It is possible that the production and secretion of TGF-p
potentiates the ET-1 effects, sustaining the long-term effects on TE contraction
and on the wound healing process.

Thus, these studies have identified ET-1 as a potential early initiator in
wound healing and suggest a novel pathway through which it functions. This
proposed mechanism includes both direct effects of ET-1 and indirect effects
potentiated by TGF-B. In the future, studies should address whether TGF-B
converges on the Rho-associated kinase pathway or acts independently through
other signaling mechanisms. Furthermore, we are in the process of developing a
promoter-reporter system to visualize a-SMA expression changes of fibroblasts
populating TE, in real time. This approach will allow, for the first time, observation
of changes in cytoskeletal protein expression and functional events (i.e.
contraction) simultaneously. The discovery of tissue contraction early initiators is
essential in the identification of potential therapeutic targets in the quest to

reduce severe tissue contracture and scarring.
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Figure 1. Schematic representation of proposed signaling by endothelin —

1 in wound healing fibroblasts.
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Figure 2. Endothelin Receptor (ETa) is present in Infant and hTERT
Fibroblasts. Indirect immunofluorescence using a monoclonal antibody to ETa
showed the presence of the endothelin receptor on both Infant (A) and hTERT

(B) fibroblasts.
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Figure 3. Endothelin-1 Stimulates Collagen Synthesis. Untreated (Ham's F-
12 nutrient medium + 5% FBS) hTERT fibroblasts and fibroblasts stimulated with
ascorbate (50pg/mL) or ET-1 (0.1uM or 1uM) were assayed for collagen type |
synthesis and secretion at 8 and 48 hours. hTERT fibroblasts mean collagen
synthesized +/- standard deviation was reported. There was no statistically
significant difference between untreated and treated hTERT fibroblast collagen
synthesis at’ 8 hours. However, at 48 hours all treated groups synthesized
significantly more collagen than the untreated control cells (*, unpaired t-test with
Bonferroni correction, p<0.017). ET-1 (0.1uM and 1uM doses) treated fibroblast
collagen synthesis was significantly different from ascorbate stimulated collagen

synthesis (**, unpaired t-test with Bonferroni correction, p<0.025).
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Figure 4. Cytoskeletal Changes Following Endothelin-1 Treatment. hTERT
fibroblasts cultured at low density (LD) and high density (HD) were serum starved
overnight and treated with 10nM endothelin-1 for 24 hours. Representative
western blots are shown. Alpha-smooth muscle actin (a-SMA) expression of LD
Infant and hTERT fibroblasts was higher than HD fibroblasts (A). LD fibroblasts
treated with endothelin responded with a slight increase of a-SMA expression.
Expression of myosin heavy chain in LD fibroblasts was somewhat higher than
that of HD fibroblasts, both Infant and hTERT (B). However, there did not appear
to be any change in myosin heavy chain expression due to endothelin-1
treatment. Finally, myosin light chain expression, in both its phosphoryated and
unphosphorylated forms, increased marginally in response to endothelin-1
stimulation (C). The myosin light chain antibody appeared to recognize
phosphorylated and unphosphorylated forms (two bands detected). All blots are

representative of at least two separate experiments.
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Figure 5. Endothelin — 1 Alters Myosin Light Chain Localization. Indirect
immunofluorescence of hTERT fibroblasts revealed perinuclear localization of
myosin light chain (A). 10nM endothelin-1 treatment of hTERT fibroblasts for 24
hours resulted in the movement of myosin light chain into the cytoplasm (B),
seen by indirect immunofluorescence. Pretreatment of fibroblasts with 10uM Y-
27632 (C) or 1uM PD-142893 (D) prevented the endothelin-1 stimulated
redistribution of myosin light chains. Light microscopy images of cells from A (E)

and B (F) are also shown.
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Figure 6. Endothelin — 1 Stimulates TE Contraction. hTERT fibroblasts in TE
were allowed to polymerize and adapt for at least 6 hours. Ham's F-12 nutrient
medium +/- endothelin — 1 (0.01uM, 1uM, 10uM) was added to each TE, and
fresh medium + endothelin was added every two days for 15 days (A). Y-27632
(10uM) or PD-142893 (1uM) was incorporated into the TE prior to polymerization
and added with medium and 1uM endothelin every two days. The mean wet
weights of TE treated with 1 and 10uM endothelin were significantly different
from the control TE and TE treated with Y-27632 and endothelin or PD-142893
and endothelin (unpaired t-test with Bonferroni correction, p<0.0125). In addition,
TE were treated with 1uM endothelin-1, 10ng/ml TGF-8, or both endothelin (1uM)
and TGF-B (10ng/ml) every 2 days for 15 days in culture (B). Mean wet weights
of the endothelin and TGF-$ treated TE were significantly different from control
TE (*) and from TE treated with endothelin + TGF-$ (**) (unpaired t-test with

Bonferroni correction, p<0.001).
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Figure 7. Intracellular Calcium ([Ca?'];) Measurement of hTERT Fibroblasts
Stimulated with Endothelin-1. Infant (A) and hTERT (B) fibroblasts were
cultured glass coverslips and stimulated with endothelin-1. Fura-2 calcium
imaging was utilized to show changes in intracellular calcium following addition of
endothelin-1 (1nM at ~2.5 min., 10nM at ~6 min., 100nM at ~10 min., ionophore
at 15-20 min.). No increase in intracellular calcium due to endothelin treatment
was observed. Each graph is representative of at least two separate experiments

and two coverslips per experiment.
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Figure 8. Stimulation of Transforming Growth Factor-f (TGF-B) Secretion
by Endothelin — 1. hTERT fibroblasts were serum starved overnight and then
treated with endothelin-1 (1, 10, or 100nM) in serum free DMEM for 24 hours.
The supernatant was removed and assayed for TGF-B by ELISA. Mean
concentration of TGF-B secreted by fibroblasts stimulated with 10 or 100nM
endothelin-1 was significantly different from untreated control fibroblasts (n=4,

unpaired t-test with Bonferroni correction, p<0.017).
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Chapter V

Development of an Alpha-Smooth Muscle Actin Promoter-Reporter System

Introduction

In the previous chapter, results from the western analysis of cell

7‘ monolayer responses to endothelin were discussed. It is evident that there are

difficulties in determining cytoskeletal changes using the monolayer culture as an
approximation of cell behavior in tissue. These complexities have also been well
documented in the literature describing TGF-B mediated responses. There is a
clear need for a more direct and tissue relevant indicator of gene activation in
response to contractile signals, so that the responses may be observed in situ
and in real time.

To this end, studies were initiated to construct a promoter-reporter system
that would be used to evaluate changes in relevant cytoskeletal proteins. Since
a-Smooth Muscle Actin (a-SMA) plays a key role in tissue contraction and its
expression is characteristic of the activated myofibroblast phenotype, its
expression was chosen as a target for a promoter-reporter strategy in which a-
SMA gene activation would be visualized through the expression of green
fluorescent protein (GFP). This promoter-reporter system, in combination with
our connective tissue equivalent model, is designed to allow non-intrusive, real-

time observation of cell behavior in a three-dimensional matrix, using laser
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scanning confocal microscopy. The development of this novel promoter-reporter
system is essential for the study of fibroblast cytoskeletal changes in a three-
dimensional tissue context during tissue contraction and cell migration, the

events most heavily dependent on the functions of cytoskeletal proteins.

Materials and Methods

Materials. Miller's LB Broth Base (Gibco BRL), Agarose (Gibco-BRL),
Agar (Fisher), Max Efficiency DH5a Competent Cells (Invitrogen), Platinum pfx
polymerase (Invitrogen), Maxi- and Mini-Prep Kits (Qiagen), Gel Purification Kit
(Qiagen), DNA Polymerase | Large Fragment (Klenow, New England Biolabs),
Not | (Promega), Sal | (Promega), Sac Il (Promega), Sma | (Promega), pd2EGFP
(Clontech), ACC65 | (New England Biolabs).

DNA Gel Electrophoresis. The gels were made with 0.6% agarose in 1X
Tris Acetate EDTA (TAE) + ethidium bromide and cast into the minigel
apparatus. The samples and molecular weight standard (1kb, BioRad) were
mixed with nucleic acid sample loading buffer (BioRad) and loaded into the wells
of the gel. The gel was run at 90V until the dye front had progressed through
approximately 2/3 of the gel. Each gel was examined under UV lamp.

Transformation. DNA (15 - 20ng) was added to Max Efficiency
Competent Cells (50ul/reaction, Invitrogen) and incubated on ice for 30 min.
Competent cells were then heat shocked in a 42°C water bath for 90 seconds

and immediately returned to ice. Tubes containing 1ml Luria Broth (LB) + glucose
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were inoculated with the competent cells and resulting cultures were shaken at
225 rpm for 1hour at 37°C. Dilutions of the LB culture were streaked on LB/Agar
plates containing the appropriate antibiotic and were incubated upside-down
overnight at 37°C. Single colonies were picked and cultured in 2ml or 250ml| LB +
antibiotic overnight at 37°C with shaking (225rpm). Freeze-downs of each culture
were made in 15% glycerol and mini or maxi-prep of the culture was performed
using the Qiagen MiniPrep Kit or the Qiagen Plasmid Maxi kit. DNA purification
kit protocols are based on a modified alkaline lysis procedure followed by binding
of plasmid DNA to Qiagen Anion-Exchange Resin under appropriate low-salt and
pH conditions. RNA, proteins, dyes, and low molecular weight impurities are
removed by a medium salt wash. Plasmid DNA is eluted in a high-salt buffer and
then concentrated and desalted by isopropanol precipitation.

Polymerase Chain Reaction (PCR). The basic PCR reaction included
10X pfx polymerase buffer, 10mM dTNP mix, 50mM MgSo4, 0.2uM each primer,
DNA template (10ng/ul), and Platinum pfx polymerase. Thirty cycles of 95°C
denaturing (30 seconds), 60°C annealing (30 seconds) and 68°C elongation (5
minutes, 30 seconds) proceeded, and the resulting product was evaluated by
DNA electrophoresis.

DNA Digestion and Gel Purification. DNA was digested according to the
reaction specifications of each restriction enzyme in a thermocycler. The
resulting DNA fragments were analyzed by gel electrophoresis and the band

containing the fragment of interest was cut out of the gel and purified via the
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Qiaex Il method (Qiagen). With this kit, the extraction and purification of DNA
fragments are based on the solubilization of agarose, followed by adsorption of
the nucleic acids to the Qiaex Il silica-gel particles in high salt. DNA elution is

accomplished with a low-salt solution such as water.

Strategy and Results

The strategy contemplated was based on the cloning of the a-SMA
promoter into the commercially available pd2EGFP plasmid and then stably
transfecting into hTERT fibroblasts. The use of a cell line compensates for
possible low efficiency of transfection. The full-length human a-SMA promoter
cloned into pUC19 was a kind gift from Dr. Gary Owens [110]. Unfortunately, the
pUC19 plasmid only contains two restriction sites, one on either end of the
promoter region, which were recognized by restriction enzymes without also
cutting within the promoter fragment sequence itself. Thus, the pUC19 plasmid
was digested with Not | and Sal | to remove the intact promoter region and
analyzed via DNA gel electrophoresis to confirm the size of the resulting
fragment (Fig. 1). The resultant 3' and 5 ends of the promoter were not
compatible with the multiple cloning sites available in the pd2EGFP plasmid.
Therefore, following digestion to remove the promoter from the pUC19 plasmid,
several attempts were made to amplify and generate compatible ends using
polymerase chain reaction (PCR) and primers developed for that purpose.

However, presumably due to the large size of the promoter (~5.5 kb), even using
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a high fidelity polymerase approach did not produce desirable PCR results (Fig.
2). As an alternative approach, the promoter region was cloned into
pBluescriptSK phagemid (Fig. 3). This allowed access to restriction sites that
were somewhat compatible with the multiple cloning sites in the pd2EGFP
plasmid (Fig. 4). The promoter therefore had to be cut out of pBluescriptSK with
the isoschizomer ACC65 | and the 5' protruder was converted to a blunt end
using Klenow. Then the 3’ end of the promoter was cleaved with the restriction
enzyme Sac ll, and the promoter fragment was gel purified. pd2EGFP was
digested with Sma | and Sac |l and purified. Directional cloning of the promoter
fragment into pd2EGFP was carried out in the laboratory of Dr. Daniel McMillan

(University of Texas Southwestern).

Discussion and Future Directions

While the development of the promoter-reporter system is a complex
process, we feel it is the most relevant and useful way to approach studies of
cytoskeletal protein expression in tissue. Some of the difficulties encountered
include issues related to working with a large, full-length promoter (~5.5kb), the
need to generate appropriate ends for sub-cloning, and the necessity for stable
transfection in the target cells. However, the advantages far out weigh the
difficulties encountered.

First, it is essential to have real-time, three-dimensional measurement of

cytoskeletal protein expression so that the cell-matrix interactions occurring at
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various stages of the wound healing process can be studied. For example, this
approach will, for the first time, show a direct link between upregulation of a-SMA
expression and tissue contraction. While a-SMA has long been accepted as the
key cytoskeletal marker for fibroblast activation in preparation for wound
contraction, a direct connection between protein expression and contraction has
not been made [93, 111]. Furthermore, the fate of the myofibroblast following
tissue contraction has not been determined. A hypothesis has been proposed
that myofibroblasts are eliminated through apoptosis [23]. However, this theory
does not address the remodeling that occurs well after tissue contraction and
which cells may be responsible for that process. This promoter-reporter approach
is ideal for the observation of the activated fibroblast following tissue contraction
and the determination of its fate.

Secondly, stable transfection of the promoter-reporter system is the only
approach that allows experimental design that includes the use of a three-
dimensional collagen matrix model and also will permit long-term experiments.
Since it takes several days to generate a stable tissue equivalent with cultured
cells and several more to visualize effects of an added ligand, which has to
diffuse into the matrix, transient transfection (typically lasting only 2-3 days) is not
appropriate.

The destabilized enhanced green fluorescent reporter protein, d2EGFP,
was also carefully chosen. The fluorescence of the protein has been optimized

for brighter fluorescence, which will enhance observation in a three-dimensional
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collagen matrix. Also, the enhanced green fluorescent protein has been
destabilized with the addition of a PEST amino acid sequence that targets the
protein for degradation. Since the d2EGFP has a half-life of approximately two
hours, it allows for repeated perturbations and real-time observations of changes
in cytoskeletal protein expression. Luciferase is a common reporter used in
similar systems, but is not appropriate for a three-dimensional model, particularly
one that focuses studies on cell-matrix interactions. Since the detection of
luciferase requires lysis of the cells, to use it in our collagen matrix system would
require dissolution of the matrix, followed by cell lysis. By the time the collagen
matrix had been dissolved, changes in the cytoskeletal protein expression will
have taken place, negating this experimental approach. Also, by using d2EGFP,
we obviate the need for an absolute end point, thus allowing observations and
measurements of a single sample to be made as often throughout the course of
the experiment as desired. Moreover, the d2EGFP reporter enables the
employment of scanning laser confocal microscopy to optically section TE.
Therefore, this novel system allows, for the first time, a method to detect
changes in cytoskeletal protein levels in cells within a three-dimensional matrix
non-intrusively and in real time, as well as being applicable to monolayer studies.
Once completed and stably transfected into hTERT fibroblasts, the promoter-
reporter system will be used to study the real-time activation of these cells to
their myofibroblast phenotype in a three-dimensional tissue equivalent. In

addition, experiments performed following systematic truncation of the a-SMA
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promoter region will facilitate the elucidation of the role that various promoter
response elements play in its regulation. It has recently been shown that there is
a conserved role for CArG boxes and a TGF-B control element involved in the
upregulation of a-SMA expression in smooth muscle cells and non-muscle cells
that is modified by a complex interplay of positive- and negative-acting cis
elements in a cell-specific manner [112]. ET-1 mediated responses at the gene
expression level also need to be described. Therefore, although it was
problematic, it was necessary to initially use the full-length promoter. It is
expected that it will be advantageous for future experiments focused on the
delineation of the role that various response elements play. Finally, the system
can be adapted to examine other target genes that participate in contraction, for
example, myosin light chain. Further experiments along these lines could study

focal adhesion plaque assembly and cell-matrix interactions.
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Figure 1. DNA gel electrophoresis of pUC19 digest. Maxi-prep of pUC19
containing the a-SMA promoter was digested with Not | and Sal | and the
resulting fragments were run on a 0.6% agarose in 1X TAE gel at 90V. The band

at 6kb was cut out and gel purified.
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Figure 2. DNA gel electrophoresis of PCR products. Using the DNA purified
from Fig. 1, no PCR products of the correct size were obtained through multiple

attempts. DNA gel (0.6% agarose in 1X TAE) was run at 90V.
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Figure 3. pBluescript phagemid map.
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Figure 4. pd2EGFP plasmid map.
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Chapter VI
Conclusions
The focus of these studies was to characterize a novel connective tissue
model for use in experiments examining possible contraction initiators in the
wound healing process, i.e. endothelin-1 (ET-1). A variety of tissue models have
been proposed, ranging from a simple monolayer of fibroblasts cultured on a
collagen coating to fibroblasts dispersed into a three-dimensional matrix
composed of various extracellular matrix macromolecules [3, 5, 8, 9, 23, 32, 33].
Unfortunately, every TE proposed to date contracts spontaneously. This
contraction occurs within the first few hours of assembly and results in a dense,
opaque tissue [5, 8]. Such models have been frequently used as research tools
in studies examining the mechanisms of contraction and scar formation [31, 35-
38], and have led to conclusions that do not clarify our understanding of the
tissue contraction process. Since the fibroblasts have been activated to the
contractile phenotype and the model is already in a state of contraction, the
signaling cascade initiated by additional ligands is superimposed on an already
activated pathway(s). These may act in an additive, synergistic, or opposing
manner. Furthermore, once the model is dense and opaque, it is impossible to
monitor the morphological status of the cells by simple non-intrusive methods

(e.g. light, fluorescent, or scanning laser confocal microscopy).
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The cellular components of the TE vary almost as much as the models do
themselves. While human fibroblasts have become the benchmark for studies of
wound healing in TE, they are not an optimal choice for ongoing studies requiring
large numbers of cells. First, all normal human cells undergo a finite number of
cell divisions when cultured in vitro, and ultimately enter a state of replicative
senescence [49]. Secondly, in vitro behavior of primary fibroblasts varies
significantly from donor to donor, with respect to donor age and gender, and from
passage to passage [48]. Such variability produces data that is difficult to
interpret and makes it formidable to demonstrate statistical significance of
changes over the course of several experiments.

The human telomerase catalytic subunit (nTERT) when stably expressed
has been shown to extend the life span of normal human cells [54]. Through
these studies, it has been shown that use of a telomerized dermal fibroblast cell
line addresses the concerns relating to variations due to heterogeneity of normal
human cells cultured in vitro, without creating a cancerous cell line or interfering
with normal phenotypic changes. This is particularly important since the wound
healing process involves fibroblasts at various stages of phenotypic
differentiation. In addition, the incorporation of telomerized cells into our TE,
which does not spontaneously contract (US Patent #6471958), provides a unique
model to study the contraction and scar formation process.

Using the TE populated with hTERT fibroblasts, an innovative technique

was developed to identify the initiation of tissue contraction using an optical fiber
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interferometry system. This system greatly improves upon previous methods of
matrix contraction measurement, particularly enabling the identification of
contraction initiation. The process allows observation of contraction within five
minutes of stimulus addition. Other methods are much less sensitive and rely on
gross contraction, which is not detectable for hours [17, 38, 41]. The optic
interferometry system also enables continuous data capture over a period of
several hours and can be left unattended. In contrast, the measurements taken
using other proposed methods occur at absolute time points and thus give no
information with respect to the course of the contraction process taking place
between measurements. This fact may be of particular importance, as we have
observed a unique pattern of rapid contraction followed by longer periods of slow
contraction in response to serum using the interferometer method. The greatest
strength of this system is its sensitivity, since the optic in<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>