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Abstract
Cutaneous wound healing is a well-orchestrated process leading to reestablishment of normal function of skin within few weeks. However, in diabetic
and elderly patients, this process is compromised leading to development of nonhealing ulcers. Despite the introduction of numerous treatment modalities,
chronic wounds remain a significant healthcare problem. This dissertation is
focused on development of innovative approaches for stimulation of cutaneous
wound healing. Specifically, we use Low Level Light Therapy (LLLT) and novel
bioactive extracellular matrix protein fragments. LLLT is known for over 40 years
but its efficacy remains controversial and the mechanisms of its activity are
poorly understood. Our work in mouse models of cutaneous wound healing
demonstrates that both coherent and non-coherent light can stimulate cellular
responses to injury, identifies the most effective wavelength of light (820 nm) and
establishes that there are significant variations in response to treatment between
different strains of mice. We demonstrate that LLLT fosters fibroblast to
myofibroblast transition and promotes wound contraction. While contraction is an
important part of the healing process, its stimulation in human subjects might not
be desirable as excessive contraction can lead to reduction of skin elasticity and
loss of function. Therefore, next we focused on development of wound healing
modalities that could enhance wound healing without stimulation of contraction.
Previously it has been shown that collagenase from Clostridium histolyticum
promotes cellular responses to injury both in vitro and in vivo. We hypothesize
that stimulation of repair occurs via collagenase-mediated release of matrixassociated bioactive moieties. We used endothelial ECM degraded by bacterial
collagenase and immunoprecipitated with anti-collagen antibodies to identify
these biologically active peptides. We isolated several fragments of collagen IV,
fibrillin 1, tenascin X and created a novel peptide as a combination between
fibrillin 1 and tenascin X. The peptides increase rates of microvascular
endothelial cell proliferation by 50% and in vitro angiogenesis by 200% when
compared to serum-stimulated controls. Moreover, we demonstrate that
combinatorial peptide, applied into the wound bed of healing impaired
cyclophosphamide treated mice enhances responses to injury. Current studies
are aimed at revealing the molecular mechanisms regulating peptide-induced
wound healing.
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Chapter 1. Background and significance.
1.1 Significance of wound healing research.
Skin is the largest organ of human body. Its primary function is to provide
a protective barrier from the environment and prevent invasion of outside
elements. In addition, skin plays critical role thermoregulation, metabolism and
sensory awareness (Rosdahl and Kowalski, 2008). Mechanical (wounding) or
thermal (burning) damage and loss of skin continuity is harmful for human health
and may lead to severe disabilities or even death. Therefore, the capacity to reestablish the skin’s physical and mechanical integrity is crucial for organism’s
well-being and survival. The process of restoration of skin function after injury is
achieved via well-organized and complex process termed wound healing.
Depending on the depth of the injury, wounds and burns can be classified
into superficial, partial thickness and full thickness wounds. The later extend
through epidermis, dermis and subcutaneous tissues, are most detrimental and
often require medical attention (Sussman and Bates-Jensen, 2007). Cutaneous
injuries can also be classified in respect to their age or time to healing. According
to this classification, wounds that resolve within a few weeks are considered
acute (normal), while wounds that persist for over 3 months (sometime several
years) are called chronic (Werdin et al., 2008). Chronic wounds are further
classified into vascular wounds, diabetic ulcers, and pressure sores (Harding et
al., 2002).
In recent years considerable progress has been achieved in our
understanding of the process of acute and chronic injury repair and in the

development of wound healing therapeutics. Nonetheless, both acute and
chronic wounds remain a significant healthcare problem. Combined, these full
thickness cutaneous injuries affect over 20 million people in the United States
alone and represent a significant burden on healthcare system (Singer and Clark,
1999; Singer and Dagum, 2008). Therefore, research aimed at better
understanding of the mechanisms of acute and chronic wound healing as well as
the improvement of accelerants of healing is critically important.
1.2. Mechanisms of acute wound healing.
Typically, acute wound healing is a well-organized process leading to predictable
tissue repair where platelets, keratinocytes, immune surveillance cells,
microvascular cells and fibroblasts play key roles in the restoration of tissue
integrity (Falanga, 2005; Singer and Clark, 1999). The wound repair process can
be divided into four overlapping phases - coagulation, inflammation, formation of
granulation tissue (proliferative phase) and remodeling or scar formation phase
(Figure 1.1).
1.2.1. Coagulation/Inflammatory Phase.
Immediately after injury platelets adhere to damaged blood vessels,
initiate a release reaction and begin a hemostatic reaction giving rise to a bloodclotting cascade that prevents excessive bleeding and provides provisional
protection for the wounded area (Figure 1.2). As has been well studied, blood
platelets release well over a dozen growth factors, cytokines and other survival or
apoptosis-inducing agents (Weyrich and Zimmerman, 2004). Key components of
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the platelet release reaction include platelet-derived growth factor (PDGF), and
transforming growth factors "1 and 2 (TGF-"1 and 2), which attract inflammatory
cells – leukocytes, neutrophils and macrophages (Singer and Clark, 1999). As
leukocytes are phagocytic cells, they release reactive oxygen species (ROS) that
are anti-microbial, and proteases that clear the wound of foreign bodies and
bacteria. Resolution of the inflammatory phase is accompanied by apoptosis of
inflammatory cells, which occurs gradually within a few days post-wounding. The
exact mechanism through which resolution of inflammation occurs during

Coagulation
Inflammation
Migration/Proliferation
Platelets
Remodeling
Neutrophils
Macrophages Fibroblasts

wound

scar

Figure 1.1. Phases of wound healing.
The phases of wound healing include coagulation, inflammatory phase,
granulation tissue formation, and remodeling (scar formation). Platelets,
neutrophils, macrophages and fibroblasts all contribute to repair process at
different stages of healing.
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cutaneous wound healing is not completely understood. However, it has been
suggested that anti-inflammatory cytokines such as TGF-"1 and IL-1, and
bioactive lipids - cyclopentenone prostaglandin, lipoxins and resolvins also take
part in this process (Eming et al., 2007;Gilroy et al., 2004). The exact role of
these entities during inflammatory phase resolution represents an active area of
investigation.
fibrin clot
ROS
proteases
TGF-!

PDGF
TGF-!

FGF-2
VEGF

TGF- "

EGF
PDGF
TGF-! Platelets
Neutrophil
extravasation

macrophage

endothelial progenitor
cell (EPC)

keratinocyte

dermal matrix

fibroblast

basement membrane

Figure 1.2. Coagulation and inflammatory phase of wound healing.

During this phase of the healing cascade, blood-borne cells - neutrophils,
macrophages, as well as platelets play critical roles. These cells provide growth
factors and provisional matrices that are necessary for recruitment of epidermal
and dermal cells into the wound bed.

1.2.2. Proliferative Phase: Granulation tissue formation.
As the inflammatory phase subsides, the proliferative phase of repair
begins (Figure 3). At this stage, growth factors produced by remaining
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inflammatory cells, migrating epidermal and dermal cells act in autocrine,
paracrine and juxtacrine fashion to induce and maintain cellular proliferation
while initiating cellular migration: all events required for the formation of
granulation tissue while supporting epithelialization (Falanga, 2005;Singer and
Clark, 1999). As dermal and epidermal cells migrate and proliferate within the
wound bed, there is a frank requirement for an adequate blood supply for nutrient
delivery, gas and metabolite exchange. Therefore, for wound healing to progress
normally, a robust angiogenic response must be initiated and sustained.
Wound healing angiogenesis begins immediately after injury when local
hypoxia, secondary to injury-induced blood vessel disruption occurs. This event
fosters the production of pro-angiogenic factors. Vascular endothelial growth
factor (VEGF), fibroblast growth factor-2 (FGF-2) and PDGF (Humar et al., 2002)
initially released by platelets and, then, by resident cells within the wound bed,
are all central mediators of injury-induced angiogenic induction. In response,
endothelial cells degrade basement membrane, migrate toward the wound site,
proliferate, form cell-cell contacts and eventually, new blood vessels (Folkman
and Klagsbrun, 1987; Singer and Clark, 1999). More recently, it has been
revealed that endothelial progenitor cells (EPC) are also required for vascular
restoration (Asahara et al., 1997;Leone et al., 2009; Liu and Velazquez, 2008).
This process, called vasculogenesis, requires recruitment of EPC. Normally, EPC
reside in the bone marrow, and are recruited into the circulation in response to
injury. Subsequently, EPC are engrafted into the remodeling microvasculature,
taking residence adjacent to endothelial cells bordering the injury site. EPC
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mobilization is mediated by nitric oxide, VEGF and matrix metalloproteinases
(MMP), particularly MMP-9 (Leone et al., 2009); EPC engraftment and possibly
differentiation occurs in response to stromal cell derived factor 1! (SDF-1!) and,
as has become apparent more recently, insulin-like growth factor (IGF) (Maeng
et al., 2009). While more research needs to be done to further elucidate the
mechanisms of EPC recruitment and homing, it is clear that these progenitor
cells are necessary for normal wound healing-associated neovasculogenesis and
injury repair.
fibrin clot

FGF-2

VEGF

MMPs
FGF-2

PDGF
TGF-!

FGF-7
TGF-!

MMPs

VEGF

Matrix-bound
growth factors

TGF-!

Bioactive
matrix
fragments

Figure 1.3. Granulation tissue formation.
Granulation tissue formation (proliferative phase) starts at approximately 3 days
post-injury and is characterized by increased levels of keratinocyte and
fibroblast proliferation, migration and ECM synthesis in response to autocrine,
paracrine and juxtacrine growth factors. Angiogenesis/neovascularization also
occur during this phase. Newly formed blood vessels give this tissue granular
appearance (granulation tissue).

In fact, key signaling intermediates responsible for wound healing angiogenesis
and vasculogenesis may be dysfunctional during diabetes (Gallagher et al.,
2007). Indeed, diabetic patients prone to the development of chronic wounds (Liu
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and Velazquez, 2008) may exhibit deficiencies in either EPC bone marrow
release or peripheral tissue homing and engraftment. Therefore, therapies aimed
at correcting EPC-linked deficiencies are currently under investigation for
treatment of diabetes-induced chronic wounds (Liu and Velazquez, 2008).
1.2.3. Matrix Remodeling and Scar Formation.
Re-establishment of a normal blood supply provides a favorable
microenvironment for epidermal and dermal cell migration and proliferation. In
turn, this leads to wound re-epithelization and restoration of epidermal integrity.
Fibroblasts proliferate within the wound and synthesize extracellular matrix
(ECM) forming granulation tissue perfused with newly formed blood vessels
(Figure 1.3). Simultaneously, provisional matrix mainly consisting of collagen III,
fibrin, fibronectin and hyaluronic acid is progressively substituted with ECM
mainly containing collagen I (Singer and Clark, 1999). Next, wound contraction
and matrix remodeling occur (Singer and Clark, 1999) (Figure 1.4). Contraction is
mainly achieved by differentiated fibroblasts or myofibroblasts that in response to
TGF-", tissue tension and the presence of certain matrix proteins (e.g. ED-A
fibronectin and tenascin C), acquire smooth muscle actin-containing stress fibers.
Fibroblast-induced contractile forces are then transmitted to the ECM via
cytoskeleton-associated and extracellular matrix receptor-dependent mechanocoupling focal adhesion complexes, i.e. integrin receptors (Hinz, 2007a). Another
mechanism leading to wound contraction is fibroblast motility with consequent
matrix reorganization (Ehrlich et al., 1999). This dynamic and reciprocal process
involves slow cycles of ECM synthesis and degradation both occurring in a
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stromal- or fibroblastic cell- dependent manner. Here, matrix-remodeling
enzymes, particularly, MMPs play important roles in remodeling the local matrix
microenvironment in support of several healing responses, including cellular
migration, proliferation and angiogenic induction. Finally, apoptosis of fibroblastic
cells occurs leading to the formation of a relatively acellular scar tissue whose
tensile strength is comparable with unwounded skin (Figure 1.4).

Completion of re-epithelialization

TGF-!
Scar tissue
Re-establishment of
blood supply

MMPs

ECM synthesis/
contraction

TIMPs
ECM
degradation

Figure 1.4. Final phase of wound healing: remodeling and scar
formation.
At approximately 1-2 weeks post-injury, differentiated fibroblastic cells
(myofibroblasts) that present within the granulation tissue begin to remodel
extracellular matrix. ECM remodeling followed by apoptosis of resident cells
leads to the formation of an acellular scar.

While the importance of apoptosis in granulation tissue remodeling and
scar formation is widely accepted, the exact triggers of this process during the
resolution of wound healing are not well understood (Rai et al., 2005). In
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particular, TGF-", tumor necrosis factor, and surprisingly FGF-2 (that normally is
considered as a stimulator of cell proliferation), were reported to increase the
number of apoptotic cells during the final phase of healing (Akasaka et al., 2004;
Desmouliere et al., 1995). Inability of dermal cells, particularly myofibroblasts to
undergo timely apoptosis, has also been linked to wound healing pathologies,
e.g. the hypertrophic scar and keloid formation (Seifert and Mrowietz, 2009).
Better understanding of the role of apoptosis in these pathologies as well as
during normal wound healing may bring about novel approaches for their
treatment and/or prevention.
1.3. Chronic Wounds: classification, causes and treatment options.
With the estimated number of elderly persons of 65 years or older in the
United States almost doubling (from 35 million to 53 million people) by 2030
(Gosain and DiPietro, 2004), and the estimated risk of developing diabetes for
children born in 2000 as high as 35% (Narayan et al., 2003), the anticipated risks
of diabetes and age-associated non-healing chronic wounds continues to
increase dramatically. In fact, annual chronic wound care costs now exceed one
billion US dollars in the United States, alone (Ramsey et al., 1999) and
represents ~2% of total EU financial resources (Bitsch et al., 2005) (Table 1.1).
Importantly, the majority of the chronic wounds begin as minor traumatic injuries.
Penetrating injuries, insect bites or, even, simple scratches of dry skin that would
normally heal within a few days/weeks, lead to formation of a non-healing wound
in patients with underlying pathologies (Shai and Halevy, 2005).
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Chronic wounds can be classified into vascular ulcers (e.g. venous and
arterial ulcers), diabetic ulcers, and pressure sores (Table 1.1). Some common
features shared by each of these include a prolonged or excessive inflammatory
phase (Eming et al., 2007), persistent infections (Edwards and Harding, 2004),
formation of drug-resistant microbial biofilms (Wolcott et al., 2008), and the
Normal
wound
MMP

Chronic
wound
Delayed epithelial

fibrin clot

migration
epithelialization

HB-EGF

TGF-!

Bioactive matrix
fragments
Matrix-bound
growth factors

EGF

PDGF
TGF-!

Bacterial biofilms
uPA
MMP

excessive
proteolysis

ROS
MMPs

Disorganized
glycated ECM

MMP
TIMP

FGF-2
VEGF

Impaired
angiogenesis cell
proliferation

TGF-!

EPC recruitment

Impaired
EPC recruitment

Figure 1.5. Normal vs. chronic wound healing.
Microenvironment within a normal wound bed (left) is characterized by the
presence of numerous growth factors, a well-organized ECM and responsive cell
populations. Matrix synthesis, here, exceeds its degradation and MMP activity is
regulated by the presence of MMP inhibitors (TIMPs). Angiogenesis and
neovascularization of normal wounds proceed in a timely manner via well
regulated sprouting of existing blood vessels and recruitment of endothelial
progenitor cells (EPC), respectively. Finally, unlike their chronic counterparts,
acute wounds are generally characterized by low bacterial burden. Chronic
wounds (right) have high incidence of bacterial biofilms, leading to persistent
inflammation, excessive proteolysis and degradation of critical growth factors,
receptors and/or ECM. Cells residing within these wounds are unable to
proliferate and/or migrate effectively perhaps due to the absence of functional
receptors or appropriate pro-migratory matrix substrates.
inability of dermal or epidermal cells to respond to reparative stimuli (Figure 1.5).
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In aggregate, these pathophysiologic phenomena result in the failure of these
wounds to heal. The underlying pathologies, however, deviate in different type of
chronic wounds.
Venous ulcers display profound pathological changes that arise secondary
to venous valvular incompetence in the deep and superficial veins. This, in turn,
leads to a constant blood backflow resulting in an increase in venous pressure.
Pressure-induced changes in blood vessel wall permeability then lead to leakage
of fibrin and other plasma components into the perivascular space. Accumulation
of fibrin has direct and negative effects on wound healing. It down-regulates
collagen synthesis (Pardes et al., 1995), leads to formation of pericapillary fibrin
cuffs that create a barrier for normal vessel function and traps blood-derived
growth factors (Higley et al., 1995;Walker, 1999). In the 1980s and 1990s, the
cuffs were considered as continuous obstructions preventing free blood-dermis
oxygen exchange (Walker, 1999). Recently, however, using confocal microscopy
it has been demonstrated that fibrin deposits surrounding dermal veins are patchlike and discontinuous (Kobrin et al., 2008). This finding questions the barrier role
of fibrin cuffs and suggests the presence of other yet unknown factors
contributing to low oxygen tension found in venous ulcers and surrounding
tissues. Identification of these factors may reveal novel targets for therapeutic
interventions and treatment of venous ulcers.
Arterial ulcers are less common than chronic venous wounds. They occur
due to arterial insufficiency caused by atherosclerosis or embolism that can lead
to narrowing of arterial lumen and ischemia, which prevents timely healing of
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minor traumatic injuries (Bonham, 2003). Unlike venous ulcers, which generally
arise between the knee and the ankle, arterial leg wounds may present at any
spot distal to arterial perfusion such as a tip of a toe. It is estimated that arterial
ulcers affect 100,000 Americans annually (Sieggreen and Kline, 2004). Unlike
venous ulcers that often can be improved with therapeutic compression, chronic
wounds linked to arterial insufficiency can only be treated successfully after the
restoration of arterial function via revascularization (Bonham, 2003). Current
options for limb revascularization are rather limited and include reconstructive
surgery

(angioplasty)

or

pharmaceutical

interventions.

Since

failure

of

revascularization procedures almost inevitably leads to limb amputation in arterial
ulcer sufferers, novel techniques allowing for restoration of blood supply to the
wound bed, including stem cell therapies are now being investigated (Grey et al.,
2006).
Pressure ulcers arise due to prolonged unrelieved pressure and shearing
force applied to skin and the underlying muscle tissue leading to a decrease in
oxygen tension, ischemia-reperfusion injury and tissue necrosis. Pressure ulcers
are common in patients with compromised mobility and decreased sensory
perception (Defloor, 1999), and are exacerbated in individuals suffering from
arterial and venous insufficiencies described above.
Complications of aging and diabetes can lead to and exacerbate vascular
pathologies related to both arterial and venous insufficiencies, and worsen
pressure ulcers. Other abnormalities leading to development of chronic wounds
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Table 1.1. Major types of chronic wounds.
Number of
Wound type

Pathology

Cost of

Total annual

treatment

cost

affected
patients
$1.9-$2.5 billion

Venous

Venous insufficiency,

400,000-

$5,000-

ulcers

thrombosis, varicosis

600,000

10,000

(Etufugh,
Phillips, 2007)
100,000
Macroangiopathy,
Arterial

(Sieggreen
Atherosclerosis,

ulcers

$9000-16000
and Kline,

arterial insufficiency
2004)
$150 million
2 million
Neuropathy,
Diabetic

(Reiber,
http://www.fe

microangiopathy,
ulcers

$6000/patient Diabetes Care
etnet.com/sta

hyperglycemia

1992)
tistics.php

Pressure

$3.5 to $7.0

sores/
Immobility, excessive

billion

(Reddy et al.,

annually

2006)

(Salcido

1.3 to 3

decubitus
pressure

up to $70 000
million

ulcers

et al., 2007)
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in diabetic patients (also called diabetic ulcers) include neuropathy, often linked
to vascular impairment, deficiencies in muscle metabolism and a number of
microvascular pathologies often caused by hyperglycemia (Falanga, 2005).
Macroscopic pathologies seen in chronic, particularly diabetic wounds often are
linked to cellular phenotypic abnormalities, including low mitogenic/ motogenic
potential and inability to respond to environmental cues. Better understanding of
these cellular changes and their correction will lead to development of better
treatment options for diabetic wound sufferers.

Cell proliferation
TIMP production
Matrix synthesis
Angiogenesis
Neovascularization
Excessive inflammation
MMP production
Matrix degradation
Cell senescence
Apoptosis

Figure 1.6. Physiologic imbalance: A key feature of chronic wounds.
Inflammation,
MMP
production,
matrix
degradation
and
cell
senescence/apoptosis are all elevated in chronic wounds. These processes
can not be overcome because of insufficient levels of cell proliferation, ECM
synthesis, production of MMP inhibitors (TIMPs) and impaired
angiogenesis/neovascularization. This imbalance leads to inability of chronic
wounds to heal.
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Although all of the wounds described above may have different origins, each
wound is characterized by a chronically inflamed wound bed and a failure to heal
(Figure 1.6). Excessive recruitment of inflammatory cells to the wound bed often
triggered by infection and cell extravasation is facilitated by disproportionate
expression of vascular cell adhesion molecule-1, interstitial cell adhesion
molecule-1 by resident endothelial cells. Inflammatory cells accumulated inside
the chronic wound, produce various ROS that damage structural elements of the
extracellular matrix, cell membranes, and lead to premature cell senescence
(Ben-Porath and Weinberg, 2005). In addition to these direct negative effects,
ROS together with pro-inflammatory cytokines induce production of serine
proteinases and MMPs that degrade and inactivate components of the
extracellular matrix and growth factors necessary for normal cell function (Eming
et al., 2007). Inactivation of proteinase inhibitors by proteolytic degradation
augments this process. Therefore, although the production of growth factors is
often increased in chronic compared to acute wounds, their quantity and
bioavailability is significantly decreased (Lauer et al., 2000;Mast and Schultz,
1996).
Unlike

acute

wounds,

which

generally

heal

without

significant

interventions, all types of chronic wounds represent major challenges for patients
and caregivers. It is now understood that the inability of the chronic wound to
heal is caused by both cellular and molecular abnormalities occurring within the
wound bed (Figure 1.7). However, proper diagnosis of wound etiology, selection
of effective treatment and prevention of wound re-occurrence remain a problem
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for chronic wound sufferers and healthcare provides (Bonham, 2003). Below we
will describe the most recent advances in the field of wound healing, including
the role of tissue microenvironment in normal and pathological wound healing
and the opportunities for use of exogenous growth factors for treatment of acute
and chronic wounds.
1.3.1. Phenotypic abnormalities in chronic wound cells.
Epidermal and dermis-derived cells residing in chronic wounds have
several phenotypic abnormalities. These include lower density of growth factor
receptors and lowered mitogenic potential preventing them from responding
properly to environmental cues. For instance, fibroblasts, isolated from patients
with chronic diabetic, non-diabetic wounds or patients with venous insufficiency,
have lower mitogenic response to PDGF-AB, IGF, bFGF and EGF applied
separately or in combination. These findings are likely due to a decrease in
receptor density (Loot et al., 2002;Seidman et al., 2003;Vasquez et al., 2004).
Furthermore, fibroblasts isolated from leptin receptor-deficient diabetic mice as
well as derived from patients with chronic venous insufficiency have reduced
motogenic potential, compared to normal fibroblasts (Lerman et al., 2003;Raffetto
et al., 2001). These cellular abnormalities impede the formation of granulation
tissue and extracellular matrix deposition leading to formation of non-healing
wounds.
Keratinocytes derived from chronic ulcers have also been reported to
possess a “chronic wound-associated” phenotype (Usui et al., 2008).
Overexpressing the proliferation marker Ki67, these cells upregulate expression
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of several cell cycle associated genes such as CDC2 and cyclin B1 suggesting a
hyperproliferative status (Stojadinovic et al., 2008).

However, these chronic

wound-derived keratinocytes exhibit impaired migratory potential.

The

mechanisms of this impairment are not completely understood, but have been
linked to decreased production of laminin-332 (laminin-5) – an important
substrate for injury-induced keratinocyte migration (Usui et al., 2008).
Additionally, these cells possess an increased activation of "-catenin/c-myc
pathway (Stojadinovic et al., 2005) and do not express markers of differentiation,
particularly keratin 10 and 2. Finally, several genes encoding a variety of growth
factors are down- or up- regulated, e.g. VEGF, epiregulin and TGF-"2 expression
are decreased, whereas PDGF and platelet-derived endothelial growth factor
encoding genes are upregulated (Stojadinovic et al., 2008). Decreased growth

INFECTION

NECROSIS

ELEVATED
PRESSURE

POOR
PERFUSION

INSUFFICIENT
METABOLISM &
NUTRITION

Figure 1.7. Chronic wound conundrum.
Diagrammatic representation of those physiologic functions that are
perturbed or dis-equilibrated during chronic wound healing.
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factor production directly confirms the impaired state of the keratinocytes residing
within a chronic wound and inability to fully participate in repair processes while
upregulation of key growth factor genes enable a sustained proliferative capacity
suggesting that this could be an ‘entry point’ for therapeutic intervention.
Motogenic stimuli together with activators of keratinocyte differentiation such as
recently described hyperforin (Muller et al., 2008) may be able to induce
phenotypic changes and transform the chronic wound keratinocytes into
competent cells necessary for epithelialization. Similarly, modern transduction
techniques (Okwueze et al., 2007) could be used to improve growth factor
responsiveness of cells residing in chronic wounds by increasing the density of
growth factor receptors. These are just a few examples of how our better
understanding of cellular pathologies might lead to development of novel
therapeutic modalities, which could be used for treatment of chronic wounds and
will be discussed in more detail in the subsequent sections.
1.3.2. Perturbations in the extracellular matrix microenvironment that
contribute to sustaining wound chronicity.
The microenvironment of the chronic wound bed is heralded by matrix.
Information about the differences in chemical composition of the ECM found in
chronic and acute wounds is scarce and controversial. It is known, however, that
deposition of a number of matrix components is different in chronic as compared
to acute wounds. For example, chronic wounds are characterized by prolonged
(Loots et al., 1998) or insufficient expression of fibronectin, chondroitin sulfate,
and tenascin, which gives rise to impaired cellular proliferation and migration
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(Agren et al., 1999). Recently, reduced production of laminin 322 - a basement
membrane component that serves as a haptotactic substrate for post-injury
keratinocyte motility (Usui et al., 2008) was found to be one of the reasons for
impaired re-epithelialization and wound healing. Changes of the ECM, including
post-translational modification of key structural components can also negatively
influence cellular responses to injury. For instance, matrix glycation is often seen
in diabetic patients and is likely to be responsible for or linked to premature cell
senescence, apoptosis, inhibition of cell proliferation, migration and angiogenic
sprout formation (Kuo et al., 2007). Glycation adds to matrix instability, disrupts
matrix assembly and interactions between collagen and its binding partners,
including heparan sulfate proteoglycans (Liao et al., 2009;Reigle et al., 2008).
High glucose has also been shown to stimulate MMP production by fibroblasts,
macrophages and endothelial cells thus contributing to a ‘vicious’ cycle of matrix
degradation detrimental for cell survival and therefore wound healing (Death et
al., 2003;Lee et al., 2007). Matrix instability that occurs due to glycation and
insufficient intermolecular crosslinking seen under hypoxic conditions (Dalton et
al., 2007) and excessive matrix degradation by MMPs are also detrimental to the
healing process. Matrix instability prevents normal cell-matrix interactions
necessary for cell survival and function, and, ultimately injury repair. Therefore,
inhibition of matrix degradation, addition of exogenous matrices and induction of
matrix synthesis by resident cells all provide therapeutic opportunities. As an
example, collagen-based dressings (Promogran) have been used in clinical trials,
successfully decreasing the levels of matrix degrading enzymes and improving
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healing (Lobmann et al., 2006). To date, protease inhibitors have not been used
to treat chronic wounds clinically. However, synthetic bisphosphonates are under
investigation for application in wound care (Rayment et al., 2008).

Further

research is sorely needed to delineate the therapeutic potential of both protease
inhibitors and/or ECM-based preparations for chronic wound care.
1.3.3. Biofilms and the chronic wound bed.
Infection is an extrinsic factor that causes delay of wound healing,
contributing to wound chronicity, morbidity and mortality (Bader, 2008). High
bacterial counts of >105 viable bacteria or any number of "-haemolytic
streptococci are considered detrimental. Bacterial toxins (as well as live bacteria)
induce excessive inflammatory responses (Ovington, 2003), and tissue damage
that can lead to abscess, cellulites, osteomyelitis or limb loss (diabetic patients)
(Edwards and Harding, 2004). Furthermore, recruited inflammatory cells as well
as bacteria produce a number of proteases (including MMPs), which degrade the
ECM and growth factors present within the wound bed. Bacteria that colonize
chronic wounds (Figure 1.7) often form polymicrobial communities called biofilms
(James et al., 2008). These complex structures are composed of microbial cells
embedded in secreted polymer matrix, which provides optimal environment for
bacterial

cell

survival,

enabling

their

escape

from

host

immune

surveillance/defense and resistance to antibiotic treatment (Martin et al., 2009).
Although biofilms are prevalent in chronic wounds (Falanga, 2005;James et al.,
2008), and significantly delay re-epithelialization in animal models (Clark F.
Schierle et al., 2009), it remains unclear precisely how they delay healing.
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Increased bacterial survival and enhanced production of virulence factors are
likely explanations. However, it is possible that extracellular biofilm components
possess or display a toxic phenotype for host cell functionality and therefore
impede healing. Recently, it has been demonstrated that hindering biofilm
formation by RNAIII inhibiting peptide (Cirioni et al., 2007) reverses wound
healing delays induced by bacterial biofilms (Clark F. Schierle et al., 2009).
Better understanding of the precise mechanisms by which bacterial biofilms
delay repair processes together with optimizing methods for biofilm detection and
prevention may enhance opportunities for transforming chronic wound beds into
those that actively heal.
1.3.4. Current options for treatment of chronic wounds.
Successful treatment of a particular chronic wound requires a detailed
understanding of the molecular and cellular components present within each
wound bed.

Currently, chronic (and acute) wounds of different etiologies are

treated using a multi step approach based on contemporary knowledge of wound
healing and is known by the acronym TIME (Schultz et al., 2003). First, nonviable tissues (T) from within and around a wound are removed using surgical
debridement or debriding agents such as bacterial collagenase. Secondly,
infection and inflammation (I) are minimized with antibiotics and antiinflammatory preparations. Next, moisture (M) imbalance is corrected, generally
with carefully selected dressings. Finally, epithelialization (E) and granulation
tissue formation are promoted by the application of specific therapies, such as
growth factors. However, the use of TIME strategy is not always sufficient and
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some wounds remain non-responsive to current therapies. Therefore, we should
develop refined methods that will enable personalized therapeutics tailored for
each patient’s non-healing wound to be developed. To this end, a novel wound
diagnosis technology called “bar coding” of the wound has been proposed
(Tomic-Canic et al., 2008). It employs sampling of chronic wound fluids and/or
collection of tissue biopsies that allow for identification of markers of wound
chronicity such as growth factors and their receptors, MMPs, members of "catenin/c-myc pathway and keratinocyte differentiation markers. “Wound bar
coding” can be used for both guiding wound debridement and treatment
regiments. Necessary levels of dead tissue removal can be determined by the
presence of "-catenin/c-myc positive cells that although they can proliferate,
cannot migrate or differentiate and therefore have to be removed. Treatment
strategies can also be adjusted based on the needs of individual patients or “bar
coding” results. For instance, if cells residing within a wound express low levels
of growth factors, growth factor receptors and high levels of MMPs as determined
by ELISA, wound care practitioners could choose to use growth factor delivery
methods or patient-derived ‘engineered’ cells that would allow for restoring the
wound microenvironment favoring a healing phenotype. In this way, each wound
could be considered individually and treatment would be carefully ‘personalized’
or selected on an individual basis.
1.3.5. Wound bed preparation: the role of debridement.
Removal of non-viable tissue or wound debridement is beneficial for wound
healing. Methods of debridement employed in clinical practice include surgical,
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autolytic, biological and enzymatic (Ayello and Cuddigan, 2004). Surgical, also
known as sharp debridement is performed by excision of necrotic tissue using
surgical tools; autolytic debridement involves either careful removal of
spontaneously separated necrotic tissues or the use of moisture retaining
dressings inducing eschar softening followed by its removal; biological
debridement uses larvae of the green blowfly species (maggot therapy); during
enzymatic debridement naturally occurring matrix degrading enzymes are used
(Attinger et al., 2006;Ayello and Cuddigan, 2004;Turkmen et al., 2009). Both
surgical and autolytic debridements non-discriminately remove dead and viable
tissues, are very laborious and can be painful. While biological debridement is
more selective, larvae are hard to store, may be unpleasant for the patients and
medical personnel, and therefore not universally used.
Enzymatic debriding agents are also selective toward necrotic tissues,
usually stable for several months upon refrigeration (or even at room
temperature) and more aesthetically appealing (Ayello and Cuddigan, 2004).
Until recently, two enzymatic debriding preparations were clinically used in the
United States – papain-based and collagenase-based products.
Papain – a cysteine protease derived from papaya fruit degrades collagen
and fibrin – the major components of eschar; as papain can only degrade
denatured protein, urea is often added to the enzyme preparations such as
Accuzyme to ensure protein denaturation (Ayello and Cuddigan, 2004). While
different preparations of papain were clinically used for over one hundred years
and are relatively effective in removing necrotic tissues, FDA never approved the
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papain-containing products. Moreover, their benefit for wound healing and its
effects on the cells inside the wound are questionable, in fact, papain-urea
induces inflammatory response within the wound bed (Ayello and Cuddigan,
2004) and decreases proliferation of cells (Riley and Herman, 2005) thus
impeding healing process. Recently, due to the safety concerns, the use of these
debriding agents have been discontinued (http://www.fda.gov/).
Another

promising

debriding

agent

is

bacterial

collagenase

(Clostridiopeptidase A). It is obtained from a gram-positive bacterium Clostridium
histolyticum, and is an active ingredient in a number of debriding agents,
including Santyl® (Healthpoint), Iruxol® and Novuxol® (Knoll Nordmark
Arzneimittel, GmbH 25430 Uetersen, Germany). Clostridial collagenase, unlike
its mammalian counterpart (MMP-1), can degrade both native and denatured
collagens I, II, III, IV and V (Mandl, 1982). It efficiently clears the wound of
necrotic tissues and decreases bacterial burden. More importantly, preparations
of bacterial collagenase enhance migration and proliferation of keratinocytes,
endothelial cells, and fibroblasts, by releasing both ECM-, and cell-surface bound
growth factors and bioactive matrix fragments (Demidova-Rice and Herman,
2009; Herman, 1996; Herman, 1993b; Postlethwaite and Kang, 1976;
Postlethwaite et al., 1978; Radice et al., 1999; Riley and Herman, 2005; Shi et
al., 2009; Demidova-Rice et al., 2011). Therefore, in addition to clinically relevant
wound debridement, treatment of chronic wounds with preparations of bacterial
collagenase will likely help to achieve efficient angiogenesis, epithelialization and
ultimately efficient healing (Falanga, 2002). Further randomized controlled
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studies are necessary in order to unequivocally determine the wound-healing
potential of Clostridial collagenase (Ramundo and Gray, 2008).
Another product that is under investigation for use as enzymatic debriding
agents is bromelain. Currently bromelain is being tested in a phase III clinical trial
and has been granted Orphan Drug Status by FDA/European CPMP. This
enzymatic preparation extracted from pineapple stems and/or flowers is
marketed

as

Debridase

(Debrase,

MediWound

Ltd)

(http://www.ahead-

bs.com/apage/12205.php#Clinical). Normally, it is applied once for relatively
short time periods (4h), resulting in thorough debridement. Further, a small
clinical study where the enzyme was used to debride deep second and third
degree burns, detected no detrimental effects on surrounding healthy tissues and
no significant side effects (Rosenberg et al., 2004). This study however, does
not provide any insight into the mechanism of action of bromelain or whether it
was beneficial for the healing process or graft success.
Although significant progress has been made in our understanding the
mechanisms by which enzymatic debriding agents improve healing of chronic
wounds, the delivery of debriding enzymes to the wound bed remains somewhat
out-of-date. For example, Debridase is supplied in the form of sterile lyophilized
powder and has to be mixed immediately before application in a proprietary
hydrating gel provided as a ‘kit’ (Debrase, MediWound Ltd) (http://www.aheadbs.com/apage/12205.php#Clinical). Due to short application time, secondary
dressings are not necessary in this case. Bacterial collagenase, on the other
hand, is supplied premixed in a petrolatum or emulsion ointments, has to be
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applied repeatedly and requires secondary dressings. While this delivery system
in general is considered relatively efficient and safe, it has been reported that
contact dermatitis may in some cases develop upon exposure to both the active
ingredient (clostridiopeptidase) or the excipients (Foti et al., 2007;Tam and
Elston, 2006). To our knowledge, the only study published in peer-reviewed
literature describing a different method of collagenase delivery to an in vivo
wound was published by a group from the Netherlands. In this report a
biodegradable hydrophilic film containing bacterial collagenase was used. While
collagenase activity in this delivery system was preserved, the formulation was
unstable (at least at room temperature) (Mekkes et al., 1998). Clearly, more work
remains to be done to develop an efficient system for delivery of enzymatic
debriding agents. Recently, it has been shown that bacterial collagenase (as well
as human MMPs) can be bound to collagen or oxidized regenerated
cellulose/collagen sponge (Metzmacher et al., 2007). This, together with the
notion that components of the matrix degraded by bacterial collagenase have
stimulatory effects on cells within the wound bed – epithelial, endothelial,
inflammatory cells and fibroblasts - suggest that matrix-based wound dressings
may serve to deliver the enzyme into a wound bed.
1.3.6. Infection control.
While proper wound debridement helps to control bacterial growth (Payne
et al., 2008), it is not always sufficient and additional antibiotics may be required.
Antimicrobial preparations used in chronic wound care include topical
Table 1.2. Enzymatic debriding agents.
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Enzyme/source

specificity

trade name(s)

FDA approval status

Accuzyme,
Denatured proteins

Allanfil,

Papain/

proteins containing

Allanzyme,

Carica papaya

cysteine residues

Ethezyme,

(including growth

Gladase, Kovia,

Not approved,
manufacturing
discontinued as of
November 24, 2008
factors)

Panafil, Pap
Urea, Ziox

Collagenase/
Clostridium
histolyticum

Denatured and
Santyl, Iruxol and

Approved by

Novuxol

FDA/EMEA

native collagen I, II,
III, IV and V
Currently under

Bromelain/

Necrotic cutaneous

investigation, Orphan
Debrase

Ananas comosus

tissue

Drug Status granted by
FDA/European CPMP

antiseptics, topical antibacterials and systemic antibiotics, all recently reviewed
(Howell-Jones et al., 2005;Lipsky, 2008;Martin et al., 2009).
While many preparations described in these reviews can effectively
control bacterial growth, they can be toxic for host tissues. Currently, there is no
conclusive evidence that one antibiotic or antiseptic is superior to any other
achieving efficient elimination of infection and decreasing time to healing. Many
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of modern anti-microbial therapies (Edwards and Harding, 2004) can effectively
target planktonic bacteria, which may be beneficial for wound healing (Imegwu et
al., 1997;Levenson et al., 1983). However, biofilm-producing microorganisms
remain a major challenge (Edwards and Harding, 2004). Biofilms are complex
structures that are composed of microbial cells embedded in secreted polymer
matrix, which provides optimal environment for bacterial cell survival, enabling
their escape from host immune surveillance/defense and resistance to antibiotic
treatment (Martin et al., 2009). Although biofilms are prevalent in chronic wounds
(Falanga, 2005;James et al., 2008), and significantly delay re-epithelialization in
animal models (Clark F. Schierle et al., 2009), it remains unclear precisely how
they delay healing. Increased bacterial survival and enhanced production of
virulence factors are likely explanations, however, it is possible that extracellular
biofilm components possess display toxicity to host cells and therefore impede
healing. Recently it has been demonstrated that hindering biofilm formation by
RNAIII inhibiting peptide (Cirioni et al., 2007) reverses wound healing delays
induced by bacterial biofilms (Clark F. Schierle et al., 2009). Better understanding
of the precise mechanisms by which bacterial biofilms delay repair processes
together with optimizing methods for biofilm detection and prevention may
enhance opportunities for transforming chronic wound beds into those that
actively heal. In addition, novel experimental techniques, including photodynamic
therapy (Di Poto et al., 2009) and silver-containing dressings (Martin et al., 2009)
could successfully eliminate planktonic, biofilm-associated and multi drug
resistant bacteria.
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1.4. Advanced wound healing techniques.
Thorough wound bed preparation can, in some cases, be sufficient to induce
proper cellular responses and healing of complicated wounds. Often however,
because such wounds may persist, specific therapies may be necessary. Several
of them, including growth factor therapy, low level light therapy and extracellular
matrix derived fragments are described below.
1.4.1. Exogenous growth factors and their use in wound care.
Growth factors (Table 1.3.) play critical role during normal wound healing
(Barrientos et al., 2008;Werner and Grose, 2003). Chronic wounds on the other
hand often have insufficient supply of these biologically active molecules. In fact,
deficiency of growth factors is one of the causes of wound chronicity. Since the
1980s application of exogenous (recombinant human) growth factors has been
considered as a promising wound healing therapy (Robson et al., 1991). Several
members of PDGF, FGF and VEGF families have been tested in wound healing
studies both humans and animals.
Platelet derived growth factor (PDGF) family.
PDGF is one of the first factors produced in response to injury and
induces cellular responses throughout all phases of repair processes (Figure1.2,
Table 1.3). It has numerous functions and is released by platelets, macrophages,
keratinocytes, fibroblasts and endothelial cells (Table 1.3) (Werner and Grose,
2003 and references therein). Currently, four PDGF ligands are known: PDGF-A
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Table 1.3. Role of growth factors in wound healing and their clinical use.

Growth
factor
PDGF

Sources

Target cells

Clinical use

Platelets,
macrophages,
endothelial cells

Neutrophils, macrophages,
smooth muscle cells,
endothelial cells, fibroblasts

FGF-1

Macrophages,
endothelial cells

Endothelial cells, fibroblasts,
smooth muscle cells,
keratinocytes

FGF-2

Fibroblasts,
endothelial cells,
inflammatory
cells
fibroblasts

Endothelial cells, fibroblasts
and keratinocytes

Fibroblasts,
keratinocytes,
smooth muscle
cells,
macrophages,
platelets
Platelets,
macrophages,
fibroblasts,
keratinocytes

Endothelial cells,
keratinocytes

PDGF-BB is FDA
approved for
treatment of diabetic
ulcers
In clinical trails for
spinal cord injuries,
burns (Cheng et al.,
2004;Ma et al.,
2007b)
In clinical trials
chronic wounds
(Barrientos et al.,
2008)
FDA approved for
treatment of oral
mucositis (Beenken
and Mohammadi,
2009); in clinical trials
for treatment of
venous ulcers
(Robson et al., 2001)
In clinical trials for
limb ischemia,
coronary ischemia
(Isner et al.,
1996;Losordo et al.,
1998)
TGF-!3 is in clinical
trials for pressure
ulcers (Hirshberg et
al., 2001),
Avotermin (rh-TGF!3) in trials for
treatment of
excessive scarring
(Occleston et al.,
2008)

FGF-7

VEGF (A)

TGF-! 1-3

Endothelial cells,
keratinocytes

Monocytes, macrophages,
neutrophils, keratinocytes,
fibroblasts
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and B can form both hetero- and homodimers and are secreted in their active
form, while PDGF- C and D are homodimer-forming species and require
extracellular activation (Andrae et al., 2008). PDGF family members exert their
activity on cells after binding to a complementary family of receptor tyrosine
kinases - PDGFR-!!, PDGFR-!" and PDGF-"" (Figure 1.8). Ligand binding
followed by homo- or hetero- dimerization of PDGFR and their phosphorylation
triggers several signaling pathways, including phospholipase C# pathway,
phosphatidylinositol3-kinase (PI3K), and a number of mitogen-activated protein
kinase (MAPK) pathways (Barrientos et al., 2008;Gao et al., 2005). Activation of
these pathways by PDGF generally leads to enhanced cellular migration,
proliferation, causing increased VEGF and IGF, production. Importantly,
enhanced growth factor receptor expression and extracellular matrix (fibronectin,
hyaluronic acid) production ensue (Bennett et al., 2003; Werner and Grose,
2003). It should be noted that under certain conditions PDGF-! can have a
negative impact on cell motility, while retaining its pro-mitogenic effect (Alvarez et
al., 2006; Gao et al., 2005). PDGFR ! and " are normally expressed by several
cell types at low levels; however, in response to injury and in the presence of
exogenous growth factors, such as EGF and PDGF-AB, receptor expression is
markedly up-regulated. This upregulation of PDGFR and its phosphorylation
appears to be necessary for timely healing, whereas uncontrolled PDGF
signaling may play role in hypertrophic scarring (Alvarez et al., 2006; Gope and
Gope, 2009; Werner and Grose, 2003).
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The levels of PDGF and PDGF receptor expression are low in diabetic
and aged mice with delayed responses to injury (Werner and Grose, 2003).
Similarly, PDGF levels are depressed within non-healing human ulcers (Pierce et
al., 1995), perhaps due to both underproduction an/or excessive proteasemediated degradation. Predictably, the delivery of exogenous PDGF was
reasoned to be beneficial for those patients suffering with chronic wounds. As a
result, the FDA granted approval of Regranex® (becaplermin) for the treatment
of diabetic ulcers (Leahy and Lawrence, 2007).
Figure 1.8. Simplified representation
of PDGF signaling cascade.

PDGF
ligands

PDGF
receptors

AA

AB

BB

"
"
!
"
!
!#
phospholipase
C$
phosphatidylinositol3-kinase
mitogen-activated protein kinases

%Migration, proliferation
%Production of growth factors

Platelets, macrophages, keratinocytes,
endothelial cells produce PDGF
ligands – PDGF-AA, PDGF-AB and
PDGF-BB during wound healing. The
ligands interact with one or several of
three types of PDGF receptors:
PDGFR-"", PDGFR-"! and PDGFR!!. The specificity of ligand-receptor
interactions is shown with dotted
arrows. Receptor-ligand interactions,
receptor
dimerization
and
phosphorylation lead to activation of
phospholipase C$, PI3K and mitogenactivated kinase pathways, which in
turn
induce
increased
cellular
migration, proliferation, and growth
factor production.

Despite this, however, the outcomes of treating diabetic ulcers with this PDGFcontaining preparation have been less than convincing or inconclusive. Perhaps
non-responsiveness to PDGF treatment, observed in some patients, may be due
to low expression levels of PDGF receptors by cells residing within chronic
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wounds (Vasquez et al., 2004) or could be caused by rapid degradation of the
growth factor by proteolytic enzymes within the chronic wound bed (Falanga,
2005). Also confounding is the fact that epithelial cells within chronic wounds lack
PDGF receptors. And, the complexity and persistence of the chronic wound bed
suggests that delivery of a single entity as a corrective therapeutic may not be
sufficient. A combination and/or patient-specific approach to chronic wound
treatment might be required to enable healing and wound closure (Hinchliffe et
al., 2008;Tomic-Canic et al., 2008). Therefore, improved outcomes of PDGF and
other growth factor-based therapies will undoubtedly come with better
understanding of cellular and molecular abnormalities occurring in chronic
wounds and/or with development of better drug delivery methods.
Fibroblast growth factor (FGF) family.
Fibroblast growth factor (FGF) family (Figure 1.9) includes 23 members.
FGF-1, 2, 7, 10 and 22 are expressed upon dermal injury (Barrientos et al.,
2008). The biology of these paracrine growth factors has recently been reviewed
(Beenken and Mohammadi, 2009). After their liberation from the ECM, FGF
ligands bind and activate FGF receptors (FGFR) in a heparan sulfate
proteoglycan (HSPG) dependent manner. Receptor-ligand interaction induces
receptor dimerization and trans-phosphorylation leading to activation of
downstream signaling including Ras/MAPK and PI3K/Akt pathways (Beenken
and Mohammadi, 2009).
FGF-1 and -2, also known as acidic and basic FGF, respectively, are
produced by inflammatory cells, vascular endothelial cells, fibroblasts and
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keratinocytes. They play roles in re-epithelialization, angiogenesis and
granulation tissue formation (Singer and Clark, 1999;Werner and Grose, 2003).

FGF-1 subfamily
FGF-1

FGF-7 subfamily
FGF-7

FGF-2
FGFR

FGF-22

FGF10

Mainly affect
epithelial cells

Affect both epithelial
and mesenchymal cells

Bound FGF

HSPG

Cell
membrane
Intracellular

phosphatidylinositol3-kinase
mitogen-activated protein kinases

%Migration, proliferation
%Production of growth factors, MMPs

Figure 1.9. FGF signaling and wound healing.
FGF-1 and FGF-2 belong to FGF-1 subfamily and are produced by
macrophages, keratinocytes, endothelial cells and fibroblasts to stimulate both
epithelial and mesenchymal cells. Members of FGF-7 subfamily (FGF-2, FGF10 and FGF-22) mainly affect epithelial cells. Interactions between FGF ligands
and FGF receptor lead to receptor dimerization and are enhanced by heparan
sulfate proteoglycan (HSPG). Receptor-ligand interactions lead to activation of
PI3K and mitogen-activated kinase pathways, and induce an increase in cell
migration, proliferation, production of growth factors and MMPs.

FGF-2 also stimulates production of ECM and matrix degrading enzymes, thus
contributing to matrix synthesis and remodeling which is critical for normal wound
healing (Xie et al., 2008). FGF-7, FGF-10 and FGF-22 are expressed by
fibroblasts and proliferating keratinocytes (Braun et al., 2004). These factors are
mitogenic and motogenic for keratinocytes and induce enzymes important for
nucleotide synthesis and production of MMPs (auf demKeller et al., 2004).
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In addition to their direct role in wound healing, FGF-7 and FGF-10 stimulate
production of TGF-! and other ErbB ligands by dermal keratinocytes thus
contributing to epithelialization (auf demKeller et al., 2004). FGF-7 subfamily
members also have cytoprotective effects and upregulate ROS-protective
enzymes such as peroxiredoxin VI and reduce the levels of inflammatory
mediators induced by the injury (Beenken and Mohammadi, 2009; Braun et al.,
2004). Finally, FGF-7 has been shown to increase production of VEGF, MMP-9
and urokinase plasminogen activator (uPA) by several tumor types possibly
contributing to cancer-induced angiogenesis (Narita et al., 2009; Niu et al., 2007).
Future work will be required to reveal whether FGF-7 can indirectly contribute to
angiogenesis during normal injury-repair.
It is generally accepted that FGF-FGFR mediated signaling is impaired in
chronic wounds (Barrientos et al., 2008). Clinically, both decrease of FGF
production and increase in its sequestration by an inhibitory heparan sulfate
present in chronic wound fluid has been observed (Cooper et al., 1994; Landau
et al., 2001). In animal models of delayed wounds healing (diabetic and aged
animals), abnormal expression of FGF-1, 2, 7 and diminished expression of FGF
receptors was reported and exogenous FGFs have been successfully used to
improve injury-repair (Komi-Kuramochi et al., 2005; Werner et al., 1994). These
observations led to development of a number of clinical trials. FGF-1 and 2 have
been used for treatment of chronic wounds and burns, with only modest
improvements in healing rates (Barrientos et al., 2008; Ma et al., 2007a). FGF-7,
which currently is FDA approved for treatment of oral mucositis (Beenken and
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Mohammadi, 2009), enhanced repair of venous ulcers in a phase 2A clinical trial
(Robson et al., 2001), but failed to increase the percentage of wounds fully
healed within the 20 weeks of study (Clinical Trial News. Cathy Thomas Hess,
Advances in skin and wound care. December 2003, Volume 16, Issue 7, p 336).
These failures have been attributed to insufficient retention of the growth factors
within the wound bed, which could be significantly improved using advanced
delivery methods such as growth factor-containing biodegradable dressings as
described below.
Vascular Endothelial Growth Factor (VEGF) family.
The VEGF family includes six members (Figure 1.10) – placental growth factor
(PLGF), VEGF-A, VEGF-B, VEGF-C, VEGF-D and VEGF-E. VEGFs are heparinbinding glycoproteins and exert their functions after binding to several cellsurface tyrosine kinase receptors VEGFR1-3, with VEGFR-1 and VEGFR-2
mainly mediating angiogenesis and VEGFR-3 important for lymphangiogenesis
(Ferrara et al., 2003). Novel VEGF receptors known as neuropilins may also be
involved in wound healing angiogenesis (Kumar et al., 2009).
While expression of VEGF family members in normal skin is very minor, in
response to injury-induced hypoxia their production is markedly up-regulated. In
addition to hypoxia, several growth factors, including TGF-"1, FGF-2 and PDGFBB are important inducers of VEGF (Bao et al., 2008; Bao et al., 2009; Barrientos
et al., 2008).
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Figure 1.10. VEGF, VEGF receptors and the cellular responses to injury.
Cellular effects of the members of VEGF family are mediated by three VEGF
receptors – VEGFR-1, VEGFR-2, VEGFR-3. Activation of VEGFR-1 and
VEGFR-2 mainly induce wound healing angiogenesis and neovascularization,
while VEGFR-3 is important for lymphangiogenesis. Ligand-receptor
interactions and their specificities are shown with arrows. Note, that
interaction between VEGF-A and VEGF-R2 is enhanced in the presence of
co-receptors neuropilin 1 and 2 (Np-1,2).
During wound healing, platelets, macrophages, fibroblasts, keratinocytes secrete
VEGF and it acts in a paracrine manner on endothelial cells inducing and
supporting wound angiogenesis (Werner and Grose, 2003). VEGFR-1 and
VEGFR-2 activation by VEGF triggers multiple events required for successful
angiogenesis during injury repair responses. These include (i) an increase in
vascular permeability, (ii) degradation of the basement by uPA and tissue-type
plasminogen activators (tPA), MMP-1, MMP-2, (iii) endothelial migration
mediated by !v"3, !v"5, !1"1 and !2"1 integrin receptors and their ligands
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(Senger et al., 1997; Suzuma et al., 1998), and finally (iv) proliferation of vascular
cells within the wound bed (Bao et al., 2008). VEGF together with PLGF take part
in mobilization of VEGFR-2 expressing EPC to the circulation (Fox et al., 2008).
However, the mechanisms of VEGF/PLGF-mediated EPC homing to the wound
site remains unknown.
Other effects of VEGF family members include monocyte migration and
activation (Barleon et al., 1996), production of MMPs by smooth muscle cells,
their migration and proliferation during hypoxia (Grosskreutz et al., 1999; Parenti
et al., 2002; sWang and Keiser, 1998), fibroblast proliferation and formation of
scars (Wilgus et al., 2008), and keratinocyte motility required for wound reepithelialization (Bao et al., 2008).
Similar to other growth factors, such as FGF-2, VEGF family members,
particularly VEGF-A and B exist in an ECM-bound state (Ikuta et al.,
2000;Ishitsuka et al., 2009;Wijelath et al., 2006). VEGF binding to tenascin X
both localizes and enhances VEGF stimulatory effects. Interestingly, tenascin X
(Ishitsuka et al., 2009) as well as tenascin X-derived fragments (Demidova-Rice
et al., 2011) have pro-angiogenic properties, which may prove instrumental as
wound healing enhancers (Figure 3.20).
A number of studies performed with chronic wounds of different origin
show an increase in VEGF mRNA and decrease in VEGF protein levels due to
augmented proteolytic activity observed within the wound bed (Lauer et al.,
2000). Additional disruption of VEGF signaling in chronic wounds may come from
an increase in soluble VEGFR-1 observed in venous ulcers (Eming et al., 2004).

38

Importantly, exogenous VEGF has been successfully employed in animal studies
(Galiano et al., 2004) and proposed for use in treatment of chronic wounds in
humans. Recombinant human VEGF (Telbermin) was well tolerated in clinical
Phase I trial in patients with chronic diabetic foot ulcers (Hanft et al., 2008), but
failed

to

improve

wound

healing

in

a

phase

II

trials

(http://www.gene.com/gene/news/pressreleases/display.do?method=detail&id=1
0967). The instability of VEGF in protease-rich wound environment could be one
of the reasons for its inefficiency. In turn, the use of biologically active and
protease-resistant VEGF isoforms could potentially overcome this problem
(Mineur et al., 2007). However, it should be recognized that VEGF, which was
initially identified as a vascular permeability factor, has been shown to induce
uncontrolled growth of non-functional vessels (Senger et al., 1983). Therefore,
this growth factor alone may not be sufficient (or appropriate) for the formation of
stable blood vessels necessary to successfully repair injury sites or chronic
wound beds. Yet, in combination with other enhancers, wound healing might be
enabled.
Transforming growth factor-! (TGF-!) family.
The TGF-! superfamily members (Figure 1.11) play multiple regulatory
roles in modulating wound healing responses (Singer and Clark, 1999) and
scarring (Beanes et al., 2003). While this family includes over 30 mammalian
members, (Attisano and Wrana, 2002), so far only TGF-! 1-3, bone
morphogenetic proteins (BMP) and activins have been implicated in wound
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healing and therefore will be discussed in detail below (Barrientos et al., 2008;
McDowall et al., 2008).
TGF-! 1, 2 and 3 – the ‘founding members’ of the TGF-! family are
produced by a variety of cell types including macrophages, platelets,
keratinocytes, fibroblasts. With the exception of TGF-!1 produced by platelets in
its active form, all TGF-! family members are generated in an inactive precursor
form complexed with latent TGF-binding proteins linked to extracellular matrix
components. Activation of TGF-! is achieved by MMP-2, 9, thrombospondin-1
and integrin "v!6 together with membrane type (MT)-MMP (ten Dijke and Arthur,
2007). Typically, active TGF-! binds serine/threonine kinase receptor T!RII,
which recruits and phosphorylates a related T!RI. After activation, the receptors
trigger canonical SMAD-mediated and non-canonical signaling pathways leading
to cytoskeletal rearrangements, induction of cell motility and activation of
transcriptional machinery (reviewed in Moustakas and Heldin, 2008).
TGF-! 1, 2 and 3 have overlapping but distinct functions during wound
healing. All three are important for recruitment of the inflammatory cells and
fibroblasts to the wound bed and facilitation of keratinocyte migration. TGF-! 1
and 2 are prominent inducers of fibroblast-myofibroblast differentiation,
extracellular matrix deposition, contraction and scar formation, while TGF-!3 has
been shown to inhibit scarring (Barrientos et al., 2008). TGF-!1 effects on cells
depend on its concentration: low levels of TGF-!1 stimulate endothelial
proliferation and migration, while at high concentrations it enhances matrix
production (ten Dijke and Arthur, 2007).
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Figure 1.11. Schematic representation of TGF-! - dependent signal
transduction.
The members of transforming growth factor-! (TGF-!) family (TGF-!1, 2, 3,
bone morphogenetic proteins (BMP) and activins) bind and activate TGF-!
receptor type II, which then recruit (curved arrow) and trans-phosphorylate
receptor type I. Following injury and during wound healing, ligand-receptor
interactions lead to the activation of canonical (SMAD-mediated) or noncanonical pathways, which in turn induce changes in cell proliferation, matrix
production, cell differentiation and cytoskeletal rearrangements. The effects of
TGF-! on cell proliferation (*) are cell type and growth factor concentrationdependent.

Activin !A and !B have been implicated in wound healing. They are expressed by
fibroblasts, endothelial cells and keratinocytes and act in a paracrine manner
inducing keratinocyte differentiation and leading to an increase in matrix
deposition by fibroblasts (McDowall et al., 2008; McLean et al., 2008). Moreover,
activins play a prominent role during fibrosis and are involved in formation of
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hypertrophic scars and keloids (Mukhopadhyay et al., 2007). Therefore, antiactivin as well as anti-TGF-! 1-2 therapies could be used to treat fibrotic wound
healing complications.
BMP-1, 2, 4, 6, 7 have been detected in normal skin where they are
involved in the maintenance of the stem cell niche within the hair follicles and
regulate matrix assembly

(Plikus et al., 2008;ten Dijke and Arthur, 2007).

Although BMPs (BMP-6, in particular) seem to be involved in keratinocyte
differentiation, their role during wound healing process remains elusive (reviewed
by Barrientos et al., 2008).
In chronic wounds, decreased levels of TGF-! ligands have been reported
suggesting that addition of exogenous TGF-!s may be beneficial for injury repair
(Cowin et al., 2001). However, numerous clinical trials using this growth factor to
treat non-healing wounds have failed (Barrientos et al., 2008). This apparent
discrepancy can be due to several reasons. First, TGF-! signaling is extremely
complex and its effects are cell type and growth factor concentration dependent.
Secondly, the TGF-! receptor density on cells residing within chronic wounds is
decreased affecting their ability to adequately respond to this growth factor.
The use of TGF-! related proteins as wound healing therapeutics should
be approached with great caution as they are implicated in the development of
hypertrophic scars and keloids (Beanes et al., 2003). Anti-TGF-! therapies, such
as neutralizing antibodies (Shah et al., 1995) are now under investigation for
treatment of these debilitating conditions. More work needs to be done to fully
reveal the potential of pro- and anti-TGF-! therapies.
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Exogenous growth factors in treatment of cutaneous wounds: challenges
and opportunities.
Growth factors are critically important for coordinating cell-cell and cellmatrix interactions during normal injury-repair. Exogenous growth factors
delivered to non-healing wounds can facilitate cellular responses and lead to
timely wound closure (Falanga, 2005). Despite a number of promising studies in
animal models showing acceleration of healing upon addition of a variety of
growth factors, their clinical use remains limited. Presently, the only growth factor
approved for clinical use is rhPDGF-BB (Regranex, Becaplermin). It is used in
treatment of chronic and acute wounds (Cohen and Eaglstein, 2001; Hinchliffe et
al., 2008), but extremely expensive and often ineffective. Its inefficiency is in part
due to rapid degradation of the growth factor in proteolytic wound environment
resulting in insufficient concentration of the PDGF in chronic wound bed
(Falanga, 2005). The activity of a growth factor within hostile wound environment
can be preserved using several methods including addition of protease inhibitors
to growth factor-containing formulations or use of recombinant protease resistant
growth factors (Lauer et al., 2002; Okumura et al., 1990). However, even
prolonged presence of active growth factors within the wound bed may not be
sufficient as cells within chronic wounds often have inadequate expression of
growth factor receptors. Therefore, despite the introduction of exogenous growth
factors and other advanced wound healing therapies, chronic wounds remain a
significant problem that affects millions of people worldwide. As such, the
development of innovative wound healing modalities is critically important. In this
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dissertation we discuss the wound healing potential of Low Level Light and novel
ECM-derived peptides.
1.4.2. Low level light therapy: mechanisms and wound healing potential.
History and applications
Low lever light therapy (LLLT), also called “cold laser”, “soft laser”, “laser
biostimulation”, “photobiomodulation” or phototherapy (Smith, 2005) employs low
doses of coherent light derived from lasers or non-coherent light from lamps and
light-emitting diodes (LEDs) to stimulate cellular responses (Hamblin and
Demidova, 2006; Huang et al., 2009). The term "laser biostimulation" has first
been utilized in 1967 when Endre Mester in Semmelweis University, Budapest,
Hungary wanted to test whether laser radiation might cause cancer in mice
(Mester et al., 1968). In this study the dorsa of the mice were shaved, the
animals were divided into two groups, and one group was exposed to a low
powered ruby laser (694-nm). It was demonstrated that the treated mice did not
develop cancer, but instead, their hair grew back more quickly than the untreated
group. Since then, LLLT has been used experimentally for a several medical
applications, including wound healing, inflammation and pain reduction (Chow
and Barnsley, 2005; Kiritsi et al., 2010; Minatel et al., 2009a) (Figure 1.12) with
the results of over 200 Randomized Controlled Trials published. Furthermore,
over thirty light sources have been FDA-cleared for chronic neck and shoulder
pain, relief of pain associated with Carpal Tunnel Syndrome. In 2007 the first
laser-based device that got FDA-clearance for hair re-growth (www.fda.gov). It
should be noted, however, that results of clinical trials have not always been
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positive. This is largely due to the complexity of the parameters involved in LLLT
such as wavelength of light, total fluence, fluence rate, coherence, pulse
structure or continuous wave, and polarization state. These parameters as well
as applicable terminology will be discussed below.

Figure 1.12. Main applications of LLLT.

LLLT parameters.
LLLT parameters are described in the following terms: light wavelength and dose
that can be defined by irradiance, energy, energy density and irradiation time.
Light wavelength and activity maxima.
Generally, LLLT employs light sources emitting red, near infrared or infrared light
with wavelengths of 600 to 950 nm. This range of wavelengths is chosen based
in two considerations.
According to the first law of photobiology, for light to have any effect on a
living biological system, the photons must be absorbed by electronic absorption
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bands belonging to some molecular photoacceptor (Sutherland, 2002). Many
cellular photoacceptors that mediate effects of LLLT, including cytochrome C
oxidase, flavins, flavoproteins and porphyrins absorb red and near-infrared light
(Karu, 1999). Hence the light of these wavelengths is used in LLLT.
Secondly, in order for light to exert it effect on cells and tissue, it must be
able to travel through the tissue far enough to rich its targets. The depth of light
penetration depends on its absorption and scattering within the tissues. These
parameters, in turn are determined by the light wavelength. Blue and green light
with wavelength shorter than 600 nm is mainly absorbed by hemoglobin and
melanin, which are abundant within mammalian tissues. Far red and near
infrared light (>950 nm) on the other hand are largely absorbed by water. This

100
Therapeutic Window

10

1
water
Hb
HbO2
Melanin

0.1

0.01

400

600

800

1000

1200

1400

1600

1800

2000

Wavelength (nm)

Figure 1.13. Light absorption by biological tissues and
therapeutic window.
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pattern of light absorption within the tissues creates so called “optical window” or
“therapeutic window” where the light penetration depth is maximized (Figure
1.13) (Niemz, 2004).
Within this window there are several activity peaks (Karu and Kolyakov,
2005). Based on effects of monochromatic light on nucleic acids synthesis and
rates cell adhesion these peaks have been recorded at 613.5 - 623.5 nm, 667.5 683.7 nm, 750.7 - 772.3 nm and 812.5 - 846.0 nm. Peacks of LLLT stimulation
for biological responses to light are very similar to absorption spectra obtained for
cytochrome c oxidase in different oxidation states. Therefore, this mitochondrial
membrane protein has been proposed to be the major photoacceptor mediating
the effects of light on mammalian cells (Karu, 1999). Absorption of light by
cytochrome c oxidase leads to changes in mitochondrial membrane potential,
generation of ROS, alterations in Ca2+ flow, cellular nitric oxide levels (Karu,
2008) and consequent induction of cellular responses.
Another parameter that is important for successful application of LLLT is
dose of light.
Irradiance, energy, energy density, irradiation time and dose of LLLT.
Irradiance also called power density or intensity (W/cm2) is calculated
according to Equation 1 and represents the power per unit area. The power here
is measured at the target tissue.

Ir (W/cm2) = Power (W)/Area (cm2)
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Equation 1

Energy depends on amount of laser power applied to a sample and a time
of irradiation. It is calculated using Equation 2.

Energy (J) = Power (W) x Time (s)

Equation 2

Energy density (J/cm2) or fluence takes in the account power, length of
irradiation and the area to which the light is applied:

Energy density (J/cm2) = Energy (J) /area (cm2)

Equation 3

The term “energy density” is commonly used to describe the dose of light.
However, it might not be appropriate and misleading: light delivered at high
power over the short period of time will have the same energy density as light
delivered at lower power over longer period of time but the biological effects will
be dramatically different. Therefore, it has been suggested that the dose of LLLT
should instead be defined by the length of time of irradiation with light of specific
wavelength delivered at particular irradiance. The wavelength and irradiance are
considered as “medicine” (Huang et al., 2009).
Cellular effects and mechanisms of LLLT.
LLLT has been shown to stimulate cellular responses both in vitro and in
vivo. It increases cellular metabolism, proliferation, migration, and modulates
gene expression and protein synthesis (generally accepted that mitochondrial
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cytochrome c oxidase is primary photoacceptor of red and near infrared light in
living cells (Huang et al., 2009;Karu et al., 2004;Karu, 2008). Exposure of
cytochrome c oxidase to red light induces enzyme activation and leads to an
increase in proton transfer and ATP generation (Pastore et al., 2000). In turn
ATP has been demonstrated to enhance multiple cellular functions. Increase in
cellular proliferation in response to increase in ATP is linked to cyclic AMP
(cAMP) production and activation of JNK/Ap-1 pathway (Hu et al., 2007). Actin
fiber assembly, interactions with actin binding proteins and therefore cell motility
are also ATP-dependent as is cell contraction regulated by small GTPases (van
Horssen et al., 2009). While increase in cell motility (Hawkins and Abrahamse,
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Figure 1.14. Mitochondria-dependent cell signaling pathways activated
by LLLT.
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2006) and contraction (Demidova-Rice et al., 2007; Medrado et al., 2003) after
LLLT are well known phenomena, they have never been directly linked to LLLTdependent ATP production. Similarly, protein synthesis, which canonly occur in
the presence of ATP, has been reported to be enhanced by red light (Vacca et
al., 1996). No connection has been made between LLLT-meditated increase in
ATP and cellular synthetic activity. Therefore the question remains whether these
cellular responses are mediated by ATP or by other light-induced signaling
molecules. The latter include nitric oxide (NO) and ROS (superoxide anions O2•-)
discussed below (Hamblin and Demidova, 2006).
Increase in NO secretion by cells in response to phototherapy is known for
over a decade (Karu, 2008; Kipshidze et al., 2000). It is now thought that there
are at least three mechanisms by which LLLT-mediated NO production might be
augmented. The first involves photodissociation of this molecule from
cytochrome c oxidase (Karu et al., 2005). The second mechanism is linked to
enhanced expression of nitric oxide synthases (Chen et al., 2008; Kipshidze et
al., 2000; Moriyama et al., 2009). The mechanisms of phototherapy-induced
NOS expression are not well understood, however the involvement of PI3K/Akt
pathway has been suggested (Chen et al., 2008). Finally, upon exposure to nearinfrared and blue light, NO can be released from heme-containing proteins
distinct from cytochrome c oxidase, NO-hemoglobin and myoglobin (Shiva and
Gladwin, 2009; Vladimirov et al., 2000; Zhang et al., 2009). LLLT effects
mediated by NO include increase in cell respiration (Karu et al., 2005), protection
from cell death (Zhang et al., 2009), vasorelaxation and inhibition of restenosis

50

(Kipshidze et al., 2000), and modulation of inflammatory responses (Moriyama et
al., 2009).
ROS thought to be operating in LLLT include superoxide anions (O2•-),
hydrogen peroxide (H2O2), singlet oxygen (1O2) and hydroxyl radicals (.OH) (Lavi
et al., 2010) and references therein). These molecules are mainly generated in
mitochondria after activation of complex I and III of respiratory chain. In addition,
the ROS are generated in plasma membrane after light absorption by NADPH
oxidation system (Lubart et al., 2005). While high doses of ROS are lethal for cell
and induce apoptosis (Simon et al., 2000), small amount of these molecules
have been demonstrated to activate transcription (Huang et al., 2009) and
stimulate cell proliferation possibly via Src-dependent mechanism (Gao and Xing,
2009; Grossman et al., 1998), migration (Yao et al., 2009).
LLLT and its effects on wound healing.
From its beginning in 1960s LLLT has been used for treatment of cutaneous
wounds both in human subjects and in animal models (da Silva et al., 2010).
Since then considerable progress has been made in our understanding of the
mechanisms governing the interactions and effects of red and near infrared light
on tissues (Hamblin and Demidova, 2006; Huang et al., 2009; Karu, 2008).
Multiple animal and clinical studies have been performed in order to determine
whether LLLT can stimulate wound healing (Peplow et al., 2010; Sobanko and
Alster, 2008).
Animal models.
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Excisional wounds in rodents are the most commonly utilized animal
models in these experiments. Using healthy mice several groups demonstrated
that red light stimulates wound closure, fibroblast-myofibroblast transition and
increase collagen deposition (de Araujo et al., 2007; Prabhu et al., 2010). Similar
studies in rats confirm these observations (Reis et al., 2008; Ribeiro et al., 2009;
Viegas et al., 2007). Increased collagen synthesis is likely to be linked to an
increase in wound tensile strength that is observed in incisional wounds in rats
and mice exposed to LLLT (Lyons et al., 1987; Vasilenko et al., 2010).
Effectiveness of phototherapy has also been studied in burn wounds (Erdle
et al., 2008; Oliveira et al., 2008). Results of experiments in both mice and rats
demonstrate that despite repetitive exposure to LLLT stimulatory effects are only
observed at early stages of healing. This is probably due to inability of light to
penetrate through a thick scab that often covers burned areas. Therefore,
combining LLLT with debriding agents such as bacterial collagenase could
improve the outcome of treatment in this model.
Several studies used genetically modified or chemically treated
animals characterized by impaired responses to injury in order to determine the
healing potential of LLLT for chronic wounds (Chung et al., 2010; Kawalec et al.,
2004; Reddy et al., 2001; Reddy, 2003; Yu et al., 1997). Yu an co-authors (Yu et
al., 1997) used non-insulin-dependent diabetic mice (C57BL/Ksj/db/db) (Leiter
and Chapman, 1994) and demonstrated significant improvement in wound
closure rates in animals treated with argon dye laser (630 nm) as compared to
untreated controls. Few years later Reddy et. al utilized excisional wounds in
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streptozotocin-treated rats to show that treatment with He-Ne laser (632.8 nm)
induces an increase in collagen deposition and improve scar tissue stability
(Reddy et al., 2001). Similar animal model was used in a follow-up study (Reddy,
2003) employing Ga-As laser (904 nm). Here an enhancement of collagen
production was also detected. The comparison of the two light sources
performed by the author revealed that stimulatory effects of He-Ne laser are
more pronounced (Reddy, 2003). It should be noted however, that this
assessment was performed using previously published data obtained using
animals of different age. Therefore, the conclusion about superiority of 632.8 nm
light over 904 nm light might need re-evaluaion.
In a recent study leptin receptor deficient diabetic mice were used and their
responses to LLLT were compared to those observed in normal C57 black mice
(Chung et al., 2010). Dorsal cutaneous wounds were created in all the animals
and covered with a multi-layer transparent dressing in order to limit wound
contraction. The wounds were exposed to 660 nm laser light for 7 consecutive
days starting immediately after injury. Analysis of wound closure rates,
epithelialization,

granulation

tissue

formation

and

collagen

deposition

demonstrated significant improvement of these parameters in diabetic mice
treated with 1.6 J/cm2 of light and to lesser extent in animals receiving 0.36
J/cm2. Interestingly, non-diabetic mice used in this study did not respond to LLLT
(0.36 J/cm2) (Chung et al., 2010). Similarly, Kawalec and co-workers report that
non-diabetic C57 black mice are irresponsive to LLLT with 980 nm laser
(Kawalec et al., 2004). The reason for this LLLT resistance is probably two-fold –
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firstly, these mice are known to be very good healers, and secondly, the dark
pigment present in their tissue might prevent light penetration.
Most studies described above use red, near infrared or infrared light,
however, few of them, including a study by Adamskaya and co-authors report
that exposure to blue light (470 nm) can also improve wound healing outcome
(Adamskaya et al., 2010). Unlike red light that is mainly absorbed by cytochrime
C oxidase the blue-light induced effects might be mediated by NO that is
released from nitrosyl hemoglobin (Vladimirov et al., 2000). Another possible
reason for the effectiveness of this wavelength of light is its bactericidal
properties (Guffey and Wilborn, 2006). The efficacy of blue light may however be
limited as its tissue penetration is very low.
While majority of animal studies describe positive effects of LLLT on
wound healing, there are also several reports showing that exposure to light did
not induce any increase in responses to injury (Basford et al., 1986; Cury et al.,
2009; Hunter et al., 1984; Lowe et al., 1998; Smith, 2005; Tuner and Hode,
1998). Lowe and co-workers employed X-ray radiation-impaired murine model of
excisional wound healing and GaAlAs diode laser (wavelength - 890 nm, energy
density - 0.18-1.45 J/cm2) (Lowe et al., 1998). They did not observe stimulation
of wound healing; moreover the highest dose of light induced inhibition of cellular
responses. Similar conclusions were reached in a more recent study where two
different light sources (lasers at 660 and 780 nm) were used to treat skin flaps in
rats (Cury et al., 2009). Unlike the previous study here much higher doses of
irradiation (30 or 40 J/cm2) were used. These studies as well as “positive” reports
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described above employ various rodent models of cutaneous wound healing.
However, the process of wound healing in rodents differs significantly from that in
humans. Porcine wound healing provides more realistic and appropriate model
for use in studies aimed at development of clinically relevant treatment
modalities. To date, only a few studies employing this animal model and LLLT
have been published (Hunter et al., 1984; Smith, 2005). Hunter and others used
HeNe laser to treat partial thickness excisional wounds. Laser treatments
(irradiance 64 mW/cm2, energy density 0.96 J/cm2) were applied daily to half of
the wounds created on the dorsal skin of a pig. The authors report no
acceleration of the healing process (Hunter et al., 1984). Another paper
describes treatment of skin flaps in pigs and rats with HeNe laser (Smith et al.,
1992). Here light was applied for 30 s/cm2 with irradiance of 310 mW/cm2
(calculated energy density 9.3 J/cm2) for 4 days pre-operatively, 10 minutes prior
to flap elevation and 5 days post-surgery; control wounds were exposed to white
light for 30 seconds. Each pig had both control and laser treated wounds. The
authors report no improvement in flap survival or decrease in the area of necrosis
in laser treated compared to control wounds (Smith et al., 1992).
“Negative” LLLT reports listed above have several typical shortcomings.
First, many of them use improper irradiation parameters: inappropriate
wavelength, too high or too low power and energy densities. Secondly, some
studies employ types of wounds that might not be treatable with LLLT.
Specifically, in models like skin flap (Figure 1.15) elevated tissues might hinder
light penetration to the wound bed. Finally, the authors often (Hunter et al., 1984;
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Smith et al., 1992) do not take in consideration the systemic effects of
phototherapy, which could be at play when control and treated wounds are
located on the same animal.

Figure 1.15. Skin flap model of cutaneous wound healing.
Arrows indicate possible site of LLLT application. Exposure of different areas
of the wound to LLLT might lead to different outcomes.

Clinical studies.
The use of LLLT for treatment of wounds in human patients is even more
controversial with only few randomized controlled trials reporting improvement of
healing after phototherapy (Sobanko and Alster, 2008). The reasons for this
controversy are similar to those listed above for animal studies: poor study
design and poor understanding of complexity of LLLT parameters by healthcare
professionals (Tuner and Hode, 1998). Let us compare and contrast two doubleblinded randomized controlled clinical trials (RCT) aimed at evaluation of the
efficacy of LLLT for management of chronic wounds, but reporting different
outcomes (Franek et al., 2002; Minatel et al., 2009). These trials employed red
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and/or infrared light of the wavelengths (660, 810 and 890 nm) that have
stimulated wound healing in animal models. However, the trial outcomes in
clinical settings were dramatically different.
Minatel and co-authors (Minatel et al., 2009) treated 23 ulcers in 14 patients
suffering from type II diabetes and mixed arterial/venous insufficiency and/or
neuropathy. The ulcers that were present for minimum of 4 weeks before the
beginning of the study were randomly assigned to two groups: placebo treated
wounds were exposed to sham laser (660 nm, average power less than 1
mW/cm2). The wounds in experimental group were treated with 660 nm and 890
nm laser light (applied simultaneously), power density 100 mW/ cm2, fluence 3 J/
cm2. In both control and experimental groups, the laser probe was held in contact
with the wounds, which were covered with transparent film dressing; the entire
surface of the wound was exposed to light therefore, the treatment time was
longer for larger wounds. Before treatments each ulcer was washed with 0.9%
physiological saline and dried; after exposure to light ulcers were dressed with
1% silver sulfadiazine cream, covered with gauze and bandaged. Treatments
were performed twice a week for maximum of 90 days or discontinued at the time
of wound closure. The effects of LLLT were evaluated starting 15 days after the
beginning of the treatment; the rate of granulation tissue formation and wound
healing based on the wound size were assessed. The authors report a significant
enhancement of wound healing in LLLT treated ulcers compared to those
exposed to placebo and conclude that phototherapy is a viable modality that can
be used for treatment of chronic leg ulcers.
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On the contrary, another double-blind RCT performed in 2002 concludes
that phototherapy has not effect on healing of chronic leg ulceration (Franek et
al., 2002). Compared to many other LLLT clinical trials this study is well
designed. It compares treatment outcomes in three groups of patients: control,
placebo and phototherapy treated; each group consists of 21-22 patients all of
whom have crural ulcerations. The authors clearly describe treatment conditions,
evaluate treatment outcome and analyze the significance the findings using
several statistical tests. At first glance LLLT parameters used in this study are
very similar to the one reviewed above: the authors use infrared light (810 nm),
which has been effectively used in animal studies, delivered at appropriate
fluence of 4 J/cm2. However, there is a major distinction: the power density of
light used in these trials. In the first study light was delivered at irradiance of 100
mW/cm2 (Minatel et al., 2009b), Franek and co-authors on the other hand used
light of much higher intensity of 650 mW/cm2 (Franek et al., 2002). Meanwhile as
it has been demonstrated multiple times that light delivered to the tissues at low
energy, but high power density can be detrimental for cellular processes (Huang
et al., 2009 and references therein). Another difference between the two studies
is the duration of LLLT. In the first study the wounds were treated in 30 sessions
over 3 months; in the second trial wounds were treated 5 times a week for 4.5
weeks with the total of 22.5 sessions. However experimental evidence from in
vitro studies indicates that for LLLT to be effective, it has to be applied with
sufficient intervals and that for LLLT to take the effects total treatment duration
needs to be sufficient (Houreld and Abrahamse, 2007). Moreover, unlike Minatel
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and others, Franek and co-authors used LLLT in combination with compression
therapy (CT) and treated control wounds with CT alone. The use of CT in the trial
could undermine the effects of LLLT.
The comparison between the two studies reveals that when properly
applied LLLT can be considered as viable wound healing modality. However,
more double blinded randomized controlled clinical studies are necessary to
evaluate its effectiveness for treatment of wounds of different etiology. These
studies should take in the account the current knowledge of molecular and
cellular bases of LLLT and employ appropriate LLLT parameters (wavelength,
power and energy densities), which we delineate below using a standardized
animal model of wound healing.

1.4.3. ECM-derived peptides and their wound healing potential.
The role of the ECM components, endogenous ECM remodeling enzymes
and wound healing potential of exogenous MMPs were discussed in the previous
chapters of this dissertation. Here we will describe the role that ECM-derived
peptides play in regulation of cellular functions. Negative regulators of cellular
functions especially anti-angiogenic ECM fragments have attracted a lot of
attention in recent years and have been thoroughly reviewed (Mundel and Kalluri,
2007; Rhodes and Simons, 2007). Stimulatory fragments are less well known.
Meanwhile these biologically active proteinaceous molecules have been
demonstrated to enhance cellular responses to injury in vitro and in vivo (Malinda
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et al., 2008; Min et al., 2010; Robinet et al., 2005) and therefore can be
considered as candidate wound healing therapeutics.
Pro-angiogenic fragments were described from a number of ECM
molecules, including laminin, elastin and fibrillin-1. In 1990 several groups
worked on isolation of bioactive peptide fragments of laminin alpha1 and beta1
chains (Malinda et al., 1999; Nomizu et al., 1995). Extensive in vitro testing
revealed that 13 fragments of both laminin chains stimulate in vitro endothelial
morphogenesis on Matrigel, cell sprouting from aortic rings and migration in
Boyden

chamber

assays (Malinda

et

al.,

1999).

Further

experiments

demonstrated that at least two of these peptides can also enhance cellular
responces to injury in vivo. In addition to their pro-angiogenic properties the
peptides were demonstrated to stimulate keratinocytes and fibroblasts within the
wound bed. Application of as low as 5 µg of either peptide improved both
epithelialization and granulation tissue formation in excisional wounds in rats
(Malinda et al., 2008).
Stimulatory peptides have also been isolated form elastin (Brassart et al.,
2001;Kamoun et al., 1995;Robinet et al., 2005;Senior et al., 1980). These
peptides are chemotactic for monocytes (Senior et al., 1980) and can stimulate
fibroblast proliferation in vitro and activate a number of ECM degrading enzymes,
specifically MMP-1 and 3 (Brassart et al., 2001; Kamoun et al., 1995). Activation
of the MMPs by elastin derived peptides is linked to their ability to stimulate
angiogenesis in vitro and ex vivo (Robinet et al., 2005). Similar properties were
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described for fibrillin-1 derived peptide containing GXXPG sequence of amino
acids (Booms et al., 2006).
The fragments described above are isolated as a result of structural
analysis of the full-length ECM proteins (Malinda et al., 1999) or are derived from
the product of mammalian elastase-mediated ECM degradation (Robinet et al.,
2005). In this dissertation we describe a novel approach for identification of
biologically active ECM fragments using exogenous ECM-remodeling proteases,
namely collagenase derived from gram-positive bacteria Clostridium histolyticum.
Biologically active peptides derived as a result of ECM degradation by Clostridial
collagenase originate from collagen IV, fibrillin-1 and tenascin X and stimulate
proliferation of CEC, enhance microvascular remodeling in two-dimensional (2D)
model on Matrigel and induce endothelial sprouting in a novel three-dimensional
(3D) model of injury repair.
Chapter 2. Low-level light stimulates excisional wound healing in mice.
The data presented in the following chapter of the dissertation have been
pubished (Demidova-Rice et al., 2007). The experiments were designed by
Michael R. Hamblin, Ira M. Herman and Tatiana N. Demidova-Rice. Elena V.
Salomatina and Anna N. Yaroslavsky provided help with light sources. Tatiana.
N.

Demidova-Rice

performed

animal

surgeries

and

data

collection,

immunostaining, imaging and data analysis.
2.1. Introduction.
The first publication about low-level laser therapy (LLLT) (then called laser
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biostimulation) appeared almost 40 years ago in Hungary (Mester et al., 1968).
Since then large numbers of studies demonstrating positive results of LLLT in
cells in vitro, animal models and clinical reports have been published, but the
subject remains controversial (Brosseau et al., 2000). Many negative studies
have also been published further confounding the issue (Tuner and Hode, 1998).
Nevertheless, the use of coherent-light sources (lasers) or noncoherent light
sources (light-emitting diodes, LEDs) has become widespread by physical
therapists, dentists, and practitioners of sports medicine (Chow and Barnsley,
2005; Sun and Tuner, 2004). In 2002, 510K FDA clearance was issued for an
830-nm diode laser for the treatment of carpal tunnel syndrome. There were
several controlled trials reporting significant improvement in pain and some
improvement in objective outcome measures (Irvine et al., 2004; Naeser et al.,
2002; Weintraub, 1997).
The basic biological mechanism behind the effects of LLLT is thought to
be absorption of red and near infrared light by chromophores contained in the
protein components of the respiratory chain located in mitochondria, in particular
cytochrome c oxidase (Karu et al., 2004; Karu and Kolyakov, 2005). It is thought
that this absorption of energy may cause photodissociation of inhibitory nitric
oxide from cytochrome c oxidase leading to increased enzyme activity (WongRiley et al., 2005), increased electron transport (Pastore et al., 1994) and
increased production of ATP (Karu et al., 1995). Moreover, low level light was
shown to stimulate the expression of multiple genes related to cellular migration,
proliferation, and modulate the production of growth factors and cytokines (Zhang

62

et al., 2003).
The complexity of the parameters involved in LLLT such as wavelength,
total fluence, fluence rate, coherence, pulse structure or continuous wave, and
polarization state has meant that a number of negative studies of LLLT as well as
many positive studies have been published (Posten et al., 2005). However one
important point that has been demonstrated by multiple studies in cell culture
(Skinner et al., 1996), animal models (Lyons et al., 1987), and in clinical studies
is the concept of a biphasic dose response with the total delivered light energy
density (fluence). The reason why the technique is termed low-level is that there
exists an optimal dose of light for any particular application, and doses lower than
this optimum value, or more significantly, larger than the optimum value will have
a diminished therapeutic outcome, or for high doses of light a negative outcome
may result. While the studies exploring the effects of different power and energy
densities on the outcome of the treatment are common, the studies of the
wavelength dependency, especially in in vivo models are less widespread.
In this report, we describe the effects of LLLT with various optical parameters,
including the wavelength, on the outcome of the treatment in a standardized
model of full-thickness excisional wound healing in mice. A single exposure of
the wound to light thirty minutes after wounding led to increased wound healing
especially in the early time points 1-5 days post-injury. The likely mechanism
involved in simulation of wound healing by LLLT is enhancement of wound
contraction by the dermal cells (fibroblasts and myofibroblasts) at the wound
edge.
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2.2. Material and Methods.
Animal model of excisional wound healing.
All animal experiments were approved by the Subcommittee on Research Animal
Care of Massachusetts General Hospital and were in accordance with NIH
guidelines. Mice were housed 5 per cage and given access to food and water ad
libitum. Male BALB/c, C57/BL6/1J and SKH1 hairless mice were obtained form
Charles River Laboratories (Wilmington, MA). Animals 6-9 weeks of age were
used. The backs of BALB/c and C57BL/6 mice were depilated by use of Nair
cream (Carter-Wallace, New York, NY) 15-24h before wounding. The mice were
anesthetized by an intraperitoneal injection of a ketamine-xylazine cocktail (90
mg/kg ketamine and 10 mg/kg xylazine) before wounding procedures and during
treatments. Dorsal full thickness excisional wounds were made with sterile
scissors and forceps, the wound was left uncovered during the whole period of
experiments, i.e. until fully healed. To insure comparable wound size in all the
mice, a 10x13 mm template was used. Single illuminations were performed 30
minutes after wounding; the area illuminated included the wound bed and intact
skin at all four wound edges (approximately 5 mm). In total, 55 mice were used.
Light sources, dosimetry and treatment.
Three light sources were used in this study. A non-coherent light source with
interchangeable thirty-nm band pass filters (LumaCare, London, UK) was used to
deliver 635 ± 15 nm light in order to generate light dose response curves).
Fluences delivered were 1, 2, 10 and 50 J/cm2. Fluence rates used were 80-100
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mW/cm2. Helium-Neon (632.8 nm) laser (Melles Griot, Carlsbad, CA) was used
as a source of monochromatic coherent light. Two fluences 1 and 2 J/cm2 were
used. Fluence rates of 2 mW/cm2 and 1 mW/cm2 were used to deliver 1 and 2
J/cm2 of light respectively. Coupled to a monochromator xenon arc lamp (Spectra
Physics, Mountain View, CA) was used to produce 670 ± 15, 720 ± 15 and 820 ±
15 nm light. To create a homogeneous light spot with a diameter of 3 cm the light
was delivered using a ring light guide (Edmund Optics GmbH, Karlsruhe,
Germany). Fluence of 1 J/cm2 was employed. Fluence rates were 0.59, 0.79 and
0.86 mW/cm2 for 670 ± 15, 720 ± 15 and 820 ± 15 nm respectively. Power
readings of Helium-Neon laser and LumaCare lamp were measured with the
Lasermate power meter (Coherent, Inc, Santa Clara, CA). A power meter (Ophir
Optronics, Inc, Wilmington, MA) was used for the xenon arc lamp.
Each experimental group contained five to 10 mice. Fifteen mice were
used as control; these animals were anesthetized and wounded in as described
above, but were not illuminated 30 min after wounding.
Animal follow-up.
General health of the animals was monitored daily. Adverse effects of wounding
were not observed. Width and length of the wounds were measured with digital
caliper (Control Company, Friendswood, TX) daily and the areas of the wounds
were calculated. Wound images were acquired every other day using a digital
camera. For all follow-up procedures mice were anaesthetized with isoflurane
solution (Baxter, Deerfield, IL). Mice were sacrificed by CO2 inhalation either 24h
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after wounding/treatment in order to obtain skin samples or after complete wound
closure.
Immunohistochemistry.
Identification of myofibroblasts was performed in skin samples taken after 24h
from two BALB/c mice treated with 820±15 nm light and two control BALB/c
mice. Wounds together with underlying muscle layers were excised and fixed in
4% formalin, embedded in paraffin and cut into 5 $m thick sections. Sections
were rehydrated, subjected to the antigen retrieval procedure using Retrievagen
A solution (BD Biosciences, San Jose, CA) according to manufacturer
instructions and rinsed with distilled water following by incubation in phosphate
buffered saline (PBS) /0.1% Triton X-100 for 5 min. In order to minimize nonspecific binding, sections were treated with Mouse-on-Mouse blocking solution
(Vector Labs, Burlingame, CA) for 1h according to manufacturer instructions.
Primary antibodies were mouse anti-SMA (Biogenex, San Ramon, CA) used at
1:200 dilution and pre-diluted rabbit polyclonal anti-CD-31 (Abcam, Cambridge,
MA). The incubation with primary antibodies was performed for 1h at room
temperature. Sections then were washed and co-incubated with fluorescently
labeled anti-mouse Alexa 488, anti-rabbit 546 secondary antibodies (Molecular
Devices, Sunnyvale, CA) both at 1:250 dilution and 16.2 $M Hoechst 33342
(Molecular Probes, Invitrogen, Carlsbad, CA) for 1h at room temperature. After
triple wash in PBS, stained sections were mounted with Fluorosave (CN
Biosciences, San Diego, CA). Visualization of the slides was performed with
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Axiovert 200M microscope (Carl Zeiss MicroImaging, Thornwood, NY) using 10X
and 40X objective lenses.
Data analysis and statistics.
The numbers representing the percent of original wound size were used for
healing curve generation using KaleidaGraph program (Synergy Software,
Reading, PA). The data between the experimental points were approximated
using cubic spline interpolation technique. The areas under the curves were
calculated by trapezoidal rule numerical integration. The number of the
experimental points determined the number of the nodes employed for the
numerical integration. The integrals were used for comparing the effects of
different treatment regimens (wavelength, dose of light). Differences in the areas
under the curve between control and treatment were used to evaluate the effects
of treatment. Microcal Origin 6.1 software (Northampton, MA) was used for area
under the curve calculations. All the data are presented as mean ± SEM.
Statistical significance was analyzed by one-way ANOVA. The value of P < 0.05
was considered significant.
2.3. Results
Low-level light stimulates wound healing in BALB/c mice.
It has been shown previously that low level red light induces acceleration of
wound healing in experimental animals and patients (Lyons et al., 1987).
Therefore, for initial experiments 2 J/cm2 of 635 nm non-coherent light was used
on full thickness dorsal wounds in BALB/c mice. Treatment was performed 30
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min after wounding as described in Material and Methods. Control mice received
wound alone. Healing curves generated for control mice demonstrated an initial
increase in wound size from day one to day 4 post-wounding. At day 5 control
wounds were the same size as the original size on day 0. From day 6 onwards
control wounds exhibited a gradual decrease in wound size until accomplishment
of total healing at day 17 (Figure 2.1). In marked contrast, the initial wound
expansion seen in control mice was absent in mice treated with 2 J/cm2 of 635nm light from a non- coherent light source 30 minutes after wounding. Instead of
expanding the wound started to contract immediately after illumination and 1 day
later the mean wound area was highly significantly (P < 0.001) smaller than the
mean wound area of the control wounds. This significant difference between
control and illuminated wounds was maintained until day 9. Interestingly, at 10
days post-wounding the difference between control and treated wounds became
non-significant and the wounds in both groups healed at approximately same
rate until both groups achieved complete healing.
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Figure 2.1. The effect of 635 nm light on excisional wound healing in
BALB/c mice.
Excisional wounds were created in BALB/c mice and subjected to a single
exposure to 2 J/cm2 of 635-nm light from a filtered lamp delivered 30 minutes
after wounding. The wound areas were measured daily. Data points are
means of at least ten mice and bars are SEM. Significance was determined
by one-way ANOVA and *** = P < 0.001; ** = P < 0.01; * = P < 0.05.

Biphasic dose response between fluence and wound healing.
In order to establish the effect of varying the total energy density delivered on the
stimulation of wound healing, in other words to construct a dose-response curve,
we used different fluences of light from a 635 nm non-coherent light source.
Fluence rates at which light was delivered varied between 80 and 100 mW/cm2
and the fluences were 1, 2, 10 and 50 J/cm2. Despite a small variation in fluence
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rates between different fluences, the comparison between the groups was
performed.
Figure 2.2A shows significant differences between control and illuminated
wounds in animals and between different total fluences delivered. As mentioned
above, untreated wounds in BALB/c mice tended to expand 1-5 days after
wounding. In mice treated with 1 J/cm2 and in animals treated with 50J/cm2, this
initial wound expansion was also present. Mice that received 50J/cm2 showed a
bigger expansion than that seen in control mice and the wound area did not
return to its original size until 7-8 days after wounding. There was very little
difference between the 1 J/cm2 group and no illumination control wounds. Mice
treated with 2 or 10 J/cm2 demonstrate no increase in wound size the next day
after treatment and 2 J/cm2 appears to be better than 10 J/cm2 (Figure 2.2A). To
show the effect of treatment, differences in the areas under the curves were
calculated. Positive effects compared to control wounds were found for 1, 2 and
10 J/cm2, however the maximal positive effect was found at 2 J/cm2. If 50J/cm2
was used, the area under the control-healing curve was actually smaller that the
area under experimental curve, thus the higher dose of 635 nm light - 50J/cm2
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A

B

Figure 2.2. Biphasic dose response between fluence and wound healing.
(a). Excisional wound healing in BALB/c mice with no illumination and with a
single exposure to 1, 2, 10 or 50 J/cm2 of 635-nm light from a filtered lamp
delivered 30 minutes after wounding. Data points are means of at least ten
mice and bars are SEM. (b). The area under each individual mouse healing
curve were subtracted from the area under the mean control (no illumination)
healing curve and means of these differences in area are shown in Fig 2B with
bars = SEM. Statistical significance was analyzed by one-way ANOVA.

had a negative effect on the rate of mouse wound healing. Therefore, in our
wound model, a biphasic dose response to 635 nm light from an incoherent light
source was demonstrated: 2 J/cm2 has the largest positive effect, 1 and 10 J/cm2
improves healing to a lesser extent, while 50 J/cm2 has a negative effect on
wound healing.
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820-nm is the most effective wavelength.
We compared four different wavelength ranges of red and near infrared light
centered at: 635, 670, 720 and 820 nm delivered from the same non-coherent
polychromatic light source to study the tissue response variation with wavelength
(Figure 2.3). To minimize the number of variables that could interact with the
effects of the light, a standardized wound model, as described above, was used.
Irradiation was performed using low fluence rates that were similar for the
different wavelength ranges with a fixed fluence of 1 J/cm2.
The most pronounced stimulation of wound healing by a considerable
margin was obtained with 820-nm light. There was no expansion in wound size
after wounding and illumination with 820-nm and contraction occurred
approximately 3-4 days faster than with the other wavelengths (Figure 2.3A). A
noticeable difference between the groups was maintained until day 10 postwounding. The other wavelengths had lesser effects, with the best one being
635-nm where a significant positive effect was also obtained. It should be noted
that the peaks of LLLT activity obtained in this experiment may be different if a
different fluence is used. When the biphasic nature of the dose-response curve
(Figure 2.2B) is taken into account, this possibility becomes fairly likely.
Wound healing stimulation is mouse strain dependent.
All experimental data presented above were obtained in BALB/c mice. However
significant differences in healing rates between mouse strains have been
reported in the literature although this is not a well-studied area of research (Li et
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Figure 2.3. The effect of the wavelength of light on wound healing.
(a). Excisional wound healing in BALB/c mice with no illumination and with a
single exposure to 1 J/cm2 of 635-nm, 675-nm. 720-nm, or 810-nm light from a
filtered lamp delivered 30 minutes after wounding. Data points are means of at
least ten mice and bars are SEM. (b). The area under each individual mouse
healing curve were subtracted from the area under the mean control (no
illumination) healing curve and means of these differences in area are shown
in Fig 2.3B with bars = SEM.

al., 2001a; Masinde et al., 2006). Therefore we hypothesized that responses to
treatment with light may also vary in different strains of mice. To test this
hypothesis, we used C57BL/6 black mice and SKH1 hairless mice in addition to
the previously studied BALB/c albino mice. Full thickness dorsal excisional
wounds were employed. As expected from reports in the literature (Li et al.,
2001a; Masinde et al., 2006), in non-illuminated control mice, wounds healed at
significantly different rates depending on the mouse strain. In BALB/c and SKH1hairless mice, wound expansion was seen from day 1 to day 4-5 post wounding.
Wounds in C57BL/6 mice did not have any initial expansion and overall healed
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significantly faster; complete closure was achieved at day 12 in these mice and
day 16-17 in both BALB/c and SKH1 mice (Figs 2.4A and 2.4B). To investigate
the effect of LLLT on wound healing in C57BL/6 and SKH1 mice we used 2 J/cm2
635 nm non-coherent light delivered 30 min after wounding. SKH1 mice behaved
in a similar fashion to BALB/c mice in their response to LLLT. It is possible that
the response to light was not quite as pronounced in SKH1 compared to BALB/c
mice, as there was still a small expansion at day 1 (Figure 2.4A). By contrast, in
C57BL/6 mice there was almost no effect of illumination. There was a hint of a
smaller wound area at days 1 and 2 post-wounding in the illuminated C57BL/6
mice but this was not significant (Figure 2.4B).

Figure 2.4. The effects of LLLT on wound healing are mouse strain
dependent. (a). Excisional wound healing in SKH hairless mice with no
illumination and with a single exposure to 2 J/cm2 of 635-nm light from a
filtered lamp delivered 30 minutes after wounding. (b). Excisional wound
healing in C57BL/6 mice and BALB/c with no illumination and C57BL/6
mice with a single exposure to 2 J/cm2 of 635-nm light from a filtered lamp
delivered 30 minutes after wounding. Data points are means of at least six
mice and bars are SEM. *** = P < 0.001; ** = P < 0.01; * = P < 0.05.
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Laser and non-coherent lamp are equivalent.
There is a considerable debate in the literature about the differences between the
cellular effects of monochromatic laser light and polychromatic light from nonlaser light sources (Flemming et al., 1999; Pontinen et al., 1996). In order to
investigate whether the effect of light on wound healing is independent of such
properties of light as monochromaticity or coherency, but depends on only
wavelength and intensity of light, we compared coherent monochromatic light
from He/Ne laser (632.8 nm) and light from a broad band non-coherent light
source (635 ± 15 nm). We used the same spot size and the same fluence rate,
the differences were in the coherency and monochromaticity of the HeNe laser
light which were not present in the filtered broad-band light. BALB/c mice were
used in this experiment. Illumination with 2 J/cm2 was performed 30 min after
wounding. Improved wound healing was observed under both experimental
conditions (He/Ne laser and 635 ± 15 nm lamp) as compared to controls,
however the difference between the light from different sources was not
significant (Figure 2.5). There was a hint of an increased effect with HeNe laser
at days 1 and 2 after wounding. Therefore we concluded that the wavelength is
the main variable that defines the wound healing in response to light. However
more research needs to be done using different laser and polychromatic light
sources.
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Immunohistochemistry demonstrates !-smooth muscle actin-positive cells
in wound edge.
Figure 2.6 shows the immunofluorescence staining of tissue sections removed
24h after wounding from non-illuminated and illuminated mice. Nuclei are stained

Figure 2.5. Laser and non-coherent light affect the excisional wound
healing in mice.
Excisional wound healing in BALB/c mice with and without a single exposure
to 2 J/cm2 of 635-nm light from a filtered lamp, or 2 J/cm2 of 632.8-nm light
from a HeNe laser delivered 30 minutes after wounding. Data points are
means of at least ten mice and bars are SEM.

in blue, !-smooth muscle actin (SMA) in green and CD31 is stained in red. This
triple staining allowed us to distinguish between SMA positive cells that surround
small blood-vessels in the dermis from myofibroblastic cells situated in the
dermis. SMA-positive cells localized in vicinity to CD31-positive endothelial cells
represent smooth muscle cells and/or pericytes restricted to blood vessels; SMA-
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positive cells, not co-localized with CD31-positive cells and scattered throughout
the dermis are identified as myofibroblasts. The number of green cells (labeled
with white arrows) is higher in illuminated wounds.
2.4. Discussion.
There have been numerous reports in the literature over the last thirty
years that LLLT with various optical parameters can stimulate wound healing in
both small and large animals and also in humans. Even so LLLT for stimulation
of wound healing remains controversial, and is not generally accepted as proven
by either clinicians or by researchers alike (Kopera et al., 2005; Posten et al.,
2005). The reasons for this enduring controversy in both the popular and
scientific press is probably due to the high degree of complexity inherent in this
technology. A large number of wavelengths of light in the red and near-infrared
range of the electromagnetic spectrum have been tested. In addition both the
delivered fluence and the fluence rate have been varied quite widely. To further
complicate matters there is debate whether the coherent monochromatic light of
a laser is better than non-coherent light in a defined wavelength range from a
light-emitting diode or a filtered lamp. Furthermore the polarization state, pulse
duration and repetition rate are thought by some authors to be important. In
addition to the large number of optical parameters that can logically be varied,
there remains a large variety of conditions (even within the field of wound
healing) that could be treated. A variety of non-healing ulcers occur mainly on the
lower extremities that are caused by venous (and arterial) insufficiency, diabetes,
prolonged pressure and other comorbid conditions. These chronic wounds are
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often proposed as suitable disorders for LLLT. In order for some of these LLLT
parameters to be subjected to scientific investigation a reproducible and
quantifiable animal model of LLLT effects would be desirable. We believe that an
excisional wound-healing model on the mouse back fulfills some of the
requirements of such an animal model.

Figure 2.6. The effects of LLLT on mouse dermal fibroblasts in vivo.
Paraffin sections of 1 day old mouse wounds were co-stained with the antiSMA, anti-CD31 antibodies and nuclear stain. (A) Immunostaining of sections
from untreated (a) and treated (b) wounds. Arrows indicate the wound edge.
The areas outlined are shown in B. Scale bar 200 µm. (B) High magnification
images of wound samples shown in (A). (a). Untreated wound, no SMApositive myofibroblasts can be seen; the green cells surrounding blood vessel
and co-localized with CD31-positive endothelial cells represent smooth
muscle cells; (b). Wound treated with 2 J/cm2 of 820±15 nm light. Individual
SMA-positive cells, not co-localized with CD31-positive endothelial cells and
representing myofibroblasts, can be seen (arrows). Scale bar 50 µm. Original
magnifications: 10x in A, 40x in B. Green – SMA, red – CD31, blue – nuclei.

78

There have been several previous reports on the use of LLLT in rodent
wound healing studies. These reports can be separated into two broad groups
depending on whether the animals used were normal, or whether they had been
manipulated in some way to depress wound healing. These manipulations
employed to impair normal wound healing include diabetes (Byrnes et al., 2004),
ionizing radiation (Lowe et al., 1998), treatment with corticosteroids (Pessoa et
al., 2004), or malnourishment (Pinheiro et al., 2004). Indeed, it has been
asserted that normal healthy rodents may not be a suitable model for studying
LLLT effects on wound healing (Karu, 1999). However, our data on healthy
animals are useful for establishing treatment parameters that can be used for
elucidation of the mechanisms underlying stimulation of wound healing by LLLT
in transgenic and knockout mice (Reid et al., 2004) as well as in the models of
impaired wound healing.
Our initial experiment in BALB/c mice showed that a single exposure of
the excisional wound 30 minutes after wounding to 2 J/cm2 of 635 + 15-nm light
delivered at a fluence rate of 80 mW/cm2 resulted in statistically significantly
smaller wounds between 1 and 10 days post-wounding (Figure 2.1). Remarkably,
the most noticeable difference between illuminated and control wounds, was
observed at 1 day post-wounding. Non-treated wounds showed a noticeable
expansion the next day with the mean wound area being almost 20% bigger than
it was immediately after wounding. By contrast, the illuminated wounds
decreased in size after light delivery and by the next day the mean area was 5%
less than it was immediately after wounding. The difference in wound areas
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between these two groups of mice at day 1 post-wounding was significantly
different (P < 0.001), and the difference remained significant although becoming
increasingly less pronounced until day 9 post-wounding. On the tenth day after
wounding the wounds in the illuminated and control groups of mice had reached
the same average area. Using the same light source we were able to carry out
an experiment allowing for evaluation of the effects of the dose of light on the
healing of mouse wounds. Light was delivered at 1, 2, 10 or 50 J/cm2 from the
same 635-nm light source and at the same fluence rate. At fluences and fluence
rates applied, no thermal effects were observed. The comparison of the area
under the healing curves generated based on the wound healing rates in control
and treated animals, led to a set of four values three of which (1, 2, and 10
J/cm2) showed positive effects on wound healing and the dose of 50 J/cm2 gave
a negative effect; i.e. illuminated wounds healed slower than controls (Figures
2.2A and 2.2B). This biphasic dose-response (a little light is good but a lot of light
is bad) has been reported for studies in LLLT in both cell culture (Pereira et al.,
2002) and animal models (Corazza et al., 2007).
The effects of the light wavelength were evaluated by delivering 1 J/cm2 of
light of four different wavelengths (635, 670, 720 and 820-nm) all at +/- 15 nm
band passes from a monochromator. Due to the nature of the light source the
fluence rate was low, less than 2 mW/cm2. This therefore meant that we were
limited in the size of the total fluence that could be delivered and we therefore
chose to deliver only 1 J/cm2. At this fluence 820-nm had significant positive
effect on wound healing and prevented the initial wound expansion observed in
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control wounds. There was a small significant effect of 635-nm light, neither of
the other wavelengths had any effect. In retrospect, it might have been preferable
to deliver a higher fluence as the activity peaks will probably be somewhat
different at different absolute fluences. For instance it is possible that although
there was no effect of 1 J/cm2 675-nm light, a positive effect might have been
obtained if 5 or 10 J/cm2 of 675-nm light had been delivered. Equally it is
possible that 720-nm (thought to be a non-effective wavelength) would have no
effect regardless of the total fluence delivered. The most effective wavelengths
correspond to the absorption peaks of the cytochrome C oxidase, that is
considered as the main chromophore responsible for cellular effects of LLLT
(Wong-Riley et al., 2005). The activation of this enzyme leads to an increase in
production of ATP that is required for numerous cellular functions providing both
energy and phosphates required for regulation of cellular functions. Moreover,
addition of external ATP was shown to stimulate wound healing in an animal
model (Chiang et al., 2007). Although no increase in contraction was found in
mice treated with external ATP, in vitro observations suggest that ATP increases
wound contraction by serving both as an energy source for generation of
contractile force and motility, and as a phosphate donor for kinase reactions
regulating contraction (Ehrlich et al., 1999; Kreis and Birchmeier, 1980).
Generally, the studies of the effects of LLLT on wound healing are
performed in a single strain of mice. Here, in addition to the Balb/c mice,
responses to LLLT were tested in SKH1 and C57BL/6 mice. SKH1 is a hairless
non-pedigreed immunocompetent mouse on an albino background, while
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C57BL/6 is an inbred pigmented strain widely used for transgenic and knock-out
models (Kirchner et al., 2003). The differences in healing responses between
BALB/c and C57BL/6 mice were described in the model of ear punch (Li et al.,
2001b). Similarly, we found large differences in healing of control non-illuminated
wounds between the albino mice (BALB/c and SKH1) and the black C57BL/6
mice. The initial expansion in wound size observed in BALB/c mice was also
seen in SKH1 hairless mice, but did not occur in C57BL/6 mice. The
consequence of this difference in wound expansion was that excisional wounds
in C57BL/6 mice healed significantly faster than the same wounds in BALB/c
mice for the entire course of the healing process, and reached complete closure
4 days earlier (12 days versus 16 days; Figure 2.4B). The stimulating effect of 2
J/cm2 of 635-nm light was comparable in both mouse strains that exhibited the
initial expansion, BALB/c and SKH1 (Figure 2.4A), where the initial expansion
was reduced or eliminated. By contrast in C57BL/6 mice that showed no
expansion and an overall faster healing process, LLLT had virtually no effect. It
appears that wound healing in C57BL/6 is fast and the healing rate is hard to
increase, while both BALB/c and SKH1 mice have sub-optimal wound healing
that can be stimulated by light. The fact that the C57BL/6 mice did not show the
same expansion as the other strains in the absence of light, suggest that the
failure of these mice to respond to LLLT is not due to their increased skin
pigmentation preferentially absorbing the light and thereby preventing the light
reaching its site of action.
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There has been considerable debate in the literature concerning the
relative merits of laser and non-laser light for LLLT. Because LLLT was originally
discovered using light delivered by lasers, for many years it was thought that
certain properties of laser light, namely the fact that laser light is coherent and
monochromatic, were important or even crucial in the LLLT effects. Since the
advent of light-emitting diodes and other non-coherent light sources this
assumption has been questioned. Our data compared the effects of 2 J/cm2 of
light delivered at comparable fluence rates originating from a HeNe laser
(monochromatic at 632.8-nm and long coherence length) with non-coherent light
with a 30-nm band width centered at 635-nm produced by a filtered lamp.
Although there might have been a tendency for the HeNe laser to give a slightly
better stimulation than light from the lamp, the difference in mean healing curves
was non-significant.
Our experimental data suggest that LLLT stimulates mouse wound healing
by promoting contraction and/or preventing the expansion of mouse wounds.
Wound contraction is thought to be facilitated by SMA expressing myofibroblasts
in the dermis surrounding the injured area (Tomasek et al., 2002). There is
literature

suggesting

that

LLLT

induces

the

fibroblast-myofibroblast

transformation both in vitro and in vivo (Medrado et al., 2003; PourreauSchneider et al., 1990; Powell et al., 1999). Therefore, we hypothesized that the
illumination delivered at 30-minutes post-wounding affects fibroblasts at the
wound edge inducing fibroblast-myofibroblasts transition and, thus, wound
contraction.

In

order

to

directly

test
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this

hypothesis

we

performed

immunohistochemistry on tissue sections of dermis in removed from mice 24
hours after wounding and light exposure, using anti-SMA, and anti-CD31 specific
antibodies. This revealed that there was a significant number of SMA positive
cells in tissues surrounding LLLT-treated wounds, but not in non-illuminated
control wounds. Unlike SMA-positive cells in untreated wounds, SMA-positive
cells in wounds subjected to 820±15 nm light were not co-localized with CD31positive endothelial cells, suggesting that they were indeed myofibroblasts, rather
than pericytes or smooth muscle cells associated with dermal blood vessels. The
presence of contractile myofibroblasts at the edge of illuminated wounds could
explain the lack of expansion of the wound area observed 1 day post-wounding
in BALB/c and SKH1 mice. A recent report (Arany et al., 2007) has shown that
LLLT (904-nm laser) both in vivo and in vitro can activate the secreted latent form
of transforming growth factor (TGF) " from its inactive state where the
polypeptide homodimer is bound to latency associated peptide, into its active
unbound state. TGF-" is the most important cytokine involved in the fibroblastmyofibroblast transition and induction of SMA expression (Tamm et al., 1996).
The second mechanism by which wound contraction occurs is the locomotion of
fibroblasts followed by the reorganization of the extracellular matrix at the edges
of the wound (Ehrlich et al., 1999). The hypothesis that LLLT increases the rate
of fibroblast migration was not tested in this study, however, it was shown
previously that LLLT increases fibroblast motility (Hawkins and Abrahamse,
2006). Therefore, it is possible that LLLT stimulates wound contraction by both
promoting fibroblast-myofibroblast differentiation and fibroblast motility.
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In summary, this study shows that a single exposure to low levels of red or
near infrared light significantly stimulates the wound healing responses in two
strains of albino mice, and establish a wavelength and dose dependence of
LLLT-mediated wound closure. We demonstrate that exposure of dermal
fibroblasts at the wound edge to red light induces their differentiation into
contractile myofibroblasts and therefore, accelerates the rates of wound
contraction - a necessary step during wound healing. It is know, however, that
excessive and uncontrolled contraction can lead to wound healing pathologies
called contractures (Hinz, 2007b) that are characterized by a shrinkage of scar,
loss of skin elasticity and organ function. Therefore, while LLLT-mediated
acceleration wound closure would definitely be beneficial for chronic and acute
wound sufferers, our observation of light-induced increase of fibroblastmyofibroblast may indicate that low level light could potentially induce or
augment contractures and loss of skin elasticity. This potential adverse effect of
light on wound healing can be minimized (or even eradicated) by both
optimization of LLLT parameters and by combination of red light therapy with
other novel wound healing accelerants such as extracellular matrix-derived
peptides described in the following chapter of this dissertation.
Chapter 3. Extracellular matrix-derived peptides promote microvascular
morphogenesis and wound healing in vitro and in vivo.
The data presented in the following chapter of the dissertation have been
pubished (Demidova-Rice, Geevarghese and Herman, 2011). Ira M. Herman and
Tatiana N. Demidova-Rice identified biologically active ECM-derived peptides.
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Tatiana N. Demidova-Rice and Anita Geevarghese performed in vitro testing of
the peptides.
3.1. Introduction.

Full thickness cutaneous wound healing is a well-organized process that leads to
re-establishment of the skin’s physical and mechanical integrity. The normal
repair process can be divided into several temporally and spatially overlapping
phases that include coagulation, inflammation, formation of granulation tissue
(proliferative phase), remodeling and scarring (Falanga, 2005). Platelets and
inflammatory cells initiate the wound-healing cascade and produce growth
factors and cytokines that induce migration and proliferation of epidermal and
dermal cells – keratinocytes and fibroblasts. These cells are the key players in
the re-epithelization of the wound, formation of granulation tissue and scarring
(Falanga, 2005). The function of all cells contributing to wound healing process
relies on the presence of an adequate blood supply as a source of nutrients,
oxygen and cytokines. Therefore, cellular responses to injury are critically
angiogenesis-dependent. In turn, angiogenesis of normal wound healing
depends on two major processes: recruitment of the endothelial progenitor cells
from the circulation and sprouting of resident endothelial cells from existing
adjoining microvascular circuits bordering the wound bed (Liu and Velazquez,
2008). In the latter case, capillary endothelial cells (CEC) become activated in
response to injury-induced growth factors such as platelet derived growth factor
(PDGF) and vascular endothelial growth factor (VEGF) mainly released by
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activated platelets, macrophages and keratinocytes within the wound bed (Beitz
et al., 1991; Li et al., 2003). Growth factor mediated stimulation of the
endothelium leads to an increase in CEC proliferation and migration. Both of
these processes require and depend on the presence of a permissive
microenvironment shaped by the ECM. In addition to providing a substrate for
CEC migration, native and cleaved ECM molecules bind to and activate
endothelial integrin receptors (particularly "v!3) that trigger dynamic endothelial
responses and sustain angiogenesis (Avraamides et al., 2008).
An important prerequisite for wound healing angiogenesis is basement
membrane (BM) degradation. Indeed, BM turnover is regulated by a number of
matrix remodeling enzymes - serine proteases and matrix metalloproteinases
(MMPs), which include collagenases and gelatinases (Roy et al., 2006) produced
by resident endothelial cells. Altogether, BM remodeling helps to coordinate
cellular injury responses, including wound healing angiogenesis. Further, ECM
degradation allows for efficient cell migration since MMPs liberate matrix-bound
growth factors such as basic fibroblast growth factor (bFGF) and VEGF (Bergers
et al., 2000; Roy et al., 2006) that enhance the angiogenic cascade and wound
healing. Finally, proteolytic matrix degradation gives rise to pro- and antiangiogenic ECM fragments that regulate endothelial morphogenesis in vitro and
angiogenesis in vivo (Bellon et al., 2004; Rhodes and Simons, 2007; Robinet et
al., 2005; Xu et al., 2001).
Because of the importance of matrix remodeling for wound healing, it has
been

suggested

that

exogenous

ECM-remodeling
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proteases,

such

as

collagenase derived from gram-positive bacteria Clostridium histolyticum may be
beneficial for wound healing (Herman, 1993a). Indeed, previous work in our
laboratory has demonstrated that this enzyme stimulates epithelial and
endothelial response to injury both in vitro and in vivo (Herman, 1993a; Riley and
Herman, 2005). The question of how bacterial collagenase stimulates woundhealing responses remains. We hypothesize that in addition to the debriding
effects, digestion of components of the ECM by the bacterial enzyme leads to the
release of bioactive peptides that stimulate wound closure. To test our
hypothesis and determine whether matrix remodeling by Clostridial collagenase
leads to production of biologically active fragments, we use the wellcharacterized ECM synthesized by vascular endothelial cells (Healy and
Herman, 1992). Results reveal that that there are several unique small peptide
fragments of tenascin X, fibrillin-1 and collagen Type IV released during matrix
degradation by bacterial, but not human collagenase. These Clostridial
collagenase-liberated and capillary endothelial matrix-derived peptides stimulate
proliferation of CEC, enhance microvascular remodeling in two-dimensional (2D)
model on Matrigel and induce endothelial sprouting in a novel three-dimensional
(3D) model of injury repair.
3.2. Materials and Methods.
Cells.
Capillary microvascular cells (CEC) were isolated as described previously (Gitlin
and D'Amore, 1983; Healy and Herman, 1992; Murray, 2001). Animal tissues for
cell isolation were obtained from an abattoir and therefore, no institutional animal
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use committee approval was required or obtained. Briefly, bovine retinal capillary
fragments were prepared and plated in DMEM supplemented with bovine calf
serum

(BCS, Atlanta Biologicals, Inc., Lawrenceville, GA) and antibiotics

(Invitrogen, Carlsbad CA). Selection of endothelial cells was performed using
selective attachment, media containing 5% human platelet-poor plasma and
ultimately, cloning. After isolation, cells were stored in liquid nitrogen and then
cultured in DMEM supplemented with 1-5% BCS and antibiotics and used at
passages 7-13. These cells were characterized by: (i) labeling with antibodies
against Factor VIII (Gitlin and D'Amore, 1983), (ii) ability to bind and internalize
di-I-acyl LDL, (iii) fallure to be stained with anti-3G5, a pericyte-specific marker
(Helmbold et al., 2001) and (iv) their ability to form capillary-like structures in vitro
that bear a resemblance to capillaries formed during angiogenesis in vivo, i.e.
endohelial-lined ‘sprouts’ that possess ‘lumenal’ compartments.
Matrix preparation.
The extracellular matrix was prepared as described (Healy and Herman,
1992;Herman and Castellot, 1987). Briefly, CEC at 7-10 days post-confluence
were washed 3 times with phosphate buffered saline (PBS) (pH=7.15). Cells
were removed with 0.5% sodium deoxycholate buffered with 20 mM Tris-Cl (pH
8.0) containing 15 mM NaCl, 1 mM EGTA (pH 7.0), 1 mM phenylmethyl sulfonyl
fluoride. The matrix then was washed with PBS, immediately collected and used
for enzymatic degradation and peptide identification.
Enzymatic degradation of the matrices.
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Enzymatic matrix degradation was performed as described (Riley and Herman,
2005). Purified Clostridial collagenase was obtained from Advance Biofactures
(Lynbrook, NY), dissolved in 1M TRIS-HCl (pH=7) at 1mg/mL and stored at -20C
before use for no longer than one week. Immediately before the experiments the
enzymes were thawed, diluted in calcium buffered saline at 16U/mL and added
to the plates for 1h at 37C. Human MMP-1 (Calbiochem, La Jolla, CA; Cat. #
444208) was activated according to manufacturer instructions, and used for 1h at
37C to perform matrix degradation. Both human and bacterial enzymes were
used at the same protein concentration.
Peptide identification and synthesis.
For peptide identification matrices treated with bacterial collagenase or human
MMP-1 were prepared as described above and scraped into immunoprecipitation
(IP) buffer containing 0.125% bovine serum albumin, 30mM TRIS-Cl (pH=8),
0.1% SDS, 0.5% sodium deoxycholate, 1% NP-40 and supplemented with
protease

inhibitors

(Sigma-Aldrich,

St.

Louis,

MO;

Cat.

#P8340).

Immunoprecipitation was performed using antibody directed either against
collagen I (Abcam, Cambridge, MA; Cat. #292) or mixed antibodies against
collagens I-V (Abcam, Cambridge, MA; Cat. #ab24117). Protein A Sepharose
beads were washed three times in distilled water and resuspended in IP buffer in
the presence of protease inhibitors (Sigma-Aldrich, St. Louis, MO; Cat. #P8340).
Antibodies were added to resuspended beads at a final concentration of 225
µg/ml and incubated with agitation for 1h at room temperature to allow for beadantibody interactions.
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ECM prepared as described above was digested with either bacterial or
human collagenases, scraped in 0.1x IP buffer, lyophilized overnight and
reconstituted in 1/10 volume of distilled water. Before addition to antibody-bound
beads matrix preparations were pre-cleared by incubation with protein A
sepharose (GE Healthcare, Uppsala, Sweden) in the absence of the antibody.
Pre-cleared ECM samples were applied onto antibody-bound beads and rotated
overnight at 4C in the presence of protease inhibitors to allow for
immunoprecipitation. The precipitated complex was washed several times with IP
buffer at 4C. Proteins were eluted using boiling SDS sample buffer containing 2%
2-mercaptoethanol

(Sigma

Aldrich,

St.

Louis,

MO),

subjected

to

gel

electrophoresis and stained with Coomassie blue dye for protein detection.
Protein bands present bacterial, but not human digests, were excised, washed 2
times in 50% acetonitrile and submitted to Tufts University Core Facility (TUCF)
for protein identification. At TUCF the gel bands were degraded further using
proteomics-grade trypsin and subjected to liquid chromatography mass
spectrometry (Yates et al., 1995). In total over 100 protein fragments were
identified, of those 12 containing 10-22 amino acids were selected and submitted
to TUCF for synthesis by FastMoc Chemistry (Fields et al., 1991).
Cell proliferation assay.
The unique ECM-derived peptides released by bacterial collagenases were
tested for growth-promoting potential toward CEC. CEC were plated at 2x103
cells/well in three 48 well plates in DMEM containing 5% BCS. On the next day,
cells in one of the plates were washed with PBS, detached from the substrate
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using trypsin and counted using a Coulter Counter model Z-II (Beckman Coulter,
Inc, Fullerton, CA) according to the manufacturer’s instructions. Cells in the
remaining two plates were fed with DMEM/1% BCS with or without the peptides
mixed in the media at concentrations ranging from 1-100nM at day 1 and 3 after
plating. Cell counts were performed as described above at days 3 and 5 postplating. Three wells were used per condition and each experiment was repeated
at least three times. In this and following assays low serum-containing media
were used in order to minimize possible masking effects of serum components
on cellular responses to peptide treatment. Under these experimental conditions,
no cell detachment or death is observed (Durham and Herman, 2009;Healy and
Herman, 1992).
2D in vitro endothelial morphogenesis assay.
In this assay we used growth factor-reduced (GFR) Matrigel (BD Biosciences,
Bedford, MA; Cat. #354230). The GFR Matrigel was thawed on ice overnight in
the

cold

room

and

used

immediately.

To

prevent

premature

matrix

polymerization, all procedures were performed at 4C. Stock (25 mM) solutions of
the peptides were prepared in sterile water or 1M TRIS (pH 8.0), added to the
GFR Matrigel at a final concentration of 100 nM and mixed thoroughly. Thus
prepared peptide-containing GFR Matrigel was placed into the wells of 8-well
chamber slides (BD Biosciences, Bedford, MA). Control wells contained GFR
Matrigel alone. For positive control we used GFR Matrigel blended with 10 ng/ml
(0.6 nM) of pro-angiogenic growth factors bFGF or VEGF (Cross and ClaessonWelsh, 2001). The chamber slides containing GFR Matrigel preparations
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containing the peptides, bFGF or 1% BCS then were placed into the tissue
culture incubators at 37C for 45-60 minutes to allow for matrix polymerization.
After matrix polymerization, CEC at 5x104 cells per well were plated on the
surface of polymerized Matrigel in DMEM containing 1% BCS in the presence or
absence of the corresponding peptides or FGF-2. Control wells contained DMEM
supplemented with 1% BCS. Formation of endothelial sprouts was monitored at 7
and 24 hours post-plating. Visualization of the cells was performed with Axiovert
200M microscope (Carl Zeiss MicroImaging, Thornwood, NY) using 5x or 10x
objective lenses. Image analysis and measurement of the length of the structures
were performed using ImageJ (available from NIH). Both the length of individual
sprouts and total sprout length per field were measured.
3D model of in vitro angiogenesis.
Unlike the 2D model described above, and in an effort aimed at better reflecting
the in vivo microenvironment, the 3D construct contains cells that are embedded
within a well defined extracellular matrix rather than having the cells being plated
upon the matrix surface (Herman and Leung, 2009). The matrix is created by
combining GFR Matrigel with rat tail collagen Type I (BD Biosciences, Bedford,
MA; Cat # 354236) to the final concentration of collagen 0.7 mg/mL, in the
presence of 5 mM NaOH and DMEM supplemented with 1% BCS and placed
into the wells of 8 well chamber slides (250 uL/well). After matrix polymerization,
1.5x105 CEC were plated in 250 µL of DMEM supplemented with 1% BCS and
Antibiotic-Antimycotic

(Invitrogen,

Carlsbad,

CA).

After

cell

attachment,

approximately 1h post-plating, the non-adherent cells and excess media were
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carefully removed, then the second layer of Matrigel-collagen mixture was
applied and allowed to polymerize for 45-60 minutes at 37C creating 3D
structures with CEC “sandwiched” in between two layers of Matrigel-collagen
mixture. Circular wounds were made in the middle of each well using a blunt 22
G needle (Tyco Healthcare Group LP, Mansfield MA) attached to a vacuum line
inside the tissue culture hood. Immediately after wounding, defects were filled
with the Matrigel-collagen mixture blended with the peptides, FGF-2, VEGF or
DMEM supplemented with 1% BCS. Wounds were imaged immediately after
filling and at days 1, 3, 7 post-wounding using a 5x objective lens. Fifteen to 20
images were taken per wound at each day of observation and merged using
Adobe Photoshop CS2 (Adobe, San Jose, CA). The merged images then
analyzed manually to estimate the number of angiogenic sprouts formed by cells
invading the Matrigel-collagen plugs.
Confocal microscopy of endothelial sprouts formed in 2- and 3D cultures.
Confocal microscopy on living endothelial cell cultures plated in 2- and 3D
assays was performed in the following way. Prior to plating, CEC were pretreated with fluorescent dye, Vybrant DiO. Briefly, CEC were placed in Vybrant
DiO labeling solution for 15 min at 37oC according to manufacturers instructions
(Molecular Probes, Eugene, OR) washed and plated in 2D or 3D arrays for 7
hours or 3 days, respectively. Live cells bearing Vybrant DiO were observed
using a confocal laser-scanning microscopy equipped with an argon laser
capable of exciting the dye at 488 nm (LSM-510, Carl Zeiss MicroImaging,
Thornwood, NY). Image analysis was then performed using LSM Image
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Examiner software (Carl Zeiss MicroImaging, Thornwood, NY).
Animal experiments.
All animal experiments were approved by the Subcommittee on Research Animal
Care of Massachusetts General Hospital or Institutional Animal Care and Use
Committee at Tufts University and were performed in accordance with NIH
guidelines. Two mouse models of impaired wound healing were used. In the first
model Balb/c mice were pre-treated with two doses of cyclophosphamide (CY):
150 mg/kg 4 days and 100 mg/kg 1 day before wounding in order to delay wound
healing as described previously (Burkatovskaya et al., 2008). In the second
model, we used genetically diabetic C57BLKS/J-m Leprdb/+ + mice that luck
leptin receptor and therefore are characterized by severe obesity and delayed
wound healing (Mudge et al., 2002). In order to evaluate the effects of
cyclophosphamide and diabetes on wound healing we used untreated Balb/c
mice and C57/BL6/1J mice (5 per group) as controls. These mice received the
wounds as described below and were treated with daily application of
carboxymethylcellulose (CMC), which was used in this study as a vehicle for
peptide application.
The wounds in mice of both strains were created in the following way. The
mouse heads were depilated by use of Nair cream (Carter-Wallace, New York,
NY) one day before wounding. For wounding procedures and during treatments
Balb/c mice were anesthetized by an intraperitoneal injection of a ketaminexylazine cocktail (90 mg/kg ketamine and 10 mg/kg xylazine); for diabetic mice
inhalation anesthesia with Isoflurane was used. Cranial dermal full thickness
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excisional wounds were made with sterile 4 mm punch biopsy tool and sterile
scissors and forceps. Immediately after injury wounds were covered with
transparent film dressing (Tegaderm). A day after injury, the peptides were
suspended in 3% CMC in PBS at concentration of 1 mg/mL or 284 µg/mL and
injected under the dressings using 25G needle. If the combination of the peptides
was used, the final concentration of protein in CMC was 1.284 mg/mL. Control
mice were treated with CMC alone. PDGF-containing Regranex gel was used in
mice serving as a positive control. All treatments were applied daily and
dressings were changed as necessary.

Tissue harvesting and staining.
Collection of animal tissues was performed at 5 or 10 days post-injury. The
animals were sacrificed by CO2 inhalation. The wounds together with underlying
tissues and approximately 5 mm of intact dermis surrounding the wound were
excised. The wounds then were bisected through the midline. One part of the
tissue then was placed in 10% phosphate buffered formalin (Fisher Scientific),
fixed for 24h, embedded in paraffin and cut into 5 $m thick sections; the other
part was embedded into O.C.T compound (Tissue-Tek) and frozen on dry ice.
After freezing the tissues were stored at -80oC and cut into 5 $m thick sections.
Paraffin-embedded sections were stained with Hematoxylin and Eosin or
Trichrome stain (ThermoScientific). Both stains were used according to
manufacturers instructions. Imaging was performed with Zeiss Axiophot
microscope (Carl Zeiss MicroImaging, Thornwood, NY) using 5X objective lens.
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Frozen sections were subjected to immunohistochemical staining. Briefly,
the sections were warmed up the room temperature for 10 min, fixed with
DMEM-containing 4% paraformaldehyde and permeabilized with buffered 0.1%
TritinX-100 for 90 seconds. After blocking for 2h with 5% goat serum, sections
were incubated with rat anti-CD31 antibodies (BD Pharmingen)

(1:500) and

rabbit anti-HSPG (1:200) overnight at 4oC. Sections then were washed and coincubated with fluorescently labeled anti-rat Alexa 546, anti-rabbit Alexa 488
secondary antibodies (Molecular Devices, Sunnyvale, CA) both at 1:200 dilution
and 16.2 $M Hoechst 33342 (Molecular Probes, Invitrogen, Carlsbad, CA) for 2h
at room temperature. After triple wash in PBS, stained sections were mounted
with PermaFluor (Lab Vision Corporation, Fremont, CA). Visualization of the
slides was performed with Axiovert 200M microscope (Carl Zeiss MicroImaging,
Thornwood, NY) using 5X and 10X objective lenses.
Analysis of wound healing and quantification of angiogenic response.
Images of Hematoxylin and Eosin as well as Trichrome-stained sections
obtained at low magnification were merged using Adobe Photoshop CS2 (Adobe,
San Jose, CA). The merged images were then analyzed by two independent
observers blinded to treatment used a histology scale (Table 3.1) to estimate the
degrees of wound healing. Levels of epithelialization and granulation tissue
formation determined the score.
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Table 3.1. Modified histology scale for wound grading.
Score

Criteria

1

No epithelialization, no granulation tissue formed

2

No epithelialization, granulation tissue poorly formed

3

Complete epithelialization, poor granulation tissue formation

4

Complete epithelialization, well-defined granulation tissue

In order to estimate whether the peptides stimulate angiogenesis of wound
healing, we used frozen sections stained with anti-CD31 (red) and anti-HSPG
(green) antibodies. The areas of antibody co-localization (yellow) representing
blood vessels were quantified using ImageJ software (available from NIH).
Data analysis and statistics.
All in vitro experiments were performed at least three times. Counts
obtained in cell proliferation assay, in 2D in vitro morphogenesis assay and in a
3D model of wound healing were recorded manually and analyzed using
Microsoft Excel (Microsoft, Redmond, WA). Results are presented as
mean±SEM. Statistical significance of the findings was analyzed by two-tailed ttest. The value of p< 0.05 was considered significant.
In vivo experiments were performed three times using three to five
animals per each experimental group, with total number of animals of 9 to 15 per
treatment. Wound healing rates determined using wound healing grades were
manually recorded using Microsoft Excel (Microsoft, Redmond, WA). Data
analysis was performed using one-way ANOVA test, statistical significance of the
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findings was then confirmed by Dunnett’s and Student-Newman-Keuls tests.
3.3. Results.
Degradation of endothelial ECM by bacterial collagenase gives rise to
unique bioactive peptides.
We subjected CEC-derived matrices (Yost and Herman, 1990) to limited
digestion using purified bacterial collagenase or human MMP-1 as described in
Materials and Methods. Matrix digestion was followed by immunoprecipitation
with polyclonal antibodies directed against collagen I or collagens I-V. As can be
seen in figure 1, several distinct polypeptides of high (120 kDa), medium (45-50
and 80 kDa) and low (35 kDa) molecular weight were found in matrices degraded
by bacterial, but not human collagenase. To reveal the identity of these unique
matrix fragments we used liquid chromatography mass spectrometry (Yates et
al., 1995). As shown in Table 3.2, immunoprecipitation succeeds in enriching for
both collagenous (collagens I and IV) and non-collagenous (tenascin X and
fibrillin 1) matrix fragments. Several fragments were synthesized using FastMoc
Chemistry at TUCF (Table 3.2). Fragments derived from collagens I and IV
include: col1-hyp and col1-leu, derived from the alpha 1 chain of collagen I and
col4-1, col4-2 and col4-c originated from non-collagenous domain of Alpha 3 of
collagen IV (Table 3.2). Fragments of tenascin X and fibrillin 1 present noncollagenous polypeptides. Ten1, ten3 and ten4 are fragments of EGF-like
domain rich regions of tenascin X, ten2 is a fragment of fibronectin III-like domain
of tenascin X (Table 3.2). Fibr1, fibr2 and fibr3 are derived from EGF-like

99

Table 3.2. Structure and function of extracellular matrix-derived proangiogenic peptides.
Effects on endothelial cells
Peptide

in vitro
Sequence

Origin

name

Endothelial

In vitro

proliferation

angiogenesis

__

__

__

__

+

++

__

+

__

__

__

__

GSAGPXGATGFX
Col1-

collagen I alpha 1 chain,
GAAGR

Hyp

aa 704-720
X=hydroxiproline

Col1-

GSAGPLGATGFL

collagen I alpha 1 chain,

Leu

GAAGR

aa 704-720
collagen IV alpha 3 chain,

Col4-1

MFRKPIPSTVKA

NC1 domain, aa 12821353

IISRCQVCMKMR

collagen IV alpha 3 chain,

P

C-terminus, aa 1359-1371

Col4-2

MFRKPIPSTVKAP
combination between
Col4-C

PIISRCQVCMKM
Col4-1 and col4-2
RP
fibrillin 1, modified EGF-

Fibr1

DINECELSANL

like calcium binding
domain 13
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DIDECESSPCING

fibrillin 1, EGF-like domain

Fibr2
V

+

+

__

+

+

__

__

++

__

__

__

+

+

++

13, aa 807-846
fibrillin 1, EGF-like

DEDECEEGKHDC
Fibr3

calcium-binding domain
AE
39, aa 2247 - 2290,
GVRSCPRGCSQ

tenascin X, EGF-like

KGRCED

domain, aa 306- 322

Ten1

tenascin X, fibronectin IIIGEETEVTVEGLE

like domain, combination

Ten2
PG

between aa2425-2430
and aa 3103-3110
tenascin X, EGF-like

Ten3

CVCWPGYTGRD

domain rich fragment, aa
360-370
tenascin X, EGF-like

Ten4

CGTRACPGDC

domain rich fragment, aa
490-500

DINECEIGAPAGE
combination between fibr1
Comb1

ETEVTVEGLEPG
and ten2

___

- no effect; + - peptide induces significant increase in cellular responses; ++ -

peptide induce a two-fold increase in cellular responses.
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Figure 3.1. Identification of bioactive matrix fragments released by
bacterial collagenase from endothelial matrices.
Endothelial matrices synthesized by post-confluent CEC were degraded by
either
human,
or
bacterial
collagenase
and
subjected
to
immunoprecipitation with antibodies directed against collagen I (lanes 1, 2)
or collagens type I-V (lanes 3, 4). Arrows indicate unique matrix fragments
present in matrices digested by bacterial (lanes 2 and 4), but not human
collagenases (lanes 1 and 3).
domains of fibrillin 1. In addition, we have created combinatory peptide (comb1)
by combining fragments of EGF-like domains of tenascin X and fibrillin 1. The
length of the polypeptides varies between 10 and 25 amino acids (Table 3.2).

Peptides derived from endothelial matrix stimulate endothelial cell
proliferation in vitro.
The effects of matrix-derived peptides on endothelial proliferation were evaluated
in 5-day assays using CEC plated at low density as described in Materials and
Methods. As shown in figure 3.2, four peptides induce a statistically significant
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increase in endothelial proliferation. Namely, combinatorial peptide comb1
increases cell growth by 28%; fragments of fibrillin 1 (fibr2), and collagen IV
(col4-1) enhance endothelial proliferation by 35%. Strikingly, a fragment of
tenascin X (ten1) increases endothelial proliferation rate by 47%. For col4-1, ten2
and comb1 stimulatory effects are present at peptide concentration of 10-100
nM. Fibr2 on the other hand exibits a dose dependent response and is ony active
at 100 nM inducing a 35% increase in endothelial proliferation. It is important to
emphasize that while proliferation is an essential step during angiogenesis,
increase in migration, morphogenesis, sprout and lumen formation by activated
endothelial cells are comparably critical for successful formation of a nascent and
stabile capillary network. Therefore, we directly tested whether the peptides
promote capillary endothelial morphogenesis using 2-D and 3-D in vitro models.

Figure 3.2. Bioactive
proliferation.

matrix

fragments

stimulate

endothelial

CEC grown in 48 well plates were treated with ECM-derived peptides at
10 or 100 nM at days 1 and 3 post-plating. Cell counting was performed
using Coulter Counter at days 1, 3 and 5. Relative proliferation compared
to control is shown. Error bars represent standard error of the mean; & p<0.05 compared to serum-stimulated control.
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Matrix-derived peptides stimulate microvascular remodeling in vitro:
insights from a 2D model.

Next, we examined the ability of the peptides to induce endothelial
morphogenesis using a well-established Matrigel-based assay as described in
Materials and Methods. The assay enables a quantitative analysis of endothelial
morphogenesis as a function of time or experimental condition (Durham and
Herman, 2009). Based on previously published observations indicating that
endothelial cells plated on Matrigel form lumen-containing structures within 6-12
hours (Kleinman and Martin, 2005), we chose to study peptide effects on
microvascular morphogenesis at 7 and 24 hours post-plating. At both time points
studied several peptides stimulate CEC morphogenesis and sprout formation in
vitro. Phase-contrast images shown in figure 3 demonstrate that two fragments of
fibrillin 1 (fibr2 and fibr3) and collagen IV (col4-c) induce a 25-65% improvement
in the rate of endothelial morphogenesis and lead to an increase in the number
and total length of endothelial structures formed at an early time point (7h) post
cell plating. Combinatorial peptide (comb1), a fragment of collagen IV (col4-1)
and two fragments of Tenascin X (ten 2 and ten4) induce almost doubling of the
total length of sprouts formed on Matrigel within 7h post-plating (Figure 3.3).
Peptide effects on angiogenic induction were comparable or superior to FGF-2
and VEGF (Figure 3.3 A-D, Figure 3.5A).
By 24h post-plating the angiogenic sprouts ‘mature’ as they elongate,
acquiring a ‘tube-like appearance. By this time the differences in the length of the
structures formed by control and treated cells diminish as control cultures acquire
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Figure 3.3. Matrix-derived peptides enhance early events during
endothelial morphogenesis on Matrigel.
(A-F) Photomicrographs of capillary-like structures formed by CEC
cultured on Matrigel for 7h in the absence (A) or presence of 100 nM
comb1 (D), ten4 (E) or col4-1 (F). Basic FGF and VEGF are used as
positive controls (B and C respectively). Image background was
corrected using pseudo flat field function (Image J) and high pass filters
(Adobe Photoshop CS2).

105

the ‘equilibrium’ features observed in peptide-treated endothelial cultures (Figure
3.5B). Nonetheless, tubes formed in the presence of VEGF, FGF-2 (Figure 3.4 B,
C, Figure 3.5B) or comb1, ten4 and col4-1 (Figure 3.4 D, E and F respectively
and Figure 3.5B) are 34-57% longer than those formed in wells containing
Matrigel supplemented with 1% serum, alone (Figure 3.4 A, Figure 3.5B).

Matrix-derived peptides stimulate microvascular remodeling in vitro:
insights from a 3D model.
In an effort to learn whether the peptides can be active in a more complex
environment and to better approximate their wound healing potential, we tested
the most promising peptides in a 3D model of wound healing (25). Three
peptides comb1, col4-1 and ten4 that stimulate endothelial proliferation and/or
endothelial morphogenesis on Matrigel, were tested as shown schematically in
figure 3.6 and as described in Materials and Methods (Herman and Leung,
2009). Imaging of the defects, which are re-filled with Matrigel-collagen
immediately after injury, demonstrates that a reliable and reproducible ‘wound’
and associated cellular removal can be achieved. And, addition of the Matrigelcollagen plug post-injury does not disrupt the integrity of the wound edge.
In both large and small wounds (Figure 3.7) visible cellular responses are
first seen at 24 hours post-injury. At this time cells begin to establish a plexus
and form a microvascular network in the areas proximal to the injury site, which
has been re-filled with Matrigel-collagen mixture containing pro-angiogenic
peptides, VEGF or bFGF (Figures 3.7 and 3.8). In larger wounds, an ‘angiogenic’
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Figure 3.4. Effects of bioactive peptides
morphogenesis in vitro at 24h post-plating.

on

endothelial

(A-F) Photomicrographs of capillary-like structures formed by CEC
cultured on Matrigel for 24h in the absence (A) or presence of 100 nM
concentration comb1 (D), ten4 (E) or col4-1 (F). Basic FGF and VEGF
are used as positive control (B and C respectively). Image background
correction was performed as described for figure 3.

network can be seen in proximity to the wounds filled with Matrigel-collagen
mixtures supplemented with 1% serum; but, these wounds contain only a few
short sprouts. This response to ‘injury’ is similar to ‘wounds’ filled with Matrigel-
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A

B

Figure 3.5. Quantitative evaluation of endothelial morphogenesis in a 2D
model.
The length of endothelial sprouts was measure as described in Materials and
Methods at 7 and 24 hours post-plating. Three fields are evaluated in each of
three independent experiments and plotted as relative tube length compared to
control. (A) relative sprout length at 7h post-plating, (B) relative sprout length at
24h post-plating. Error bars represent standard errors; & - p<0.05 compared to
serum-stimulated control.
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collagen mixtures containing serum, or those defects that have been filled/
supplemented with the peptides or growth factors (e.g. bFGF). On the other
hand, smaller diameter wounds (at 24h post-injury) contain many, many long

Figure 3.6. Schematic representation of the three-dimensional model of
angiogenesis.
The construct consists of two layers of Matrigel-collagen mixture and a layer
of endothelial cells sandwiched in between. Full thickness injury is created by
aspiration and defect is filled with matrices containing serum, pro-angiogenic
growth factors or peptides.
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sprouts and an elaborate, post-injury angiogenic network (Figure 3.7). Indeed,
CEC within these smaller diameter wounds, and which have been treated with
either growth factors or the pro-angiogenic peptides, form significantly more
sprouts and more robust angiogenic network when compared to control CEC
treated with serum/Matrigel-collagen mixtures, alone (Figures 3.7 and 3.8).

Figure 3.7. ECM-derived peptides stimulate angiogenesis and early
responses to injury in a novel 3D model of angiogenesis.
Small full thickness wounds in 3D constructs are filled with the matrices
containing 1% serum (A), bFGF (B), VEGF (C), and peptides comb1 (D), ten 4
(E) or col4-1 (F). Images are taken at 1 day post injury. Image background
correction was performed as described for figure 3. Arrows indicate endothelial
sprouts; asterisks show the areas of dense angiogenic networks formed by the
CEC. Scale bar 200 µm.
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As the CEC network continues to penetrate the wound defect, e.g. 3 days postinjury, differences between the treatment groups are minimized as cells treated
under control conditions begin forming more sprouts, resembling those treated
with the peptides or growth factors. In larger wounds at day 3 post-wounding, a
robust angiogenic response is seen in wells treated with comb1, ten 4 and bFGF
(Figure 3.9), while only small number of structures formed in controls observed at
the same timepoint (Figure 3.9).

Thus, data derived using the 3D model of

injury-repair confirm that the peptides produced by bacterial collagenase
degradation of endothelial extracellular matrices, as well as those combinatorial
peptides created ex vivo, stimulate a marked endothelial angiogenic response to
injury.

Figure 3.8. Quantitative evaluation of sprout formation by endothelial cells
in 3D model of wound healing at day 1 post-wounding.
Cellular structures extended into small wounds by day 1 post-injury are counted
manually using merged low power images. The mean number of structures found
within wounds in three independent experiments is plotted. Error bars represent
standard error of the mean; & - p<0.05 compared to serum-stimulated control.
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E

Figure 3.9. Effects of the peptides on endothelial responses to injury in 3D
environment: 3 days post wounding.
(A-D) Photomicrographs of large wounds created in 3D matrices containing CEC
and treated with 1% BCS (A), 10 ng/mL bFGF (B), 100 nM comb1 (C), and col41 (D). Representative images taken at 3 days post-wounding corresponding to
each treatment group are shown. The image background correction was
performed as described for figure 7. Scale bar 200 um. Arrows indicate
angiogenic sprouts formed by the cells. (E) Quantitative evaluation of angiogenic
sprouts formed by the CEC in response to peptide treatment. The sprouts were
counted manually on the merged low power images of large wounds 3 days postinjury and plotted as the mean+/- standard error. & - p<0.05 compared to serumstimulated control.
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Endothelial cells grown in 2- and 3D constructs form lumen-containing
structures.
In order to determine whether CEC cultured on or within Matrigel-based
substrate form lumen containing structures, we plated fluorescently labeled CEC
in 2- or 3D constructs as described in Materials and Methods.
Confocal imaging was performed 7h and 3 days post-plating for cells cultured in
2- and 3D constructs respectively. As shown in Figure 3.10, optical sections in
XZ plane (lower panels) through endothelial sprouts formed by CEC plated both
on the surface (Figure 3.10, A-C) and embedded within the matrices (Figure
3.10, D-F) reveal the presence of luminal spaces represented by two white lines
(fluorescence) separated by a dark space (arrow heads). CEC form lumencontaining structures either in the control conditions (Figure 3.10 A, D), or in the
presence of FGF-2 (Figure 3.10 B, E) or comb1 (Figure 3.10 C, F). However, the
lumens formed by cells plated in 3D constructs appear to be wider compared to
lumens formed by CEC cultured in 2D.
Cyclophosphamide treated and leptin receptor deficient mice have delayed
cranial cutaneous wound healing.
Our in vitro experiments demonstrating pro-angiogenic and proproliferative effects of ECM-derived peptides, suggest that these bioactive
molecules may have wound healing potential in vivo. In order to test this, we
used two mouse models of impaired injury repair. In the first model we used
Balb/c mice, which were pre-treated with two doses of cyclophosphamide at days
4 and 1 before wounding (Burkatovskaya et al., 2008). The second model
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Figure 3.10. Confocal imaging of endothelial morphogenesis and wound
healing in 2- and 3-D in vitro models.
(A-C) CEC plated in 2D on the surface of Matrigel in the presence of 1% BCS
(A), bFGF (B) or comb1 (C). (D-F) CEC in 3D embedded within collagen/Matrigel
blends, wounded and observed 3 days post-injury. (D) – wound filled with
collagen-Matrigel blend containing 1% BCS, (E) – wound filled with collagenMatrigel blend supplemented with bFGF, (F) – wound filled with collagen-Matrigel
blend in the presence of 100 nM comb1. Upper panels show images captured in
the XY plane while lower panels show optical sections obtained in Z direction (XZ
plane) to demonstrate luminal spaces present. Arrowhead denotes the DiOstained endothelial plasma membrane surrounding ‘lumenal’ compartment and
resembling parallel white lines (fluorescence) separated by a black space. Lines
indicate the plane of Z sections. Arrows designate the plane of the XY section
from which point an optical section is taken in the XZ direction. Scale bars 100
µm (A-C), 200 µm (D-F).
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employs diabetic leptin receptor-deficient mice C57BLKS/J-m Leprdb/+ +
(Keswani et al., 2004; Mudge et al., 2002). Impairment of wound healing in both
cyclophosphamide treated and genetically diabetic mice has been observed
previously (Imegwu et al., 1997;Sharma et al., 2006;Ye et al., 2008), however, all
of these studies have used dorsal, but not cranial dermal wounds. Therefore, first
we tested whether dermal cranial wound healing will indeed be delayed in
cyclophosphamide treated and leptin receptor-deficient animals. In order to
estimate the degrees of healing we created/treated the wounds described in
Materials and Methods, and used the grading scheme shown in Table 3.1. As
revealed in figure 3.11, leptin receptor deficient mice heal their wounds slower
than non-diabetic C57/BL6/1J animals. Cyclophosphamide also significantly
impairs cranial dermal wound healing (Figure 3.12). Histological evaluation of
the degree of wound healing at both 5 and 10 days pos-injury demonstrates that
CY indeed delays wound healing in Balb/c mice (Figure 3.12 A and B).
Interestingly, this delay was more prominent at the later time point and
corresponded to a decrease in the number of blood vessels within the wound
beds of CY treated animals compared controls (Figure 3.17).

115

Figure 3.11. Leptin receptor deficient (C57BLKS/J-m Leprdb/++) mice have
delayed wound healing as compared normal C57 animals.
A

B

*

Figure 3.12. CY delays wound healing in Balb/c mice.
The wounds were created as described in Materials and Methods, excised on
days 5 (A) or 10 (B) post-injury and stained with HE. Wound grading was
performed according to table 3.1. * - p<0.05
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The peptides stimulate wound healing in CY treated, but not in leptin
receptor deficient diabetic mice.
Next we sought to evaluate whether the peptides could reverse the effects
of CY and improve impaired wound healing in chemically treated Balb/c or
genetically diabetic mice. The effects of the peptides on excisional wound healing
were studied in 10 (Figure 3.13, Figure 3.15B) and 5 day assays (Figure 3.15 A).
The peptides were suspended in CMC as described above and applied into the
wounds daily. CMC or Regranex gels were used as negative and positive
controls respectively.
As shown in Figure 3.13, the single peptides as well as their combination
improved wound healing in CY-treated Balb/c mice.
Five days after injury the wounds in mice treated with CY alone did not
display significant epithelial coverage and had only minor accumulation of
granulation tissue. At the same time wounds in peptide treated animals have
began to epithelialize and form granulation tissue. As evident from Trichrome
stained tissue sections (Figure 3.14), collagen deposition within 5-day old wound
beds is minimal in either control or peptide-treated animals. At this time point
significant differences were observed between control animals and animals
treated with comb1 or a combination of two peptides (Figure 3.15 A).
At a later time point (10 days) the differences between the treatment
groups exaggerate. While wounds treated with CMC alone remain largely
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A

B

C

D

Figure 3.13. The effects of the peptides on excisional wound
healing in CY treated Balb/c mice.
Wounds were excised at day 10 post-injury, fixed, sectioned and
stained with HE. A – CY only, B – CY + Regranex, C – CY + comb1, D
– CY + comb1 + UN3. Dotted line shows wound bed. Scale bar 500
µm.
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unepithelialized, wounds treated with the peptides or Regranex are covered with
well-defined and stratified epithelium (Figure 3.13 and 3.15 B). Moreover,
peptide-treated wounds are characterized by better-defined granulation tissue
and significant collagen deposition, especially in wounds treated with UN3 and a
combination of UN3 and comb1 (Figure 3.13). Quantitative evaluation of HE
stained sections (Figure 3.15 B) confirms that there are significant improvement
of healing of wounds treated with the peptides as compared to controls.
Interestingly, combination of the peptides (UN3+comb1) (Figure 3.13 and 3.15)
further improved the outcome, suggesting the presence of a synergy between the
peptides.
The peptides used alone or in combination did not appear to affect wound
healing in leptin receptor deficient mice (data not shown). Therefore, we focused
our study on the mechanisms by which the peptides stimulate injury repair
process in CY treated animals.
Stimulation of wound healing angiogenesis by plasma and ECM-derived
peptides.
ECM-derived comb1 significantly improves endothelial proliferation,
morphogenesis and responses to injury in vitro (Demidova-Rice et. al., 2011). In
addition, our unpublished data suggest that plasma derived UN3 has similar
biological activity. Therefore we wanted to determine whether the wound
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A

B

C

D

Figure 3.14. ECM-derived peptides stimulate healing of excisional
wounds in CY treated Balb/c mice (5 days post-injury).
Wounds were excised at day 5 post-injury, fixed, sectioned and
stained with Trichrome. A – CY only, B – CY + Regranex, C – CY +
comb1, D – CY + comb1 + UN3.
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Figure 3.15. Quantitative evaluation of the effect of the peptides on
wound healing in CY-treated mice.
Histological sections of wounds excised at day 5 (A) or 10 (B) post-injury
were scored, analysed as described in Materials and Methods and plotted as
the mean+/- standard error. ** - p<0.05.
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healing stimulation by the peptides is linked to their pro-angiogenic properties. As
described in Materials and Methods, in order to determine blood vessel density
we performed immunostaining of frozen wound tissues with anti-CD31 and antiHSPG antibodies. Analysis of CD31 and HSPG co-localization corresponding to
blood vessels demonstrates that combined (comb1+UN3) peptides indeed
stimulate wound healing angiogenesis (Figure 3.16). The wounds treated with
the peptides have twice as many blood vessels as wounds in animals treated
with CY alone (Figure 3.17). Importantly, the peptides reversed negative effects
of CY injections on wound angiogenesis: the number of blood vessels within the
wounds of CY-injected mice treated with peptides equals to that of control (nonCY-treated) animals (Figure 3.17).
Peptides promote epithelialization and basement membrane formation.
Restoration of epithelial integrity is a critical step during wound healing.
We assessed epithelial thickness and a degree of basement membrane
formation in both control and peptide treated wounds. As shown in Figure 3.18
wounds treated with UN3 and comb1 combined have significantly increased
epithelial thickness at day 10 post-injury compared to CMC and Regranex
treated controls, and wounds treated with UN3 or comb1 separately.
Basement membrane formation was assessed using Trichrome stained
histological sections of 5 days-old wounds. Results reveal the presence of welldefined basement membrane layer in peptide and Regranex treated but not in
CMC treated wounds.
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A

B

C

D

E

Figure 3.16. Effects of the peptides on wound healing angiogenesis
in CY treated Balb/c mice.
Wounds excised at day 10 post-injury were stained with anti-HSPG
(green) and anti-CD31 (red) antibodies. Yellow areas represent blood
vessels. A – a section of a wound stained with anti-HSPG alone and
imaged using 5x objective lens. Arrows indicate the wound edges, white
rectangle outlines a central area of the wound where high power images
(B-E) were taken. B - control wounds, C, D and E wounds treated with
comb1, UN3 and comb1+UN3 respectively.
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Figure 3.17. Quantitative evaluation of the effects that the peptides have
on angiogenesis in CY-treated mice.
The images of 10-day old wounds were taken as described in the legend for
Figure 3.17. The areas of colocolization of green (HSPG) and red (CD31)
antibodies were quantified using ImageJ and plotted as the mean+/- standard
error. The number of wound blood vessels mice treated with CY alone is
significantly lower than in control animals or in mice treated with UN3 peptide.
* - p<0.05

Figure 3.18. Peptides stimulate wound epithelialization in CY treated
Balb/c mice.
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3.4. Discussion.
Collagenase derived from the gram-positive bacterium Clostridium histolyticum
has been used for wound debridement since the 1960s (Ramundo and Gray,
2008). More recently, it has been suggested that in addition to its debriding
effects the enzyme has stimulatory effects on resident cells – keratinocytes,
fibroblasts and endothelial cells within the wound bed (Herman, 1996; Riley and
Herman, 2005). These cells, already exposed to host–derived MMPs, are
stimulated further in the presence of an exogenous and highly-purified form of
Clostridial collagenase suggesting a direct role in the promotion of wound healing
(Riley and Herman, 2005). In this study we demonstrate that low molecular
weight

collagenous

and

non-collagenous fragments

are

liberated

from

endothelial ECM following degradation with Clostridial collagenase. Importantly,
these peptides are bioactive and possess marked pro-angiogenic properties in
vitro and stimulate cutaneous wound healing in vivo.
This study was designed to test whether Clostridial, but not human
collagenase might yield distinct bioactive fragments that could explain the wound
healing activity observed when the bacterial enzyme is added to living cell
cultures in vitro or wounds in vivo. To test this hypothesis well defined capillary
endothelial derived matrices (Yost and Herman, 1990) were treated with either
the human or bacterial collagenases prior to immunoprecipitation of matrix
fragments produced by each enzymatic reaction. Results revealed that several
fragments are uniquely present in matrices digested with bacterial, but not with
the human orthologue (Figure 3.1).
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A

B

C

D

Figure 3.19. Effects of ECM-derived peptides on epithelial basement
membrane formation.
The wounds were excised at 5 days post-injury, fixed, sectioned and stained
with Trichrome as described in Materials and Methods. A – control wound, B
– wound treated with Regranex, C – wound treated with comb1, D – wound
treated with comb1+UN3. Arrows indicate forming epithelial basement
membrane.
These

observable

differences

in

matrix

degradation

patterns

following

collagenase digestion reflect what are likely to be the previously reported and
differential substrate specificities between the enzymes. Indeed, earlier studies
have revealed that mammalian and bacterial enzymes have distinct cleavage
sites within the collagen molecule (Bornstein, 1967). The mammalian
collagenase cleaves specific Gly-Ile or Gly-Leu bonds of !1 and !2 chains
releasing two fragments that represent 1/3 and 2/3 the intact parent collagenous
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substrate. Bacterial collagenase on the other hand, attacks the parent
collagenous backbone much more frequently, especially at Y-Gly bonds, therein
releasing multiple fragments (Bornstein, 1967). Our data validate these earlier
reports and lend credence to the notion that the putative wound healing
properties embodied in Clostridial collagenase may be linked to its differential
substrate specificity and the resultant products of digestion that arise.
Isolation of the specific peptides released by bacterial collagenase
revealed the presence of several fragments of collagen: included were fragments
of collagen I and collagen IV, both of which have been reported to be produced
by endothelial cells (Fouser et al., 1991;Yost and Herman, 1990). Additionally,
we observed the presence of non-collagenous components present in the
immunoprecipitations performed anti-collagen I IgGs. Of interest and included in
this group of non-collagenous components are tenascin X and fibrillin 1.
Tenascin X and fibrillin 1 are components of the extracellular matrix that possess
multiple domains, including regions that respectively interact with collagen I, III,
V, decorin, and fibronectin, elastin and latent transforming growth factor "binding protein (Ishitsuka et al., 2009; Sabatier et al., 2009). That tenascin X is
present within the anti-collagen I IPs is of particular interest since this matrix
component has been previously implicated in soft tissue injury and repair in
humans (Burch et al., 1997). Moreover, mice deficient in this protein have lower
scar breaking strength and abnormalities in the processes of scar maturation
suggesting that tenascin X is required for normal wound healing (Egging et al.,
2007). That both tenascin X and fibrillin 1 are present in abundance within anti-
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collagen immunoprecipitates points to the important roles that collagenous and
non-collagenous protein-protein interactions are likely to play in the cellular
responses to injury, including the angiogenesis of wound healing. For these
reasons, we aimed to test whether any, all or combinations of peptides in this
unique Clostridial collagenase-produced peptide ‘library’ might induce key wound
healing responses embodied by purified Clostridial collagenase, i.e. stimulation
of cellular proliferation and migration. Further, because of the pivotal role the
angiogenesis plays in promoting healing, we tested whether or to what extent
each peptide could promote in vitro angiogenesis assays using two- and threedimensional models.
As shown in Figure 3.1, we have observed that eight of the peptides
derived from the matrices degraded by bacterial collagenase have angiogenic
potential (Table 3.2). Fragments of EGF-like domains of fibrillin 1 (fibr2 DIDECESSPCINGV) and tenascin X (ten1 -GVRSCPRGCSQKGRCED) as well
as

a

fragment

of

non-collagenous

MFRKPIPSTVKA)

and

domain

of

combinatorial

collagen

peptide

IV (col4-1

-

(comb1

-

DINECEIGAPAGEETEVTVEGLEPG) induce a significant, up to 47% increase in
endothelial proliferation. Pro-angiogenic effects of the peptides in a Matrigelbased assay are even more robust. Seven peptides significantly increase the
rate of angiogenesis in this model. Importantly, a fragment of collagen IV (col4-1
-MFRKPIPSTVKA), a fragment of fibronectin-like domain of tenascin X (ten 2 GEETEVTVEGLEPG),
CGTRACPGDC),

as

a

fragment
well

a

of

EGF-like

combinatory
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rich

domain

peptide

(ten
(comb1

4

-

DINECEIGAPAGEETEVTVEGLEPG) induced more angiogenic sprouting than
did the FGF-2 positive control (Figure 3.3). While most of the peptides increase
either proliferation of endothelial cells or in vitro angiogenesis, two of them,
namely comb1 and col4-1, are active in both assays. Interestingly, the effects of
the peptides on endothelial morphogenesis in this model are more pronounced at
the earlier time point 7h as compared to 24h post-plating. This suggests that in
addition to enhancement of the rate of cell-cell interactions, which leads to
cellular alignment and tube formation, the peptides also enhance endothelial
motility - an early step of angiogenic process.
Our results agree with several earlier reports showing biological activity of
matrices degraded by bacterial collagenase. It has been demonstrated that
fragments of human eschar degraded by bacterial collagenase stimulate
fibroblast proliferation both in vitro and in vivo (Radice et al., 1999). The
fragments have not been identified and it is possible that the degraded matrix
contains both stimulatory and inhibitory entities. Moreover, it has been reported
that several synthetic collagenous di-, tri-peptides and polytripeptides as well as
bacterial collagenase degraded collagens, are chemotactic for human fibroblasts
monocytes (Postlethwaite and Kang, 1976; Postlethwaite et al., 1978) and
neutrophils (Laskin et al., 1986). The effects of these fragments on endothelial
cells or angiogenesis have not been reported. However, pro-angiogenic moieties
have been isolated from the ECM in the absence of bacterial collagenase
(Malinda et al., 2008; Nunes et al., 2008; Robinet et al., 2005). Fragments of
laminin !1 and "1 chains can stimulate endothelial cell adhesion, sprouting, tube
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formation (Malinda et al., 1999) and wound healing in vivo (Malinda et al., 2008;
Min et al., 2010). Fragments of thrombospondin have been shown to interact with
cell surface syndecan-4, activate intracellular Akt/PKB pathway and stimulate
tube formation on Matrigel (Nunes et al., 2008). Elastin-derived peptides
enhanced endothelial migration, tube formation on collagen type I in vitro and in
chick chorioallantoic membrane model ex vivo (Robinet et al., 2005). These
effects were accompanied by an increase in MT1-MMP production by endothelial
cells and attributed to the presence of the GXXPG sequence. Two of our
peptides comb1 and ten2 also contain this stretch of amino acids, and both
induce angiogenesis in a Matrigel-based assay. However, only a larger
combinatorial peptide (comb1), with presumably more complex tertiary structure
and two GXXPG domains, also stimulated cellular proliferation. While both ten2
and comb1 can probably stimulate MMP production by cells necessary for
endothelial morphogenesis, comb1 is likely to activate other yet undetermined
pathways mediating cell proliferation.
Importantly, the chemical structure of other bioactive ECM fragments
released by bacterial collagenase and described here is unique and have not
been reported by others. The receptors and signaling pathways activated by the
peptides remain to be discovered. The receptors may include well-established
ECM and growth factor receptors, particularly epidermal factor receptor, that can
be activated by proteolytically exposed cryptic sites within matrix molecules (Tran
et al., 2005).
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Since GxxPG-containing combinatorial peptide (comb1) and a
fragment of collagen IV (col4-1) were effective in promoting endothelial
proliferation and angiogenesis using Matrigel-based assays, we were interested
to learn whether these specific peptides were able to promote wound healing
angiogenesis in more realistic 3D model of injury and repair. To these ends, we
embedded CEC within the collagen-Matrigel mixtures prior to full thickness injury,
and then filled the defect with the matrix containing defined concentrations of the
peptides or control pro-angiogenic FGF-2 or VEGF. We have also included proproliferative ten 1 and pro-angiogenic ten 4 peptides in the protein library tested
in this model in order to reveal whether the peptides active in one or the other
assay can stimulate cellular responses in 3D. Results demonstrate that at day 3
post-wounding, the responses seen in the wounds containing comb1 were more
pronounced than in wounds supplemented with FGF-2 (Figure 3.9). That comb1
was able to stimulate endothelial responses in a complex 3D environment, as
well as in 2D assays, identifies this peptide as potent modulator of angiogenesis.
Future experiments will determine whether comb1 has a wound healing potential
in vivo.
To our knowledge, this is the first report where this unique 3D model
(Herman and Leung, 2009) is used to compare and contrast the compounds with
different angiogenic potential. Unlike standard Matrigel-based assays (Kleinman
and Martin, 2005) here the cells are embedded within the layers of matrix and,
therefore, remain viable for a prolonged time (up to 1 week). Thus, in addition to
the identification of promising pro-angiogenic or anti-angiogenic therapeutics,
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such 3D constructs can be employed to study the stability of wound healing
compounds. In this study we used Matrigel-collagen mixtures in the presence or
absence of the peptides to fill the defects created in 3D sandwiches, however,
other compounds can be utilized to fill these full-thickness defects and as such
the construct may be useful for evaluation of drug delivery systems.
Next we sought to test whether the most biologically active peptides could
promote cellular responses to injury in vivo. This was done using mouse models
of impaired wound healing - CY treated and leptin receptor-deficient mice
(Burkatovskaya et al., 2008; Keswani et al., 2004; Mudge et al., 2002). All mice
used in this study were receiving cranial dermal punch biopsies. This type of
wound was used in order to minimize the wound contraction, encourage
granulation tissue deposition/epithelialization and thus make mouse wound
healing more resembling that of tight skinned animals (Chung et al., 2010; Reid
et al., 2004). Cranial wounds in both chemically treated and diabetic animals
healed slower than in healthy counterparts (Figures 3.11 and 3.12). The peptides
especially when used in combination significantly improved wound in CY-treated
mice.

In these animals, the peptides are more efficient than clinically used

Regranex gel. Surprisingly, the healing of dermal cranial wounds in diabetic
animals was not accelerated in the presence of the peptides (data not shown). A
likely reason for this phenomenon is the dissimilarity of healing impairment
mechanisms in C57BLKS/J-m Leprdb/+ + and CY-injected animals. The major
reason for delay in responses to injury in diabetic mice is linked to their
hyperglycemic status. High blood glucose leads to several abnormalities
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including protein glycation (Kuo et al., 2007; Liao et al., 2009; Reigle et al., 2008)
that in turn often abrogates protein activity and ability to interact with its binding
partners and receptors (Duraisamy et al., 2001). It is possible that in diabetic
animals excessive blood glucose has prevented the interaction of the peptides
with their putative receptors and therefore peptide-mediated wound healing. This
ECM glycation is unlikely to occur in CY-treated mice, which therefore were
responsive to treatments. More thorough investigation of the effects that the
peptides have on diabetic wound healing is necessary to unequivocally
determine their potential for healing of this type of wounds. This might require the
use of different wound model (skin flap, incisional wound etc), modifications of
peptide concentrations/delivery mode and assessment of different wound healing
parameters.
Our in vitro experiments with CEC revealed the pro-angiogenic potential of
the peptides. Therefore, we tested whether similar effects could be achieved in
vivo. Results reveal that the peptides can stimulate blood vessel formation within
the wound bed. Similar pro-angiogenic effects were described for laminin-derived
peptides (Malinda et al., 2008). These peptides induced an increase in both
number and size of blood vessels at day 4 post-injury. In our experiments the
effects on angiogenesis are more pronounced at later time point – 10 days postwounding (Figure 3.17). To our knowledge, no fragments of tenascin X or fibrillin1 have been demonstrated to stimulate or inhibit angiogenesis. Several
fragments of collagen IV on the other hand are well known for their antiangiogenic properties (Mundel and Kalluri, 2007). Interestingly, one of collagen
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IV fragments (Col4-1) identified in our study, which stimulated endothelial
prliferation and migration in vitro, did not enhance wound healing in vivo (data
not shown).
Analysis of Trichrome stained sections of mouse wounds excised at day 5
post-injury shows

increased epithelialization accompanied

by enhanced

basement membrane deposition in the presence of the peptides (Figures 3.18
and 3.19). The increase in ECM deposition could be one of the mechanisms by
which the peptides stimulate wound healing. Other mechanisms are likely to
include activation of ECM receptors, particularly integrins "v!3 and "5!1 which
were shown to bind to biologically active laminin-derived peptides and induce an
increase in migration of both endothelial and epithelial cells (Malinda et al.,
2008).
In conclusion, we have shown that degradation of endothelial extracellular
matrices with bacterial collagenase releases small bioactive peptide fragments
derived from collagenous and non-collagenous substrates, including collagen
Type IV, fibrillin-1 and tenascin X. Several of the bioactive peptides derived from
these parent matrix macromolecules can stimulate endothelial proliferation and
angiogenesis in both 2- and 3D models of wound healing. Moreover,
demonstrate that the peptides described here can also stimulate epithelial
responses to injury and wound healing in vivo (Figures 3.18 and 3.19). In
addition to identification of novel ECM-derived bioactive molecules our work
expands the knowledge of the mechanisms underlying stimulatory effects of
bacterial collagenase on wound healing. We propose (Figure 3.20) that bacterial
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collagenase has multiple direct and indirect positive effects on cellular responses
to injury and wound healing:

it degrades wound matrix easing dermal and

epidermal cell motility, releases ECM and cell surface-bound growth factors.
Moreover, it liberates biologically active ECM fragments, which in turn can
activate specific, yet unidentified receptors on endothelial and epithelial cells
stimulating angiogenesis and epithelialization during wound healing.

Bacterial
collagenase

Synthetic
ECM
fragments

%Wound
healing

% Epithelialization

ECM fragments
Activated growth factors

% Angiogenesis

- bacterial collagenase

Interaction with
cell surface
receptors, induction
of angiogenesis
epithelialization

- keratinocytes

- ECM fragments

- dormant and activated
endothelial cells
- integrin
receptors
- cell surface bound/activated Hb-EGF

Figure 3.20. Control of wound healing: A role for bacterial collagenase?
Bacterial collagenase clinically used for wound debridement stimulates both
endothelial and epithelial responses to injury. Degradation of the ECM in close
proximity to the cells the enzyme allows for efficient cell migration. Release of
growth factors and liberation of biologically active matrix fragments that can
interact with and activate cellular receptors increases motogenic and
mitogenic potential of the cells within the wound bed promoting the healing
responses. Similarly to naturally occurring ECM fragments released by
bacterial collagenase in vivo, synthetic matrix-derived peptides identified and
tested our laboratory can enhance cellular responses to injury. Therefore we
propose that the peptides could be used in combination or as an alternative to
the bacterial products, which foster wound healing in vivo.
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Chapter 4. Future research directions.
The studies described in this dissertation demonstrate that LLLT and novel
peptides derived from endothelial ECM degraded by bacterial collagenase
stimulate cellular responses to injury both in vitro and in vivo. In the first part of
the dissertation we have determined the parameters (wavelength, light intensity)
that allow for successful stimulation of wound healing responses with low level
light. Moreover we revealed that there are significant differences in LLLT
responsiveness between different strains of mice and showed that laser and noncoherent light sources are similarly effective. In the second part of the
dissertation we have demonstrated that bacterial collagenase liberates
biologically active fragments of collagen, tenascin and fibrillin from endothelial
extracellular matrices. These fragments as well as a novel combinatorial peptide
were tested in both in vitro and in vivo assays and demonstrated profound proangiogenic and wound healing activity. Additional studies are needed to reveal
molecular mechanisms of activity of both LLLT and ECM-derived peptides.
4.1. Cellular and molecular mechanisms of LLLT.
Experiments described in Chapter 1 of this dissertation reveal that at least
in mice exposure of the cells within and on the periphery of the wound bed to 820
nm light induces fibroblast differentiation and wound contraction. It has been
demonstrated that LLLT is capable of activation of latent TGF-!1 and 3 (Arany et
al., 2007), which in turn are the key regulators of fibroblast differentiation (Hinz,
2007c) and a stimulator of wound contraction. Therefore we hypothesize that
LLLT-activated TGF-! family members promote fibroblast-to-myofibroblast
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transition. To test this hypothesis several experimental approaches could be
used. First, in vitro cultures of murine and/or human fibroblasts can be exposed
to 820 nm light and than subjected to immunocytochemical staining with
antibodies directed against smooth muscle actin and the key mediators of TGF-!
signaling – SMAD2 and 3. An increase in SMAD levels and their translocation to
the nucleus after fibroblast exposure to LLLT would indicate involvement of TGF! in phototherapy induced fibroblast-myofibroblast transition. In order to verify
this association, fibroblasts can be exposed to LLLT in the presence of siRNA
directed against SMADs 2 and 3, which should diminish fibroblast differentiation.
Similar experiments can be performed in vivo. If these experiments are
successful, we will test whether LLLT can stimulate contraction of human
fibroblasts. We will plate the cells on deformable silicone substrate as described
(Kotecki et al., 2010), expose them to LLLT and determine their ability to apply
contractile force to the substrate. This would prove that LLLT indeed induces
ECM and wound contraction by differentiated fibroblasts.
4.2. ECM-derived peptides and the mechanisms of wound healing
stimulation.
Our data reveal that bacterial collagenase-mediated degradation of endothelial
ECM

liberates

biologically

active

fragments.

These

peptide

stimulate

angiogenesis both in vitro and in vivo (Demidova-Rice and Herman, 2009;
Demidova-Rice, Geevarghese, and Herman 2011). We hypothesize that proangiogenic effects of the peptides are mediated by identifiable cellular receptors
activating discrete intracellular pathways (Figure 3.20). The nature of these
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receptors and activated signaling cascades remains unknown. In order to identify
the receptors mediating the cellular effects of the peptides we will use fluorescein
isothiocyanate labeled combinatorial peptide (FITC-comb1). Cell lysates
prepared from endothelial cells cultured on Matrigel in the presence or absence
of the peptides will be run on SDS-PAGE. Three gels with equal amount of
loaded protein will be run simultaneously. One of the gels will be stained with
Coomassie or silver stain for protein detection; the proteins from two remaining
gels will be transferred to nitrocellulose membrane and probed with FITC-comb1
the presence or absence of its unlabeled counterpart. After incubation with the
peptides, membranes will be probed with anti-FITC antibodies and HRPconjugated secondary antibody. The bands in the Coomassie-stained gel
corresponding to those present on the membranes probed with biotinylated
peptides, but not on the control membranes will be submitted for mass
spectrometry. A cross-linking step will be added before probing with anti-FITC
antibody in order to ensure stability of peptide-receptor binding.
Results of our experiments in a mouse model indicate that in addition to
their pro-angiogenic properties, the peptides can enhance epithelial responses to
injury (Figures 3.18 and 3.19). It remains unknown whether human keratinocytes
can also be stimulated in the presence of the ECM fragments. Therefore, we
propose to perform in vitro proliferation and migration assays. For proliferation
assay the cells will be plated at low density in the presence or absence of the
peptides and counted using Coulter counter at 1, 3 and 5 days post-plating. The
effects of the peptides on keratinocyte migration will be studied in a scratch
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wound assay performed on confluent cells as described (Riley and Herman,
2005).
Our preliminary in vitro data demonstrate that endothelial cells plated on
Matrigel in the presence of the peptides produce more laminin compared to cell
plated in control conditions (1% BCS). Moreover, analysis of Trichrome-stained
mouse tissue sections reveals that the peptide-treated wounds have more
prominent epithelial basement membranes (Figure 3.19). Therefore, we think that
the peptides might stimulate deposition of the basement membrane proteins
particularly laminins. In order to confirm these observations we will perform to
sets of experiments. First we will use anti-laminin (laminin 111 and 332)
antibodies to stain frozen sections of control and peptide-treated mouse wounds.
Next we wil perform qPCR using mRNA extracted from lysates of human
endothelial cells or keratinocytes plated in the presence or absence of the
peptides and specific laminin (LAMA1, LAMB1, LAMC1, LAMA3, LAMB3, and
LAMC2) primers (Akutsu et al., 2005;Kawata et al., 2002). If these experiments
will reveal that the peptides can indeed stimulate laminin gene expression and
protein deposition we will examine the upstream regulators of laminin production
in both endothelial cells and keratinocytes.
In addition we are planning to test the wound healing potential of the
peptides in porcine model of wound healing. These experiments will be done
using both healthy and diabetic pigs and will allow us to establish whether the
peptides can be active in more clinically relevant model of injury repair.
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Appendix 1. Identification of cellular receptors mediating the effects of
ECM derived peptides.
Introduction.
Our experiments demonstrate that the combinatorial peptide (comb1) derived
from endothelial extracellular matrices degraded by bacterial collagenase
stimulates cellular responses to injury both in vitro and in vivo. In order to identify
the cellular receptors mediating theses responses we have used several
approaches including biotin labeled comb1 (b-comb1), which can be visualized
using avidin-based detection systems (Wilchek and Bayer, 1990).
Materials and Methods.
B-comb1 synthesis and in vitro angiogenesis assays.
B-comb1 was synthesized at TUCF using FastMoc Chemistry (Fields et al.,
1991). Biotin was added to the B-terminus of the peptide via glycine linker as
following:
Biotin-GGG-DINECEIGAPAGEETEVTVEGLEPG-OH
In vitro (2D) endothelial morphogenesis assays were performed as described
below.
2D in vitro angiogenesis protocol:
Materials:
Matrigel (BD biosciences #354230 – growth factor reduced; #354234
Falcon CultureSlide 8 well glass Chamber slides (BD/Falcon #3-41-8).
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Procedure (Demidova-Rice, Geevarghese, and Herman, 2011):
1. Thaw Matrigel at 4C, packed in ice (6h or overnight). Chill the pipette tips.
Make sure you have enough Matrigel to use 300 uL/well.
2. Mix the peptides into the Matrigel at 100 nM final peptide concentration.
3. Place Matrigel 300 uL/well into chamber glass slides. Make sure the
meniscus contacts all 4 side of the well, leaving somewhat flat surface in
the center. This step should be performed at 4C (cold room).
4. Polymerize Matrigel at 37C for 1 h.
5. Add 5x105 cells/well in 500uL DMEM, 1%BCS. Add the peptides (final
concentration of the peptides in the media 100 nM).
6. Monitor tube formation (3, 5, 7 and 20h post-plating).

Peptide internalization by CECs.
B-comb1 internalization protocol:
Materials:
Digitonin 0.002% in PBS (stock 2% in DMSO, diluted to 0.002% in PBS)
Dithiobis(succinimidyl) propionate (DSP, Pierce 22585) 0.1mg/mL (stock 10
mg/mL in DMSO, diluted in PBS to final 0.1 mg/mL).
TRIS pH 7.5 (10 mM)
HRP-avidin (Zymed Labs, #43-4423)
Procedure (Healy and Herman, 1992):
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1. Plate BREC (35on sterilized glass cover slips in the DMEM supplemented
with 5% BCS and antibiotics and allowed to attach for 18h and then
transferred to DMEM containing 1% BCS for 2h.
2. The following morning wash cells twice and pre-incubate with DMEM
containing 1% BCS 37C (2h). During this time pre-incubate HRP-avidin
with biotinylated and control comb1 (30 min at RT). Use ratio 2.2 nM HRPavidin:100 nM peptide for binding.
3. Move cells into the cold room, let equilibrate, place on ice. Add peptideHRP-avidin mixture. Incubate for 30 min on ice.
4. Bring to 37C, incubate for 30 minutes.
5. Fix and stain as below.
Fixing and staining of cells:
1. Wash cells 3 times with cold PBS
2. Incubate with 0.1 mg/mL DSP containing 0.002% digitonin for 30 minutes
at room temperature.
3. Add 10 mM TRIS to quench the cross-linker, incubate for 15 min.
4. Wash 3 times with PBS.
5. Block with egg white (1 egg white in 100 mL in PBS) for 15 minutes.
6. Block with 5% skim milk for another 20 minutes.
7. Wash with PBS 3x.
8. Incubate with PBS/1% BSA for 15 minutes.
9. Wash with PBS 3x.
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10. Incubate with anti-HRP antibody duluted 1:500 in PBS/4% BSA/10% rat
serum. Incubate for 1.5h.
11. Wash 3x with PBS/1% BSA.
12. Incubate with Alexa546 anti-rabbit IgG (1:500) for 30 min at room
temperature.
13. Wash with PBS 3x, mount, image at 10x.

Identification of potential receptors.
Immunoprecipitation (Welch and Herman, 2002).
Materials:
Crosslinker: 2 mM (3,3´-Dithiobis[sulfosuccinimidylpropionate]) DTSSP (Pierce,
21578)
Quenching buffer: 10mM TRIS-HCl/150 mM NaCl/0.2M glycine
RIPA buffer
Albumine, BSA

0.0625 gram

Tris-HCl, pH 8.0, 1M

1.5 ml

SDS

0.05 gram

Deoxycholate Acid

0.25 gram

NP-40 (Non-ionic detergent)

0.5 ml
Complete to 50 ml with ddH2O.

add protease inhibitors 1:100
and 50 nM Calyculin A immediately before use
Protein A Sepharose CL-4B beads (Amersham Biosciences)
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Anti-biotin IgG (Novus biologicals, NB120-6643)
Sample buffer: 1M Tris pH 7.0 125mM, SDS

2%,

Glycerol,

10%,

Bromophenol Blue 1%, Beta Mercaptoethanol 1%.
Procedure:
Cell-peptide interaction and crosslinking (Bennett et al., 2000).
1. Prepare GF-reduced Matrigel films in 4x1/2 of 6 well plates (3 for biotcomb1 +/- x-linking, 3 for control). Place 1mL of liquid Matrigel in the wells,
incubate on ice for 4 min, then remove 600 ul of Matrigel (save at -20C for
next experiment). Keep the plate in the incubator overnight.
2. Next day, plate BREC at 200k/well in the presence comb1 in order to
induce potential receptor(s) or in the absence of comb1 (control). Let
attach for 3h (if the tubes are not forming yet, continue incubation of
another 2h), gently wash with cold PBS 3x. Transfer to the cold room. In 3
plates add biot-comb1 1uM in 250 uL of DMEM/0.5% BCS (cold), incubate
at 4C for 1h to allow for receptor-peptide interaction. Total amount of biotin
is 0.9 nmoles.
3. After the incubation, wash all the plates 3x with cold PBS.
4. Add 2 mM DTSSP in PBS. Incubate on ice for 2h according to
manufacturers instructions.
5. Wash 3x 5 min with 10mM TRIS-HCl/150 mM NaCl/0.2M glycine to
quench DTSSP according to manufacturers instructions.
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6. Lyse cells with agitation at RT for 10 min, then use bent needle, spin to
clarify. Use 2 mL of RIPA buffer for lysis.
Protein A Sepharose CL-4B beads and anti-biotin IgG interaction (Riley et al.,
2003).
1. Weigh out 0.05 g of the beads. Resuspend in 5 mL of dH2O.
2. Spin 3 min at 4C, remove supernatant, repeat.
3. Resuspend in 1 mL of RIPA, split into 4 tubes (250 ul each = 60.5 uL of
swollen beads can bind 1 mg IgG).
4. Add 100 ug (0.2 umoles) of IgG into 2 tubes, rotate at 4C for 2h for beadsab binding (recommended time is 30 min at RT).
5. Meanwhile pre-clear the lysates: add the cell lysates from control cells and
cells crosslinked with biot-comb1 into the remaining tubes with the beads.
Rotate for 1h at 4C.
6. Spin, use the supernatant in the next step.
Bead-anti-biotin IgG + cell lysates interaction.
1. Take pre-cleared lysates and combine them with the anti-biotin IgG bound
beads, rotate at 4C overnight.
Next day:
1. Spin both tubes, wash 3x with RIPA containing protease inhibitors and
Calyculin A.
2. Spin again, add 500 uL of buffer containing 30 mM TRIS and 50 mM
NaCl, spin remove the supernatant.
3. Boil the beads with 1x sample buffer.
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4. Run on 10% polyacrylamide gel.

Cell membrane preparation and western blotting.
Materials:
Buffer for plasma membrane preparations: TRIS-Cl 10mM, EDTA 1 mM, 75 mM
NaCl, 2% w/v sucrose. Add protease inhibitors immediately before use.
10-40% sucrose gradient prepared in Centrifuge tubes (Beckman, 344059), 40%
on the bottom, 10% on the top
TBS Buffer: Tris pH 7.5 20mM, NaCl 0.9%
TBST Buffer: TBS + 0.05%Tween-20
Activation buffer: MES 1M, NaCl 0.5M
Just before use add 36 mg of dry EDC (Pierce 22980) and 46 mg of dry NHS
(Pierce 24500) to 100 mL of activation buffer.
Quenching buffer: 20mM TRIS-Cl pH=8, 0.2 M glycine
Procedure (Riley et al., 2003; Sennoune et al., 2004):
1. Plate BREC in 6 well plates at 250K/well (sparse plating) or 500K/well
(dense plating).
2. Wash cells 3x with PBS.
3. Scrape cells into buffer containing 10 mM TRIS-HCl, 1mM EDTA, 75 mM
NaCl, pH 7.4, with protease inhibitors containing 2% w/v sucrose. Use
250 uL buffer/well.
4. Spin at 2000 x g for 4 min at 4C to remove nuclei. Apply the supernatant
on top of 20-40% w/v sucrose gradient. Spin 200.000 g for 1h at 4C.
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5. Collect the membranes from the interphase 20-40 w/v sucrose, dilute in
buffer. Spin at 100.000 g for 30 min and store at -80C.
6. Run the fractions on 10% SDS-PAGE. Run simultaneously three gels with
equal amount of loaded protein.
7. Transfer overnight to nitrocellulose membrane.
8. Directly after transfer wash the blot 2x15 min with TBS.
9. Block the membrane with 1.5% BSA/5% normal rat serum in TBS for 2h at
RT.
10. Wash 3x10 min with TBS/1.5% BSA.
11. Incubate with 0.5% casein in TBS 30 min at RT.
12. Wash 3x10 min with TBS/1.5% BSA.
13. Treat with biotinylated comb1 100 nM or 100 nM biotin in TBS/1.5% BSA
1h at RT.
14. Wash with TBST (TBS + 0.05% Tween) 2h at RT with 2 changes.
15. Crosslink with EDC 2mM/4mM NHS in activation buffer 20 min at RT.
16. Quench with TRIS-Cl pH 8/0.2Mglycine 10 min at RT.
17. Wash with TBST 2x.
18. Incubate with anti-biotin IgG 1:500 ON at 4C.
19. Next day, wash 2x 10 min with TBST.
20. Incubate with 2’ ab (anti-goat HRP conjugated 1:25.000)
21. Wash 2x10 min with TBST, followed by 1 wash (5 min) with TBS.
22. Visualize using electrogenerated chemiluminescence.
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Identification of changes in cellular proteome induced by comb1.
1. Plate CEC on growth factor reduced Matrigel as described in 2D in vitro
angiogenesis protocol. Conditions: Matrigel plus 100 nM comb1, control
DMEM 1% BCS, no peptides.
2. At 7h post-plating collect the cells 2X sample buffer.
3. Run on 10% polyacrylamide gel.
4. Stain the gels with Coomassie blue dye for protein detection.
5. Cut out the bands present in the lysates prepared from CECs treated with
peptides but not in control lysates, wash 2 times in 50% acetonitrile and
submitted to TUCF for protein identification.
Results.
In order to investigate whether biotinylation of the peptide affects its biological
activity we used CEC plated on growth factor reduced Matrigel in the presence or
absence of the b-comb1 or its unmodified counterpart as described (DemidovaRice, Geevarghese, and Herman 2011). Results demonstrate that addition of a
biotin molecule to the N-terminus of comb1 does not reduce its proangiogenic
potential as CEC plated in the presence of either comb1 or b-comb1 form longer
tubular structures compared to control cells (Appendix Figure 1).
Next we sought to determine whether the peptide get internalized by the
CEC. To this end we exposed CEC to b-comb1, which then was detected using
HRP-avidin, and anti-HRP antibodies as described in Materials and Methods. As
demonstrated in Appendix Figure 2 HRP-avidin incubated with CEC alone
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A

B

C

Appendix Figure 1. Biotinylated comb1 stimulates tube formation by CEC
plated on GFR-Matrigel.
A – control CEC, B – CEC treated with comb1, C – CEC treated with b-comb1.
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(Appendix Figure 2 A) or in the presence of or unlabeled comb1 (Appendix
Figure 2 B) remains in the culture media. In contrast, HRP-avidin incubated with
b-comb1 and then added to the CEC can be detected inside the cells (Appendix
Figure 2 C). This observation indicates that b-comb1 gets internalized by the
endothelial cells and suggests the presence of cellular receptors mediating this
process as well as the pro-angiogenic effects of the peptide.
In order to identify potential receptors we prepared the cell lysates from
CEC plated either on Matrigel or plastic in the presence or absence of b-comb1.
The lysates then were subjected to either immunoprecipitation or western blot
analysis as described in Materials and Methods. Results of these experiments
reveal significant non-specific binding of the antibodies to cellular components,
likely due to the presence of endogenous biotin and biotinylated proteins (data
not shown). This non-specific binding can be avoided by using fluorescentlylabeled comb1.
Next we wanted to identify changes in cellular proteome occurring in response to
comb1 treatment. Therefore we prepared cell lysates from CEC grown on
Matrigel in the presence or absence of comb1. The proteins were run on SDSPAGE gel, which then was stained with Coomassie dye. Comparison of the
proteins present in lysates from control and comb1-treated cells reveal a high
molecular weight band present in the cells treated with the peptide but not in
control cells (Appendix Figure 3). Identification of the protein using mass
spectrometry reveals that this protein is laminin gamma 1 chain. Similarly, our in
vivo data demonstrate that comb1 induces an increase is ECM deposition.
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Appendix Figure 2. ECM-derived peptides get internalized by CEC cultured
in vitro.
CEC were plated, allowed to attach and incubated with DMEM+1% BCS (A), in
the presence of comb1 (B) or in the presence of per-bound HRPavidin/biotinylated-comb1 (C) for 30 min at room temperature. Cells then were
fixed and stained with anti-HRP antibody.
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Appendix Figure 3. Changes in cellular proteome induced by comb1
peptide.
Cells were cultured on growth factor reduced Matrigel in the presence or
absence of comb1 and cell lysates were collected as described in Materials and
Methods. Lanes and 4 – molecular weight markers, 2 – control lysates, 3 –
lysates prepared from CEC treated with comb1. While box indicates a high
molecular weight band selectively present in treated cells.
Conclusions.
1. Modification of the combinatorial peptide with N-terminal biotin does not
decrease pro-angiogenic potential of the peptide.
2. B-comb1 gets internalized into CEC suggesting the presence of cellular
receptors mediating the peptide uptake.
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3. CEC contain significant amount of endogenous biotin, which did not
disallowed identification of comb1 binding partners using b-comb1. In
order to avoid the effects of endogenous biotin fluorescently-labeled
peptides should be used for future experiments.
4. Comb1 increases production of laminin gamma 1 chain by the CEC in
vitro. This observation is in agreement with our in vivo data showing an
increase in epithelial basement membrane deposition. Future work will
determine molecular mechanisms by which the peptide induces changes
in ECM deposition.
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