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Abstract
The microvascular complications of diabetes are associated with a tremendous degree of
morbidity and mortality. Indeed, type I and type II diabetes are leading causes of adultonset retinal damage and blindness, non-healing foot ulcers that may require amputation,
and end-stage renal disease around the world. Intriguingly, while these debilitating
conditions arise from long-standing, hyperglycemia-driven inflammation and vascular
insult, diabetic microangiopathies have strikingly tissue-specific manifestations: chronic
wounds in the extremities of diabetic patients are hallmarked by their impairments in
vascular growth and matrix turnover after injury, whereas retinopathy is characterized by
florid vascular overgrowth that has long been ascribed to the loss of microvascular
pericytes from the retinal circulation.

The work performed in our laboratory and center aims to further elucidate the molecular
and cellular mechanisms of angiogenesis, in order to better understand the pathogenesis of
these diabetes-associated vasculopathies and develop advanced molecular and cellular
therapeutics for these conditions. Linked to these goals, our investigations of cell-matrix
interactions in angiogenesis and wound healing have resulted in the creation of several
bioactive, matrix-derived peptides that induce cellular migration, proliferation and
morphogenesis necessary for tissue repair. And, at the same time, our studies of pericyteendothelial interactions reveal that subtle alterations in pericyte chemo-mechanics – rather
than their frank disappearance – may be sufficient to permit endothelial cell cycle re-entry
and angiogenesis.

i

Herein, we demonstrate that bioactive matrix- and plasma-derived peptides significantly
increase re-epithelialization and angiogenesis in diabetic porcine wounds through
upregulation of multiple reparative growth factors and cytokines, especially matrix
metalloproteinases and inhibitors that may aid in reversing the proteolytic imbalance
characteristic of chronically inflamed non-healing wounds. Additionally, we reveal that
Santyl® collagenase induces post-debridement wound healing through the liberation of
bioactive matrix-derived peptides within the wound bed, and that a “combinatorial” peptide
created from some of the individual matrix domains fosters wound healing in vivo at a dose
equivalent to that of Santyl®. Finally, as an extension of our studies of RhoGTPase in the
regulation of pericyte chemo-mechanical control of angiogenesis, we show that key
perturbations in the downstream pericyte RhoGTPase effectors, LIM-kinases and cofilin,
promote endothelial cell cycle re-entry that may contribute to the development of vascular
proliferative lesions in diabetic retinopathy. Overall, our findings should inform the
development of next-generation molecular and cellular therapeutics capable of repairing
difficult-to-heal wounds and abrogating or ameliorating pathologic neovascularization in
diabetic retinopathy.
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Chapter One: Introduction

1

1.1

THE VASCULAR COMPLICATIONS OF DIABETES

1.1.1 A Brief History of Diabetes
Diabetes mellitus has been recognized as a severe health ailment for much of recorded
human history. Accounts of the now classic symptomatic triad of increased thirst
(polydipsia), frequent urination (polyuria) and the presence of glucose in the urine
(glycosuria) in this disease have been dated to as early as 1550 B.C.E., which include
descriptions of a polyuric syndrome contained in the hieroglyphic writings of an Egyptian
physician that were discovered in the mid-nineteenth century A.D. (Ahmed, 2002;
Christopoulou-Aletra and Papavramidou, 2008) Indian Vedic manuscripts written in the
same era mention a condition called “madhumeha,” a Sanskrit word meaning “sweet urine
disease,” and note early and late-onset forms of the condition (Ahmed, 2002; Guddoye and
Vyas, 2013). These texts also note familial associations of the disease, and connections
between obesity and sedentary lifestyle (Ahmed, 2002; Guddoye and Vyas, 2013). And,
ancient Chinese writings, particularly Huang-Ti’s Nei Ching, also contain descriptions that
are strikingly aligned with present diabetic symptomatology (Henschen, 1969).

Use of the term “diabetes” did not arise until approximately A.D. 120 - nearly 1,700 years
after the earliest descriptions of the disease – and is credited to the physician Aretaeus of
Cappadocia, a contemporary of Galen. Aretaeus linked diabetes with renal dysfunction and
early mortality, having written, “Diabetes is a wonderful affection, not very frequent
among men … The course is the common one, namely, the kidneys and the bladder; for the
patients never stop making water, but the flow is incessant, as if from the opening of
aqueducts. The nature of the disease, then, is chronic, and it takes a long period to form;

2

but the patient is short-lived… the disease appears to me to have the name diabetes, as if
from the Greek word diabhthV (which signifies a siphon), because the fluid does not
remain in the body… (Henschen, 1969; Christopoulou-Aletra and Papavramidou, 2008)”

A heightened understanding of diabetes began during the Enlightenment, when in 1673,
Johann Brunner performed canine pancreatectomies, noting resultant polydipsia and
polyuria, and in 1675, when the English physician Thomas Willis, best known for
discovering the eponymous circle of arteries at the base of the brain (Lo and Ellis, 2010),
is credited with having re-discovered glycosuria in diabetes, and affixed the Latin term
“mellitus,” literally meaning “of or pertaining to honey,” to describe the sweetness of
diabetic urine (Henschen, 1969; Ahmed, 2002). Over 100 years later, in 1776, Matthew
Dobson definitively demonstrated that the sweetness was indeed dependent on the presence
of sugar in the urine of patients with diabetes and discovered elevated blood sugar in these
patients as well; glucose was identified as the sugar present in diabetic urine and blood by
Chevréal in the early 1800s (Ahmed, 2002).

Additional, seminal discoveries arrived in the 19th century, including the notation of gross
pancreatic changes in human diabetic patients, Langerhans’ first descriptions of the
pancreatic islet cells that were later identified as the source of insulin, and Mering and
Mikowski’s studies demonstrating rapid, fatal diabetes in pancreatectomized dogs
(Ahmed, 2002). These gave rise to Macleod’s early 20th century work in understanding the
role of insulin in carbohydrate metabolism and Schafer’s hypothesis of pancreatic islets as
the source of the “anti-diabetic hormone;” together, these studies culminated in Banting
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and Best’s successful isolation of pancreatic insulin, who demonstrated its ability to
alleviate hyperglycemia and glycosuria in pancreactomized dogs in Macleod’s laboratory
in 1921, and for which Macleod and Banting were jointly awarded the Nobel Prize for
Physiology or Medicine in 1923 (Ahmed, 2002; Roth, et al, 2012).

1.1.2 The Epidemiology and Etiology of Diabetes
While the surviving writings of Aretaeus and Galen note the apparent rarity of patients
with diabetes in their era (Henschen, 1969; Christopoulou-Aletra and Papavramidou,
2008), the World Health Organization (WHO) currently estimates that over 8.5% of the
global adult population – a staggering 422 million people - are living with either insulindependent type I diabetes (T1DM), caused by the autoimmune destruction of pancreatic bcells, or insulin-resistant type 2 diabetes (T2DM), caused by a combination of hereditary
and lifestyle factors, including physical inactivity and increased adipose tissue mass in
obesity (WHO Global Report on Diabetes, 2016).

The American Diabetes Association lists the current criteria for diagnosing T1 and T2DM:
a) glycated hemoglobin A1c (HbA1c) measurements exceeding 6.5%; b) fasting blood
glucose levels exceeding 126 mg/dL (7.0 mM); c) an oral glucose tolerance test revealing
a blood glucose level > 200 mg/dL (11.1 mM) two hours after consumption of an oral
glucose bolus; d) random blood glucose levels exceeding 200 mg/dL (11.1 mM) in a patient
exhibiting symptoms of hyperglycemia, including polyuria, polydipsia, nocturia (frequent
nighttime urination), blurred vision and weight loss, or in the case of hyperglycemic crises
such as rapid-onset diabetic ketoacidosis or the more insidiously-developing hyperosmolar
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hyperglycemic state. The presence of the pro-insulin C-peptide in serum reflects active
insulin production and secretion, which can be used to distinguish T2 from T1DM
(Desimone and Weinstock, in Endotext, 2015). Because of the resources and laboratory
tests required to definitively diagnose T1 versus T2DM, the WHO does not calculate the
individual global prevalence for each of these conditions. However, it is estimated that 9095% of patients living with diabetes have T2DM, and the annual incidence of diabetes has
been steadily rising in all countries, across socioeconomic strata (WHO Global Report on
Diabetes, 2016).

The associations between lifestyle and T2DM cannot be understated, as the influence of
caloric content, dietary composition and exercise on the development of obesity and insulin
resistance have been well described (Barrès and Zierath, 2016). Further, the rapid
expansions in the incidence and prevalence of diabetes over the last few decades are
intimately connected with the worldwide surge in the rates of obesity. In the United States
alone, the number of adult patients diagnosed with diabetes have increased from an
estimated 5.5 million in 1980, to over 21 million in 2012 (CDC Diabetes Report Card,
2014; CDC National Diabetes Statistic Report, 2014), paralleling the rising proportions of
overweight and obese individuals; an additional 8 million adults in the U.S. are thought to
have undiagnosed T2DM due to the lack of overt physical symptoms in the early stages of
the disease (CDC Diabetes Report Card, 2014), and a WHO review of data from seven
different countries found that 24-62% of patients with diabetes are living without having
been clinically diagnosed (WHO Global Report on Diabetes, 2016). Along with this, an

5

additional 86 million American adults are pre-diabetic, placing them at elevated risk of
developing full T2DM.

At the present rates of new T2DM diagnoses, which are as high as 1.7 million annual cases
in the U.S. and a 3% increase in the annual incidence in high income countries worldwide,
the WHO predicts that the global population of patients with diabetes will nearly double
within the next 20 years, and the U.S. Centers for Disease Control and Prevention (CDC)
anticipates that as many as 1/3 of American adults will have diabetes by the year 2050
(World Health Organization Global Report on Diabetes, 2016; CDC Diabetes Report Card,
2014). Importantly, the consequences of chronic hyperglycemia in both T1 and T2DM
include numerous systemic complications, many of which stem from cardiovascular and
peripheral nervous system dysfunction.

1.1.3 Complications of Diabetes: Macro- and Microvascular Disease
Following the advent of insulin therapy in the early 20th century, the mortality related to
diabetic coma was dramatically reduced, and the lifespans of diabetic patients greatly
increased. As patients began to live longer, the incidence and prevalence of hyperglycemiaassociated co-morbidities rose considerably, especially complications affecting the
cardiovascular and peripheral nervous systems. Today, we recognize diabetes as a major
risk factor for diseases affecting large blood vessels, especially coronary and peripheral
atherosclerosis and ischemic cerebrovascular insult, along with neuropathic, retinal, and
renal disease that each originate in the capillary microcirculation (Paneni, et al, 2013; WHO
Global Report on Diabetes, 2016). Indeed, the reported incidence of macrovascular
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coronary artery disease in patients with T1 or T2DM ranges from 2- to 4-fold greater than
that of non-diabetic patients, and diabetes confers a 4-fold elevation in the risk of
cardiovascular-associated mortality (WHO Global Report on Diabetes, 2016).
Additionally, 75% of T2DM patients have hypertension, which potentiates the effects of
hyperglycemia and insulin resistance on atherosclerosis, in concert with dyslipidemia that
favors the hepatic production of atherogenic lipoproteins, such as ApoB-100 (WHO Global
Report on Diabetes, 2016; Ribalta, et al, 2003). This occurs in concert with hemostatic
abnormalities that facilitate a pro-thrombotic state, raising the risks of ischemic stroke by
2.1-fold in diabetic men and 3.5-fold in diabetic women over non-diabetic individuals
(Samai and Martin-Schild, 2015), and the risks of myocardial infarction may be equivalent
to that of non-diabetic patients who have previously had a myocardial infarction
(Szuszkiewicz-Garcia and Davidson, 2014). Overall, the increased risk of major
cardiovascular events in T1 and T2DM reduces patient lifespan by at least 10 years
compared to healthy individuals (WHO Global Report on Diabetes, 2016).

The microvascular complications of diabetes are associated with the greatest degrees of
morbidity among T1 and T2DM patients, along with increased mortality. Diabetic
nephropathy is the leading cause of renal disease and eventual kidney failure in the
developed world. Nearly 40% of patients with T1 and T2DM develop some degree of renal
dysfunction, manifesting as albuminuria/proteinuria, impaired glomerular filtration rate, or
both, and diabetic nephropathy accounts for at least half of all cases of end-stage renal
disease in the United States alone (de Boer, at al, 2011). Peripheral neuropathy and
atherosclerosis precipitate non-healing diabetic foot ulcers (DFU), which are a leading
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cause of lower extremity amputations (LEA) worldwide. Nearly 25% of patients with either
T1 or T2DM will experience a non-healing DFU in their lifetime, and these chronic injuries
have a 66% recurrence rate (Sen, et al, 2009). Moreover, 12% of patients with DFU will
ultimately require LEA, stemming from infectious complications, and the 5-year survival
rate following a major LEA is about 50% (Sen, et al, 2009). Diabetic retinopathy (DR) is
the predominant cause of adult-onset blindness among working age adults, with 90% of
T1DM patients and 40% of T2DM patients predicted to have some degree of visual
impairment (Brem and Tomic-Canic, 2007; Willard and Herman, 2012).

It is important to note that these macro- and microangiopathies affect both T1 and T2DM
patients, suggesting that persistent hyperglycemia of any etiology is the principal factor
underlying the development of these life-threatening vascular insults. And, while these
conditions develop after the loss of glycemic control, the dermal and retinal
microcirculation present absolutely opposing vascular responses in DFU and DR,
respectively (Figure 1.1), despite some common pathogenic elements at the molecular and
cellular levels. The following sections offer reviews of the metabolic and inflammatory
aberrations hypothesized to be the source of endothelial dysfunction common to diabetic
vasculopathies, and how these contribute to the specific pathophysiology of DFU and DR.

1.1.4

Inflammation

and

Endothelial

Dysfunction

in

Diabetic

Macro-

and

Microangiopathies
Patients with T1 and T2DM live with significantly elevated risks of heart disease and
stroke, along with microvascular diseases that threaten limbs, sight, and life. Although the
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loss of glycemic control disrupts the function of the vasculature throughout the body, the
vascular responses to this insult have tissue-specific presentations. The disparate
manifestations of diabetic angiopathies are perhaps best appreciated in comparing the
pathogenesis of DFU, which are hallmarked by the failure to re-grow dermal blood vessels
required for healing, to the sequelae of DR, which is characterized by microaneurysm
formation and maladaptive vascular overgrowth in the late, proliferative stage of the
disease (Figure 1.1). Despite the striking contrasts in disease progression, which may

Figure 1.1 Angiogenic Imbalance in Diabetes. The loss of glucose homeostasis causes persistent
inflammation and endothelial dysfunction, which have strikingly disparate manifestations across
tissues. These differences are perhaps best appreciated when comparing the vascular dysfunction
underlying non-healing diabetic foot ulcers, which fail to mount a sufficient angiogenic response after
injury, and proliferative diabetic retinopathy characterized by florid, disorganized vascular overgrowth
and fluid extravasation in the back of the eye that threaten vision. This figure was created by the author
using an image of a diabetic foot ulcer with permission from the publisher of Podiatry Today (rotated
90 degrees counter-clockwise to fit this figure and originally included in the article, “A Guide to
Emerging Antibiotics for Diabetic Foot Infections”), along with an image contained within Andreas
Vesalius’ De Humani Corporis Fabrica from the National Libraries of Medicine, and an image of a
diabetic fundus from the National Eye Institute of the National Institutes of Health, each of which are
freely available without copyright.
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partially

stem

from

the inherent differences in

the cutaneous and

retinal

microenvironments, DFU and DR are thought to arise as a result of hyperglycemia-driven
endothelial dysfunction, which may be common to all diabetic angiopathies independent
of vessel size and location (Roberts and Porter, 2013).

Endothelial dysfunction broadly refers to the collective disruptions in endothelial cell
homeostasis observed in diabetes and atherosclerosis, linked to an imbalance in
vasoconstricting and vasodilating signals that increases inflammation and production of
damaging reactive oxygen species (ROS) such as superoxide (Roberts and Porter, 2013;
Kolluru, et al, 2012; Paneni, et al, 2013). While endothelial dysfunction is also implicated
in vascular pathologies driven by essential hypertension and non-diabetic atherosclerosis,
and it is difficult to separate the effects of atherosclerosis from diabetes due to the
atherogenic qualities of hyperglycemia, the loss of endothelium-dependent vasodilation
has nonetheless been demonstrated in animal models of T1 and T2DM as well as in human
patients with either disease (Roberts and Porter, 2013; Kolluru, et al, 2012). Across all
vascular diseases, endothelial dysfunction is attributable to diminished production and
bioavailability of endothelial-derived nitric oxide (NO), a potent vasodilator, and an
overabundance of pro-contractile stimuli including endothelin-1 (ET-1), angiotensin-II (AII), and thromboxane-A2 (TXA2), among others (Roberts and Porter, 2013; Kolluru, et al,
2012). In T1 and T2DM, four principal metabolic aberrations are hypothesized to facilitate
endothelial dysfunction: altered glycemic flux via the (1) hexosamine and (2) polyol
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biosynthesis pathways; (3) activation of protein kinase C (PKC); and (4) the formation of
advanced glycation end products (AGEs; Roberts and Porter, 2013).

Under normoglycemic conditions, the hexosamine and polyol pathways display low
affinity for glucose, yet are critical regulators of the intracellular redox state. However, the
hyperglycemia in T1 and T2DM increases glucose shunting down these pathways. Excess
sorbitol production via aldose reductase consumes NADPH; this inhibits the action of
NADPH-dependent glutathione reductase, depriving the cell of reduced glutathione
necessary to mitigate oxidative stress (Roberts and Porter, 2013; De Bock, et al, 2013).
And, the increased flux through the hexosamine biosynthesis pathway leads to abnormal
protein glycosylation. In turn, this hampers the functions of several intracellular proteins,
importantly including endothelial NO synthase (eNOS), thus blunting NO production
(Eelen, et al, 2015). Hyperglycemia and high levels of free fatty acids due to diabetic
dyslipidemia chronically activate PKC signaling, increasing ET-1 production and
activating nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB), a master
transcriptional regulator of inflammation (Roberts and Porter, 2013). This increases
expression of vascular – and intercellular adhesion molecules (VCAM and ICAM) and Eand P-selectins that promote inflammatory cell and platelet attachment to the vascular
endothelium, and the production of pro-inflammatory cytokines such as tumor necrosis
factor-a (TNFa), interleukin-1b (IL-1b), and interleukin-6 (IL-6; Roberts and Porter,
2013; Pahl, 1999). Aberrant PKC signaling further depletes NO production by suppressing
eNOS activity and exacerbates oxidative stress via sustained activation of the pro-oxidant
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mitochondrial adaptor protein, p66Shc, and NADPH oxidase, producing additional
superoxide that reacts with NO to generate toxic peroxynitrite radicals (Paneni, et al, 2013).

AGEs, such as methylglyoxal, are formed as a result of non-enzymatic glycation in the face
of hyperglycemia. These modifications occur on both intra- and extracellular proteins,
compromising function and turnover of numerous proteins, including those of the
extracellular matrix (ECM). Subsequently, extracellular AGEs bind to their receptor
(RAGE) on the vascular endothelium, which further exacerbates ROS production and
NFkB signaling, potentiating the damaging inflammatory cycle that drives endothelial
dysfunction in diabetes and atherosclerosis. Though the primacy of any one of these four
hyperglycemic aberrations has yet to be established, the net effect of these pathologic
alterations is a profound imbalance between NO, pro-contractile stimuli and ROS that
inhibits endothelial-dependent vasodilation and creates the pro-inflammatory environment
of diabetes. The combination of hyperglycemia and inflammation induces the fibrinolytic
inhibitor, plasminogen activator inhibitor-1 (PAI-1), contributing to the development of a
pro-thrombotic state that elevates the risk of occlusive macrovascular disease and the
creation of microemboli that may damage dermal and retinal capillaries (Paneni, et al,
2013; Cooke and Losordo, 2015). Along with diabetic hyper- and dyslipidemia, these
pathologic changes reduce blood flow, increase vascular leukostasis, and drive
characteristic basement membrane thickening via the pro-fibrotic actions of ET-1, A-II,
and other contractile effectors (Cooper, et al, 1989; Evans, et al, 2000; Cooke and Losordo,
2015).
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Importantly, endothelial dysfunction has been demonstrated in animal models of both T1
and T2DM, and human patients with either condition display increases in serum markers
of inflammation, including C-reactive protein, TNFa, IL-6 and VCAM1 (Smidowicz and
Regula, 2015; Gustavsson, et al, 2008; Sahakyan, et al, 2010). Thus, it appears that the
combination of diabetic inflammation and pro-atherogenic metabolic dysfunction plays an
integral part in the development of diabetic vascular disease. These deleterious changes
give rise to clinically apparent nerve and vascular damage (Costa and Soares, 2013), along
with histopathologic changes in vascular morphology (Durham and Herman, 2011).
However, given the conundrum presented by angiogenic incompetence in non-healing
DFU and vascular overgrowth in DR, there remain important gaps in our understanding
how persistent hyperglycemia within an individual may promote vastly different clinical
sequelae in a tissue- and vascular bed-specific manner.

1.2 HEALING IMPAIRMENTS IN DIABETIC FOOT ULCERS
1.2.1 Roles of Atherosclerosis and Peripheral Neuropathy in DFU
Endothelial dysfunction and chronic inflammation in T1 and T2DM promote the evolution
of peripheral arterial disease (PAD) and neuropathy in the distal extremities that give rise
to non-healing wounds, especially in the foot, where reduced eNOS abundance and other
molecular disturbances have been demonstrated in the dermal vasculature of diabetic
patients (Kolluru, et al, 2012). Of historical note, the Arab physician Avicenna, who lived
near the end of the first millennium A.D., was among the first to describe several diabetic
neurovascular complications, including peripheral neuropathy (Ahmed, 2002). Mid-way
through the 19th century, de Calvi and Hodgkin each contributed the first modern
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associations between diabetes and healing impairments (Naves, 2016). Later, in his 1925
Nobel lecture, Banting stated: “One of the commonest complications of diabetes, especially
in untreated patients over fifty, is gangrene. It is often associated with varying degrees of
sclerosis of the leg arteries, which makes it extremely difficult to obtain healing.”

Indeed, neuropathy and PAD are each strongly associated with the development of DFU
(Cooke and Losordo, 2015; Paneni, et al, 2013). The most common diabetic neuropathies
are distal polyneuropathies affecting sensory and motor nerves of the feet and hands,
manifesting as diminished vibrational and tactile sensation in a so-called “stocking-andglove” distribution (Said, 2013). Additionally, impairments in peripheral sympathetic
nerves of the dermis alter the function of sweat glands, leading to excessive dryness that
contributes to breakdown of skin barrier function (Volmer-Thole and Lobmann 2016).
Thus, peripheral neuropathy leads to the inability to perceive acute foot injuries, such as
puncture wounds from stepping on sharp objects, or repetitive foot traumas arising from
improperly fitting shoes, along with reduced sweat gland function that compromises skin
integrity (Said, 2013; Volmer-Thole, and Lobmann 2016). Peripheral neuropathy may also
lead to degenerative changes in foot architecture, heralding the onset of Charcot
arthropathy occurring in up to 5% of DM patients (La Fontaine, Lavery and Jude, 2016).
The increased plantar pressure in this devastating condition greatly elevates the risk of
developing a DFU, as patients with Charcot arthropathy have an annual DFU incidence of
17% compared with a 5% annual ulceration rate in patients without Charcot foot, and the
combination of Charcot neuropathy and DFU has a 12-fold higher risk of LEA compared
to non-healing DFU alone (La Fontaine, Lavery and Jude 2016).
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Diabetes and PAD are deeply intertwined, as at least 11% of patients with diabetes have
co-morbid PAD, compared to 4% of non-diabetic individuals (Brownrigg, et al, 2015).
Poor glycemic control is an independent risk factor for peripheral atherosclerosis, with
each 1% increase in HbA1c yielding a 28% elevation in the likelihood of developing PAD;
moreover, PAD itself is an independent risk factor for DFU, and nearly half of all patients
with DFU also have PAD (Brownrigg, et al, 2015). The formidable combination of
peripheral atherosclerosis and microthrombi may occlude the macro- and microvessels of
the extremities, reducing blood flow and causing capillary damage (Cooke and Losordo,
2015). In addition, reduced NO bioavailability attenuates capillary vasodilation, which
may increase microvascular resistance and impair blood flow to areas of metabolic need,
elevating the risk of DFU (Cooke and Losordo, 2015; Brownrigg, et al, 2015).

1.2.2 Cutaneous Wound Healing
All cells and tissues must possess reparative mechanisms in order to restore organ and
system integrity and functionality after injury. In healthy individuals, cutaneous injuries
heal through a series of tightly regulated phases that physically and temporally overlap
with one another to achieve wound resolution (Figure 1.2). These include: a) initial events
linked to hemostatic control that occur immediately following injury, aimed at limiting
blood extravasation from the damaged dermal vasculature; b) immune cell responses
lasting 1-3 days after wounding, characterized first by the pro-inflammatory activities of
neutrophils and macrophages to engulf tissue debris and invading microbes, and a
subsequent shift in macrophage polarization that promotes tissue repair; c) a proliferative
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and migratory phase that initiates at approximately 3 days post-injury, consisting of dermal
vascular re-growth, fibroblast proliferation and conversion to myofibroblasts that exert
contractile forces to aid in closure, and re-epithelialization via epidermal keratinocyte
proliferation and migration, spanning the course of 1-2 weeks; d) the final phase of tissue
remodeling, beginning about 2 weeks after initial injury, which is hallmarked by complete
wound closure, along with neovessel regression and myofibroblast apoptosis that yield an
acellular dermal scar (Singer and Clark, 1999). Importantly, the organized progression
through the phases of cutaneous healing is contingent upon a complex network of cellular

Figure 1.2 The phases of cutaneous wound repair. Hemostasis begins immediately after injury in order
to limit blood extravasation from the damaged vasculature and form a provisional matrix to support the
later events of healing. Subsequently, immune cell responses last 1-3 days after wounding, initially driven
by the pro-inflammatory neutrophils and macrophages that engulf tissue debris and invading microbes,
followed by a transition in macrophage polarization that promotes the onset of the later proliferative and
migratory phases that consist of angiogenesis, fibroblast proliferation, and re-epithelialization over the
course of 1-2 weeks. The final phases of tissue remodeling begin about 2 weeks after initial injury, which
involve complete wound closure, neovessel regression and the formation of an acellular dermal scar.
Figure courtesy of Ira Herman, Ph.D.
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crosstalk, the availability and activity of reparative growth factors and cytokines synthesis,
which are regulated in part by continued remodeling of the ECM (Schultz, et al, 2011;
Lelièvre and Bissell, 1998; Schultz and Wysocki, 2009).

1.2.2.1 Cell-Matrix Interactions in Physiologic Wound Repair
In addition to serving as a structural support, the ECM influences the growth, shape,
differentiation, and motility of multiple cell types, among other behaviors (Nelson and
Bissell, 2006; Scultz, et al, 2011; Brown and Badylak, 2014). Upon cutaneous injury,
vascular disruption exposes ECM components such as collagen, laminin, and fibronectin,
allowing platelet adhesion via b1 and b3 integrins, as well as surface glycoproteins,
culminating in platelet activation and degranulation (Ruggeri and Mendolicchio, 2007;
Schultz, et al, 2011). Endothelial and platelet-derived von Willebrand factor and
extravasated, blood-borne fibrinogen bind platelet integrin aIIbb3, driving aggregation and
thrombus formation, and the protease thrombin converts soluble fibrinogen to insoluble
fibrin, which polymerizes to form a clot (Schultz, et al, 2011). The fibrin clot binds plasma
proteins such as vitronectin and fibronectin, forming a provisional ECM that influences
cellular activities in the subsequent inflammatory and proliferative phases of wound repair.

Fibronectin and other ECM proteins contained within the hemostatic plug facilitate
monocyte chemotaxis and local macrophage differentiation, and also augment phagocytic
capacity (Schultz, et al, 2011; Ruggeri and Mendolicchio, 2007). Additionally, this
provisional ECM dictates the growth and migration of vascular endothelial cells (EC),
dermal fibroblasts, and keratinocytes, and controls morphogenic processes such as
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endothelial tube formation during angiogenesis, the sprouting of new capillaries from
existing vascular networks (Schultz, et al, 2011; Lelièvre and Bissell, 1998). The ECM also
functions as a growth factor repository, capable of binding and sequestering pro-healing
molecules such as platelet-derived growth factor (PDGF), transforming growth factor-beta
1 (TGFb1), vascular endothelial growth factor (VEGF), and fibroblast growth factor-2
(FGF2), the latter of which possesses bioactivity dependent upon interactions with heparan
sulfate proteoglycan (HSPG) (Schultz and Wysocki, 2009). In response to the initial injuryprovoked and matrix-derived events, vascular EC, along with dermal and epidermal cells,
alike, further modify their respective extracellular matrix microenvironments, often giving
rise to matrix remodeling (Schultz, et al, 2011; Clause and Barker, 2013). Such changes in
matrix architecture and composition feedback to the cells and provide additional
instruction, perpetuating the cycle of dynamic and reciprocal interactions, known as
dynamic reciprocity, between cells and their surrounding ECM that are critical for wound
repair (Schultz, et al, 2011).

1.2.2.2 ECM Remodeling Shapes Immune Responses in Healing
Throughout the phases of cutaneous repair, cells continually remodel the ECM
composition and functionality through the activity of proteolytic enzymes, including
neutrophil and macrophage-synthesized elastase, along with the Cu2+ and Zn2+-dependent
matrix metalloproteinases (MMPs). This enzymatically driven ECM turnover is regulated
by the tissue inhibitors of metalloproteinases (TIMPs), which bind to and inactivate MMPs
(Visse and Nagase, 2003). Importantly, balanced MMP/TIMP expression is critical for
immune cell function, as well as dermal and epidermal cell migration, proliferation, and
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growth factor abundance and bioactivity. Indeed, the matrix-remodeling proteases
produced by immune effector cells are necessary for removal of devitalized tissue and
debris while serving to stimulate microvascular remodeling and angiogenic activation by
promoting capillary sprout formation and endothelial cell migration (Koh and DiPietro,
2011; Van Hinsbergh and Koolwijk, 2008). This occurs in part via monocyte binding to
fibronectin and other ECM proteins, which not only enhances phagocytic capacity, but also
influences macrophage differentiation and phenotypic transition from classically activated,
pro-inflammatory “M1” macrophages, to alternatively activated, constructive “M2”
macrophages that produce several reparative growth factors such as PDGF, VEGF,
transforming growth factor-alpha (TGFa), and heparin-binding epidermal growth factor
(HB-EGF) (Koh and DiPietro, 2011).

1.1.2.3 Matrix-Derived Signals Orchestrate Angiogenesis
Post-injury angiogenesis is indispensable for supplying the healing wound with oxygen,
nutrients and various cellular effectors, as well as removing metabolites and CO2
(Folkman, 2007). ECM components and their subsequent remodeling are requirements for
wound-healing angiogenesis. The presence of the fibrin clot occludes the remaining
vasculature, creating a hypoxic microenvironment that promotes angiogenesis via
stabilization of hypoxia-inducible factor-1a (HIF1a), nuclear translocation of the
HIF1a/1b complex, and transcription of pro-angiogenic factors such as VEGF (Semenza,
2012). The HIF complex also regulates transcription of cytokines such as stromal cellderived factor-1a (SDF1a) and its cognate receptor, C-X-C chemokine receptor type-4
(CXCR4), which aid in recruiting endothelial progenitor cells (EPCs) and mesenchymal
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stem cells (MSCs) that participate in adult vasculogenesis and wound repair (Semenza,
2012; Bollag and Hill, 2013; Nishimura, et al, 2012). In response to VEGF stimulation, the
dermal microvasculature produces MMPs and other matrix-remodeling proteases that
degrade the basement membrane, commensurate with proliferative, migratory and
morphogenic responses that drive vascular remodeling (Van Hinsbergh and Koolwijk,
2008; Bao, et al, 2009; Schultz, et al, 2011), along with increased vascular permeability
that allows the extravasation of plasma fibrin and fibronectin to form a provisional matrix
that supports fibroblast influx and re-epithelialization (Clark, et al, 1982; Clark, et al, 1983;
Dvorak, 2000).

The dermal capillary EC express several integrins, such as avb3 and a1b1 that allow them
to bind fibrin-fibronectin and type I collagen, respectively, further dictating migratory and
morphogenic responses in vascular growth, including the formation of solid angiogenic
“cords” and their subsequent expansion into hollow, lumen-containing tubes (Schultz, et
al, 2011; Senger and Davis, 2011). Matrix-driven tube formation occurs in part via integrin
a1b1 and a2b1 activation of Src and the small GTPase, RhoA, while suppressing activity
of the small GTPase, Rac (Senger and Davis, 2011). Together, these increase
polymerization of the endothelial actin cytoskeleton, promoting stress fiber formation that
is critical for the development of endothelial cords, and collagen I-a2b1 integrin signaling
critically regulates lumen formation in three-dimensional type I collagen gels via
coalescence of intracellular pinocytic vacuoles (Davis and Camarillo, 1996; Senger and
Davis, 2011).
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Mural cells are critical for vascular remodeling. Consisting of vascular smooth muscle cells
in arteries, arterioles, and veins, and pericytes in capillaries and post-capillary venules,
mural cell populations modulate vascular growth, confer mechanical stability, aid in barrier
function, and regulate vascular tone (Orlidge and D’Amore, 1987; Armulik, et al, 2010;
Hall, et al, 2014). Microvascular pericytes are actively recruited to so-called “vascular
guidance tunnels” created by endothelial ECM proteolysis, and associate with the
abluminal endothelial surface (Senger and Davis, 2011). Pericyte investment stabilizes the
nascent microvasculature, coordinating basement membrane re-synthesis in concert with
the capillary endothelium that ultimately separates the endothelium from the surrounding
interstitial ECM to promote the formation of a hollow vascular lumen (Antonelli-Orlidge,
et al, 1987; Stratman, et al, 2010; Senger and Davis, 2011). Upon endothelial contact,
pericytes produce TGFb1, which in turn regulates ECM production by fibroblasts and other
cells (Antonelli-Orlidge, et al, 1987). In addition, ECs and pericytes secrete multiple
TIMPs that mitigate MMP activity and limit vascular regression, further demonstrating the
roles of both cell types in matrix remodeling during angiogenesis and tissue repair (Senger
and Davis, 2011; Dulmovits and Herman, 2012).

Dermal fibroblasts also express a combination of matrix-adhesive integrins and ECMdegrading MMPs that allow their directed migration toward growth factors bound to the
provisional ECM, such as PDGF and TGFb1. These growth factors drive fibroblast
proliferation and collagen synthesis, and also interact with the bioactive lipid, sphingosine1-phosphate (S1P), to regulate endothelial cell migration and MMP expression (Schultz, et
al, 2011). Clot-associated fibronectin also stimulates fibroblast glycoprotein expression
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and collagen synthesis, and collagen-fibroblast interactions via b1 integrins stimulates
MMP production that degrade ECM components to permit further migration (Schultz, et
al, 2011). Indeed, fibroblast-synthesized type I collagen is likely to further influence
angiogenic activity within the wound bed, as three-dimensional interstitial collagen I has
been demonstrated to promote endothelial cord formation and lumen expansion in vitro,
and the combination of vascular influx and increased collagen deposition transforms the
provisional ECM into mature granulation tissue critical for healing (Herman and Leung,
2009; Singer and Clark, 1999).

1.2.2.4 Matrix Composition Directs Keratinocyte Re-Epithelialization
In turn, within the epidermal compartment, ECM remodeling and MMP functionality
activate keratinocyte migration and proliferation required for re-epithelialization and
wound closure (Pastar, et al, 2014). For example, keratinocyte integrins a3b1 and aVb6
regulate MMPs and other proteases that degrade hemidesmosomal associations with the
laminins and other ECM proteins in the underlying basal lamina, allowing these cells to
advance as a polarized sheet across the newly deposited ECM (Schultz, et al, 2011;
DiPersio, et al, 2016). As these cells lack the integrins that permit fibrin/fibronectin
interaction, these provisional ECM components are anti-adhesive for keratinocytes and
promote their migration (Schultz, et al, 2011). Keratinocytes at the wound edge also
abundantly express MMP1, which regulates integrin a2b1-collagen I interactions to further
control adhesion and migration (Pastar, et al, 2014). Keratinocyte-expressed membranetype MMPs (MT-MMP) are also required to cleave HB-EGF ectodomains and liberate it
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from its membrane anchorage, allowing it to bind ECM-associated heparin and heparan
sulfate and function as a broad-spectrum mitogen and motogen (Schultz, et al, 2011).

1.2.2.5 ECM-Derived Peptides Modulate Wound Healing
Intriguingly, in addition to instructive cues supplied by intact matrix proteins, such as
fibrin, fibronectin, type I collagen, type IV collagen and laminins present within the
vascular basement membrane (Senger and Davis, 2011), MMPs and other matrixremodeling proteases may liberate cryptic ECM domains that possess unique bioactivities
relative to the properties of the intact, full-length matrix macromolecules (Ricard-Blum
and Salza, 2014). Such protein fragments have been termed “matrikines” or
“matricryptins” (Ricard-Blum and Salza, 2014). Proteolytic cleavage of collagen IV,
collagen XVIII, and HSPG give rise to the potent angiogenesis inhibitors, tumstatin,
endostatin, and endorepellin, respectively (Mundel and Kalluri, 2007; Poluzzi, Iozzo and
Schaefer, 2016). In addition, elastin degradation products have been demonstrated to
regulate several processes critical for tissue repair, including vascular remodeling,
MMP/TIMP balance, and immunomodulation (Tran, et al, 2005).

Matricellular proteins, named for their associations with both the cell surface and the ECM
(Bornstein and Sage, 2002), such as thrombospondin-1 and -2 (TSP1, TSP2) have been
demonstrated to regulate endothelial growth, motility and morphogenesis as well as matrix
remodeling (Tan and Lawler, 2009; Lawler and Lawler, 2012). Importantly, TSP1 also
displays “matricryptic” qualities, as proteolysis may liberate the pro-angiogenic N-terminal
TSP1 domain, whereas the full-length TSP1 molecule displays broad anti-angiogenic
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effects through suppression of MMP activity and inhibition of VEGF release from the ECM
(Tan and Lawler, 2009; Lawler and Lawler, 2012). Overall, tightly regulated cell-matrix
interactions are indispensable for proper wound healing, through modulating migratory,
proliferative and morphogenic behaviors via specific integrins, binding and proteasedependent release of reparative growth factors, and continued matrix remodeling via
MMPs and other proteases that exposes hidden bioactive matrix domains that often elicit
distinct behaviors compared to their ‘parent’ ECM components (Schultz and Wysocki,
2009; Tran, et al, 2005).

1.2.2.6 Cell-Matrix Interactions are Disrupted in DFU
Once wounds such as DFU occur, there are several factors that contribute to the lack of
healing. In fact, it is postulated that over 100 different cellular pathways and
microenvironmental factors are disrupted in non-healing DFU and other chronic wounds
(Demidova-Rice, et al, 2012; Brem and Tomic-Canic, 2007). Whereas organized, acute
wound healing is contingent upon the balanced expression of proteases and their inhibitors,
chronic wounds, such as DFU are often typified by a pronounced overabundance of ECMdegrading enzymes and remain arrested in a prolonged inflammatory state (Armstrong and
Jude, 2002; McCarty and Percival, 2013; Gottrup, 2004). Thus, DFU and other non-healing
cutaneous wounds, including those stemming from non-diabetic PAD, venous leg ulcers
(VLU), and decubitus ulcers occurring over bony prominences in immobilized individuals,
are characterized by their failure to progress through the phases of tissue repair in an
organized and timely fashion (Falanga, 2004; Schultz, et al, 2011).
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The chronic inflammation in non-healing wounds, marked by elevated levels of cytokines
such as TNFa, IL-1b, and IL-6, chemokines such as monocyte chemoattractant protein-1
(MCP1), and cytotoxic ROS, leads to persistent cellular damage that inhibits wound repair
(Eming, et al, 2014). And, the presence of AGE-modified intracellular and matrix proteins
in diabetes not only exacerbates ROS production and pro-inflammatory cytokine secretion,
but may also pathologically elevate MMP production in macrophages, vascular smooth
muscle and ECs, fibroblasts, and keratinocytes (Kamioka, et al, 2011; Sugimoto, et al,
2014; Ohkawara, et al, 2015; Serban, et al, 2016). The severe protease overload
characteristic of DFU and other non-healing wounds, concomitant with a marked reduction
in TIMPs and other protease inhibitors, is hypothesized to cause excessive matrix turnover
that disrupts the canon of wound repair (McCarty and Percival, 2013). Indeed, the absence
of a functional ECM would restrict availability of multiple growth factors and abolish
FGF2 function. Moreover, excessive proteases, especially neutrophil elastase, may be
responsible for destruction of numerous growth factors in chronic wounds, such as PDGF
and TGFb1 (Schultz, et al, 2011; Chen, et al, 1997).

The loss of ECM-derived signals and trophic factors stemming from MMP-to-TIMP
imbalance drastically alters cell-matrix interactions in chronic wounds and impairs postinjury migration, proliferation, and angiogenesis required for tissue repair (Visse and
Nagase, 2003; Trengove, et al, 1999; Brem and Tomic-Canic, 2007). The inability to
successfully re-grow blood vessels after injury leads to a lack of nutrients and oxygen
needed to nourish the tissue and foster successful wound resolution (McCarty and Percival,
2013; Chen, et al, 1997). In turn, the ischemia resulting from angiogenic impairment can
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lead to wound necrosis, manifesting as nonviable slough and eschar (Kerstein, 1996;
Blakytny and Jude, 2009). This devitalized tissue, largely comprised of denatured collagen,
may exacerbate inflammation, increase susceptibility to infection, and presents a further
impediment to reparative processes. Additionally, whereas the skin of wounds undergoing
acute healing has been observed to have a slightly acidic pH, which is attributable to
hypoxia and increased lactate production, among other factors, the pH of chronic wounds
is notably alkaline (Jones, Cochrane, and Percival, 2015). The acidic environment of acute
wounds promotes multiple healing processes, including fibroblast proliferation, migration,
and ECM synthesis while limiting bacterial growth and excessive proteolysis as many
matrix-remodeling enzymes have optimum activity between pH 7-8; accordingly, the
persistently elevated pH of chronic wounds is hypothesized not only to drive pathologic
ECM turnover from elevated protease activity, but also to increase susceptibility to
bacterial infection (Jones, Cochrane, and Percival, 2015). In turn, the complications from
bacterial infection, especially biofilm-associated bacteria, impose a further constraint on
wound closure resolution (Kerstein, 1996). Hence, these wounds remain open, become
infected, and may require LEA or lead to life-threatening septicemia.

1.3 ANGIOGENIC OVERGROWTH IN DIABETIC RETINOPATHY
Whereas DFU are hallmarked by their inability to mount a sufficient angiogenic response
to support tissue repair, the characteristic lesions observed in DR consist of microaneurysm
formation and eventual angiogenic overgrowth. The earliest known ophthalmoscopic
observation of retinal vasculopathy in diabetes is contained in the works of Eduard von
Jaeger, in his 1869 Atlas of Disease of the Ocular Fundus (Fischer, 1989). Vascular
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proliferation in diabetic retinae were first noted by Manz in 1876; subsequently, Mackensie
and Nettleship described microaneurysms in retinal flat mount preparations in 1879, and
corroborated Manz’s observation of retinal neovascularization in diabetes (Fischer, 1989).
These findings culminated in Julius Hirschberg’s offering the first comprehensive clinical
description of DR in 1890, who was also the first to claim these findings were specific to
diabetes (Fischer, 1989).

After the “re-discovery” of retinal microaneurysms by Ballantyne and Loewenstein in
1943, seminal studies by Cogan, Toussaint and Kuwabara revealed the distinct lack of
pericyte coverage in proliferative microvessels that gave rise to microaneurysms, along
with thickening of the capillary basement membrane that leads to vascular occlusion: “It
is suggested that the loss of mural cells so weakens the walls focally as to result in
outpouchings from the patent vessels bordering on a zone of occluded capillaries. The
endothelium, which proliferates as a result of the stretching, lays down new vessel wall
progressively until the thickening causes either occlusion of the microaneurysm or
inanition of its wall (1961)”

In our current understanding of DR, the disease pathogenesis is divided into two major
phases: background or non-proliferative (NP)DR, characterized by the compromise of
retinal microcirculation and capillary degeneration, importantly including retinal pericyte
(RP) disappearance; and later proliferative (P)DR, marked by neovascularization
secondary to hypoxia arising from RP loss and microvessel breakdown in NPDR (Durham
and Herman, 2011; Costa and Soares, 2013). While the precise factors responsible for
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initiating DR are not fully understood, inflammatory changes secondary to hyperglycemic
endothelial dysfunction are hypothesized to play a strong role in disease development
(Figure 1.3) (Kern, 2007; Durham and Herman, 2011; Willard and Herman, 2012; Costa
and Soares, 2013).

1.3.1 Vascular Inflammation in DR
In the early phases of NPDR, diabetes-associated elevations in VCAM1, ICAM and Eselectin enhance capillary leukocyte adhesion, and increases in P-selectin and PAI-1 are
thought to contribute to thrombogenic microvascular insults (Kern, 2007). Indeed,
increased expression of IL-1b, TNFa and other inflammatory mediators have been
detected in the vitreous of T1 and T2DM patients with DR (Esser, et al, 1995), along with
abnormal leukocyte adherence and the presence of platelet-containing microthrombi in the
retinal microcirculation of diabetic humans and rodents (Kern, 2007). In addition, PKCdependent inductions in ET-1 and loss of endothelial NO may promote RP contraction that
narrows capillary lumen diameter and disrupt gap junction signaling, and increased ET-1
is also implicated in capillary basement thickening that accompanies DR (Kawamura, et
al, 2012).

Leukostasis and capillary narrowing may reduce blood flow and worsen inflammation, as
in vitro studies of shear stress on human retinal microvascular EC reveal marked inductions
in ICAM-1, VCAM, E-selectin, MCP-1, PAI-1 and IL-6 mRNAs under low flow rates,
whereas increased flow upregulates eNOS mRNA and reduces ET-1 mRNA (Ishibazawa,
et al, 2013). However, reports of retinal blood flow alterations in human T1 and T2DM
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patients have revealed conflicting results, and may vary with assessment methods and
patient populations: some studies demonstrate increases in retinal blood flow, others report
flow reductions, and some reveal no flow changes at all, depending on the instrument used,
the length of the study, and whether proliferative retinopathic changes are evident (Pemp
and Schmetterer, 2008). Nevertheless, the confluence of these myriad inflammatory
changes is hypothesized to facilitate the breakdown of RP-REC associations critical for
maintaining the blood-retinal barrier and endothelial quiescence, eventually setting the
stage for pathologic neovascularization (Durham and Herman, 2011; Willard and Herman,
2012).

1.3.2 Matrix Remodeling, Pericyte Dysfunction, and Angiogenic Factors Contribute to DR
and DME Progression
Abnormal thickening and re-duplication of the capillary basement membrane is a hallmark
of diabetic vascular disease. The imbalance in pro-contractile, pro-fibrotic effectors such
as ET-1, A-II, and S1P may drive perturbations in synthesis of basement membrane
components such as fibronectin, type IV collagen, and laminins; not only does the increase
in ECM synthesis narrow microvascular lumens, but AGE modified basement membranes
may also impede growth factor bioavailability and potentiate the inflammatory cycle,
leading to endothelial damage (Durham and Herman, 2011; Willard and Herman, 2012;
Costa and Soares, 2013). In turn, these changes are hypothesized to contribute to RP
dysfunction and disappearance from the retinal microvasculature. Loss of RP-derived
signals and physical interactions disrupts N-cadherin and Notch signaling necessary to
maintain endothelial tight junctions (McGuire, et al, 2011; Neng, et al, 2013; Gerhardt, et
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Figure 1.3 Pathogenesis of Proliferative Diabetic Retinopathy. Persistent elevations in blood glucose are
hypothesized to induce inflammatory changes in the retinal vasculature that leads to the loss of pericytes
from the capillary microcirculation, which allows the normally quiescent endothelium to re-enter the cell
cycle and form new blood vessels. Our understanding of the exact mechanisms underlying the progression
of proliferative diabetic retinopathy remains incomplete, as recent evidence generated from our lab supports
the notion that pericyte dysfunction may permit angiogenic reactivation without requiring the frank “drop
out” of pericytes from the retina. This figure was created using images of healthy and diabetic fundi image
obtained from the National Eye Institute of the National Institutes of Health, each of which are freely
available without copyright
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al, 2000; Sainson and Harris, 2008), thus violating blood-retinal barrier integrity. The
resulting vascular leakage presents clinically as diabetic macular edema (DME).

Progressive capillary occlusion due to aberrant ECM synthesis and microthrombi
eventually results in degenerate, acellular capillaries consisting only of a thickened
basement membrane. These vessels are not perfused and create a hypoxic
microenvironment in concert with continued vascular leakage. In turn, the combination of
retinal hypoxia arising from loss of vascular integrity and persistent inflammation due to
AGE production and diabetic endothelial dysfunction elevates several angiogenic growth
factors and matrix remodeling enzymes, especially VEGF and MMPs, which drive
pathologic retinal neovascularization (Costa and Soares, 2013). Clinically, PDR is defined
by the sprouting of new blood vessels that breach the innermost layer of the retina, the
inner limiting membrane (ILM); the appearance of new blood vessels on the surface of the
optic nerve head is termed ‘neovascularization of the disc,’ while their appearance on the
surface of the retina is called ‘neovascularization elsewhere.’ Accordingly, VEGFdependent angiogenic responses are critical for the evolution of neovascular membranes in
PDR, as increased VEGF levels have been detected in the vitreous of DME and PDR
patients, and intravitreal VEGF injections produce vascular lesions and hemorrhage highly
reminiscent of PDR (Willard and Herman, 2012).

Pericyte drop-out from the retinal microcirculation is suggested to promote formation of
microaneurysms and microhemorrhages, some of the earliest retinopathic features
detectable by ophthalmoscopic examination and fluorescein angiography that may be
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precursors to PDR (Frank RN, 2004; Willard and Herman, 2012). At the same time, it is
notable that pericyte loss may not be a firm requirement for aberrant retinal
neovascularization. Several studies from our lab reveal alterations in pericyte cytoskeletal
organization and contractile phenotype may be sufficient to foster endothelial cell cycle reentry through contact-dependent and –independent mechanisms (Kutcher, et al, 2007;
Kotecki, et al, 2009; Lee, et al, 2010; Durham, et al, 2014). Recently, we have demonstrated
that pericytes derived from diabetic human donor retinae have significantly reduced
contractile properties and fail to arrest endothelial growth through heterotypic cellular
contact-dependent and –independent mechanisms, including an increase in pericytederived S1P that stimulates endothelial proliferation and angiogenic induction (Durham, et
al, 2015). Indeed, S1P activates both angiogenic and fibrotic processes in the eye, as
Caballero, et al, revealed that attenuating increases in ocular S1P through monoclonal
antibodies inhibits injury-dependent choroidal neovascularization as well as sub-retinal
fibrosis in mice (2009). Thus, deviations in pericyte function may play a key role in
furthering inappropriate ECM synthesis and angiogenic activation, prior to their eventual
disappearance.

1.3.3 Matrix Fragments in Retinal Vascular Homeostasis and PDR
Matricellular proteins and matricryptins appear to be critical regulators of retinal
angiogenesis in health and disease. For instance, anti-angiogenic factors matricellular
proteins such as TSP1, and the plasminogen-derived peptide, angiostatin, are abundantly
expressed in the retinae of multiple mammals, along with the potent MMP- and
angiogenesis inhibitor, pigment epithelium-derived factor (PEDF; Alcantara and Dass,
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2014; Stewart, 2006). These molecules are thought to contribute to the normal antiangiogenic environment of the retina, in concert with the absence of pro-angiogenic growth
factors such as VEGF and integrins such as aVb3 (Lutty, et al, 1996; Pearce, et al, 2007;
Bishop, 2015). However, these expression patterns are reversed in PDR, as the vitreous
humor of non-diabetic patients and patients with NPDR displays greater levels of PEDF
than are present in PDR. Additional reductions in angiostatin and other angiogenic
inhibitors may further exacerbate pathologic vascular proliferation in this setting, along
with increased VEGF expression (Lutty, et al, 1996; Pearce, et al, 2007).

VEGF increases expression of pro-fibrotic and ECM genes in diabetic mice in vivo,
including TGFb1, the matricellular proteins cysteine-rich angiogenic protein-61 (Cyr61,
aka CCN1), connective tissue growth factor (CTGF, aka CCN2), and fibronectin, along
with the protease inhibitor TIMP1 (Kuiper, et al, 2007). These changes have also been
observed upon VEGF stimulation of bovine retinal endothelial cells (BREC) and pericytes
(BRP) in vitro (Kuiper, et al, 2007). Diabetic AGEs have also been demonstrated to induce
CTGF expression in diabetic mouse retinae (Hughes, et al, 2007). Further, CTGF increases
pathologic retinal neovascularization via MMP2-dependent matrix remodeling (Chintala,
et al, 2012), and MMP-driven proteolysis may create bioactive fragments that feedback on
the endothelium and other cells to further augment pathologic neovascularization. This is
evidenced by the fact that MMP-created degradation products of CCN1 have been detected
in the vitreous of patients with PDR, including a form consisting of insulin-like growth
factor binding protein (IGFBP)- and von Willebrand Factor C (vWFC)-domains that
exacerbate pathologic angiogenesis (Choi, et al, 2013). Indeed, vWF domains may be
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cryptic elements common to several ECM proteins that may exert pro-angiogenic activities
when liberated from their full-length, ‘parent’ matrix proteins (Sheets, Demidova-Rice, et
al, 2016).

As vascular remodeling continues throughout PDR and DME, the persistent VEGF
stimulation drives formation of weak, poorly-formed microvessels enrobed in a fibrous
stroma, referred to as a neovascular membrane (George, et al, 2009). After extending
through the ILM, these fragile neovessels may rupture upon separation of the vitreous from
the ILM, causing vision-threatening retinal hemorrhages. Investigations of epiretinal
fibrovascular tissue collected from patients with PDR have revealed elevations in the
mRNAs of ET-1 and TGFb1, along with fibronectin and its splice product, extradomain
B-containing fibronectin (George, et al, 2009). This fibronectin splice product has been
associated with actively proliferating embryonic and tumor tissues, and is implicated in
angiogenesis (George, et al, 2009). In addition, these fibrovascular membranes exhibit
balanced increases in several MMPs and TIMPs, including MMP1, 2, 3, and 9, and TIMP
1-3, compared with healthy, non-proliferative retinae that typically express only MMP1
and TIMP2 (Salzmann, et al, 2000). This observation may partly account for the disparate
angiogenic responses observed in DR and DFU, which are hallmarked by a pronounced
MMP/TIMP imbalance that blunts vascular responses. Along with pathologic
neovascularization, extravasated plasma proteins and exaggerated ECM synthesis
contribute to retinal scarring, which may precipitate traction retinal detachments and
further visual impairment (Roy, et al, 2016).
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1.3.4 Retinal Neuropathy in DR and DME?
The pathogenesis of DR is thought to arise due to several factors that compromise the
retinal microcirculation. At the same time, it is important to note that DR affects all cells
present in the retina, including neuronal and glial populations. Indeed, the cells of the inner
retina may be especially sensitive to the metabolic and inflammatory aberrations brought
on by the loss of glucose homeostasis, eventually leading to the death of retinal neurons
that may cause a wide array of visual impairments (Gray and Gardner, 2015). Such
metabolic aberrations in the neural retina may alter the physiology and/or survival of
photoreceptors, amacrine cells, horizontal cells, and Muller glia (Kern, 2007), the latter of
which may influence pericyte survival via electrochemical coupling at gap junctions
(Muto, et al, 2014). These findings have prompted some to classify DR as a retinal
neuropathy, going as far as to describe it as a state of retinal failure (Gray and Gardner,
2015), and it is tempting to speculate that neuropathic aspects and glial pathology of DR
occur as antecedents to pericyte dysfunction and angiogenic switching. However,
additional studies are necessary to determine the relative sensitivities to hyperglycemia
among discrete retinal cell populations in order to further elucidate the “first hit” that
initiates the pathogenesis of DR.

1.4

GENETIC

AND

ENVIRONMENTAL

MODIFIERS

OF

DIABETIC

VASCULOPATHIES
Duration of diabetes and poor glycemic control are each risk factors for the development
of diabetic complications such as DFU and DR (Willard and Herman, 2012). And, while
two pioneering studies conducted in the 1990s demonstrated that strict glycemic control,
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defined as a target HbA1c of 7.0%, and interventions such as weight loss are associated
with reduced incidence and severity of these microangiopathies (Blonde, et al, 2012;
Willard and Herman 2012), patients may have difficulty adhering to lifestyle modifications
and achieving the glycemic targets most associated with preventing the onset or
progression of DFU and DR (Cresci, et al, 2011; Wycherley, et al, 2012). Intriguingly,
neither of these two studies demonstrated any reduction in the rates of diabetic
macrovascular disease and its associated mortality, and a substantial number of patients
develop DFU and sight-threatening DR despite lowering blood glucose and losing weight.
These observations have been attributed to the presence of hereditary factors modifying
the disease susceptibility and progression, along with variable disease duration prior to
diagnosis, as patients with shorter duration of diabetes who practice strict glycemic control
have reduced incidence of new microangiopathies and progression of existing conditions
compared to patients with longer periods of uncontrolled blood glucose (Willard and
Herman, 2012). This latter finding suggests the existence of “metabolic memory” that
precipitates continued vascular insult despite restoration of normoglycemia or heightened
glycemic control. The next sections detail heritable risk factors and epigenetic modifiers
that not only may be linked with the progression of neuropathy-driven DFU and DR in the
face of better glucose maintenance, but also may further account for the disparate vascular
responses observed in these conditions.

1.4.1 Genetic Components of Diabetic Microangiopathies
Many studies have focused on the genetic risk factors precipitating diabetes, especially
obesity-associated T2DM, while considerably fewer have focused on hereditary modifiers
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contributing to the evolution of diabetic neuropathy-related chronic wounds or DR. Indeed,
these conditions are multifactorial in origin, and demonstrate variable ages of onset and
severity among patients. Perhaps unsurprisingly, several of the genetic polymorphisms
implicated in the development of these microangiopathies are connected to glucose
metabolism and inflammation in endothelial dysfunction.

Genome-wide association studies (GWAS) and next generation sequencing have revealed
polymorphisms that may alter risks of developing peripheral neuropathy and DFU.
Potentially exacerbating factors, here include: deletion polymorphisms in intron-16 of the
angiotensin-converting enzyme (ACE) gene linked with increased angiotensin-converting
activity and greater risk of hypertension, renal dysfunction and peripheral neuropathy; 106C/T variation in the aldose reductase promoter, in which the T genotype increases
enzyme expression that may worsen endothelial redox imbalance via consumption of
NADPH; and deletion variants in eNOS intron 4, where the so-called 4b haplotype may be
associated with more severe neuropathy (Witzel, et al, 2015). In addition, a recent study
associated the HIF1a P582S polymorphism with diminished HIF1a expression levels (and
presumably a reduced capacity for producing VEGF), which may be linked to healing
impairments in DFU (Pichu, et al, 2015), however, VEGF polymorphisms have not been
conclusively demonstrated to alter the severity of peripheral neuropathy DFU (Witzel, et
al, 2015).
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Intriguingly, many of the reported polymorphisms in these and other genes seem to have
specific associations with one or another diabetic microangiopathy (Table 1.1). For
example, while the ACE 16D polymorphism may be connected with peripheral neuropathy
and developing DFU, it appears to play little role in the onset or progression of DR (Witzel,
et al, 2015; Rahimi, et al, 2014). Conflicting reports exist on whether the aldose reductase
-106C/T genotype alters the progression of DR, and it may be more closely related to
retinopathy risk in T1 vs T2DM (Zhou, et al, 2015; Hampton, et al, 2015). Similarly, some
reports suggest the eNOS 4b haplotype impacts DR progression in T2DM patients of
specific ethnic backgrounds (Qian-Qian, et al, 2014), while others reveal no significant
association between eNOS polymorphisms and DR (Ma, et al, 2014). In addition,
polymorphisms within the TGFb1 signal peptide region that are anticipated to impact its
processing and secretion may modify risks of developing PDR (Liu, et al, 2014; Beránek,
et al, 2002), but have not been implicated in DFU or other healing abnormalities such as
keloids (Bayat, et al, 2003). While several polymorphisms in the VEGF gene have been
suggested as potential risk factors for DR (Paine, et al, 2012), it is unclear whether they
impact the development of DFU (Witzel, et al, 2015). Moreover, no HIF1a polymorphisms
Table 1.1 Genetic Polymorphisms Associated with Diabetic Microangiopathies
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have been connected to DR risk or severity, including DFU-associated P528S, which might
be anticipated to confer a protective effect within the retina via reduced HIF1a protein
levels.

Overall, many studies of polymorphisms as diabetic microangiopathy-modifying factors
are limited by their small size, and as a result may not be sufficiently powered to either
corroborate positive associations or fully refute conflicting studies. And, as many diseasemodifying polymorphisms have been uncovered through studies conducted within patient
populations of specific heritages, it is possible that additional variations across ethnic
backgrounds contribute to the conflicting observations that have been reported.

1.4.2 Epigenetic Persistence of Diabetic Vascular Disease: “Metabolic Memory”
In addition to diabetes and complication risks driven by genetic polymorphisms and
elements directly transmitted through chromosomal inheritance, there are several
epigenetic changes that occur in diabetes that directly impact the development and
progression of macro- and microvascular disease, even after the restoration of
normoglycemia. The concept of long-lasting hyperglycemia-derived vascular insult was
first elucidated in diabetic dogs by Engerman and Kern (1987), who revealed that several
years of good glycemic control, defined by bi-daily insulin administration along with a diet
designed to avoid severe spikes in blood glucose, failed to prevent the onset and
progression of retinopathy when initiated after several years of poor glycemic control.
Subsequently, Roy, et al, demonstrated that human endothelial cells previously exposed to
high glucose in vitro continued to increase their production of fibronectin and type IV

39

collagen well after a return to normoglycemic culture conditions (Roy, et al, 1990; Paneni,
et al, 2013).

Indeed, the participants in prospective studies of intensive glycemic control on the
progression of diabetic vascular complications began their glucose-lowering regimens after
a median diabetes duration of 8-11 years, and better outcomes of strict glycemic control
have been reported in patients who initiate such measures closer to the time of diagnosis
(Paneni, et al, 2013). In efforts to understand the molecular underpinnings of continued
progression of diabetic macro- and microvascular disease in patients who have achieved
good glycemic control, multiple studies have revealed hyperglycemia-dependent
perturbations in DNA methylation patterns at CpG islands, post-translational histone
modifications, and micro-RNA expression signatures that remain present in cells and tissue
long after glucose levels are lowered.

1.4.3 CpG Island Methylation and “Metabolic Memory”
Hypomethylation at CpG islands in promoter regions is generally related to gene activation,
whereas promoter CpG hypermethylation leads to recruitment histone deacetylases
(HDACs) that repress gene transcription (Paneni, et al, 2013). Altered methylation status
in the promoters of several genes have been linked to the progression and severity of
diabetic microvascular complications. For instance, the -1562C/T polymorphism in the
MMP9 promoter is also associated with reduced CpG methylation and increased MMP9
expression in T2DM patients with DFU (Singh, et al, 2014). Additionally, in vitro
experiments have demonstrated that inflammation and AGE-modified matrices increase
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keratinocyte MMP9 production in association with CpG island hypomethylation in the
MMP9 promoter through mechanisms driven by the mevalonate pathway (Lu, et al, 2015),
which may contribute to chronic skin inflammation as well as the protease burden in DFU.
Further, given the intrinsically low turnover rates of matrix proteins (Rucklidge, et al,
1992), the pro-inflammatory effects of AGE-crosslinked ECM and its dysregulated
mechanical properties (Snedeker and Gautieri, 2014) are likely to extend well beyond the
restoration of normoglycemia, especially including epigenetic alterations. While MMP9 is
also elevated in PDR, there is limited information available regarding its CpG methylation
status in this setting.

Promoter CpG demethylation also increases expression of p66Shc, a key potentiator of
oxidative stress, in circulating peripheral blood mononuclear cells (PBMCs) isolated from
T2DM patients (Fadini, et al, 2010). Greater abundance of p66Shc exacerbates its PKCdriven mitochondrial translocation, cytochrome c oxidation, and ROS generation well after
restoring glycemic control; in turn, increased superoxide production drives continued
activation of PKC, furthering the damaging cycle of eNOS suppression and p66Shcdependent ROS creation (Fadini, et al, 2010; Paneni, et al, 2013). Indeed, increased
oxidative stress is implicated in the failure of DFU to properly heal, and multiple studies
have demonstrated reducing p66Shc expression rescues healing deficits in murine models
of streptozotocin-induced T1DM (Fadini, et al, 2010; Tie, et al, 2012). It is possible that
chronic hypomethylation of CpG islands within the p66Shc promoter may also underlie
inflammatory changes in DR, as p66Shc is implicated in ROS-driven apoptosis of retinal
pigment epithelial cells in murine models of age-related macular degeneration and
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photoreceptor death in retinitis pigmentosa (Wu, et al, 2006). However, a direct role of
p66Shc promoter hypomethylation has not been established in diabetic metabolic memory
of the retinal capillary endothelium in vitro or DR in vivo.

Hypermethylation at CpG islands in mitochondrial DNA has been implicated in persistent
endothelial dysfunction in DR. Increased expression of the mitochondrial DNA
methyltransferase, Dnmt1, is observed in EC isolated from healthy donor human retinae
(HREC) and BREC following in vitro hyperglycemia, as well as in human diabetic donor
retinae in situ (Mishra and Kowluru, 2015). This increases methylation at CpG islands in
the promoters of mitochondrial NADH dehydrogenases and cytochrome b, diminishing
expression of these key elements of the electron transport chain; low expression of these
proteins compromises mitochondrial respiration and exacerbates superoxide production,
thereby reducing endothelial cell survival, which may partially underlie the development
of acellular capillaries in DR (Mishra and Kowluru, 2015). However, Dnmt1 levels and
resultant respiratory chain CpG promoter demethylation have not been evaluated in nonhealing wounds. Further studies are necessary to determine whether identical sets of
hyperglycemia-driven alterations in CpG methylation account for increased inflammation
in the retinal and cutaneous microcirculation in T1 and T2DM. Similarly, further
investigations are required to determine the extent to which CpG methylation of angiogenic
and reparative growth factors contributes to tissue-specific vascular pathologies, or
whether other epigenetic modifications play a stronger role in these diseases.
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1.4.4 Histone Methylation and Metabolic Memory in Diabetes
Several post-translational alterations may occur at histone tails, including acetylation,
methylation, phosphorylation, and ubiquitination, which act in unison to create local
chromatin patterns that facilitate or restrict the access of transcription factors and thus
govern gene transcription. Histone methylation of lysine and arginine is a key factor that
regulates transcriptional activation. Histone methyltransferases (HMTs) and protein
arginine methyltransferases (PRMTs) catalyze the transfer methyl groups from S-adenosyl
methionine to the N-terminal of these residues, whereas lysine demethylases and other
enzymes facilitate their removal. Histone methylation can be an activating or repressing
mark, depending on the location of K and R residues, and the number of methyl groups
added or removed. Mono, di, and tri-methylation of H3K4 results in euchromatin and gene
transcription, whereas mono, di, and tri-methylation of H3K9, H3K27, and H4K20 result
in heterochromatin and transcriptional repression.

The inflammatory changes and vascular pathologies in diabetes have been demonstrated to
result from hyperglycemia-induced changes in HMTs, leading to increased transcription of
key inflammatory mediators and suppression of critical anti-inflammatory agents.
Upregulation of the HMT Set7, which activates transcription of the NFkB p65 subunit via
H3K4 monomethylation, has been demonstrated in peripheral blood mononuclear cells
isolated from T2DM patients, along with increased levels of the NFkB-regulated
inflammatory mediators VCAM-1 and MCP-1 (Paneni, et al, 2012). Set7 expression is also
increased in human and murine aortic EC cultured under transient hyperglycemia in vitro,
which results in sustained NFkB p65 expression even after return to normoglycemic

43

conditions via persistent H3K4me at the p65 promoter. This hyperglycemia-driven
H3K4me is blocked by in vitro knockdown of endothelial Set7, which reduces expression
of NFkB and its target genes, including ICAM1, cyclooxygenase-2 (COX2), inducible
nitric oxide synthase (iNOS), and MCP1 (Paneni, et al, 2012). Thus, Set7 appears to be a
critical regulator of vascular metabolic memory in diabetes.

Jumonji domain (Jmjd)-containing histone demethylases may also play a role in metabolic
memory, as well as perhaps aberrant angiogenesis. For instance, the H3K27 demethylase
Jmjd3 is upregulated secondary to Set7-dependent increases in NFkB (Li, et al, 2008;
Paneni, et al, 2012), and it has recently been demonstrated to promote angiogenesis in
murine models of melanoma (Park, et al, 2016). While Jmjd3 has not been directly linked
to diabetes and metabolic memory per se, it would be intriguing to learn whether it is
differentially regulated in the retinal and dermal microcirculation, giving rise to distinct
angiogenic phenotypes.

Hyperglycemia has also been demonstrated to increase activity of lysine demethylase-1
(LSD1), which demethylates H3K9 in the promoters of NFkB p65 and MMP9 (Brasacchio,
et al, 2009; Zhong and Kowluru, 2013). This leads to sustained inflammation and protease
production after restoring glycemic control in REC in vitro, as well as in STZ-treated
T1DM rats and mice in vivo, and RNAi-mediated silencing of LSD1 attenuates these
effects (Zhong and Kowluru, 2013). LSD1 has also been demonstrated to demethylate
critical antioxidants, such as manganese superoxide dismutase (SOD2), leading to
chronically reduced expression levels in the retinae of STZ-treated T1DM rats 3 months
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after lowering blood glucose levels, and the combination of increased LSD1 and reduced
SOD2 have been shown in retinae of T1 and T2DM patients (Zhong and Kowluru, 2013).
Intriguingly, as LSD1 has broad demethylase activity, removing activating methylation
marks at H3K4 and repressive signatures at H3K9 (Brassachio, et al, 2009), the precise
mechanisms regulating LSD1 selectivity remain unknown, and while it is tempting to
speculate that LSD1 deregulation may play a role in dermal vascular inflammation and the
evolution of DFU, there have not yet been any studies of LSD1 in DFU or other nonhealing cutaneous wounds.

1.4.5 Hyperglycemia Alters Histone Acetylation Status
Lysine acetylation status in histones H3 and H4 is also critical component of transcriptional
activation and repression, with histone acetyltransferases (HATs) driving acetylation at the
histone N-terminal that results in an open, euchromatin state, while histone deacetylases
(HDACs) catalyze the removal these activating acetyl groups, yielding a transcriptionally
repressed, heterochromatin state (Rajasekar, et al, 2015). The diabetic microenvironment
also alters the balance of key HATs and HDACs in the vascular endothelium, such as the
HAT, general control non-derepressible-5 (GCN5), and the NAD+-dependent HDAC,
Sirtuin-1 (SIRT1), leading to changes in cellular behaviors that continue after glucose
levels are restored to normal. Hyperglycemia drives increased GCN5 expression and
reductions in SIRT1 that are maintained after glucose levels are lowered, leading to
increased histone H3 acetylation and resultant transcription of NFkB, MMP9, and prooxidants such as p66Shc in macro- and microvascular endothelial cells in T1 and T2DM
(Paneni, et al, 2013; Kowluru, Santos and Zhong, 2014). In addition, these findings further
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demonstrate the complex nature of epigenetic regulation, as expression of NFkB, MMP9,
and p66Shc is also modulated by methylation of promoter CpG islands and key K and R
residues in histone H3.

This HAT/HDAC imbalance that persists despite restored normoglycemia may be critical
to the continued development of DR and non-healing wounds in patients with diabetes who
have achieved better glycemic control. Metabolic memory regulated by the loss of SIRT1
has been directly connected to increased ROS, NFkB and MMP9 expression in
experimental DR (Zheng, et al, 2012; Kowluru, Santos and Zhong, 2014); intriguingly, loss
of SIRT1 in non-diabetic mice yields the formation of dense, disorganized scar tissue in
models of excisional wound healing, suggesting it plays an important role in dermal repair
pathways (Bai, et al, 2016). The deleterious effects of hyperglycemic SIRT1 suppression
in the retina may be mitigated via treatment with resveratrol, a key SIRT1 agonist
implicated in metabolic function and lifespan regulation, and metformin, an adenosine
monophosphate-activated kinase (AMPK) activator that also increases SIRT1 expression
and activity (Zheng, et al, 2012). Similarly, increased expression of SIRT1 has been
demonstrated to improve corneal wound healing in the Akita mouse model of T1DM
(Wang, et al, 2013). In addition, resveratrol accelerates incisional wound healing in nondiabetic Wistar rats (Yaman, et al, 2012) endothelial re-growth in models of carotid artery
injury in non-diabetic mice on a high fat diet (Yurdagul, et al, 2014). Together, these
findings suggest that increased SIRT1 activity may reduce inflammation, restore
angiogenic competence, and improve ECM synthesis in non-healing DFU (Bashmakov, et
al, 2011). Further investigations are necessary to determine whether dermal microvascular
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SIRT1 is persistently downregulated despite improved glycemic control in T1 and T2DM
patients or experimental models of diabetes. Key changes in expression and activity of
these histone-modifying enzymes are summarized in Table 1.2.
Table 1.2 Altered Expression of DNA-Modifying Enzymes is Associated with Development and
Progression of Diabetic Microangiopathies
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1.4.6 Hyperglycemia Perturbs Micro-RNA Regulators of Inflammation and Angiogenesis
Micro-RNAs (miRs) are non-coding RNAs that are found within multiple regions of the
genome, including exons, protein-coding introns, and intergenic spaces, and inhibit protein
translation by facilitating mRNA cleavage and/or deadenylation, leading to either
degradation or destabilization. These small RNAs of ~22 nucleotides in length, are first
transcribed as large pri-miRs, which are capped, polyadenylated, and processed to premiRs by the nuclear enzyme Drosha (Kuehbacher, et al, 2007; Hesse and Arenz, 2014).
Subsequently, pre-miRs are exported to the cytoplasm, where they are further processed
by the enzyme Dicer, which yields a miR:miR* duplex, after which either strand may be
incorporated into the RNA-induced silencing complex (RISC), where it may bind the 3’
untranslated region (UTR) of its complementary mRNAs (Kuehbacher, et al, 2007). This
binding event may lead to mRNA cleavage by Argonaute family members, followed by
direct degradation, or the blockade of translation via deadenylation (Kuehbacher, et al,
2007). Several miRs contribute to the regulation of vascular homeostasis and have recently
been implicated in hyperglycemia-driven “metabolic memory” through sustained
alterations in the expression of angiogenic effectors, inflammatory mediators, and factors
that impact matrix synthesis and turnover.

1.4.6.1 miR-200b
miR-200b targets the 3’UTR of VEGFR2 and is typically downregulated in the capillary
endothelium after injury, yet Chan, et al (2012) revealed that it remains pathologically
elevated upon wounding T2DM db/db mice. Thus, aberrant inductions in miR-200b reduce
the levels of VEGFR2, blunting angiogenic responses (Chan, et al, 2012). Conversely,
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McArthur, et al (2011) demonstrated that miR-200b levels are diminished in the retinae of
STZ-treated T1DM rats, which remain reduced after transient hyperglycemia in bovine
retinal endothelial cells in vitro. Intriguingly, the diabetes-induced upregulation of retinal
endothelial miR-200b is associate with increased abundance of the transcription factor, p300, which has been linked to endothelial-mesenchymal transition in the pathogenesis of
PDR (Cao, et al, 2014).

1.4.6.2 miR-146a
miR-146a targets the 3’UTR of fibronectin and several inflammatory factors to regulate
their translation, and its expression is reduced in cutaneous wounds of T2DM db/db mice
(Xu, et al, 2012). This yields increased expression of NFkB and its effectors, including IL6 and IL-8, and NFkB adaptors IL-1 receptor-associated kinase (IRAK) and TNF receptorassociated factor-6 (TRAF6) that contribute to healing impairments in diabetes (Xu, et al,
2012). Transplanted bone marrow MSCs from healthy, non-diabetic donor mice ameliorate
these healing deficiencies by inducing miR-146a (Xu, et al, 2012). In addition, a recent
study of a common polymorphism that reduces mature miR-146a production is strongly
associated with the development of PDR and DME in T2DM patients, although the patient
cohorts were insignificantly powered to detect any association in T1DM patients
(Kaidonis, et al, 2016). However, Kovacs, et al (2011) demonstrated miR-146 upregulation
in retinal endothelial cells of STZ-treated T1DM rats 3 months after the initiation of
diabetes, driven by IL-1b and TNFa. In addition, Cowan, et al (2014) describe similar
findings in human retinal endothelial cells treated with thrombin, which similarly activates
NFkB signaling and its downstream targets, VCAM, ICAM1, and MCP1, among other
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functions (Roberts and Porter, 2013; Pahl, 1999), and suggest this occurs as part of a
feedback loop aimed at quelling NFkB activation. It remains to be determined whether
these disparate findings regarding endothelial miR-146a expression are a consequence of
endothelial heterogeneity between the dermis and the retina, T1 vs. T2DM, or whether
miR-146a levels fluctuate throughout the course of disease.

1.4.6.3 miR-15b
miR-15b is a negative regulator of hypoxia-driven angiogenic responses that is
overexpressed upon cutaneous injury in T2DM db/db mice, which may be causally linked
to the persistence of insulin resistance following restored glycemic control (Xu, et al, 2014;
Ye and Steinle, 2015). This overexpression reduces Bcl2 protein levels, depriving HIF1a
of a stabilization signal that ultimately prevents its nuclear translocation and transcription
of VEGF and other pro-angiogenic factors (Xu, et al, 2014). Indeed, Xu, et al (2014)
demonstrated miR-15b expression is reduced under hypoxic conditions, increasing Bcl2
expression, resultant HIF1a activity, and endothelial cell survival. Further, MSC treatment
corrects the wound-associated increases in miR-15b and rescues the associated angiogenic
deficits (Xu, et al, 2014). Conversely, Ye and Steinle (2015) reported long-lasting
hyperglycemia-driven miR-15b reductions in human retinal EC in vitro, which are
maintained after glucose levels are reduced to normal. Thus, miR-15b may be a strong
candidate biomarker to monitor the progression of DFU or DR, as Xu, et al noted no
differences in baseline dermal vascular miR-15b expression between healthy and db/db
mice (2014).
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1.4.6.4 miR-23-24-27 and miR-195
miR23, 24, and 27 are encoded by the same gene cluster, and reduced oxygen tension
induces their expression through HIF1a-dependent mechanisms (Kulshreshtha, et al,
2007). miR-23b-3p is upregulated in human retinal EC following either transient or chronic
hyperglycemia in vitro, which suppresses expression of the HDAC, SIRT1, even after a
return to normoglycemia in culture (Zhao, et al, 2016). As a result, NFkB promoter
acetylation is induced, leading to sustained inflammatory inflammation and increased
endothelial apoptosis, via increased expression of the pro-apoptotic SIRT1 target, Bax
(Zhao, et al, 2016). Hyperglycemia-associated downregulation of retinal endothelial SIRT1
also appears to be mediated through increased expression of miR-195 (Mortuza, et al,
2014). In addition, Zhou, et al, (2011) have implicated the overexpression of the miR-2324-27 cluster in pathologic choroidal neovascularization in murine models of age-related
macular degeneration, via targeted degradation of the anti-angiogenic factors, semaphorin6A (Sema6A) and sprouty-2, which likely contributes to pathologic neovascularization in
PDR. Curiously, while neither miR-23b-3p nor miR-195 have been directly implicated in
non-healing DFU, fibroblasts isolated from human keloids, tumor-like skin scars, display
elevated levels of miR-23b-3p (Li, et al, 2013), and increased levels of miR-195 may be
linked to the progression of neuropathic pain and nerve injury via upregulations in IL1b and TNFa (Shi, et al, 2013), suggesting that disruptions in these miRs may be involved
in healing abnormalities in diabetes and other conditions.

Similarly, miR-27b, encoded within the same cluster as miR-23, may also be differentially
regulated in DFU versus DR. Indeed, miR-27b targets p66Shc, potentially anti-angiogenic
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matricellular proteins such as TSP1, and the angiogenic inhibitors Sema6A and sprouty-2
(Wang, et al, 2014). Reduced miR-27b in circulating PBMC and in so-called bone marrowderived angiogenic cells exacerbates p66Shc–dependent ROS production and stalls
angiogenesis in insulin-resistant db/db mice, effects that are rescued by transfection with a
miR-27b mimetic that increases SOD2 expression and secretion of VEGF and SDF1a
(Wang, et al, 2014). Further, siRNA-mediated TSP1 inhibition also rescues the angiogenic
impairments related to loss of miR-27b. Intriguingly, Zampetaki, et al (2016) reported
reduced levels of miR-27b in T1DM patients with DR, which would be anticipated to
increase TSP1, Sema6A and sprouty-2, perhaps limiting angiogenesis; at the same time,
the authors reported increased levels of miR-320a in the eyes of these patients, which also
targets the 3’UTR of TSP1 and might be predicted to promote neovascularization. Further
work must be performed to elucidate whether miR-27b is induced in response to miR-320a
as a part of a natural regulatory feedback loop to modulate TSP1 and other factors.

1.4.6.5 miR-126
miR-126 also displays intriguing cell-specific behaviors, as it targets the 3’UTR of VEGF,
reducing its levels, but also targets the 3’UTR of angiogenic inhibitors such as sproutyrelated, EVH1 domain-containing protein-1 (SPRED1), a factor related to sprouty-2 that
inhibits VEGFR2 signaling. Accordingly, some studies have implicated the loss of miR126 in pathologic ocular angiogenesis in the retinae of STZ-treated diabetic rats, oxygeninduced retinopathy in mice, and in choroidal neovascularization (Ye, et al, 2013; Bai, et
al, 2011), while transient hyperglycemia reduces the miR-126 content of microparticles
derived from human coronary artery endothelial cells in vitro, leading to a failure to
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suppress endothelial SPRED1, which blocks signaling cascades necessary for healing
(Jansen, et al, 2013). Although miR-126 has not been directly studied in non-healing DFU,
it is possible that its expression is similarly perturbed in the dermal microcirculation,
leading to long-lasting signaling deficiencies that impair healing.

1.4.6.6 miR-150
miR-150 is implicated as a suppressor of pathologic ocular neovascularization (RollandTurner, et al, 2015), and high fat diet and hyperglycemia yield long-term suppression of
retinal endothelial miR-150 expression in mice, leading to increased VEGFR2 expression,
more severe angiogenic responses, and disruptions in electroretinogram activity following
light stimulation, suggestive of impaired function of the neural retina (Shi, et al, 2016). In
addition, increased miR-150 expression may be associated with reduced angiogenic
responses following ischemic stroke (He, et al, 2016), although its levels have not yet been
evaluated in DFU or other types of non-healing wounds. At the same time, some reports
reveal that increased miR-150 stimulates migration and angiogenic integration of EPCs
(Zhang, et al, 2010), which are known to have functional impairments during diabetes
(Nishimura, et al, 2012). In addition, miR-150 stimulates migration and angiogenic
activation in the oncogenically transformed human microvascular endothelial cell line,
HMEC-1, when transferred to these cells from monocyte-derived microvesicles (Zhang, et
al, 2010; Li, et al, 2013), and may promote tumor angiogenesis via increased macrophage
VEGF production (Liu, et al, 2013). These conflicting reports may also reflect cell- and
vascular bed-specific functions of miR-150, and distinct roles in tumor angiogenesis versus
diabetic microangiopathies.
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1.4.6.7 MicroRNA Regulation of TGFb1 in Diabetic Microangiopathies: miR-26a, miR145, and Let7
Endothelial miR-26a is rapidly induced in response to hyperglycemia in vitro
(Silambarasan, et al, 2016), as well as in the cutaneous wounds of T2DM db/db mice,
where it inhibits TGFb1-signaling by targeted degradation of SMAD1; local miR-26a
inhibition ameliorates the well-described healing impairments in this model (Mulder,
2004), increasing angiogenesis and granulation tissue thickness (Zgheib and Liechty,
2016). While there are no studies describing hyperglycemia-driven changes in retinal
endothelial miR-26a expression, the glomeruli of human patients with diabetic retinopathy
and STZ-treated, T1DM rats display decreased miR-26a levels, leading to increased
TGFb1 activity and fibrosis (Nielsen, et al, 2012). A similar profile of miR-26a expression
might be anticipated in the diabetic retina, however further investigations are required to
determine they dynamics of its expression patterns throughout the course of DR and DME.

TGFb1 expression is also negatively regulated by miR-145, which is strongly upregulated
in the foot muscles of patients with severe DFU requiring amputation; intriguingly, the
same study noted downregulations of miR-145 in diabetic foot vasculature, which may
underlie increased TGFb1 expression and fibrotic vascular changes associated with PAD
(Zhang, et al, 2016). Currently, the roles of miR-26a and miR-145 have not been
investigated in animal models of DR, or in T1DM models of impaired healing.
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Members of the Let7 miR family are abundantly expressed in the vascular endothelium,
and their downregulation via TGFb1-dependent stimulation of Lin28, a miR-binding
protein that targets Let7 pre-miRs and blocks production of mature Let7 miRs, is highly
implicated in the pathogenesis of diabetic nephropathy and fibrosing diseases (Sen, et al,
2009; Park, et al, 2014). Indeed, pharmacoinhibition of Let7 induces mesangial cell
expression of type I and type IV collagen at the mRNA and protein level, and glomeruli of
STZ-treated T1DM and db/db T2DM mice each display markedly reduced levels of Let7b
(Park, et al, 2014). Moreover, these findings are recapitulated in cultured murine mesangial
cells exposed to transient hyperglycemia and are sustained well after return to
normoglycemic culture conditions (Park, et al, 2014). Despite the importance of matrix
remodeling in the pathogenesis of both DFU and DR, and the endothelial enrichment of
Let7, there are no published reports of sustained aberrations in Lin28 or Let7 family
members in either of these conditions. However, it is tempting to speculate that the retinal
endothelium may have hyperglycemic increases in Lin28 or reductions in Let7 that
potentiate matrix synthesis necessary for fibrovascular membrane formation, while the
dermal microvasculature may have the opposite signature in DFU.

1.4.7 Clinical Implications of Hereditary and Epigenetic Modifiers
Overall, it is clear that there are several genetic components and epigenetic modifications
that contribute to the regulation of each of the inflammatory mediators, growth factors,
matrix components critical for vascular remodeling and angiogenic sprouting. The
combined dysregulation of DNA methylation status, post-translational histone
modifications and miR expression profiles (summarized in Table 1.3) secondary to chronic
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Table 1.3 miRs Implicated in Pathogenesis of Diabetic Microangiopathies
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hyperglycemia plays a key role in the evolution diabetic microangiopathies, as well as their
persistence following restored glycemic control. MMP9, for example, is increased in DR
and DFU through hyperglycemic alterations in miRs that promote inflammation, which
drives MMP9 promoter CpG demethylation, increased H3K4me and diminished H3K9me
that all activate its transcription (Zhong and Kowluru, 2012; 2013), although future work
is necessary to determine how disruptions in these regulatory mechanisms increase MMP9
to levels that support retinal angiogenesis, yet may drive severe MMP9 overexpression that
inhibits angiogenesis in DFU and other non-healing wounds.

Intriguingly, there are reports in the literature that ascribe both pro- and anti-angiogenic
functions to key vascular-associated miRs, as in the cases of miR-126 and miR-150 (Ye,
et al, 2013; Bai, et al, 2011; Jansen, et al, 2013; Liu, et al, 2015; Shi, et al, 2016). The
conflicting results contained in these studies raise important questions regarding the
apparent cell-, tissue- and disease-specific roles of these miRs: how can elevations of the
same miRs in different tissues yield completely opposite phenotypes, while suppressing or
promoting the expression and/or function of identical growth factors? Indeed, this may
partially reflect the considerable endothelial heterogeneity that exists across macro- and
microvascular beds within different tissues, and perhaps even within the same blood vessel
(Aird, 2012). As such intrinsic differences among endothelial cells are typically lost
without the spatial and tissue-specific cues provided in vivo (Aird, 2012), it is difficult to
ascertain whether the disparate reports ascribing pro- and anti-angiogenic functions to the
same miRs are truly due to genetic and epigenetic signatures that help define specific
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vascular beds, or whether such differences arise as an artifact of endothelial cell culture in
vitro (Aird, 2012).

In light of the collective roles that epigenetic changes play in the progression of diabetic
vasculopathies, several authors have suggested that profiling DNA methylation, posttranslational histone modifications, and miR signatures could all be used as biomarkers to
determine patient risk profiles or perhaps even detect pathologic changes prior to the onset
of clinically evident DFU or DR. Given the complexity of epigenetic regulation of
transcription and translation, further investigations must be performed to elucidate a more
thorough comprehension of how these dynamic parameters coordinate tissue-specific
repair pathways in health, so that we may better understand the significance of their
dysregulation in diabetic vascular disease and integrate them into clinical diagnostics to
improve patient care.

By extension, it will be important to discern the cell specificity of miRs and other
epigenetic regulators, in order to further elucidate how these may alter the function of
fibroblasts and keratinocytes in the onset and progression of DFU, as well as how they
impact retinal Muller glia and neuronal cell population behaviors in DR. Indeed, miR-203
is abundantly expressed keratinocytes, and miR-203 overexpression in cervical cancer
inhibits VEGF expression via targeting its 3’UTR (Pastar, et al, 2014; Zhu, et al, 2013); in
addition, increased miR-150 expression has been demonstrated in the plantar skin of T2DM
patients with DFU compared to that of healthy, non-diabetic individuals, and the degree of
expression was found to positively correlate with DFU severity (Liu, et al, 2015), however
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it has not yet been evaluated in DFU of T1DM patients. Moreover, miR-203 is highly
expressed in basal keratinocytes, while its expression is greatly diminished in migratory
keratinocytes present at the wound edge, suggesting it plays a role in cell plasticity and
differentiation (Pastar, et al, 2014). Intriguingly, miR-203 inhibits also progenitor cell
proliferation within zebrafish retinae, which may perhaps suggest a role in aberrant
progenitor cell function in DR, however this has not been directly interrogated in
mammalian retinal development or diabetic ocular vasculopathy. Additionally, miR-21 is
highly upregulated in DFU fibroblasts (Madhyastha, et al, 2012), and Roy, et al,
demonstrated its upregulation following myocardial infarction, where it increases MMP
expression via targeted degradation of PTEN and resultant aberrations in Akt signaling
(2009). miR-21 is also an oncogene known to be upregulated in several cancers, and its
elevated levels in the vitreous humor of patients with ocular proliferative vascular disease
have been linked with retinal fibrosis downstream of aberrant TGFb1 induction (UsuiOuchi, et al, 2016).

Curiously, while there are several studies of detailing perturbations in chromatin marks and
miR profiles in DFU-associated keratinocytes and fibroblasts (Liu, et al, 2015; Sundaram,
et al, 2013; Madhyastha, et al, 2014), which may increase inflammation, inhibit migratory
patterns and suppress growth factor production, there is little information regarding the
alterations that occur in dysfunctional retinal pericytes prior to their disappearance from
the microcirculation in DR. Based on studies demonstrating pericyte dysfunction following
culture on AGE-modified basement membranes, the persistence of AGE/RAGE signaling
due to intrinsically low ECM turnover rates, and work from our lab revealing marked
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dysfunction of human retinal pericytes isolated from diabetic human donors that are
sustained through several passages in vitro, it is feasible that pericytes suffer alterations in
miR profiles and chromatin marks downstream of prolonged NFkB stimulation and
inflammatory insult (Hughes, et al, 2004; Kandrakis, et al, 2014; Rucklidge, et al, 1992;
Durham, et al, 2015). Future studies are necessary to determine the epigenetic signature of
retinal pericytes that may underlie their inability to arrest angiogenic activation prior to
their eventual disappearance from the retinal microcirculation.

1.5 CURRENT THERAPEUTIC APPROACHES FOR DIABETIC FOOT ULCERS
Though good glycemic control is associated with reducing the risk of developing
microvascular complications of diabetes, as well as slowing their progression, patients may
have difficulty adhering to both the pharmacological and lifestyle interventions necessary
to achieve glycemic goals (Cresci, et al, 2011; Wycherley, et al, 2012; Willard and Herman,
2012). Additionally, as described in the previous sections, numerous genetic and epigenetic
determinants may contribute to the evolution of vasculopathies such as DFU and DR in
many patients, despite their achieving lower blood glucose levels. Between these factors
and the continually rising rates of diabetes and metabolic dysfunction across the globe, it
is imperative that effective therapeutics for diabetic microangiopathies are created and are
made widely available, especially as the greatest increases in diabetes incidence are
anticipated in regions with limited healthcare access (MacDonald and Geyer, 2010). In
these areas, patients may have less glycemic control due to the expense of insulin and other
medicines, precipitating higher rates of diabetic microvascular complications (MacDonald
and Geyer, 2010). The current treatment approaches for non-healing DFU and DR are
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described in the next sections, along with the ongoing investigations in our laboratory that
may form the basis of the next-generation therapeutics for ameliorating diabetic
microangiopathies.

1.5.1 DFU Wound Bed Preparation and Assessment
When patients present with non-healing injuries such as DFU and VLU (Table 1.4), the
wound must be adequately prepared in support of the anticipated healing. Therapeutic
mainstays include infection control, removal of necrotic tissue (debridement), supportive
care for co-morbid conditions (including glycemic control and correcting nutritional
deficiencies), and measures aimed at limiting patient discomfort (Panuncialman and
Falanga, 2009). The TIME principle, standing for Tissue, Infection/Inflammation,
Moisture balance, and Edge of wound was set in place to direct treatment implementation
as well as continuous monitoring and evaluation: combined, these components of wound
management aim to minimize infection, maintain an optimal inflammatory state, and
remove or agitate non-viable and/or infected tissue to maximize contraction and reepithelialization of the wound edges (Leaper, et al, 2012). However, there are few reliable
indices to predict whether a wound will respond to these standards of treatment, and while
removing necrotic tissue, whether through surgical, enzymatic, or biological mechanisms,
is critical for wound bed preparation, debridement alone is not sufficient to achieve healing
(Panuncialman and Falanga, 2009).

Although infection control and removal of necrotic tissue via debridement paradigms
represent commonly held practices across the chronic wound care community, best
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Table 1.4 Annual Incidence and Costs of Chronic Wound Care
Wound Type

Etiology 1,2,3,4

Vascular(Ulcers(

Venous(Insuﬃciency:(
Varicosity(
Deep(Vein(Thrombosis(
(
Arterial(Disease:(
Peripheral(Atherosclerosis(
Ischemia(

Diabe@c(Ulcer(

Hyperglycemia(
Neuropathy(
Microvascular(Disease(
Macrovascular(Disease(
Charcot(arthropathy(

Decubitus(Ulcer(

Immobiliza@on(
Elevated(Pressure(over(Bony(
Prominences(

1.
2.
3.
4.
(

Estimated Incidence 1,2,4

(

(

Complications 1,4

600,000(cases/year(

1,150,000(cases/year(

15%(of(acure(care(pts(
22%(of(cri@cal(care(pts(
29%(of(longQterm(care(pts(

Costs of Care 4

$9,600(per(case(
Osteomyeli@s(
Amputa@on(
Sep@cemia(
Death(
Neoplasms((Vascular(
Ulcers)(

$7,439Q20,622(per(case(
(
$38,077(per(amputa@on(

$43,180(per(case(
(

Abbade,(LP(and(Lastoria,(S.(Venous(ulcer:(epidemiology,(physiopathology,(diagnosis(and(treatment.(Int(J(Dermatol.(2005(Jun;(44(6):(449Q56.(
Chiriano(J,(et(al.(Management(of(lower(extremity(wounds(in(pa@ents(with(peripheral(arterial(disease:(a(stra@ﬁed(conserva@ve(approach.(Ann(Vasc(Surg.(2010(Nov;(24(8):(1110Q6.(
Sen(CK,(et(al.(Human(skin(wounds:(a(major(and(snowballing(threat(to(public(health(and(the(economy.(Wound(Repair(Regen.(2009(NovQDec;(17(6):(763Q71(
Gould(L,(et(al.(Chronic(Wound(Repair(and(Healing(in(Older(Adults:(Current(Status(and(Future(Research.(Wound(Repair(Regen.(2014(Dec(8.(

Adapted with permission from Sheets, A., Hwang, C., and Herman, I. (2016) ‘Developing “Smart” Pointof-Care Diagnostic Tools for “Next-Generation” Wound care’, Translating Regenerative Medicine to the
Clinic., pp. 251–264. Changes include altering fonts and colors.

practices and technical approaches can and do vary across the care provider continuum.
Furthermore, there is a compelling need to objectify standards of initial wound assessment
or monitoring, such that each metric can reliably and reproducibly contribute to informed
treatment and clinical outcomes, rather than merely offering mixed results that might
equivocate either or both. As shown in Table 1.5, multiple wound scales and grading
systems exist for health care providers to use as guides to the severity of a DFU or VLU,
which may rely on factors such as wound color, depth, and overall area (Wagner, 1981;
Lavery, et al, 1996; Falanga, et al, 2006). Although wound area measurements over time
may be used with as much as 75% accuracy to predict wounds that are refractory to
conventional treatments, this is operator dependent and does not alter treatment decisions
(Moore, et al, 2007; Flanagan 2003). Clinical judgment supplemented with an objective
has been used by surgeons and other wound care providers to assess the likelihood of
wound healing following limb amputation, although with mixed results (Sarin, et al, 1991;
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Arsenault,et al, 2012). Still other prognostic approaches rely on the severity of underlying
disease, such as glycemic control in diabetes, comorbidities such as congestive heart failure
or evidence of hepatic injury, and risk factors such as immunosuppressive therapy,
smoking, patient immobility, and age (Rhou, et al, 2015; Amir, et al, 2012). Psychological
distress, which is estimated to occur in at least 25% of patients with chronic wounds, and
nutritional deficiencies, may also portend negative healing outcomes (House, 2015; Molnar
and Underdown, 2014). Hence, the subjectivity of current wound assessment presents an
obstacle towards our achieving global standards and optimized best practices for the
treatment of chronic wounds.
Table 1.5 Systems of Clinical Wound Evaluation

WOUND EVALUATION SYSTEM
Wagner

1

METRICS
“Grading:” Ulcer Depth and Presence of Infection

University of Texas 2

“Grading:” Ulcer Depth and Presence of Infection
“Staging:” Clinical signs of lower extremity ischemia

Wound Bed “Score” 3

Healing Edges
Presence of Eschar
Greatest Wound Depth/Granulation Tissue
Amount of Exudate
Edema
Peri-wound Dermatitis
Peri-wound Callus and/or Fibrosis
Pink/Red Wound Bed

1.#Wagner,#FW:#The#dysvascular#foot:#a#system#of#diagnosis#and#treatment.#Foot$Ankle$2:64>122,#1981#
2.#Lavery,#LA,#Armstrong#DG,#Harkless#LB:#ClassiﬁcaJon#of#diabeJc#foot#wounds.#J$Foot$Ankle$Surg#35:528>531,#1996#
3.#Falanga#V,#Saap#LJ,#Ozonoﬀ#A:#Wound#bed#score#and#its#correlaJon#with#healing#of#chronic#wounds.#Dermatol$Ther#19:383>390,#2006#
#

Adapted with permission from Sheets, A., Hwang, C., and Herman, I. (2016) ‘Developing “Smart”
Point-of-Care Diagnostic Tools for “Next-Generation” Wound care’, Translating Regenerative
Medicine to the Clinic., pp. 251–264. Changes include altering fonts and colors.
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1.5.2 Current Modalities for Converting Chronic DFU to Acute Wounds
Although there are several therapeutic options that a wound care specialist may consider
in addition to debridement and supportive care, there is a paucity of evidence-based
medicine to inform data-rich diagnostics, which would inform patient-specific therapeutic
interventions or their hierarchical implementation. For instance, negative pressure wound
therapy (NPWT), which is hypothesized to reduce inflammation and stimulate growth
factor production and cellular activities through mechanical stimulation, and hyperbaric
oxygen therapy (HBOT), which is thought to improve outcomes through increasing local
oxygen tension, are popular modalities aimed at reversing chronic wounds, yet little highquality information exists about their indications and overall success rates (Glass, et al,
2014; Stoekenbroek, et al, 2014). In efforts aimed at reaching consensus regarding their
respective indications, meta-analyses and systematic reviews of the literature regarding
have revealed that the presence of ischemia may predict which wounds might best respond
to either treatment (Glass, et al, 2014; Vig, et al, 2011). Still, a number of patients failed to
achieve complete healing in even the most successful trials, and these analyses noted a
large number of unpublished and prematurely terminated trials that may obfuscate
interpretations of what might be deemed successful outcomes (Peinemann, et al, 2008).
Similarly, local application of recombinant growth factors and other survival factors or
signaling entities, such as recombinant human granulocyte-macrophage colony stimulating
factor (rhGMCSF), PDGF (the FDA-approved drug, becaplermin), FGF, and VEGF, have
yielded little evidence demonstrating clinical efficacy compared with placebo, despite
long-standing knowledge of their pro-angiogenic and re-epithelialization activities in
animal models (Papanas and Maltezos, 2008; Barrientos, et al, 2014). The inconsistent data
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regarding the utility of replacing single or small combinations of growth factors may not
be surprising, given the complex spatiotemporal dynamics of growth factor and cytokine
activities within the healing wound, as well as the persistent inflammation and elevated
protease profiles present within the wound bed, which directly reduce growth factor
bioavailability (Brem and Tomic-Canic, 2007; McCarty and Percival, 2013). Moreover,
recent studies suggest that cells within the diabetic microenvironment may not respond
appropriately to growth factor stimulation, due to downregulation of growth factor
receptors and intracellular inhibition of physiologically-relevant signal transduction
pathways that function to sustain acute wound closure (Blaktyny and Jude, 2009; Dinh, et
al, 2012; Zhang, et al, 2015).

In addition, cell-based therapeutics have been developed, offering hope for those with nonhealing wounds. These include bioengineered skin equivalents that contain living cells,
such as Apligraf, a bilayered skin substitute comprised of human neonatal foreskin-derived
keratinocytes cultured upon a layer of human neonatal foreskin-derived fibroblasts
embedded within a type I collagen matrix, and Dermagraft, an artificial human dermis that
contains neonatal foreskin-derived fibroblasts cultured onto a synthetic, bioabsorbable
substrate (Eaglstein and Falanga, 1998; Hart, et al, 2012). Though the exact mechanisms
of action of these skin equivalents is not agreed upon, it is hypothesized that the living cells
contained within these modalities may be able to adapt to the wound microenvironment,
where they may potentially reduce inflammation and contribute growth factors, cytokines,
and ECM components to foster wound-healing angiogenesis, granulation and reepithelialization (Ehrenreich and Ruszczak, 2006). However, it is important to note that

65

existing skin equivalents are not permanent solutions, as modest rates of successful
engraftment and wound closure have been reported, and these treatment modalities have
not been thoroughly evaluated through well-designed randomized-controlled trials
(Ehrenreich and Ruszczak, 2006; Greaves, et al, 2013). Indeed, the absence of a true
vascular cell component in Apligraf, Dermagraft, and other skin substitutes may underlie
the reported engraftment failures; a well-perfused vascular network is necessary for oxygen
and nutrient exchange to sustain all cells and tissues, and insufficient vascularization of
skin equivalents or other engineered tissues may lead to improper cell integration or death
(Borenstein, et al, 2010).

To this end, grafts of autologous, multipotent stem cells isolated from bone marrow and
adipose tissues of adult patients have been suggested as a means of reversing wound
chronicity, through local differentiation to achieve tissue re-vascularization, granulation,
and wound closure (Wu, et al, 2007; Falanga, et al, 2007). But, there is no standard dosing
or delivery regimen that has been established for stem cell grafts, and the inflamed,
protease-rich chronic wound microenvironment may hinder stem cell engraftment
(Wagner, et al, 2009; Game, et al, 2012; Koenen, et al, 2015). Moreover, diabetes may
impose a further limit on the utility of autologous stem cell grafts, as the hyperglycemiadriven “metabolic memory” within progenitor cell niches may directly contribute to low
stem cell engraftment documented in pre-clinical animal models of chronic diabetic
wounds (Rennert, et al, 2014). In light of the current challenges regarding grafts of both
stem cells and engineered tissues for non-healing wounds, developing artificial skin
substitutes that contain microfluidic networks lined with patient-derived microvascular EC
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might be a means by which to introduce a patent, functional vasculature into an
angiogenically-impaired chronic wound (Borenstein, et al, 2010). Engineered skin that
includes pre-formed, cellularized vascular networks within biodegradable scaffolds could
allow the gradual incorporation of graft microvessels with host tissues to achieve long-term
engraftment and successful healing, and remains an area of active investigation.

Overall, there are neither algorithms to determine which wounds would benefit most from
specific interventions, nor are there comprehensive diagnostics to logically inform the
design of patient-specific treatment schedules. The limited successes of these current
treatment modalities may lie in a failure to truly address the biological bases of non-healing
wounds. Without advanced diagnostics capable of informing and correcting the underlying
roots of chronicity, therapeutics may remain inconsistent or ineffective. Thus, there is a
great need for identification and characterization of chronic wound biomarker panels, such
as local wound MMP/TIMP ratios most associated with healing and chronicity. In the
future, additional biomarkers might be derived from the genetic polymorphisms that may
alter the likelihood of developing DFU and epigenetic modifications that may aid in
predicting probability of patients experiencing DFU after achieving glycemic control.
Overall, advances such as these will help to transform the manner in which care is offered
to those in need of healing.
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1.5.3 Advanced Wound Healing Therapeutics: Matrix-Derived Peptides as Novel Healing
Entities
The lack of robust healing outcomes with current molecular and cellular medicines may be
attributed to the inflamed, protease-rich DFU microenvironment (McCarty and Percival,
2013), which degrades growth factors and matrix-derived signals necessary for tissue
repair (Schultz, et al, 2011; Wilgus, 2012), as well as exogenously applied growth factorbased therapeutics such as becaplermin (Demidova-Rice, et al, 2012). Hence, molecular
interventions that resist proteolytic cleavage, as well as normalize the chronic wound
protease-to-inhibitor ratio, are innovative strategies that may resolve DFU. Intriguingly,
matrix-remodeling enzymes such as Clostridial collagenase, and matrix-derived
preparations such as platelet-rich plasma (PRP), each have been demonstrated to induce
tissue repair in DFU (Lacci and Dardik, 2010; Tallis, et al, 2013), suggesting these entities
promote healing through mechanisms unimpeded by the chronic wound protease burden.
Thus, in our efforts to uncover these mechanisms and develop advanced therapeutics, we
identified bioactive peptides liberated from Clostridial collagenase-digested vascular
endothelial ECM and thrombin-derived peptides in PRP that stimulate cell migration,
proliferation, and microvascular morphogenesis (Demidova-Rice, et al, 2011; 2012). In
turn, we created short, protease-resistant, combinatorial peptides comprised of the
individual ECM (Comb1) and PRP peptides (UN3), which further augment EC
proliferation and morphogenesis, and post-injury keratinocyte migration in vitro
(Demidova-Rice, et al, 2011; 2012). Moreover, each of these combinatorial peptides
enhances wound vascularization, granulation tissue formation, and re-epithelialization in
cyclophosphamide-treated, healing-impaired mice, and wounds treated with Comb1 and
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UN3, together, display greater angiogenesis and a thicker epidermis than those treated with
either peptide alone (Demidova-Rice, et al, 2012). Based on these results, we hypothesized
Comb1 and UN3 would induce healing in diabetic wounds.

Additionally, as highly purified Clostridial collagenase stimulates cellular responses to
injury in vitro and hastens re-epithelialization and wound closure in Yucatan microswine
(Riley and Herman, 2005), current evidence suggests that enzymatic debridement with
collagenase Santyl® Ointment, a sterile enzyme preparation that contains a mixture of
collagenases and non-specific proteases produced by Clostridium histolyticum
fermentation, may also improve healing dynamics (Tallis, et al, 2013). However, the
molecular mechanisms linked to these clinical outcomes of treatment with Santyl®, the
only biologically active enzymatic debridement agent approved by the FDA for clinical
use, have neither been characterized nor well understood. Based on our results from
experiments with purified Clostridial collagenase, which suggest that the pro-healing
activities of purified Clostridial collagenase are mediated by the liberation of bioactive
matrix fragments that function to promote the migratory, proliferative, and angiogenesisinducing activities required for wound healing (Demidova-Rice, et al, 2011; 2012), we
hypothesized that the enzyme combination contained in Santyl® may induce key cellular
responses to injury through the production of matrix fragments from specific cleavages
made during the debridement process, which stimulates downstream healing activities
(Riley and Herman, 2005; Demidova-Rice, et al, 2011; 2012).
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1.6

CURRENT

THERAPEUTIC

APPROACHES

FOR

DIABETIC

RETINOPATHY
1.6.1

Panretinal

Photocoagulation,

Anti-Angiogenic

Pharmacotherapy,

and

Corticosteroids
Despite the ever-increasing prevalence of diabetes and its numerous complications, few
effective therapies are available for patients with PDR and DME. The current options for
treating these conditions include panretinal photocoagulation, anti-angiogenic therapeutics
targeting VEGF, and corticosteroid-based anti-inflammatory agents (Stewart, 2016).
Panretinal photocoagulation is a technique that has been employed for decades in the
treatment of PDR, wherein laser cautery is used to focally ablate abnormal retinal vessels
and microaneurysms (Aiello, L, 2003; Durham and Herman, 2011). Although numerous
advances have been made to refine this technique since its inception, including changes in
the types of lasers used and the regimens by which they are applied, panretinal
photocoagulation remains a destructive technique with a number of potentially visionthreatening side effects, including choroidal neovascularization, vitreous hemorrhage, loss
of color sensitivity, and transient severe vision loss (Durham and Herman, 2011; Bressler,
et al, 2011).

The advent of anti-angiogenic therapeutics targeting VEGF, which plays a critical role in
the development of DR and DME, offered great promise for quelling the tide of pathologic
neovascularization and edema responsible for more cases of blindness in working age
adults than any other etiology in the developed world (Kim and D’Amore, 2012). However,
while the humanized monoclonal anti-VEGF antibodies, bevacizumab and ranibizumab,
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may show some efficacy in treating DR and DME, these interventions are not without the
potential for adverse outcomes. There are persistent health concerns regarding the ocular
and systemic side effects of chronic VEGF inhibition: recent studies suggest that patients
receiving intravitreal bevacizumab (anti-VEGF) injections in one eye may possess
diminished VEGF levels in the uninjected, contralateral eye as well (Matsuyama, et al,
2011). In addition, administering these treatments requires multiple intravitreal injections,
which may increase the risks of scarring and traction retinal detachment (Moradian, et al,
2008). Further, as VEGF is important for photoreceptor survival, global VEGF inhibition
may also lead to photoreceptor degeneration or death (Saint-Geniez, et al, 2009), evidenced
by the fact that a significant number of patients experienced no improvement in visual
acuity despite correction of DME following treatment with ranibizumab, suggesting that
this intervention does not prevent damage to the neural retina and may potentially
exacerbate visual impairments (Kim and D’Amore, et al, 2012). Although the combination
of photocoagulation and intravitreal anti-angiogenic agents has been suggested as a
promising adjunct to laser therapy alone (Aiello, et al, 2010), a number of patients fail to
respond adequately to the combination of photocoagulation and anti-VEGF, suggesting
that other factors may be involved in the progression of DR (Abbate, et al, 2011).
Moreover, while several corticosteroids have been approved by the FDA for the treatment
of DME, agents such as dexamethasone have thus far demonstrated a lesser degree of
improvement in visual acuity than anti-VEGF agents, although these therapeutic
approaches have not been directly compared against one another in a well-designed clinical
trial (Stewart, 2016). Therefore, challenges remain as we aim to develop innovative
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molecular and cellular medicines capable of preventing or protecting against aberrant
neovascularization accompanying DR.

1.6.2 Pericyte Chemo-Mechanics Regulate Angiogenic Reactivation: A Novel Target for
Next-Generation DR and DME Therapeutics?
Retinal pericyte dropout has long been thought to initiate the pathologic cascade of DR.
This apparent mural cell loss has been attributed to hyperglycemia-induced alterations in
metabolism, including the re-duplication of the microvascular basement membrane.
Despite this long-held tenet that pericyte loss is the initiating event leading to pathologic
changes and vascular overgrowth in DR, our recently published work reveals that key
perturbations in RP cytoskeletal signal transduction may represent some of the earliest
pathophysiological events that directly contribute to the reversal of endothelial growth
arrest and angiogenic ‘switching’ or activation (Kutcher, et al, 2007; Kotecki, et al, 2010;
Lee, et al, 2010; Durham, et al, 2014; Durham, et al, 2015).

Indeed, we have demonstrated that perturbations in RhoA signaling permits retinal
capillary endothelial cells to escape quiescence and re-enter the cell cycle, in addition to
stimulating isoform-specific rearrangements of the pericyte actin cytoskeleton and
resultant cellular contractility (Kutcher, et al, 2007). Importantly, RhoGTPase is a key
signaling hub that integrates multiple extracellular stimuli to regulate cytoskeletal
organization and contractile phenotype in several cell types, acting downstream of soluble
pro-fibrotic effectors including ET-1, A-II and S1P, and may function to sense matrix
composition and stiffness via integrins and their associated cytoskeletal adaptor proteins
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such as ezrin and talin, among others (Lee, et al, 2010; Kotecki, et al, 2010). Hence, we
posit that diabetes-induced alterations in the retinal microenvironment, including the
overabundance of pro-contractile effectors and aberrant matrix glycation accompanying
endothelial dysfunction, may adversely impact RP cytoskeletal signaling in a manner that
fosters a pericyte-driven and chemo-mechanical reactivation of retinal endothelial
proliferation. This paradigm-shifting and overarching hypothesis further holds that
diabetes-induced alterations in RP contraction not only perturbs endothelial-pericyte
communication, but also represents the “angiogenic switch” that culminates in pathological
angiogenesis and proliferative DR.

1.6.3 RhoGTPase Signaling Controls Pericyte Chemo-Mechanics and Angiogenic
Switching
Our published work conclusively demonstrates that the small GTPase, RhoA, not only
determines isoform-specific rearrangements of the pericyte actin cytoskeleton and resultant
cellular contractility (Kutcher, et al, 2007), but also stimulates retinal capillary endothelial
cell cycle re-entry, downstream of a Rho-associated kinase (ROCK) and heterotypic cell
contact-dependent mechanism. However, while RhoA/ROCK signaling markedly affects
pericyte actin isoform distribution and contractile strength (Kutcher, et al, 2007; Kutcher
and Herman, 2009), the downstream RhoGTPase signaling effectors (Figure 1.4) that
promote pericyte cytoskeletal reorganization, mechanotransduction and endothelial cell
cycle re-entry remain unknown. Because these Rho/ROCK-driven changes in pericyteendothelial crosstalk are accompanied by profound, isoform-specific reorganization of the
pericyte actin cytoskeleton, the actin depolymerization factor, cofilin has emerged as
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potential regulator of pericyte chemomechanical control of endothelial cell quiescence
(Figure 1.4). Indeed, Rho/ROCK signaling drives actin stress fiber formation in several
cell types through LIM domain-containing kinase (LIMK)-dependent cofilin inactivation
via phosphorylation at serine-3 (Bamburg and Bernstein, 2010; Bernard, 2007), and since
pericyte actin network stability is intimately linked to contractile strength (Kutcher, et al,
2007), it is likely that this pathway regulates pericyte chemo-mechanics through the actin
depolymerizing factor, cofilin (Figure 1.4).

Figure 1.4 RhoGTPase-isoactin cytoskeletal effector network controlling pericyte chemo-mechanics
and microvascular morphogenesis. Image courtesy of Ira Herman, Ph.D.

1.6.4 LIMK1/2 and Cofilin Dictate Actin Polymerization and Filament Turnover:
Implications for Pericyte Chemo-Mechanical Control of Angiogenesis

The regulated organization of globular (G)-actin monomers into filamentous (F)-actin
polymers, and their subsequent turnover dynamics, are indispensable for determining cell
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shape, generating contractile forces, and creating membrane protrusions such as filopodia
and lamellipodia necessary for cell motility, among other processes (Wiggan, et al, 2013).

Indeed, the actin cytoskeletal network must be dynamically remodeled in response to
several external stimuli, including growth factors and cytokines, ECM composition,
pathogen infection, and electrochemical stimulation that drives neuronal dendrite
remodeling in synaptic transmission, to name just a few (Herman, 1987; Sieczkiewicz and
Herman, 2003; Papetti and Herman, 2002; Sacharidou, Stratman and Davis, 2012; Janssen,
et al, 2016; Chazeau and Giannone, 2016). Such signals are transduced via cell surface
chemo- and mechano-receptors that converge on small GTPases such as Rho, Rac, and
Cdc42, which act as molecular switches that initiate cascades that culminate in distinct
cytoskeletal phenotypes that may vary across cell types (Hall, 2005). Thus, as our past
work indicated that perturbations in pericyte RhoA signaling alter pericyte contractility and
cell cycle progression of the adjacent endothelial cells, we hypothesize that alterations in
the downstream Rho effectors, LIMK1/2 and cofilin, will disrupt heterotypic contactdriven endothelial quiescence, contributing to angiogenic activation that may play a role in
the pathogenesis of PDR.

To date, two isoforms of LIMK have been identified and characterized for their tissue
distribution and function. LIMK1 and 2 are each approximately 75 kDa, possessing
identical genomic structure and nearly 50% amino acid identity; these proteins each have
two LIM-domains and a single PDZ-domain, which may permit interactions with multiple
proteins, and a C-terminal kinase domain that mediates phospho-inhibition of cofilin
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(Bernard, 2007; Manetti, 2012). While both LIMK1 and LIMK2 are expressed in all
tissues, these proteins tend to demonstrate vast differences in their subcellular localization:
LIMK1 is present almost exclusively in the cytoplasm, whereas LIMK2 is found in both
nuclear and cytoplasmic compartments (Bernard, 2007). And, despite these differences in
cellular localization, LIMK1 and 2 have each been demonstrated to phosphorylate and
inactivate cofilin in multiple cell lines, thereby altering several cellular processes linked to
actin dynamics, including motility in numerous cancer cell lines, and dendritic spine
remodeling in hippocampal neurons (Bernard, 2007).

There are three proteins contained within the actin depolymerizing factor (ADF)/cofilin
family: ADF, cofilin-1, and cofilin-2, where cofilin-1 is the principal form present in nonmuscle cells, while cofilin-2 is the major isoform associated with muscle cells (Bamburg
and Bernstein, 2010). As cofilin-1 is expressed to a greater extent than any other isoform,
it is typically referred to strictly as cofilin, a convention that will be maintained throughout
the subsequent chapters. Cofilin is a principal regulator of actin polymerization status,
where its binding to actin filaments has been suggested to promote their severing through
inducing or stabilizing twists (Bamburg and Bernstein, 2010). Successful filament severing
depends on numerous factors, including the ratio of cofilin to F-actin: low-to-intermediate
ratios are suggested to facilitate efficient filament severing in many cells; high ratios
rapidly increase the severing rate but may stabilize filaments in a twisted form; and very
high cofilin:actin ratios may actually promote actin filament nucleation through the
creation of several free barbed ends, however these appear to be discrete associations with
G-actin monomers that are distinct from the stress fibers formed by actin filament bundles,
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and thus may further alter cellular motility and contractility (Bamburg and Bernstein,
2010). Cofilin-dependent actin cytoskeletal remodeling is further modulated by the
abundance of pointed and barbed-end capping proteins, where the former promote filament
nucleation and extension and the latter restrict these processes (Bamburg and Bernstein,
2010).

Based on these data from other cells, and the known mechanisms of LIMK- and cofilinregulated actin remodeling, we hypothesize that pericyte Rho/ROCK signaling drives
isoactin network organization, stress fiber bundling and contractile phenotype via LIMKdependent inhibition of the actin-severing factor, cofilin. At the same time, because both
LIMK1 and 2 have each been demonstrated to phosphorylate and inactivate cofilin, we aim
to understand the functional role(s) and relationship(s) of each of these kinases in
regulating pericyte cytoskeletal dynamics; by extension, we aim to determine whether
pericyte LIMKs and/or cofilin contribute to mechanochemical signaling and angiogenic
induction in a cell contact-dependent manner, comprising part of the angiogenic switch.

1.7 SUMMARY AND OVERARCHING HYPOTHESES
Diabetes causes numerous aberrations in cellular metabolism, giving rise to widespread
endothelial dysfunction that is considered to be a principal factor underlying the
development and progression of DFU and DR. Hyperglycemic stress and the
accompanying inflammation disrupts ECM turnover and alters cell-matrix and cell-cell
interactions in manners that promote the distinct, tissue-specific presentations of diabetic
microvascular disease. Importantly, therapeutic approaches that aim to restore physiologic
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signaling between multiple cell types and their surrounding ECM – or those that take
advantage of bioactive, ECM-derived molecules and ‘designer’ cell populations informed
by matrix remodeling processes and cell-specific behaviors in angiogenesis, respectively –
may be useful for abrogating or ameliorating DFU and DR, constituting entirely new
classes of molecular and cellular medicines to achieve greater tissue repair than those
treatments currently in used in clinical practice. Overall, our hypotheses are threefold:

i. Novel matrix- and PRP-derived peptides, Comb1 and UN3, stimulate angiogenesis
and re-epithelialization in non-healing diabetic wounds

ii. The enzyme combination present in Santyl® collagenase produces matrix-derived
peptides that stimulate post-debridement wound healing

iii. The downstream RhoGTPase effectors, LIMKs and cofilin, govern retinal pericyte
contractile

phenotype

and

contact-dependent

endothelial

growth

arrest;

perturbations in this chemo-mechanical signaling cascade may play a major role in
angiogenic switching in DR, allowing endothelial cell cycle re-entry prior to
eventual pericyte death or “drop-out” from the retinal microcirculation.
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Chapter Two: Experimental Protocols and Reagents
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2.1 IN VITRO STUDIES
2.1.1 Cell culture
In Chapter Three, primary adult human dermal microvascular endothelial cells (HMVEC,
Lonza Bioscience, Walkersville, MD) were cultured in Endothelial Basal Medium-2
(Lonza) supplemented with 5% fetal bovine serum (FBS) and the growth factors contained
within the EGM2-MV kit (Lonza), according to the manufacturer’s instructions. Human
foreskin fibroblasts (HFF) and transformed human keratinocytes cultured under elevated
temperature and low Ca2+ (HaCaT, gifts from the laboratory of Dr. Jonathan Garlick, Tufts)
were grown in Dulbecco’s Modified Eagle’s Medium (DMEM, Life Technologies, Grand
Island, NY) supplemented with 10% FBS (Atlanta Biologicals, Atlanta, GA), 1%
antibiotic-antimycotic, 1% L-glutamine, and 10mM HEPES (Life Technologies). HMVEC
were used at P5-8, HFF were used at P14-22, and HaCaT were used at P40-46.

In Chapter Four, HMVEC (Lonza) were cultured according to the manufacturer’s
instructions, as described above. Primary adult human dermal fibroblasts (HDF, Lonza)
were grown in DMEM (Life Technologies) supplemented with 10% FBS (Atlanta
Biologicals), 1% antibiotic-antimycotic, 1% L-glutamine, and 10mM HEPES (Life
Technologies). Primary adult human epidermal keratinocytes (NHEK, Lonza) were
cultured as previously described (Demidova-Rice, et al, 2012). HMVEC were used at P58, HDF were used at P3-8, and NHEK were used at P3-7.

In Chapter Five, bovine retinal pericytes (BRP) and capillary endothelial cells (BREC),
isolated from neonatal calf retina as previously described (Nayak and Herman, 2001), were
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cultured under the following conditions: BRP were maintained in DMEM supplemented
with 10% bovine calf serum (BCS, Sigma Aldrich, St. Louis, MO), 1% antibioticantimycotic, 1% L-glutamine, and 10mM HEPES (Life Technologies); BREC were grown
in DMEM supplemented with 5% BCS, 1% antibiotic-antimycotic, 1% L-glutamine, and
10mM HEPES (Life Technologies). BRP were used at passages 2-6, and BREC were used
at passages 6-12.

2.1.2 Labeling cells with fluorescein isothiocyanate (FITC)-conjugated Comb1
HACAT, HMVEC, and HFF were seeded on UV-sterilized 12mm-diameter glass
coverslips (ThermoFisher Scientific, Waltham, MA) in individual wells of 24-well plates
(VWR, Radnor, PA) and were maintained for 7-10 days post-confluence. For peptide
labeling, cultures were equilibrated to room temperature for one hour, then incubated for
one hour in low serum (0.5% BCS) media containing 100 nM FITC-Comb1 or low-serum
media alone as a negative control. Subsequently, surface cross-linking of control and
peptide-treated cultures was performed using 2 mM 3,3’-dithiobis (sulfosuccinidimyl
propionate; DTSSP, ThermoFisher Scientific) according to the manufacturer’s
instructions. Cross-linking was quenched by the addition of 3 volumes of 200 mM glycine,
20 mM Tris-HCl, pH 7.5, for 3 minutes at room temperature. Cell cultures were then fixed
using 4% neutral buffered formaldehyde for 5 minutes at room temperature. After fixation,
coverslips were washed in 3 times in PBS, and blocking was performed in 3% bovine serum
albumin (BSA) for 1 hour at room temperature in a humidified chamber. Coverslips were
then incubated overnight with goat anti-FITC primary antibody (1:50-1:100, Life
Technologies) overnight at 4˚C. After washing in PBS, coverslips were incubated with
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AlexaFluor 633-conjugated donkey anti-goat secondary antibody (1:200, Life
Technologies) and Hoescht 33342 (1:1000, Life Technologies) in a humidified chamber
for one hour at room temperature, protected from light. Coverslips were washed in PBS
and mounted on glass slides using PermaFluor aqueous mounting medium (ThermoFisher
Scientific). Coverslips incubated without primary antibody served as negative staining
controls. Microscopic analysis of fluorescence immunocytochemistry was performed as
described (Durham, et al, 2015).

2.1.3 Cellular Responses to Injury in vitro
HMVEC, HACAT and HFF were seeded in 6-well plates (VWR) and allowed to grow to
confluence. 7-10 days later, concentric scratch wounds were created in post-confluent
monolayers using stainless steel rakes that uniformly denude ~50% of the resting
population in each well (Hoock, et al, 1991). Denuded cells (time 0) were collected, lysed
in RIPA buffer supplemented with a protease inhibitor cocktail (Sigma Aldrich) and
mechanically disrupted by dounce homogenization on ice; 24 hours after injury, the
migrating cell populations were lysed and homogenized in the same manner. Equal
amounts of protein from these homogenates were mixed with reducing sample buffer
containing a final concentration of 2% b-mercaptoethanol (Sigma-Aldrich), heated to 95˚C
for 5 minutes, and separated by SDS-PAGE.

2.1.4 Peptide Blot Overlay
After SDS-PAGE, protein samples were transferred to Whatman Protran 0.1 µm pore size
nitrocellulose membranes (GE Healthcare, Little Chalfont, UK) and blocked for 1 hour at
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room temperature with a protein-free blocking solution (Life Technologies). Membranes
were then overlaid with protein-free blocking solution (Life Technologies) containing
FITC-conjugated Comb1 peptide (200 nM, synthesized by Biomatik, Cambridge, ON) and
incubated for one hour at room temperature with end-over-end rotation, protected from
light. Membranes were washed three times in PBS, and peptides were cross-linked to
putative

receptors

using

2

mM

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide

hydrochloride (EDC, Life Technologies) and 2 mM N-hydroxysuccinimide (NHS, Life
Technologies) for 15 minutes at room temperature. Cross-linking was quenched by
addition of 3 volumes of 200 mM glycine, 20 mM Tris-HCl, pH 7.5, for 3 minutes at room
temperature. Membranes were washed in TBS and blocked overnight at 4˚C in protein-free
blocking solution. Western blotting was performed using goat anti-FITC (1:100, Life
Technologies) primary antibody overnight at 4˚C, followed by incubation with horseradish
peroxidase-conjugated donkey anti-goat secondary antibody (1:2000, Santa Cruz
Biotechnology, Santa Cruz, CA), and developed using Clarity ECL Western Blotting
Substrate (BioRad, Hercules, CA). Digital imaging of Western blots was performed using
a BioSpectrum Imaging System with VisionWorks software (UVP, Upland, CA).

2.1.5 Preparation of Biosynthesized Extracellular Matrices
Extracellular matrices were prepared as previously described (Demidova-Rice, et al, 2011)
and based on the original methods developed (Herman and Castellot, 1987). Briefly,
HMVEC and HDF at 7-10 days post-confluence were washed three times with Trisbuffered saline (TBS, pH 7.2). Cells were removed using 0.5% sodium deoxycholate
buffered with 20 mM Tris-Cl (pH 8.0) containing 150 mM NaCl (pH 7.0) and a protease
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inhibitor cocktail (P8340, Sigma-Aldrich). Two room temperature detergent treatments
were performed, each lasting 15 minutes; subsequently, the decellularized ECM was
washed with five times with TBS (1 minute per wash), immediately collected, and used for
enzymatic digestion and peptide identification.

2.1.6 Enzymatic digestion of vascular endothelial and fibroblastic extracellular matrices
Enzymatic ECM digestion was performed as previously described (Demidova-Rice, et al,
2011), with the following modifications: lyophilized Santyl® collagenase (the drug
substance for Santyl®) was obtained from Smith & Nephew PLC (Fort Worth, TX),
reconstituted in TBS at 1.0 mg/mL, and stored at -20ºC before use for no longer than 1
week. Immediately prior to use, the enzymes were thawed, diluted to 1000 U/mL in TBS
containing 2 mM calcium, and added to the decellularized plates for 24 hours at 37ºC.

2.1.7 Liquid Chromatography-Tandem Mass Spectrometry
For identification of putative Comb1 receptors following blot overlay with 200 nM FITCComb1, peptide-labeled bands of interest were excised from nitrocellulose membranes (GE
Healthcare) containing electrophoresed lysates derived from post-confluent and post-injury
HMVEC, HFF and HaCaT using clean, stainless steel single-sided razor blades, placed into
1.5 mL microcentrifuge tubes (VWR) containing ddH2O, and submitted to Taplin Mass
Spectrometry Facility at Harvard Medical School for protein identification. At Taplin, the
portions of FITC-Comb1 labeled nitrocellulose membranes were degraded using
proteomics-grade trypsin and subjected to liquid chromatography coupled with tandem
mass spectrometry (LC-MS/MS) using Orbitrap mass spectrometers (ThermoFisher
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Scientific). Several candidate Comb1 receptors in populations of confluent and post-injury
HMVEC, HFF and HaCaT were identified in this manner.

For identification of HMVEC and HFF matrix-derived peptides, soluble and insoluble
fractions of HMVEC and HDF matrices digested with Santyl® collagenase were collected
into ECM-solubilization buffer containing 20 mM Tris-Cl (pH 8.0), 150 mM NaCl (pH
7.0), 0.1% sodium dodecyl sulfate (SDS), 0.5% sodium deoxycholate, 1% NP-40,
supplemented with protease inhibitors (P8340, Sigma-Aldrich). The digested matrices
were then mixed with reducing sample buffer containing a final concentration of 2%
b-mercaptoethanol (Sigma-Aldrich), heated to 95°C for 5 minutes, separated by SDSPAGE, and proteins were stained using the SilverQuest Silver Staining Kit (ThermoFisher
Scientific). Protein bands of interest were excised from the gels and submitted to Taplin
Mass Spectrometry Facility at Harvard Medical School for protein identification. At
Taplin, the gel bands were degraded using proteomics-grade trypsin and subjected to liquid
chromatography coupled with tandem mass spectrometry (LC-MS/MS) using Orbitrap
mass spectrometers (ThermoFisher Scientific). Over 100 protein fragments were identified
in Santyl®-digested matrices; of these, 8 peptides derived from HMVEC matrix and 6
peptides derived from HDF matrix, each containing 12-25 amino acids, were selected and
submitted to Tufts University Core Facility (TUCF) for synthesis by FastMoc Chemistry,
as previously described (Demidova-Rice, et al, 2011; Fields, et al, 1990; Yates, et al, 1995).
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2.1.8 Cell Proliferation Assays
Synthetic peptides originally identified from HMVEC and HDF-derived extracellular
matrices digested with Santyl® collagenase were then tested for their ability to stimulate
proliferation of NHEK, HMVEC, and HDF in vitro. Cell proliferation assays were
performed as previously described (Demidova-Rice, et al, 2011; 2012), with the following
modifications: cells were plated in their normal growth media at a density of 2,000
cells/well in two 48-well plates; the next day (day 1 post-plating), cells were detached from
the culture surface of one plate using trypsin, and baseline cell counts were obtained using
a Coulter Counter model Z-II (Beckman Coulter, Inc., Fullerton, CA) according to the
manufacturer’s instructions. Cells in the remaining plates were fed with culture media
containing 1% BCS for HMVEC, 1% FBS for HDF, or 50% basal keratinocyte growth
media (serum-free media with bovine pituitary extract and recombinant human epidermal
growth factor) for NHEK. Peptide treatments were administered in basal media on day 1
and day 3 post-plating, at a concentration of 100 nM. Cell counts were performed on day
5 post-plating. Recombinant human FGF2 (R&D Systems, Minneapolis, MN),
recombinant human PDGFbb (R&D Systems), and Santyl® collagenase (Smith & Nephew
PLC) were used as positive controls for assays with HMVEC, HDF, and NHEK,
respectively. A total of three experiments were performed, and each independent
experiment contained three technical replicates for each condition assayed. For each
treatment condition, relative proliferation was calculated by normalizing the average cell
count obtained from the three technical replicates against the average cell count for control
treatments. Mean proliferation, standard deviation, and statistical significance were
calculated from the normalized values derived from each independent experiment.
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2.1.9 2D-Angiogenesis/Endothelial Morphogenesis
The morphogenic capacity of the ECM-derived peptides was evaluated as previously
described (Demidova-Rice, et al, 2011; 2012), with the following modifications. Briefly,
growth factor-reduced (GFR) Matrigel (Corning Life Sciences, Tewksbury, MA) was
thawed on ice overnight in the cold room and used the next day. Stock solutions of peptides
were prepared in sterile water or 1 M Tris (pH 8.0) and diluted in Matrigel to final
concentration of 100 nM. After thorough mixing, peptide-containing GFR Matrigel was
placed in wells of 8-well chamber slides (BD Biosciences, San Jose, CA). GFR Matrigel
blended with 10 ng/mL (0.6 nM) FGF2 served as a positive control, while GFR Matrigel
blended with 1% BCS served as a negative control. All peptide/Matrigel mixing procedures
and chamber slide preparations were performed at 4°C to prevent premature matrix
polymerization. Subsequently, the chamber slides containing GFR Matrigel mixtures were
placed in tissue culture incubators at 37ºC for 45-60 minutes to allow for matrix
polymerization. Wells were then inoculated with 5 x 104 HMVEC in DMEM supplemented
with 1% BCS +/- FGF2 or the corresponding peptides. Phase contrast microscopy and
image analysis of endothelial sprout formation at 5 hours post-plating were performed as
described (Demidova-Rice, et al, 2011; 2012). A total of three experiments were
performed, and each independent experiment contained three technical replicates for each
condition assayed. Relative endothelial tube formation in each experiment was calculated
by normalizing the average sprout length measured for each condition to the average sprout
length for control treatments. Mean tube formation, standard deviation, and statistical
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significance were calculated from the normalized values obtained from each individual
experiment.

2.1.10 Pericyte-Endothelial Interactions
2.1.10.1 Vital Labeling of Pericytes
BRP were suspended at a density of 1 x 106 cells/mL in serum-free DMEM containing 1%
L-glutamine and 1% antibiotic-antimycotic (Life Technologies). Cell suspensions were
incubated with Vybrant DiO (10 µL/mL cell suspension, Life Technologies) for 20 minutes
at 37˚C, centrifuged, and washed according to the manufacturer’s instructions.

2.1.10.2 Transient Transfection of Pericytes in Suspension
Transfection complexes were prepared in 50 µL of Opti-MEM serum-free medium (Life
Technologies) as follows: for LIMK1/2 transfections, 0.25 µg mRuby-LifeAct7 plasmid
DNA was combined with 1 µg wild-type (WT) or kinase-dead (KD) hemagluttinin (HA)tagged LIMK1/2 plasmid or an empty vector, 4 µL Lipofectamine LTX and 2 µL PLUS
reagent, and incubated at room temperature for 15-20 minutes, according to the
manufacturer’s instructions; for cofilin transfections, 1 µg red fluorescent protein (RFP)
vector or 1 µg WT, S3A, or S3E RFP-cofilin plasmid were used. Subsequently, transfection
complexes were mixed with either 6 x 104 DiO-labeled BRP or 6 x 104 unlabeled BRP to
achieve a final volume of 100 µL in antibiotic-free media. Cells were incubated with
transfection complexes at 37˚C in 1.5 mL microcentrifuge tubes (VWR) for 2 hours and
mixed every 15 minutes by gentle agitation. After 2 hours, cells were centrifuged at 1,500
RPM for 5 minutes, washed in PBS, and the procedure was performed at total of 3 times.
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After washing, transfected cells were suspended in complete media and seeded on UVsterilized 12 mm-diameter circular glass coverslips (ThermoFisher Scientific) in wells of
24-well plates (VWR) at a density of 8 x 103 – 1 x 104 cells per well, in a final volume of
500 µL.

2.1.10.3 Plasmids
mRuby-LifeAct7 was a gift from Dr. Michael Davidson (Addgene plasmid #54560). HAtagged WT and KD LIMK1 and 2, expressed in pcDNA3 vector, were obtained from the
laboratory of Dr. Toshikazu Nakamura (Sumi, et al, 1999). pmRFP-N1 was contributed by
Dr. Stephen Bunnell (Tufts). WT, constitutively active (S3A) and dominant-negative (S3E)
cofilin, contained in pmRFP-N1 vector, were a kind gift from Dr. James Bamburg
(Colorado State University).

2.1.10.4 Pericyte Cytoskeletal Phenotype Analysis: Fluorescent Phalloidin Staining
48 hours after transfection and plating on 12 mm-diameter glass coverslips in the wells of
24-well plates, cultures of transfected BRPs were washed 3 times with sterile PBS and
fixed using 4% neutral buffered formaldehyde for 5 minutes at room temperature. Fixed
BRPs were then permeabilized for 90 seconds at room temperature using buffered 0.01%
Triton X-100 and stained with AlexaFluor 488-conjugated phalloidin (1:25) and Hoescht
33342 (1:1000) for 1 hour in a humidified chamber, protected from light. Stained coverslips
were mounted on Superfrost glass slides (ThermoFisher Scientific) using PermaFluor
aqueous mounting media (ThermoFisher Scientific), and allowed to cure overnight,
protected from light, prior to imaging. Microscopy of fixed, stained BRP cultures was
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performed using 10x air and 40x oil-immersion objective lenses as previously described
(Durham, et al, 2014).

2.1.10.5 Pericyte Cytoskeletal Phenotype Analysis: Isoactin Distribution and Arrangement
Transfected BRPs were washed, fixed, and permeabilized at 48 hours post-plating as
described above. Subsequently, coverslips containing fixed, permeabilized pericyte
cultures were blocked for 1 hour using 3% bovine serum albumin in a humidified chamber,
then immunostained overnight at 4˚C using a mouse monoclonal antibody against asmooth muscle actin (aSMA, 1:100, Abcam, Cambridge, MA) or a rabbit polyclonal
antibody against b-actin (1:100, IMH). The next day, coverslips were incubated with
AlexaFluor 488-conjugated goat anti-mouse or goat anti-rabbit secondary antibodies
(1:100, Life Technologies), and nuclei were counter-stained with Hoescht 33342 (1:1000,
Life Technologies). Coverslips were mounted on Superfrost glass slides (ThermoFisher
Scientific) using PermaFluor aqueous mounting media (ThermoFisher Scientific), and
allowed to cure overnight, protected from light, prior to imaging. Microscopy of fixed,
stained BRP cultures was performed using 10x air and 40x oil-immersion objective lenses
as previously described (Durham, et al, 2014).

2.1.10.6 Pericyte-Endothelial Co-cultures: 5-ethynyl-2’-deoxyuridine (EdU) Assays
24 hours after plating, transfected BRPs were washed 3 times with sterile PBS, and regular
growth media was replaced by co-culture media, containing 2% BCS (Sheets, Durham and
Herman, 2016). Subsequently, 8 x 103 – 1 x 104 BREC were added to each well, in a final
volume of 450 µL, to achieve a pericyte:endothelial cell ratio of 1:1. 20 hours after the
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addition of BREC, the Click-iT EdU AlexaFluor 594 imaging kit (Life Technologies), was
used according to the manufacturer’s instructions, using a 4-hour pulse with 50 µL of 5ethynyl-2’-deoxyuridine (EdU) in co-culture media, to achieve a final concentration of 10
µM in solution. Co-cultures were washed 3 times with sterile PBS and fixed using 4%
neutral buffered formaldehyde for 5 minutes at room temperature. Following fixation,
cultures were permeabilized for 90 seconds with buffered 0.1% Triton X-100, washed three
times with PBS, and the click reaction was performed for 30 minutes in a dark, humidified
chamber, according to the manufacturer’s instructions. Subsequently, coverslips were
blocked for 1 hour using 3% bovine serum albumin, and pericytes were immunostained
overnight at 4˚C using a mouse monoclonal antibody against aSMA (1:100, Abcam). The
next day, coverslips were incubated with AlexaFluor 488-conjugated goat anti-mouse
secondary antibody (1:100, Life Technologies), and nuclei were counter-stained with
Hoescht 33342 (1:1000, Life Technologies). Coverslips were mounted on Superfrost glass
slides

(ThermoFisher

Scientific)

using

PermaFluor

aqueous

mounting

media

(ThermoFisher Scientific), and allowed to cure overnight, protected from light, prior to
imaging.

Microscopy of fixed, stained BRP-BREC co-cultures was performed as described
(Durham, et al, 2014). Images were quantified by manual identification of quiescent (EdUnegative, aSMA-negative, DiO-negative) and S-phase (EdU-positive, aSMA-negative,
DiO-negative) BREC in contact with individual transfected (RFP-positive, aSMApositive, DiO-positive) and control, non-transfected (RFP-negative, aSMA-positive, DiOpositive) BRP, followed by calculation of the percentage of S-phase positive BREC nuclei.
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At least three experiments were performed, and each independent experiment contained
three technical replicates for each condition assayed. At least 200 transfected pericytes
were evaluated for each transfection condition across all experiments conducted. The mean
percent of EdU-positive, S-phase re-entrant BREC, standard deviation, and statistical
significance were calculated from the mean EdU-positivity obtained from each
independent experiment.

2.2. IN VIVO STUDIES
2.2.1 Ethics Statement
These studies were performed in strict accordance with the recommendations set forth in
the National Institutes of Health Guidelines for the Care and Safety of Laboratory Animals.
The Tufts University Institutional Animal Care and Use Committee approved all animal
protocols and procedures (Protocol Numbers: B2012-62, B2012-115). All surgeries were
performed under general anesthesia and perioperative analgesia was provided for all
animals (described below for each model organism). Methods of euthanasia were
performed as appropriate for each model organism, described in each section below.

2.2.2 Diabetic Induction in Yorkshire Swine
Adult female Yorkshire swine weighing 50-60 kg were made diabetic by intravenous
administration of streptozotocin (STZ, Teva Pharmaceuticals, Petah Tikva, Israel) at a dose
of 150 mg/kg as described (Hara, et al, 2008). Blood glucose levels were obtained twice
daily using a OneTouch UltraMini glucometer (LifeScan, Inc., Milpitas, CA), with diabetes
confirmed by glucose levels greater than 200 mg/dL; insulin was administered twice daily
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on a sliding scale to maintain levels between 250 and 600 mg/dL, to model poor glycemic
control.

2.2.3 Full Thickness Excisional Wounding and Post-Injury Treatments in Diabetic Swine
Following 3 to 6 weeks of diabetic induction, animals underwent Tufts University IACUCapproved

dorsal

wounding

surgeries:

after

anesthesia

induction

with

a

telazol/ketamine/xylazine cocktail, dorsal hair was removed with depilatory cream,
followed by shaving. Under general anesthesia with inhaled isoflurane, the paraspinal area
was prepared and draped sterilely, and full-thickness (5.0 mm deep) excisional wounds
were created in the animals’ backs using sterile, stainless steel biopsy punches (8.0 mmdiameter) or a sterile No. 11 surgical blade (2.0 cm x 2.0 cm square wounds). Following
hemostasis by manual compression, wounds were covered using 10% compound tincture
of benzoin adhesive and Tegaderm transparent dressing (3M, St. Paul, MN) and animals
were placed in protective jackets. Perioperative analgesia was achieved using either
buprenorphine (0.05 – 0.1 mg/kg subcutaneously or intramuscular), ketoprofen (1.0 – 3.0
mg/kg subcutaneously or intramuscular) or fentanyl patch (50 µg/hr, transdermal). Comb1
(1.0 mg/mL) and UN3 (284 µg/mL) peptides (synthesized by Anaspec, Fremont, CA) were
suspended in autoclaved 4% carboxymethylcelluose and administered to wounds daily by
injection beneath the Tegaderm bandage, for a period of 3 to 7 days. Sterile saline served
as a negative control.
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2.2.4 Murine Model of Impaired Healing and Full Thickness Excisional Wounding
Adult Balb/c mice were obtained from the Jackson Laboratory (Bar Harbor, ME) and
housed in the Tufts Division of Laboratory Animal Medicine (DLAM). After acclimation,
healing impairments were induced as previously described (Demidova-Rice, et al, 2012)
following procedures approved by the Tufts University IACUC in accordance with NIH
guidelines for the care and safety of laboratory animals. Briefly, animals were treated with
two doses of pharmaceutical grade cyclophosphamide (CY, Sigma-Aldrich) dissolved in
sterile saline, administered via intramuscular injection into the caudal thigh at 4 days (150
mg/kg) and 1 day (100 mg/kg) prior to injury. Subsequently, CY-treated mice underwent
IACUC-approved cranial excisional wounding surgeries as previously described
(Demidova-Rice, et al, 2012), with the following modifications. Mouse heads were
depilated (Nair, Carter-Wallace, New York, NY) the day before surgery. Mice were
anesthetized by an intraperitoneal injection of a ketamine-xylazine cocktail (90 mg/kg
ketamine and 10 mg/kg xylazine) for surgical procedures and during all manipulations and
treatments. Full-thickness excisional wounding was performed using sterile 4 mmdiameter punch biopsy tools, sterile scissors, and sterile forceps. Wounds were dressed
with Tegaderm (3M, St. Paul, MN) immediately after injury. Perioperative analgesia was
achieved using bupivacaine (4.0 mg/kg, subcutaneously) immediately after wounding, and
as needed on subsequent days. Peptides were suspended in autoclaved 3%
carboxymethylcellulose (CMC) in PBS at concentrations of 0.1 mg/mL or 1.0 mg/mL and
injected beneath the Tegaderm bandage using a 25G needle. CMC alone or CMC
containing Santyl® collagenase (1.0 mg/mL) served as negative and positive controls,
respectively. All treatments were administered daily for a period of 5 days, beginning on
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the first day after injury, and dressings were changed as necessary. All treatment groups
contained at least 4 mice.

2.2.5 Tissue Harvesting
For experiments performed in Chapter Three, immediately following euthanasia with
euthasol (pentobarbital sodium and phenytoin sodium, Virbac USA, Fort Worth, USA),
dorsal wounds, including the underlying subcutaneous tissue and fascia, together with an
approximately 1 cm perimeter of uninjured cutaneous tissue bordering the wound, were
harvested. Wounds were bisected using a sterile surgical blade. Half of each wound was
fixed in buffered 4% formaldehyde and reserved for histology. A 1 mm-thick section was
removed from the remaining half of each wound, partitioned into granulation tissue,
hypodermis, and adjacent, non-wounded dermis and epidermis using a sterile, stainless
steel razor blade, and each piece of tissue was placed in RNAlater RNA Stabilization
Reagent (Qiagen, Venlo, NL). The remaining tissues were placed in large cryovials, snapfrozen in liquid nitrogen, and reserved for immunohistochemistry.

In Chapter Four, animal tissues were collected at 5 days post-injury as previously described
(Demidova-Rice, et al, 2012). Briefly, after euthanasia by CO2 inhalation, cranial wounds,
together with underlying fascia and connective tissue, and approximately 5 mm of intact
dermal and epidermal tissues surrounding the wounds were excised. The wounds and
adjacent uninjured tissues were then bisected; one half was placed in 10% phosphate
buffered formalin (ThermoFisher Scientific) and reserved for staining with hematoxylin
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and eosin (H&E) and Masson’s trichrome, and the other half was embedded in Tissue-Tek
OCT compound (VWR), frozen on dry ice, and reserved for immunohistochemistry.

2.2.6 Histology and Microscopy of Fixed, Paraffin-Embedded Tissues
After fixation in buffered formaldehyde for 72 hours, diabetic porcine wounds were
embedded in paraffin, cut into 5 µm-thick sections, and stained with H&E or Masson’s
trichrome. Microscopic imaging of H&E and trichrome-stained sections was performed as
described (Demidova-Rice, et al, 2012).

After fixation for 24 hours, murine cranial wound tissues were embedded in paraffin, cut
into 5 µm-thick sections, and stained with H&E or Masson’s trichrome. Microscopic
imaging of stained sections of cranial excisional wounds and digital photomerging were
performed as previously described (Demidova-Rice, et al, 2012).

2.2.7 Immunhistochemistry and Microscopy of Fresh Frozen Tissues
Flash frozen pieces of diabetic porcine wounds were re-equilibrated in PBS-buffered 0.5%
formaldehyde and 15% sucrose for two days at 4˚C, followed by two days in PBS-buffered
0.5% formaldehyde and 30% sucrose, and embedded in Tissue-Tek OCT compound
(VWR). 18 µm-thick sections were cut and placed on Superfrost Plus glass slides
(ThermoFisher Scientific). Fluorescent immunohistochemistry using mouse anti-CD31
(1:200, Novus Biologicals, Littleton, CO) and rabbit anti-HSPG (1:200, IMH), and
subsequent microscopy were performed as described (Demidova-Rice, et al, 2012).
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2.2.8 Labeling Tissue with FITC-conjugated Comb1
18 µm-thick sections of fresh frozen saline-treated porcine wounds were blocked with PBS
containing 5% normal goat serum (NGS) for one hour at room temperature in a humidified
chamber, then incubated with 100 nM FITC-Comb1 in 5% NGS, protected from light.
Fluorescent immunohistochemistry using rabbit anti-FITC primary antibody (1:100, Life
Technologies) and subsequent microscopy were performed using methods described
(Demidova-Rice, et al, 2012). Slides incubated with 5% NGS alone served as negative
controls.

2.2.9 Quantitative Analysis of Wound Healing Responses
For analyses performed in Chapter Three, composite images of H&E, trichrome, and
immuno-labeled wounds were created using the Photomerge tool of Adobe Photoshop as
described (Demidova-Rice, et al, 2012). Percent wound closure in diabetic porcine wounds
was determined by dividing the total linear distance of keratinocyte migration from the
wound edge by the total width of each wound, each measured using the NIH ImageJ
freehand

line

tool.

Angiogenic

responses

were

quantified

from

merged

immunofluorescence images: total wounded area, defined as the histologically apparent
interruption in normal skin morphology, and granulation tissue area, defined as the area
with dual positivity for CD31 and HSPG, were quantified using the NIH ImageJ freehand
tool, and the percentage of granulation tissue occupying the wound was calculated;
microvascular density within the granulation tissue was calculated by measuring
CD31/HSPG co-localization intensity using NIH ImageJ (Demidova-Rice, et al, 2012), and
normalizing against the granulation tissue area.
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For analyses performed in Chapter Four, Composite images of H&E and trichrome-stained
murine cranial wounds were created using the Photomerge feature of Adobe Photoshop as
described (Demidova-Rice, et al, 2012). Percent wound closure in murine cranial wounds
was determined by dividing the total linear distance of keratinocyte migration from the
wound edge by the total width of each wound, each measured using the NIH ImageJ
freehand line tool.

2.2.10 Quantitative Molecular Analyses of Wound Healing Responses
2.2.10.1RNA Isolation
Total RNA was isolated from compartments of diabetic porcine wounds (adjacent,
unwounded dermis and epidermis, hypodermis, and granulation tissue) by homogenization
in TRIzol (Life Technologies) and purification with RNEasy mini columns (Qiagen).

2.2.10.2 Quantitative Real-Time PCR
1 µg RNA from diabetic porcine wound compartments was reverse transcribed using the
Quantitect Reverse Transcription kit (Qiagen). Reactions containing 5 ng cDNA were
prepared in duplicate using Taqman probes and Taqman Gene Expression Master Mix
(Life Technologies) according to the manufacturer’s instructions, and PCR was performed
using an iCycler iQ5 real-time PCR detection system (BioRad). Relative mRNA
expression was determined following normalization to beta-actin or RPL32 using the 2-DDCt
method.
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2.3 STATISTICS AND DATA ANALYSIS
In Chapter Three, excisional wounding experiments were performed a total of 7 times; 7day peptide treatments were performed 5 times, and 3-day peptide treatments were
performed twice. In all quantitative analyses, mean values were compared for each
treatment group on day 3 and day 7 post-wounding, and all data are expressed as fold
change relative to saline controls on each day +/- SEM. All statistical analyses were
performed using an unpaired Student’s t-test. Peptide blot overlays/far western blots were
performed at least 3 times.

In Chapter Four, all in vitro and in vivo experiments were performed at least three times,
and all in vivo treatment groups contained at least 4 mice. Mean values were compared for
each treatment group, and data are displayed as mean fold change relative to negative
controls, +/- standard deviation. Statistical analyses of peptide treatments versus negative
controls were performed using an unpaired Student’s t-test, with p-values < 0.05
considered to be statistically significant.

In Chapter Five, statistical significance of S-phase entry between BREC contacting nontransfected versus transfected pericytes was determined using an unpaired Student’s t-test,
with a p-value of < 0.05 considered statistically significant.
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3.1 RATIONALE
Non-healing wounds are a major global health concern and account for the majority of nontraumatic limb amputations worldwide. However, compared to standard care practices, few
advanced therapeutics effectively resolve these injuries stemming from cardiovascular
disease, aging, and diabetes-related vasculopathies. The modest outcomes observed
following treatment with current molecular medicines may stem from the inflamed,
protease-rich DFU microenvironment (McCarty and Percival, 2013), which deprives cells
of growth factors and matrix-derived signals necessary for tissue repair (Schultz, et al,
2011; Wilgus, 2012) and may degrade exogenously applied growth factor-based
therapeutics such as becaplermin (Demidova-Rice, et al, 2012). Hence, molecular
interventions that resist proteolytic cleavage, as well as normalize the chronic wound
protease-to-inhibitor ratio, are innovative strategies that may resolve DFU.

Intriguingly, matrix-remodeling enzymes such as Clostridial collagenase, and matrixderived preparations such as platelet-rich plasma (PRP), each have been demonstrated to
induce tissue repair in DFU (Lacci and Dardik, 2010; Tallis, et al, 2013), suggesting these
entities promote healing through mechanisms unimpeded by the chronic wound protease
burden. Thus, in our efforts to uncover these mechanisms and develop advanced
therapeutics, we identified bioactive peptides liberated from Clostridial collagenasedigested vascular endothelial extracellular matrix (ECM) and thrombin-derived peptides in
PRP that stimulate cell migration, proliferation, and microvascular morphogenesis
(Demidova-Rice, et al, 2011; 2012). In turn, we created short, protease-resistant,
combinatorial peptides comprised of the individual ECM (Comb1) and PRP peptides
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(UN3), which further augment endothelial cell proliferation and morphogenesis, and postinjury keratinocyte migration in vitro (Demidova-Rice, et al, 2011; 2012). Moreover, each
of these combinatorial peptides enhances wound vascularization, granulation tissue
formation, and re-epithelialization in cyclophosphamide-treated, healing-impaired mice,
and wounds treated with Comb1 and UN3, together, display greater angiogenesis and a
thicker epidermis than those treated with either peptide alone (Demidova-Rice, et al, 2012).

Based on these previous studies from our lab, we interrogated whether Comb1 and UN3
stimulate wound resolution in a pre-clinical diabetic porcine model of impaired healing,
which is highly reminiscent and parallels the human pathophysiologic responses to injury
observed in chronically impaired, non-healing wounds in T1 and T2DM (Gordillo, et al,
2013). This chapter presents the findings of these studies, which reveal that Comb1 and
UN3 stimulate post-injury angiogenesis, granulation tissue formation, and reepithelialization compared to saline treated controls. Additionally, fluorescein
isothiocyanate (FITC)-conjugated Comb1 labels cell populations in diabetic porcine
wounds, including fibroblasts and endothelial cells in granulation tissue and keratinocytes
present near the wound edge, as well as several millimeters distal to the injury. Further,
FITC-Comb1 interacts with multiple proteins isolated from HaCaT, HMVEC, and HFF,
with binding patterns dependent on cellular responses to injury in vitro. In addition, LCMS/MS based analyses of FITC-Comb1-labeled proteins reveals extracellular matrix
protein-1 (ECM1) as a candidate Comb1 receptor in dermal HMVEC, and the loss of
ECM1 ablates FITC-Comb1 binding in blot overlay assays. Finally, Comb1 and UN3
significantly stimulate mRNA expression of pro-angiogenic growth factors and receptors,
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including VEGFA, VEGFR1/2 and FGF2, immune and stem cell chemoattractants
including SDF1a and its receptor, CXCR4, and re-epithelialization factors including EGF,
HB-EGF, and EGFR in a time- and tissue-specific pattern in diabetic porcine tissues.
Importantly, peptide treatment induces MMP2, MMP9, and TIMP1 mRNA expression,
which may aid in restoring the protease/inhibitor balance to promote healing.

3.2 RESULTS
3.2.1 Streptozotocin Treatment Results in Chronic Hyperglycemia
In order to model healing impairments in diabetes, swine were treated with a bolus of
intravenous STZ, a well-characterized cytotoxic glucose analog that accumulates in
pancreatic b-cells through GLUT2-dependent uptake and induces b-cell death through
DNA alkylation and reactive oxygen species production. Whereas the mean fasting blood
glucose was 87 mg/dL prior to administration, levels spiked to an average of 328 mg/dL
24 hours after STZ-mediated b-cell destruction. Following diabetic induction, and
throughout the course of the experiments, insulin was administered twice daily to maintain
fasting blood glucose levels between 250 – 600 mg/dL to achieve persistent hyperglycemia
associated with non-healing wounds and other diabetic microvascular complications.
Blood glucose levels remained chronically elevated throughout the experimental time
course, typically ranging between 400 – 500 mg/dL. Maximal blood glucose levels were
observed to be ≥ 600 mg/dL.
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3.2.2 Comb1 and UN3 Enhance Wound-Healing Re-Epithelialization and Angiogenesis in
Diabetic Swine
After confirming diabetes as described above, we investigated whether our novel peptides,
Comb1 and UN3, could stimulate tissue repair and wound resolution in chronically
hyperglycemic swine. Our past work demonstrates that the matrix- and plasma-derived
peptides, Comb1 and UN3, stimulate capillary endothelial cell proliferation and
morphogenesis, keratinocyte migration, and produce complete wound closure with highly
vascularized granulation tissue in murine models of impaired healing (Demidova-Rice, et
al, 2011; 2012). As a result, we interrogated whether comparable doses of these same
peptides induce wound-healing re-epithelialization, angiogenesis, and granulation tissue
formation in a diabetic porcine model of impaired healing. Histomorphometric analyses
following full thickness excisional wounding reveal that 3 days of peptide treatment
(Figure 3.1B) significantly increases re-epithelialization by 75% compared to saline
(Figure 3.1A, quantified in Figure 3.1E). By day 7, peptide-treated wounds (Figure 3.1D)
demonstrate a 26% increase in wound closure over controls (Figure 3.1C, quantified in
Figure 3.1E, p = 0.17). Importantly, there is no appreciable difference between the width
of peptide- and saline-treated wounds at either time point, suggesting Comb1 and UN3 do
not alter wound contraction. Additionally, quantitative immunohistochemistry of heparan
sulfate proteoglycan (HPSG) and CD31 in diabetic porcine wounds reveals 3 days of
peptide (Figure 3.1B, inset) treatment triples granulation tissue area and vascular density
versus saline-treated controls (Figure 3.1a, inset), and 7 days of peptide treatment (Figure
3.1D, inset) increases these parameters by 30% and 80%, respectively (Figure 3.1C, inset,
quantified in Figure 3.1E).
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Figure 3.1. Comb1 and UN3 Enhance Wound-Healing Re-Epithelialization and Angiogenesis in
Diabetic Swine. (A-D) Representative trichrome staining of wounds treated with saline for 3 days (A) or 7
days (C) and Comb1 + UN3 (B, D). Scale bar (black) denotes 1 mm in all photomicrographs of trichromestained tissues, and the yellow line denotes the linear distance traversed by migrating keratinocytes.
Representative HSPG (green) and CD31 (red) co-staining for each treatment condition and time point are
displayed as insets in upper right of each panel; scale bar (white) denotes 100 µm, and the dashed white line
in the insets of (A) and (B) denotes the lateral border between injured and non-injured tissue. Data in (E) are
expressed as mean wound re-epithelialization, width, granulation tissue area, and microvascular density
normalized to saline-treated controls on each day, +/- SEM, * p ≤ 0.05, ** p ≤ 0.01. For re-epithelialization
and wound width measurements: Saline day 3, n = 9; Comb1 + UN3 day 3, n = 10; Saline day 7, n = 18;
Comb1 + UN3 day 7, n = 24. For granulation tissue area and microvascular density measurements: Saline
day 3, n = 3; Comb1 + UN3 day 3, n = 5; Saline day 7, n = 9; Comb1 + UN3 day 7, n = 10.
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3.2.3 Comb1 Interactions Depend on Cell Type and Injury Status
As our results indicate Comb1, alone, or in combination with UN3, stimulates woundhealing re-epithelialization, angiogenesis, and granulation tissue formation, we
interrogated Comb1 localization patterns in diabetic porcine wounds. FITC-Comb1 labels
migratory keratinocytes, along with stromal and vascular cells present within granulation
tissue at the wound margin in sections of diabetic porcine wounds (Figure 3.2A). FITCComb1 also labels these cells several millimeters distal to the site of injury. Thus, Comb1
interacts with dermal and epidermal cell populations actively engaged in proliferative and
migratory processes, as well as non-injured, non-migratory cells. Additionally, using
fluorescence immunocytochemistry, we detected both cell-surface and ECM localization
of FITC-Comb1 in post-confluent cultures of HMVEC and confluent cultures of HFF
(Figure 3.2H-J, L), along with punctate, cell-surface localization in confluent cultures of
HACAT keratinocytes (Figure 3.2K; control, saline-treated cultures (Figure 3.2D, F, G)
reveal little background staining in these cultures.

Based on these tissue and cell localization patterns, we next investigated whether Comb1
interacts with distinct proteins in post-confluent HMVEC, HaCaT, and HFF, and in
migratory cells post-injury. FITC-Comb1 binds multiple proteins, some of which are
uniquely present in injured cell populations in vitro, including a ~250 kDa protein common
to all injured cell populations tested (Figure 3.2B). FITC-Comb1 also binds proteins of
~100 kDa and ~67 kDa in injured HaCaT and HMVEC that are not present in injured HFF,
as well as proteins in confluent and post-injury HFF that do not appear in the other cell
populations.
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Figure 3.2. Cytological and biochemical characteristics of FITC-Comb1 interactions. (A) FITCconjugated Comb1 binds to blood vessels and keratinocytes. Fresh frozen sections from diabetic porcine
wounds were blocked with 5% normal goat serum in PBS, then incubated in block solution alone or
containing 100 nM FITC-Comb1, followed by immunofluorescence microscopy using anti-FITC (1:200, Life
Technologies). Image analysis reveals that FITC-Comb1binds to wound-associated keratinocytes, stromal,
and vascular cells, as well as keratinocytes distal to the cutaneous defect. Image of trichrome-stained tissue
provided for location context. Scale bar = 500 µm in all panels. (B) FITC-conjugated Comb1 ligates with
numerous proteins expressed in HMVEC, HaCaT, and HFF. Whole cell lysates were prepared from cells
denuded from post-confluent monolayers, representing the control/resting state of the cells, and actively
recovering cells collected 24 hours after injury, then separated by SDS-PAGE. Gels were transferred to
nitrocellulose membranes, overlaid with 200 nM FITC-Comb1, and cross-linked to putative receptors and
interactors using 2 mM EDC and 2 mM NHS. Interactors were detected using by Western blotting with an
anti-FITC antibody. (C – L) FITC-Comb1 localizes to cell-surface and ECM in post-confluent cultures of
HMVEC (H-J) and confluent cultures of HFF (L), and displays punctate, cell-surface localization in confluent
cultures of HACAT keratinocytes (K); control, saline-treated cultures (C-G) reveal little background staining
in these cultures. Scale bar = 25 µm in all panels.
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3.2.4 LC-MS/MS Reveals Identities of Candidate Comb1 Receptors
In order to determine the identities of the putative receptors revealed from the FITC-Comb1
blot overlay assays, we excised prominent anti-FITC labeled bands from nitrocellulose
membranes, including those located at ~67 kDa and ~250 kDa in all cells tested, and
submitted them for LC-MS/MS-based peptide identification. These studies revealed
several proteins that could potentially serve as Comb1 receptors, including proteins with
known roles in cell adhesion, motility, and vascular remodeling, as well as molecules
known to interact either with proteins containing the primary amino acid sequences
contained in Comb1, or the parent proteins from which the Comb1 peptide was created,
fibrillin and tenascin X (Table 3.1). From these candidate receptors, we chose to further
investigate whether extracellular matrix protein-1 (ECM1) interacts with Comb1.

ECM1 is a cell surface and matrix-associated glycoprotein that is highly expressed in
endothelial cells, including those present in the dermal microvasculature, as well as in
fibroblasts and keratinocytes (Han, et al, 2001; Chan, 2004; Sercu, et al, 2008). ECM1 is a
known binding partner of numerous matrix proteins, including fibrillins and fibulins that
contain the N-terminal amino acid sequence present in Comb1, DINECE, as well as
sequences such as DINECD and DIDECT (Sercu, et al, 2009). To reveal whether
endothelial ECM1 interacts with the Comb1 peptide, we first performed western blotting
for ECM1 on the same lysates from post-confluent and injury-responsive HMVEC used in
the initial Far Western blotting experiments and compared its pattern to that of FITCComb1. As shown in Figure 3.3A, there are least 4 isoforms of ECM1 present at low levels
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Table 3.1 Putative Comb1 Peptide Receptors Identified by LC-MS/MS

in uninjured HMVEC, some of which correspond with the FITC-Comb1 bound entity at
~67 kDa. Moreover, there are at least two isoforms of ECM1 that are induced in HMVEC
at 24 hours following injury in vitro, which apparently match the ~67 kDa band intensely
labeled by FITC-Comb1 at this time point (Figure 3.3A). Next, we aimed to determine
whether pre-incubation with FITC-Comb1 peptide would compete with the ECM1
antibody for binding partners, which would suggest a common target of these two reagents.
As shown in Figure 3.3A, membrane incubation with 100 nM FITC-Comb1 prior to
Western blotting with anti-ECM1 results in diminished ECM1 signal intensity of all four
bands present (labeled Band 1- 4, in order of decreasing molecular weight).

We next asked whether ECM1 and FITC-Comb1 co-localize on HMVEC in vitro. As
shown in Figure 3.3B, there appears to be partial co-localization of ECM1 and FITCComb1 in HMVEC, however the cell staining patterns do not overlap completely; in
concert with the data from FITC-Comb1 blot overlays and LC-MS/MS, this may reflect
the existence of multiple Comb1 binding and signaling partners. Intriguingly, ECM1
appears to be mostly localized to cell surfaces, as we observe little positive staining in the
extracellular matrix (Figure 3.3B). In order to further validate endothelial ECM1 as a
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Figure 3.3 ECM1 is a putative Comb1 Receptor. (A) Comparisons of anti-FITC blot overlays and antiECM1 western blots reveal similar molecular masses of FITC-Comb1-labeled proteins and ECM1 isoforms
expressed in uninjured HMVEC and migratory HMVEC at 24 hours after injury in vitro. (B) Cellular
immunofluorescence of HMVEC incubated with FITC-Comb1 reveal partial co-localization of Comb1
peptide and ECM1 protein in vitro. Scale bar = 25 µm in all panels. (C) Whole cell lysates prepared from
HMVEC treated with pooled siRNAs targeting ECM1 demonstrate markedly reduced binding of FITCComb1 in blot overlay assays, compared to HMVEC treated with scrambled control siRNAs.
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Comb1 binding partner in vitro, we performed pooled siRNA-based ECM1 knockdown
studies in these cells, followed by FITC-Comb1 blot overlay strategy to these samples, to
determine whether reductions in ECM1 protein impact FITC-Comb1 binding at the ~67
kDa band previously examined. As shown in Figure 3.3C, lysates prepared from confluent,
non-injured HMVEC treated with 25nM siECM1 display a marked loss of FITC-Comb1
reactivity in blot overlay assays, compared to lysates prepared from HMVEC treated with
25nM scrambled control siRNA.
3.2.5 Comb1 and UN3 Induce Multiple Tissue Repair Pathways
In parallel, to determine the molecular underpinnings of the Comb1- and UN3-driven
wound-healing responses, we employed quantitative real-time PCR (qPCR) to analyze
mRNA expression of mediators of angiogenesis, stem and endothelial progenitor cell
chemotaxis, fibroblast activation and dermal ECM remodeling, and epithelialization within
granulation tissue, hypodermis, and the dermal and epidermal compartments immediately
adjacent to the cutaneous injury.

3.2.5.1 Comb1 and UN3 Increase Steady-State mRNA Levels of Pro-Angiogenic Effectors
After Injury
In granulation tissue (Figure 3.4A), we observe significant increases in VEGFA (80%) and
FGF2 (80%) expression following 3 days of peptide treatment, compared to controls. After
seven days of peptide treatment, VEGFA remains significantly elevated over saline-treated
controls (30%), and FGF2 continues to significantly increase (2.1-fold). Analysis of
combined VEGFR1/2 expression reveals a 2.1-fold increase in expression at Day 3, and a
20% increase in mRNA steady state expression at day 7, similar to VEGFA trends.
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In hypodermal tissues (Figure 3.4B), 3 days of peptide treatment induces a 2-fold increase
in VEGFA, which remains elevated at day 7. Combined VEGFR1/2 expression levels are
significantly elevated (2.4-fold) over saline controls at day 3 and day 7 (50%). FGF2 is

Figure 3.4 Comb1 and UN3 promote mRNA expression of key angiogenic mediators. Sample cDNAs
(equivalent of 5 ng mRNA) reverse transcribed from granulation tissue (A), hypodermis (B), and portions of
adjacent dermis and epidermis (C) were used as template, and each sample was normalized using β-actin
(granulation tissue) or RPL32 (hypodermis, adjacent dermal and epidermal tissues) as a reference gene. All
expression levels were calculated using the 2-ΔΔCt method of relative quantitation. All data are expressed as
relative abundance over saline-treated controls, +/- SEM. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.005, **** p ≤
0.001. Saline day 3, n = 4; Comb1 + UN3 day 3, n = 10; Saline day 7, n = 16; Comb1 + UN3 day 7, n = 19.

112

elevated over saline controls on day 3 by 50% (p = 0.11), while we observe no difference
in hypodermal FGF2 expression at day 7. The dermal and epidermal tissues immediately
adjacent to the wound display significantly increased VEGFA (2.2-fold), VEGFR1/2 (2.1fold) and FGF2 (90%) following 3 days of peptide administration (Figure 3.4C). However,
by day 7, we detect a statistically insignificant elevation in VEGFA (30%, p = 0.17), and
observe no differences in VEGFR1/2 or FGF2 expression compared to saline treatment.

3.2.5.2 Comb1 and UN3 Stimulate the SDF1α-CXCR4 Chemotactic Axis
SDF1a and its receptor, CXCR4, comprise a highly conserved system that regulates bone
marrow and peripheral stem cell mobilization to injury sites, including endothelial
progenitor cells (Bollag and Hill, 2013), and local SDF1a elevations have been linked to
improved healing in diabetic wounds (Nishimura, et al, 2012; Restivo, et al, 2010). Given
the roles of endothelial progenitor homing and differentiation in wound vascularization
downstream of SDF1a, we asked whether Comb1 and UN3 impact SDF1α and CXCR4
expression in diabetic swine wounds. Peptide treatment increases SDF1a mRNA in
granulation tissue and the hypodermis, and increases CXCR4 mRNA in all tissue
compartments after 3 days of treatment (Figure 3.5A-C). After 7 days of peptide treatment,
granulation tissue SDF1a and CXCR4 mRNA remain significantly elevated over controls,
while we detect no differences in these factors in either the hypodermis or the adjacent
unwounded compartment.
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Figure 3.5. Comb1 and UN3 induce SDF1α and CXCR4 mRNA expression. Sample cDNAs (equivalent
of 5 ng mRNA) reverse transcribed from granulation tissue (A), hypodermis (B), and portions of adjacent
dermis and epidermis (C) were used as template, and each sample was normalized using β-actin (granulation
tissue) or RPL32 (hypodermis, adjacent dermal and epidermal tissues) as a reference gene. All expression
levels were calculated using the 2-ΔΔCt method of relative quantitation. All data are expressed as relative
abundance over saline-treated controls, +/- SEM. * p ≤ 0.05, ** p ≤ 0.01. Saline day 3, n = 4; Comb1 + UN3
day 3, n = 10; Saline day 7, n = 16; Comb1 + UN3 day 7, n = 19.
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3.2.5.3 Comb1 and UN3 Enhance ECM-Remodeling Enzyme mRNA Expression
Peptide treatment significantly increases granulation tissue MMP2 (1.5-fold), MMP9 (2.4fold), and TIMP1 mRNA (3.7-fold) after 3 days of treatment, compared to saline (Figure
3.6A); these peptide-mediated inductions persist through 7 days of treatment (2.2-fold, 2.7fold, and 1.4-fold, respectively). While we observe similar elevations in hypodermal
MMP2 (1.6-fold), MMP9 (3.7-fold, p = 0.08), and TIMP1 (2.1-fold) after 3 days of
treatment (Figure 3.6B), these changes are not statistically significant. Within the adjacent
dermal and epidermal compartments (Figure 3.6C), we detect significant elevations in
MMP2 (1.8-fold) and TIMP1 (3.8-fold) after 3 days of treatment, compared to saline; while
peptide treatment increases MMP9 expression by 5.5-fold, this change is not statistically
significant (p = 0.16). The peptide-associated increases in MMP9 mRNA in the
hypodermis and the adjacent uninjured dermal compartment after 7 days of peptide
treatment are not statistically significant, and we observe little difference in MMP2 or
TIMP1. We also investigated transforming growth factor-b1 (TGFb1) mRNA expression,
as a major regulator of fibroblast activation and ECM synthesis, among other functions.
TGFb1 mRNA is significantly increased after 3 days of peptide treatment in all wound
compartments analyzed. However, this induction is transient, as we observe no difference
in TGFb1 expression after 7 days of treatment. Thus, Comb1 and UN3 induce MMP and
TIMP expression, and stimulate early TGFb1 mRNA expression.
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Figure 3.6 Comb1 and UN3 stimulate balanced inductions in dermal matrix remodeling factors.
Sample cDNAs (equivalent of 5 ng mRNA) reverse transcribed from granulation tissue (A), hypodermis (B),
and portions of adjacent dermis and epidermis (C) were used as template, and each sample was normalized
using β-actin (granulation tissue) or RPL32 (hypodermis, adjacent dermal and epidermal tissues) as a
reference gene. All expression levels were calculated using the 2-ΔΔCt method of relative quantitation. All
data are expressed as relative abundance over saline-treated controls, +/- SEM. * p ≤ 0.05, ** p ≤ 0.01, ***
p ≤ 0.005, **** p ≤ 0.001. Saline day 3, n = 4; Comb1 + UN3 day 3, n = 10; Saline day 7, n = 16; Comb1 +
UN3 day 7, n = 19.
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3.2.5.4 Comb1 and UN3 Drive mRNA Expression of Keratinocyte Signaling Pathways
In granulation tissue, 3 days of peptide treatment yields a 70% increase HB-EGF mRNA,
and EGF mRNA is significantly elevated (2.4-fold) after 7 days of treatment (Figure 3.7A).
While peptide treatment increases granulation tissue EGFR mRNA on day 3 and day 7
(20% and 30%, respectively), these changes are not statistically significant. In the
hypodermis, Comb1 and UN3 increase HB-EGF mRNA after 3 days of treatment, and
EGFR mRNA after 7 days of treatment (Figure 3.7B). In the adjacent dermal and epidermal
tissues (Figure 3.7C), we detect increases in EGF (2.6-fold, p = 0.18) and HB-EGF (2.6fold, p = 0.07) after 3 days of peptide treatment, and a 90% increase in EGF mRNA (p =
0.07) after 7 days of treatment. We observe a 50% increase in EGFR expression on day 3,
but no change in EGFR mRNA on day 7 in this compartment. We detect no difference in
TGFa mRNA expression between peptide- and saline-treated wounds in any of the tissue
portions analyzed, and no TGFa mRNA in hypodermal tissues. These data suggest Comb1
and UN3 induce specific EGF members in a time- and tissue compartment-dependent
manner.

3.3 DISCUSSION
DFU are a leading cause of limb amputations (Sen, et al, 2009), yet there is a limited arsenal
of FDA-approved medications that effectively induce angiogenesis and achieve total
wound closure. Indeed, a 2015 Cochrane systematic review (Martí-Carvajal, et al, 2015)
determined there is insufficient evidence to either support or refute using becaplermin and
other recombinant growth factors as standard treatments for DFU. In our efforts to create
advanced wound-healing therapeutics to meet the rising clinical needs, our lab created two

117

Figure 3.7 Comb1 and UN3 modulate expression of specific EGF family members to achieve reepithelialization. Sample cDNAs (equivalent of 5 ng mRNA) reverse transcribed from granulation tissue
(A), hypodermis (B), and portions of adjacent dermis and epidermis (C) were used as template, and each
sample was normalized using β-actin (granulation tissue) or RPL32 (hypodermis, adjacent dermal and
epidermal tissues) as a reference gene. All expression levels were calculated using the 2-ΔΔCt method of
relative quantitation. All data are expressed as relative abundance over saline-treated controls, +/- SEM. * p
≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.005, **** p ≤ 0.001. Saline day 3, n = 4; Comb1 + UN3 day 3, n = 10; Saline
day 7, n = 16; Comb1 + UN3 day 7, n = 19.
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bioactive peptides, Comb1 and UN3, that foster complete wound closure in pre-clinical
murine models of cyclophosphamide-dependent healing impairments (Demidova-Rice, et
al, 2012). Thus, we hypothesized these two peptides would stimulate healing responses in
a pre-clinical model of deficient healing in diabetes. Our present study confirms this
hypothesis and extends our previous results, as Comb1 and UN3 markedly enhance woundhealing angiogenesis and re-epithelialization in full-thickness cutaneous wounds on the
backs of diabetic swine. Consistent with these observations, qPCR analyses reveal that
Comb1 and UN3 increase mRNA expression of growth factors and cytokines involved in
angiogenesis, progenitor cell mobilization, epithelialization, fibroblast activation, and
enzymes regulating ECM remodeling, lending insights into the peptides’ mechanisms of
action.

3.3.1 Comb1 and UN3 Induce Balanced MMP/TIMP Expression in Diabetic Porcine
Wounds
Chronic wounds exhibit depressed TIMP expression concomitant with MMP and
neutrophil elastase levels 50-100 times greater than those that heal acutely (McCarty and
Percival, 2013; Trengove, et al, 1999). This profound imbalance in the protease-to-inhibitor
ratio radically disrupts ECM turnover and degrades growth factors, thus undermining the
dynamic reciprocity between cells and their microenvironment required for wound
resolution (Schultz, et al, 2011; Wilgus, 2012; Herrick, et al, 1997). Further, the chronic
wound protease burden may reduce the efficacy of growth factor-based therapeutics,
including becaplermin (Demidova-Rice, et al, 2012; Chen, et al, 1997). Accordingly,
treatment paradigms aimed at correcting the protease imbalance have emerged as
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promising tactics, including therapeutics that normalize the protease-to-inhibitor ratio
(Caley, et al, 2015), and rationally designed molecular medicines that either resist MMPand neutrophil elastase-dependent cleavage, or maintain their bioactivity after proteolysis.

Protease overabundance is widely considered a principal factor underlying wound
chronicity (McCarty and Percival, 2013). Importantly, Comb1 and UN3 treatment not only
promotes wound healing but also significantly enhances MMP2, MMP9, and TIMP1
mRNA expression (Figure 3.6A-C). Inducing these factors, together, may aid in restoring
the physiologic MMP-TIMP balance, yielding regulated matrix remodeling and preventing
degradation of growth factors and their cognate receptors that enable downstream
angiogenesis and re-epithelialization. Clinical assessment of wound proteases and
inhibitors may represent a major advance in monitoring wound resolution, in addition to
identifying mechanisms of chronicity. Indeed, Serena, et al (2016) recently developed
methods to correlate global wound protease activity with healing status. At the same time,
because chronic wounds may possess therapeutically responsive regions in addition to
stalled, healing-incompetent areas (Tomic-Canic, et al, 2008), quantitative molecular
profiling of local MMP/TIMP ratios through advanced transcriptional analyses could serve
as a rapid and powerful diagnostic to precisely delineate margins between healing and nonhealing tissues, direct treatment, and monitor healing progress. Future studies are needed
to identify the range of regional MMP/TIMP mRNA ratios that might best determine
healing outcomes.
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In addition to stimulating MMP and TIMP mRNA expression, in silico protease substrate
analyses using PROSPER and CleavPredict, online bioinformatics tools that predict
protease targets (Kumar, et al, 2015; Song, et al, 2012), suggest neither Comb1 nor UN3
are susceptible to MMP-mediated degradation. And, while ExPASY PeptideCutter
(Gasteiger, et al, 2005) reveals neutrophil elastase recognition sites in Comb1 and UN3,
the products arising from such cleavages (Table 3.2) are nearly identical to the individual
bioactive peptides that were combined to create these entities (Demidova-Rice, et al, 2011;
2012). Hence, these peptides may be uniquely suited to foster healing despite the proteaserich chronic wound microenvironment, and it may be important to determine the in vivo
efficacy of the original peptides used to create the combinatorial peptides tested in our
present study.

Intriguingly, neutrophil elastase is also predicted to liberate a fragment from the Comb1 Cterminal (EGLEPG) corresponding to a broadly bioactive xGxxPG consensus sequence
first identified in elastin degradation products (Senior, et al, 1984). Peptides matching this
motif, including VGVAPG and EGFEPG, not only regulate MMP and TIMP expression in
endothelial cells, dermal fibroblasts, and macrophages, but also stimulate migratory,
proliferative, and morphogenic behaviors in these cells, as well as in keratinocytes
(Antonicelli, et al, 2009; Robinet, et al, 2005; Brassart, et al, 1998; Guo, et al, 2006).
Additionally, VGVAPG enhances CXCR4/SDF1a mRNA and protein expression in
melanoma cell lines (Pocza, et al, 2008), further highlighting the chemotactic and potential
immunomodulatory nature of such peptides. In vivo, xGxxPG peptides stimulate
angiogenesis (Antonicelli, et al, 2009), and Attia-Vigneau, et al (2014) demonstrated that
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Table 3.2. Bioactive Matrix and PRP-Derived Peptide Sequences and Predicted Cleavage Products

a “multi-headed” synthetic peptide containing three VGVAPG repeats promotes
regeneration in cultured human dermal explants. Curiously, PRP, the source of the
fragments constituting UN3, is also known to induce MMPs as well as TIMPs in vitro and
in vivo (Li, et al, 2015; Kim, et al, 2011; Park, et al, 2011). These reports, together with
our data, suggest multiple mechanisms through which xGxxPG-containing and PRPderived peptides may regulate tissue repair, including protease/inhibitor modulation and
progenitor cell chemotaxis, and to our knowledge this is the first report of such peptides
stimulating healing in a large animal model of diabetic wounds.

3.3.2 Multiple Cells and Receptors May Mediate Comb1 Bioactivity
As several different cell populations bind and transduce signals from elastin-derived
peptides such as EGLEPG, notably, Comb1 localizes to keratinocytes, fibroblasts and
vascular cells in areas of swine wounds undergoing active remodeling and non-migratory
cells several millimeters distal to the site of injury. Further, HMVEC, HaCaT and HFF
display similarities in the molecular weights of protein effectors that interact with Comb1
at baseline and during injury repair. The presence of ~250 kDa and ~67 kDa proteins crosslinked with FITC-Comb1 in all cells tested suggests there may be several, common
receptors for this peptide across cell lineages. Indeed, vascular endothelial cells,
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fibroblasts, keratinocytes, and immune cells respond to elastin-derived peptides through
multiple receptors, including the elastin binding protein complex, cell surface-associated
galectin-3, and integrin avb3, all of which regulate cell migration, proliferation and
angiogenesis (Antonicelli, et al, 2009; Pocza, et al, 2008; Funasaka, et al, 2014);
additionally, as Comb1 is composed of fibrillin and tenascin X fragments, it is possible that
this peptide ligates with several receptors that interact with these ‘parent’ matrix molecules.
Moreover, injury-dependent alterations in cell-specific receptor profiles may account for
the observed differences in Comb1 binding patterns. For example, whereas post-injury
endothelial integrin avb3 expression supports angiogenesis via adhesion to fibrin in the
hemostatic plug, the absence of avb3 in keratinocytes, coupled with avb6 emergence and
b1 subunit relocalization, contribute to their specific post-injury migration patterns
(Schultz, et al, 2011). Accordingly, advanced wound-healing therapeutics may be
rationally designed to selectively activate injury-upregulated receptors, in order to
potentiate cell migration, proliferation and angiogenesis and limit off-target effects. By
extension, antagonists of these receptors might restrict such processes in numerous
pathologies, including aberrant neovascularization in proliferative diabetic retinopathy and
cancers, as well as proteolytic and migratory cascades involved in tumor metastasis. Hence,
our future experiments will aim to identify and characterize the functions of the putative
Comb1 receptors.

3.3.3 ECM1: A Putative Comb1 Receptor
In order to determine the identity of the Comb1-interacting molecules present in whole cell
lysates prepared from populations of confluent and migratory, post-injury HMVEC, we
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excised the ~67 kDa and ~250 kDa bands labeled with FITC-Comb1 and submitted them
for tryptic digestion and LC-MS/MS-based analyses. From these samples, we identified
ECM1 as a strong candidate to be a vascular endothelial cell Comb1 receptor. ECM1 is a
pro-angiogenic glycoprotein that is known to interact with several extracellular matrix
proteins, including HSPG, collagen IV, laminins, fibrillins and fibulins, the latter of which
are components of elastic microfibrils that contain the amino acid sequence found at the
N-terminal of Comb1 (DINECE) (Fujimoto, et al, 2005; Sercu, et al, 2008; Sercu, et al,
2009). There are at least 3 splice variants of ECM1, which is abundantly expressed in skin,
especially dermal vascular endothelial cells and fibroblasts, as well as keratinocytes in the
epidermis (Sercu, et al, 2009). Further, genetic deletion of ECM1 results in a condition
called lipoid proteinosis, hallmarked by generalized thickening of the skin and vascular
abnormalities including excessive deposition of hyaline material and basement membrane
reduplication (Hamada, et al, 2003; Sercu, et al, 2008). However, despite its role in skin
maintenance and vascular homeostasis, little is known about the potential regulatory
function of ECM1 in wound healing.

Our data suggest that endothelial ECM1 binds Comb1 peptide, both in non-injured, postconfluent cell populations and in dermal HMVEC actively migrating and proliferating in
response to injury (Figure 3.2B), and that pre-incubation of membranes with FITC-Comb1
peptide leads to a partial diminution in anti-ECM1 signal intensity, suggesting that these
reagents share a common target (Figure 3.3A). Further, siRNA-mediated ablation of ECM1
in HMVEC results in a marked loss of FITC-Comb1 reactivity at ~67 kDa in blot overlay
assays, lending further credence to the notion that ECM1 serves as a receptor for Comb1
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(Figure 3.3C). Functional studies to confirm the role of endothelial ECM1 as a mediator of
Comb1 bioactivity are currently in progress.

Intriguingly, in addition to our imaging studies that reveal endothelial cell surfaceassociated ECM1 in vitro, evidence suggests that ECM1 is also a secreted protein, and Han,
et al, demonstrated that recombinant ECM1 protein stimulates angiogenesis in chick
chorioallantoic membranes in a dose-dependent manner, with potency similar to matched
doses of recombinant VEGF (2001). Further, Han, et al, also revealed developmental
expression patterns of ECM1 are highly similar to those of VEGFR2, and a recent study
by Lee, et al, revealed ECM1 augments EGF signaling in breast cancer to achieve cell
proliferation and migration, through complexing with EGFR, mucin-1 (MUC1), and the
EGFR family member, ErbB3 (HER3), which increases transcription and secretion of
MMP9 (2014). Indeed, MMP9 production is important for basement membrane
degradation and matrix remodeling in angiogenesis, and the combined administration of
Comb1 and UN3 robustly stimulates MMP9 mRNA expression (Figure 3.7). Since VEGF
stimulation is also known to induce MMP expression in multiple cells, including the
vascular endothelium of several organs, tumor-associated endothelial cells, and smooth
muscle cells (Hiratsuka, et al, 2004; Sato, et al, 2000; Wang and Keiser, 1998), and given
the co-localization of ECM1 and VEGFR2 demonstrated by Han, et al (2001) along with
the proposed mechanisms of MMP9 production linked to the presence of ECM1 (Lee, et
al, 2014), it is possible that Comb1-ECM1 signaling may effectively enhance endothelial
VEGF signaling and angiogenic activation in a similar manner (Figure 3.8A). In addition,
if ECM1 also serves as the Comb1 receptor in keratinocytes, the mechanisms proposed by
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Lee, et al regarding ECM1 as a proliferative and migratory stimulus in breast cancer via
EGF-EGFR signaling that promotes MMP9 expression (2014) may also be a means by
which ECM1 could potentially foster keratinocyte migration after injury (Figure 3.8B).

Figure 3.8. Hypothesized Mechanisms of Comb1-ECM1-Dependent Tissue Repair. (A) Based on studies
by Han, et al (2001) demonstrating similar expression patterns of ECM1 and VEGFR2 during development
along with ECM1-dependent vascular growth in chick chorioallantoic membranes, it is possible that Comb1
binds ECM1 in a manner that activates VEGFR2 signaling and downstream effectors necessary for
angiogenesis, such as MMP9. (B) Comb1 may activate EGF-dependent pathways in a manner similar to that
proposed by Lee, et al, (2014), who demonstrated ECM1 augments EGF-EGFR signaling in breast cancer
through a complex with MUC1 and ErbB3 to induce cell proliferation, migration, and MMP9 production.
(C) Comb1 may facilitate ECM1 dissociation from fibulins and other matrix molecules, allowing it to bind
and sequester endorepellin, a potent anti-angiogenic molecule liberated from heparan sulfate proteoglycans
(HSPG) by cell surface-associated proteases, depicted as red triangles.
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Alternatively, as ECM1 is known to bind the anti-angiogenic HSPG domain V, also known
as endorepellin (Mongiat, et al, 2003; Sercu, et al, 2008), it is feasible that Comb1 may
activate ECM1 to sequester this angiogenic inhibitor and promote vascular re-growth after
injury (Figure 3.8C). Indeed, it is possible that Comb1 may induce wound-healing
angiogenesis and re-epithelialization through a combination of these mechanisms (Figure
3.9). At the same time, we identified a number of other proteins in each cell sample
evaluated that may also potentially serve as Comb1 receptors, based on their molecular
weights, their interactions with proteins containing primary amino acid sequences
contained in Comb1, and their roles in vascular remodeling and cell migration. These
interactors include the elastin binding protein and integrin b4, which may further potentiate
peptide responses in vitro and in vivo, and are described in Table 3.1. Accordingly, these
proteins are actively being investigated as Comb1 receptors in keratinocytes and
fibroblasts, as well as in endothelial cells.

3.4 CONCLUSIONS
In summary, Comb1 and UN3 promote wound resolution in a pre-clinical, large animal
model of impaired diabetic healing, supporting results obtained previously in our cell- and
rodent-based studies (Demidova-Rice, et al, 2011; 2012). These peptides increase steadystate mRNA levels of factors that drive angiogenesis, epithelialization, progenitor and
immune cell chemotaxis, and ECM turnover in vivo, critically including balanced MMP
and TIMP induction that may support tissue repair. Additionally, our findings suggest
Comb1 and UN3 may have novel roles in fibroblast activation and immune cell function,
which may be promising areas of future exploration. As peptide-dependent vascularization
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and wound closure are perhaps attributable to signals transduced through multiple, injuryregulated receptors expressed on endothelial cells, keratinocytes, and fibroblasts,
discerning the precise mechanisms of Comb1 and UN3 bioactivity remain areas of ongoing
investigation.
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Figure 3.9. Hypothesized Mechanisms of Comb1-ECM1-Dependent Angiogenic Activation. (A)
Depiction of a vascular endothelial cell with ECM1 in close proximity to VEGFR2 and EGFR, with proangiogenic growth factors such as VEGF and FGF2 tethered to the local extracellular matrix. (B) Comb1
may bind ECM1 and activate VEGFR2 and EGFR signaling cascades, resulting in the production of growth
factors and cytokines such as VEGF, FGF2, HB-EGF, and SDF1a, and TGFb1, along with balanced
inductions in MMPs and TIMPs to achieve well-regulated matrix turnover conducive to healing. (C) MMP2
and MMP9 may act locally within the wound microenvironment to liberate matrix-bound growth factors, in
modulated by TIMP1; (D) this matrix proteolysis likely gives rise to a mixture matrix fragments, including
pro-angiogenic peptides similar (depicted as green lines) and anti-angiogenic entities such as endorepellin
(depicted as red lines) that may be bound and sequestered by Comb1-dependent ECM1 activation, further
potentiating pro-angiogenic activities of growth factors like VEGF and FGF2.
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4.1 RATIONALE
Enzymatic debridement agents, such as Clostridial collagenase, selectively and painlessly
degrade devitalized tissue. In addition to its debriding activities, highly-purified Clostridial
collagenase actively promotes healing (Riley and Herman, 2005), and our past studies
reveal that endothelial extracellular matrices digested with this enzyme give rise to peptides
that activate cellular migratory, proliferative and angiogenic responses to injury in vitro.
Importantly, we have demonstrated that one of these matrix-derived peptides, Comb1,
promotes wound closure in cyclophosphamide-treated, healing impaired mice, and we
described its healing activities in diabetic Yorkshire swine in the previous chapter.

Intriguingly, while collagenase Santyl® ointment, a sterile preparation containing
Clostridial collagenases and other non-specific proteases, is a well-accepted enzymatic
debridement agent, its role as an active healing entity has never been established. Based on
our previous studies of pure Clostridial collagenase, we asked whether the mixture of
enzymes contained within Santyl® produces matrix-derived peptides that promote cellular
injury responses in vitro and stimulate wound closure in vivo. In this chapter, we identify
novel collagen fragments, along with collagen-associated peptides derived from
thrombospondin-1 (TSP-1) , multimerin-1 (MMRN-1), fibronectin, TGFb-induced protein
ig-h3, and tenascin-C, generated from Santyl® collagenase-digested human dermal
capillary endothelial and fibroblastic matrices, which increase cell proliferation and
angiogenic remodeling in vitro by 50-100% over controls.
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In addition, using an established model of impaired healing, we further demonstrate a
specific dose of collagenase from Santyl® ointment, as well as the newly-identified and
chemically-synthesized ECM-derived peptides significantly increase wound reepithelialization by 60-100% over saline-treated controls. These results not only confirm
and extend our earlier studies using purified collagenase- and matrix-derived peptides to
stimulate healing in vitro and in vivo, but these Santyl®-generated, matrix-derived peptides
may also represent exciting new opportunities for creating advanced wound healing
therapies that are enabled by enzymatic debridement and potentially go beyond
debridement.

4.2 RESULTS
4.2.1 Santyl® Collagenase Releases Peptides from Endothelial and Fibroblast-Derived
Extracellular Matrices
Although collagenase Santyl® ointment, which contains a mixture of Clostridial
collagenases and other Clostridial proteases, is a well-accepted enzymatic debridement
agent, its status as an active healing entity remains unknown. Since our previous studies
indicate that pure Clostridial collagenase significantly promotes cell migration and
proliferation in vitro and stimulates wound healing in vivo (Riley and Herman, 2005)
through liberation of bioactive, matrix-derived peptides (Demidova-Rice, et al, 2011;
2012) we aimed to reveal whether Santyl® collagenase, through its proven and selective
debridement activity, similarly liberates specific collagen- and collagen-associated
peptides that promote cellular responses to injury, including cellular growth and capillary
endothelial cell-driven angiogenesis in vitro; and, if so, whether such bioactive peptides
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could further induce wound-healing angiogenesis and re-epithelialization in murine models
of impaired healing (Demidova-Rice, et al, 2012). Indeed, HMVEC- or HDF-derived ECM
digested with Santyl® collagenase yield several distinct protein fragments. To determine
the identity of the ECM-derived molecular species released during Santyl® collagenasemediated ECM digestion, liquid chromatography-tandem mass spectroscopy was
performed on select SDS polyacrylamide gel-electrophoresed protein bands of interest and
present in the collagenase-digested but not control treated ECM preparations. Linked to
these experimental goals, LC-MS/MS (Yates, et al, 1995) was performed on ~25 kDa and
~65 kDa protein bands excised from SDS gels containing electrophoresed HMVEC or
HDF ECM extracts, respectively. After LC-MS/MS-based identification of the peptides
generated from Santyl®-digested ECM, we characterized several, key peptides that
contained domains or domain fragments possessing conserved motifs that have been
demonstrated to play roles in regulating in cell migration, proliferation and/or
angiogenesis, e.g. peptides possessing the N-terminal domain of TSP-1 or the EGF-like
Ca2+-binding domain, among others (Elzie and Murphy-Ullrich, 2004; Van Zoelen, et al,
2000), and as shown in Table 4.1. To these ends, we investigated the bioactivity of 8 unique
peptides that originate from TSP-1 (TSN1, 2), MMRN-1 (TSN3-6), and fibronectin (TSN7,
8) and are released from Santyl® collagenase-digested HMVEC matrices. Following
Santyl® collagenase-digestion of HDF matrices, several unique peptides are liberated,
including those derived from TGFb-induced protein ig-h3 (TGFBI, TSN11, 12), tenascinC (TSN14, 15), and the a3 chain of collagen VI (TSN16, 17). In addition, and as we have
previously reported (Demidova-Rice, et al, 2011; 2012), we have recombined several
domains or fragments from a few of the peptides identified, creating ‘combinatorial’
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Table 4.1. Sequence and Origin of Endothelial- and Fibroblast-Derived Peptides
Endothelial Extracellular Matrix-Derived Peptides
Peptide
Name

Sequence

Peptide
Length

TSN1

NFQGVQNRFVFGTP

14

TSN2

MENAELDVPIQSVFTR

16

TSN3
TSN4
TSN5
TSN6

NTDNIYPESSC
PYLGYVFK
MQTVAQLFKTVSSLSLST
HSPDIQLQKGLTFEPIQIK

11
8
18
19

TSN7

STITQPYKTLNNARSP

16

TSN8

RPGPSPEGTGQSYNY

16

TSN9
TSN10

MENAELDPPYLGYVFK
TGQSYNQYSQRPYLGVYVFK

16
20

Origin
Thrombospondin-1, Laminin G-like,
heparin-binding N-terminal domain
Thrombospondin-1, Laminin G-like,
heparin-binding N-terminal domain
Multimerin-1, EGF-like domain
Multimerin-1, C1q domain
Multimerin-1, coiled-coil
Multimerin-1, coiled-coil
Fibronectin, Fibronectin-type III domain
14, Heparin-binding region 2
Fibronectin, Fibronectin-type I domain 12,
Fibrin-binding region 2
Combination of TSN2 and TSN4
Combination of TSN8 and TSN4

Fibroblastic Extracellular Matrix-Derived Peptides

Peptide
Name

Sequence

Peptide
Length

TSN11

LYGQTPLETL

10

TGFb-induced protein ig-h3, Fasciclin
domain 3

TSN12

ELADSPALEIG

11

TGFb-induced protein ig-h3, C-terminal
domain

TSN13

LYGQTPLETLELADSPALEIG

21

Combination of TSN11 and TSN12

TSN14

VSGNTVEYALPTLE

14

TSN15

LDSPTAPTVQSTALTWRP

18

TSN16

LDGSAPGPLYTGSALDF

17

Collagen VI a3 chain, vWFA domain 3

TSN17

GSEGVRSGRSG

11

Collagen VI a3 chain, vWFA domain 6

TSN18

QPQPLPSPGVGGKN

14

TSN19

KYTLNPVIDAS

11

Origin

Tenascin C, Fibronectin-type III domain
14
Tenascin C, Fibronectin-type III domain
15

Combinatorial Collagen VI a3 chain (nonhelical domain + non-helical domain,
located between vWFA domains 6 and 7)
Combinatorial Fibronectin-type III domain
14 of Fibronectin (beta-strand region 6 +
beta-strand region 7)
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peptides to explore whether such recombined peptides that possess multiple, key signaling
domains might be more efficacious in promoting wound healing responses in vitro or in
vivo. Thus, we created combinatorial peptides comprised of individual domains contained
within the HMVEC (TSN9, 10) and HDF (TSN13) matrix-derived peptides, or which
contain fragments of additional matrix protein domains identified through LC-MS/MS
(TSN18, 19).

4.2.2 Matrix-Derived Peptides Produced During Santyl® Proteolysis Stimulate Cellular
Proliferation
We next asked whether the individual peptides released from Santyl®-digested ECM
(TSN1-8, 11-12, 14-17), as well as the combinatorial peptides (TSN9, 10, 13, 18, 19),
would induce proliferative responses in HMVEC, HDF, and NHEK in vitro that would be
beneficial for wound healing. Several of the matrix-derived peptides increase endothelial
cell proliferation by 50-100% over controls, namely the individual endothelial matrix
peptides TSN1, 2, and 6, and the combinatorial peptide TSN10, along with the individual
fibroblastic matrix peptides TSN12 and 15, and the combinatorial fibroblastic ECM
peptides, TSN13 and TSN18 (Figure 4.1). Notably, these peptides demonstrate endothelial
growth-promoting abilities equivalent to or better than those of physiologically relevant
doses of FGF2. The endothelial ECM-derived peptides TSN2, 3, 4 and 6 also significantly
elevate keratinocyte proliferation by 40-75%, as does the combinatorial peptide TSN10;
while several fibroblastic ECM peptides increase NHEK growth by 20-40% over controls,
these changes are not statistically significant (Figure 4.2).
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Figure 4.1. Endothelial and fibroblastic ECM-derived peptides stimulate human dermal
microvascular endothelial cell proliferation in vitro. Capillary endothelial cells grown in 48-well plates
were treated with peptides at 100 nM every other day for a period of 5 days, and cell counts were performed
on Day 5 as described in “Experimental Protocols and Reagents.” Relative proliferation compared with 1%
BCS (control) is shown as fold of control, calculated by normalizing the mean cell count for each treatment
to the mean cell count obtained for negative control, and error bars represent standard deviation. * p < 0.05,
** p < 0.01, *** p < 0.005, **** p < 0.001 compared with negative control (unpaired Student’s t-test).
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Figure 4.2. Bioactive endothelial and fibroblastic matrix-derived peptides increase human
keratinocyte proliferation in vitro. Adult normal human epidermal keratinocytes (NHEK) grown in 48well plates were treated with peptides at 10 nM every other day for a period of 5 days, and cell counts were
performed on Day 5 as described in “Methods.” Relative proliferation compared with 50% basal NHEK
media (control) is shown as fold of control, calculated by normalizing the mean cell count for each
treatment to the mean cell count obtained for negative control, and error bars represent standard deviation.
* p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.001 compared with negative control (unpaired Student’s
t-test).

When we treat fibroblasts with TSN1 and 6, proliferation significantly increases by 50100% over controls; although we observe similar results following treatment with TSN2
and the combinatorial peptide TSN10, these changes are not statistically significant (Figure
4.3). Additionally, treating HDF with the individual fibroblastic ECM peptides TSN11, 12,
14, 15, 16 and 17 significantly enhances proliferative responses by 20-50%, while
treatment with the combinatorial fibroblastic ECM peptides TSN13 and 18 significantly
increases cell growth by 50-75% over vehicle-treated controls.
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Figure 4.3. Endothelial and fibroblastic ECM-derived peptides enhance human dermal fibroblast
proliferation in vitro. Dermal fibroblasts isolated from healthy adult human donors grown in 48-well plates
were treated with peptides at 100 nM every other day for a period of 5 days, and cell counts were performed
on Day 5 as described in “Methods.” Relative proliferation compared with 1% FBS (control) is shown as
fold of control, calculated by normalizing the mean cell count for each treatment to the mean cell count
obtained for negative control, and error bars represent standard deviation. * p < 0.05, ** p < 0.01, *** p <
0.005, **** p < 0.001 compared with negative control (unpaired Student’s t-test).

4.2.3 Santyl®-Released Matrix Fragments Activate Endothelial Morphogenesis In Vitro
As our previous studies indicate that peptides liberated from Clostridial collagenasedigested endothelial ECM potently enhance angiogenic activity in vitro, we evaluated the
morphogenic capacity of the matrix peptides released after Santyl® collagenase treatment
using 2D assays of HMVEC seeded on Matrigel. As shown in Figure 4.4, the individual
endothelial ECM peptides TSN1, 6, and 8, as well as the combinatorial endothelial ECM
peptides TSN9 and 10 significantly induce angiogenesis in vitro, increasing HMVEC tube
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Figure 4.4. Quantitative analysis of peptide-induced dermal microvascular remodeling in vitro. (A-D)
Representative photomicrographs of human dermal capillary endothelial cell morphogenesis following
treatment with 1% BCS (A), 100 nM TSN1 (B), 100 nM TSN 8 (C), and 100 nM TSN 10 (D). Scale bar
represents 100 µm in all panels. (E) The lengths of human dermal capillary endothelial sprouts cultured on
growth factor-reduced Matrigel in the presence or absence of 100 nM ECM-derived peptides were measured
as described in “Methods” at 5 hours post-plating, with physiologic doses of FGF2 (0.6 nM) serving as
positive controls. Data are displayed as fold increase in tube length, relative to 1% BCS-treated negative
controls, and error bars represent standard deviation. * p < 0.05, ** p < 0.01, *** p < 0.001, compared with
negative control (unpaired Student’s t-test).
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length by ≥ 50% over serum-treated controls, similar to the results of FGF2 treatment. In
addition, the individual fibroblastic ECM peptides TSN12, 15, 16, and 17 significantly
stimulate endothelial morphogenesis in vitro to a similar extent as FGF2, however the
increase in tube formation observed following treatment with the combinatorial fibroblastic
ECM peptides TSN13, 18 and 19 is not statistically significant.

4.2.4 ECM-Derived Peptides Produced by Santyl® Collagenase Promote Tissue Repair In
Vivo
Having evaluated the peptides for their ability to foster proliferation of endothelial cells,
keratinocytes, and fibroblasts, as well as their morphogenic capacity in HMVEC, we next
asked whether these peptides would induce wound-healing responses in vivo. Based on
their overall performance in vitro (summarized in Table 4.2, where peptide-dependent
responses in each assay are displayed as mean fold increase relative to control), we chose
to test the naturally-occurring endothelial ECM peptide derived from a coiled-coil domain
of MMRN-1, TSN6, and the combinatorial fibroblastic ECM peptide created from nonhelical domains of type VI collagen, TSN18, to determine the extent to which these
peptides foster granulation tissue formation and re-epithelialization in CY-treated, healingimpaired Balb/c mice. The combinatorial fibroblastic ECM peptide TSN18 stimulates
dose-dependent improvements in wound re-epithelialization and closure (Figure 4.5).
Whereas wounds treated with CMC alone display ~30% closure, administration of 0.1
mg/mL TSN18 results in ~70% closure, and treatment with 1.0 mg/mL TSN18 yields
~50% closure, similar to the effects of Santyl® collagenase. While 0.1 mg/mL TSN6
induces ~36% wound closure, this change is not significantly different from CMC-treated
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wounds. Moreover, while the maximal closure we observe with CMC treatment is
approximately 60%, several wounds treated with TSN18 display ≥ 70% closure at doses of
0.1 mg/mL and 1.0 mg/mL, some of which are completely epithelialized after peptide
treatment (Figure 4.5).

Table 4.2. Summary of ECM-derived peptide bioactivity in vitro.
(Numbers in each column represent mean fold increase relative to controls)
Endothelial Extracellular Matrix-Derived Peptides
Peptide
Name
TSN1
TSN2
TSN3
TSN4
TSN5
TSN6
TSN7
TSN8
TSN9
TSN10

Proliferation
Endothelial Keratinocyte Fibroblast
2.3
1.4
1.9
2.1
1.8
2.0
2.0
1.7
N/A
1.9
1.4
N/A
2.1
N/A
N/A
2.3
1.6
1.5
1.4
1.5
N/A
1.4
1.2
N/A
1.4
1.4
N/A
1.8
1.3
1.3

Endothelial
Morphogenesis
1.4
1.2
1.0
1.1
1.6
1.8
1.0
2.3
2.0
1.6

Fibroblastic Extracellular Matrix-Derived Peptides
Peptide
Name
TSN11
TSN12
TSN13
TSN14
TSN15
TSN16
TSN17
TSN18
TSN19

Proliferation
Endothelial Keratinocyte Fibroblast
1.5
1.2
1.4
1.5
1.1
1.5
1.3
1.1
1.7
1.4
1.0
1.6
1.4
1.1
1.1
1.4
1.2
1.3
1.5
1.2
1.3
1.6
1.3
1.8
1.1
1.1
1.2

Endothelial
Morphogenesis
3.4
1.8
3.9
3.4
1.5
1.4
1.5
1.6
1.9
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Figure 4.5. Quantitative evaluation of peptide-dependent wound re-epithelialization.
Percent wound closure attributable to re-epithelialization was measured from merged photomicrographs of
hematoxylin and eosin or trichrome-stained tissue sections using NIH ImageJ as described in “Methods.” (AF). Representative photomicrographs of H&E-stained sections of wounds treated with CMC (A), 0.1 mg/mL
TSN6 (B), 1.0 mg/mL TSN6 (C), 0.1 mg/mL TSN18 (D), 1.0 mg/mL TSN18 (E), and Santyl® Collagenase
(F) are shown. Scale bar represents 1.0 mm in all images. (G). Wounds analyzed for each treatment are
plotted as a function of the percent re-epithelialization. Mean percent wound closure is displayed, and error
bars represent standard deviation. * p < 0.05, ** p < 0.01, compared with CMC-treated controls.
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4.3 DISCUSSION
Collagenase Santyl® Ointment is a registered biologic approved by the FDA for enzymatic
debridement of necrotic tissue from chronic wounds and severely burned areas. While its
clinical application as a debriding agent has been associated with improved healing
outcomes, questions remain as to whether it actually stimulates tissue repair as an active
healing entity or merely prepares the wound bed for healing via the removal of nonviable
eschar. Our earlier and groundbreaking pre-clinical studies indicate that purified
Clostridial collagenase stimulates the cellular responses to injury in vitro and promotes
wound closure in vivo (Herman, 1996; Riley and Herman, 2005). And, more recently, we
discovered and characterized several wound healing peptides, which arise from biosynthesized ECM digested with purified Clostridial collagenase, stimulate wound healing
in vitro and in vivo (Demidova-Rice, et al, 2011; 2012). For these reasons, we postulated
that Santyl® collagenase, which contains two collagenases (collagenase G, ~114 kDa and
collagenase H, ~110 kDa), a non-specific, neutral metalloproteinase (~35 kDa), and a very
limited amount of the cysteine protease, clostripain (~58 kDa), might also contribute to
healing via the production of bioactive peptides capable of stimulating cellular and tissue
responses to injury.

4.3.1 Santyl® Digestion of Endothelial ECM Produces Several Novel Bioactive Peptides
Our results support several previous studies revealing collagenase stimulation of wound
healing (Herman, 1996; Riley and Herman, 2005; Herman and Shujath, 1997), which was
later attributed to the proteolytic cleavage of ECM with bacterial collagenase and the
liberation of bioactive wound healing peptides derived from collagenous and collagen-
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associated ECM-derived protein fragments (Demidova-Rice, et al, 2011; 2012; Radice, et
al, 1999). Indeed, in this study, treatment of human dermally-derived capillary endothelial
extracellular matrices with doses of Santyl® collagenase comparable to those used
clinically for debridement yields a collection of soluble protein fragments present in bands
that migrate to ~25 kDa when separated by SDS-PAGE. From the proteolysed endothelial
ECM, we identified peptides (Table 4.1) that correspond to the N-terminal laminin G-like
heparin-binding domain of TSP-1 (TSN1, 2), EGF-like (TSN3), globular C1q (TSN4) and
coiled-coil domains (TSN5, 6) of MMRN-1, and heparin- (TSN7) and fibrin-binding
regions (TSN8) of fibronectin. Some of the full-length domains from which the Santyl®released endothelial ECM peptides are derived have already been ascribed roles that may
modulate healing responses, as have specific fragments contained therein. For example,
laminin G-like domains, which are typically 180-200 amino acids in length, are present in
several ECM molecules, and may impact tissue remodeling and angiogenesis dependent
upon the number and organization of domains present (Willis, et al, 2013). Moreover, the
full-length N-terminal heparin-binding domain of TSP-1 promotes endothelial cell survival
and angiogenesis in vitro through two glycosaminoglycan-binding sequences (amino acids
17-35 and 78-94) that interact with syndecan-4 proteoglycan (Nunes, et al, 2008).
Additionally, amino acids 17-35 of this domain constitute a calreticulin (CRT)-binding
sequence that induces endothelial cell and fibroblast focal adhesion disassembly and
migration, as well as resistance to anoikis in vitro, via signals transduced through a
CRT/low-density lipoprotein receptor-related protein-1 (LRP1) co-complex (Orr, 2003;
Pallero, et al, 2008). While these events are likely important for wound-healing
angiogenesis and granulation tissue formation, intriguingly, in vivo implantation of
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sponges containing plasmids encoding this peptide stimulates the production of a dense,
collagen-rich capsule that surrounds the implant, mimicking elements of the foreign body
response (Sweetwyne, et al, 2010). At the same time, our data reveal novel functions of
peptides and protein domains previously unknown to participate in wound healing, as this
is the first study describing bioactivities of peptides corresponding to amino acids 207-221
(TSN1) and 174-190 (TSN2) of the TSP-1 N-terminal heparin-binding domain. Likewise,
while the globular C1q-like domain present in MMRN-1 and other elastin microfibrillar
interface (EMILIN) proteins has been implicated in cell adhesion, migration and
proliferation via interactions with integrins a4b1 and a9b1 (Colombotti, et al, 2011), to
our knowledge this is the first report detailing broad-spectrum bioactivity of fragments
derived from the MMRN-1 coiled-coil domains.

4.3.2 Purified Clostridial Collagenase and Santyl® Collagenase Each Liberate Unique Sets
of Peptides from Endothelial Cell Matrices
Interestingly, there is little overlap in the endothelial ECM peptides produced by purified
Clostridial collagenase and those arising from Santyl® collagenase. Indeed, our previous
studies identified fragments of fibrillin-1, tenascin X, the a1 chain of type I collagen, and
the a3 chain of type IV collagen derived from bovine retinal microvascular endothelial
ECM digested with pure Clostridial collagenase (Demidova-Rice, et al, 2011), which we
did not detect in our present investigations of human dermal microvascular ECM peptides.
Though species and tissue-specific differences may be contributory, human and bovine
matrix protein sequence alignments reveal ≥ 85% homology in fibrillin-1 and chains of
collagens I, III, IV, V and VI. Thus, while we cannot completely rule out the differences
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in species or tissue origin, the array of peptides previously identified from bovine
endothelial ECM may be specifically linked to the activity of Clostridial collagenase,
alone, compared to peptides released from human endothelial ECM as a result of the
combined enzymatic activities contained within preparations of Santyl®. Accordingly, it
remains to be determined whether a group of human ECM peptides similar to the
previously identified bovine ECM fragments liberated from digestion with purified
Clostridial collagenase also arise as intermediates during the course of digestion with
Santyl® collagenase. For example, it’s possible that the peptides released following ECM
treatment with Santyl® collagenase are acted upon by the neutral metalloproteinase and
clostripain contained within this enzyme preparation. It is also conceivable that the human
ECM peptides identified in the present study are a unique set of matrix fragments produced
through the mixed enzymatic activity contained within Santyl®. Perhaps the nonoverlapping nature stems from the possibility that the specific, collagenase-produced
peptides are further cleaved by the non-specific proteases in the mixture, or vice versa,
thereby producing the specific bioactive matrix fragments presently detected. Indeed, the
distinctions between ECM peptides liberated through the activity of specific proteolytic
enzymes cannot be understated, as evidenced from our past studies. For example, when
keratinocytes are plated upon a clostripain-digested endothelial ECM cell growth is not
stimulated; however, when purified Clostridial collagenase is then added to the growth
media, these very same cells are markedly stimulated to proliferate (Riley and Herman,
2005). These published findings and our results presented, herein, bolster the notion that
unique collections of bioactive peptides may be created through the sequential and/or
coordinated activity of selected proteases. Further, it may be of vital importance to combine
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those peptides previously identified as bioactive wound healing entities (Demidova-Rice,
et al, 2011; 2012) and those discovered, herein, to learn whether their combined application
further enhances wound-healing angiogenesis and re-epithelialization compared to single
agent administration.

4.3.3 Fibroblastic ECM Peptides are Distinct from Endothelial ECM-Derived Peptides
The peptides extracted from fibroblastic ECM found at ~65 kDa (Table 4.2) have their
origins in fasciclin-1 (TSN11) and N-terminal domains (TSN12) of TGFb-induced protein
ig-h3 (TGFBI), fibronectin-type III domains of tenascin C (TSN14, 15), and von
Willebrand Factor A (vWFA) domains of the type VI collagen a3 chain (TSN16, 17).
TGFBI is a secreted regulator of cell spreading and adhesion, migration, and
morphogenesis during embryonic development and associates with several different
proteins in the ECM of fibroblasts and epithelial cells, including biglycan, decorin, and
collagen VI (Thapa, et al, 2007). TGFBI mRNA and protein are decreased in fibroblasts
derived from chronic wounds, suggesting this protein may be involved in normal wound
healing responses (Cha, et al, 2008). Indeed, the TSN11 peptide derived from the TGFBI
fasciclin-1 (FAS1) domain stimulates endothelial migration and morphogenesis in vitro,
along with fibroblast proliferation, yet the full FAS1 domain has known anti-migratory and
anti-angiogenic properties, mediated through disruptions in endothelial integrin aVb3 and
VEGF signaling (Nam, et al, 2012). These disparate findings suggest unique bioactivies of
FAS1 peptides versus the intact domain. At the same, a study by Newman, et al (2011)
demonstrated a role for fibroblast-derived full-length TGFBI in endothelial lumen
formation in vitro, in concert with type I collagen and other matrix and matricellular
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proteins. Though it is unclear whether this latter observation is due to the activity of wholly
intact TGFBI per se, it is possible that the mammalian proteases required for ECM
remodeling during angiogenesis also cleave TGFBI, liberating morphogenic peptides
similar to TSN11/12.

Previous studies have demonstrated Clostridial collagenase degrades purified, full-length
collagen VI, albeit to a lesser degree than other purified, full-length collagen molecules,
including collagens I, III, IV and V (Shi, et al, 2010). Despite its reduced ability to
proteolyze collagen VI, perhaps due to an inhibitory structure at the C-terminus of the a3
chain (Shi, et al, 2010), the inherent differences between the ways in which the enzymes
degrade individual, purified matrix proteins vs. those present within a complex,
biosynthesized ECM may account for the presence of collagen VI fragments generated
from fibroblastic matrices digested with Santyl® collagenase. Additionally, collagen VI
may be indirectly associated with other fibrillar collagens and its collagen binding proteins
in the biosynthesized fibroblastic ECM, such as collagen I, and the adaptor proteins such
as decorin, biglycan and TGFBI (Thapa, et al, 2007). Indeed, the concerted and/or
sequential activity of the proteases in Santyl® may act upon the biosynthesized fibrillar and
non-fibrillar collagens in the fibroblastic ECM to liberate both TGFBI and collagen VI. In
turn, the combination of enzymes in Santyl®, including the neutral metalloproteinase and
clostripain, may further proteolyze the released TGFBI and collagen VI, thus yielding the
peptides identified and characterized in our present study. Our results reveal the growth
promoting activities of 2 peptides (TSN16 and TSN17) from collagen VI a3 vWFA
domains in vitro, along with enhanced wound healing after treatment with TSN18, a
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combinatorial peptide largely derived from a non-helical region located between vWFA
domains 6 and 7. Indeed, mutations in the vWFA domains of collagen VI a3 have been
connected with congenital myopathies (Demir, et al, 2002), supporting the trophic role of
these motifs; at the same time, the bioactivity of TSN18 points to a novel function of the
non-helical domains of this protein. Curiously, collagen VI is also a major component of
white adipose ECM, where proteolytic cleavage releases its bioactive C5 domain, known
as endotrophin, which upregulates pro-fibrotic and pro-inflammatory genes in white fat
and promotes tumor progression (Sun, et al, 2014; Park and Scherer, 2012). These
observations, in combination with our data, highlight the diverse bioactivities of collagen
VI domains and fragments derived therefrom.

4.3.4 Santyl® Cleaves Native and Denatured Collagen: Implications for Peptide
Liberation?
The peptides identified in our study are derived from ECM biosynthesized by healthy cells
in vitro, which contains molecules in their native states; at the same time, it is notable that
the necrotic eschar within non-healing wounds is largely comprised of denatured collagens
(Shi and Carson, 2009). In addition to the pre-clinical data contained in the present report,
a robust set of pre-clinical and clinical observations strongly support the notion that
purified Clostridial collagenase, as well as the combination of enzymes present in Santyl®,
hydrolyze both native and denatured collagen and collagen-associated matrix proteins
(Riley and Herman, 2005; Demidova-Rice, et al, 2011; Tallis, et al, 2013; Shi, et al, 2010;
Ramundo and Gray, 2009; McCallon, et al, 2014). Importantly, despite the differences
between the molecules liberated by Clostridial collagenases, which consist of several small
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peptides, and mammalian collagenases (MMPs), which hydrolyze helical collagens into
characteristic ¾ and ¼ fragments that are degraded by other proteases (Nagase, et al, 2008;
Zhang, et al, 2015), these enzymes share the ability to digest denatured collagens that have
lost their helical organization, as well as the native, helical molecules.

Interestingly, Chung, et al (2004) revealed that mammalian collagenase 1 (MMP1) must
unwind helical structures prior to peptide bond cleavage, as the intact collagen triple helix
is too large to fit in the active site cleft of the enzyme. Indeed, the authors further
demonstrated that mutating a key catalytic amino acid residue abolishes MMP1 proteolysis
while preserving its ability to unwind the collagen triple helix, rendering collagen
susceptible to degradation by otherwise non-collagenolytic enzymes (Chung, et al, 2004).
Moreover, a similar mechanism of action may exist for the Clostridial enzyme as well,
whereby it uncoils the helical structure before peptide bond hydrolysis (Eckhard, et al,
2011). As collagenase-mediated disruptions in the native triple helical winding structure
lead to collagen denaturation without impacting the primary amino acid sequence, it is
therefore likely that the peptides released from native collagen are highly similar to those
liberated from denatured collagen by the activity of either enzyme. In either case (e.g.
native vs. denatured collagen), the distinct cleavage patterns of mammalian and Clostridial
collagenases dictate the specific peptides generated. Based on the combination of enzymes
in Santyl® collagenase, it would be of interest to determine whether the loss of helical
structure in denatured collagen within eschar impacts the number and/or identities of
peptides liberated after Santyl® treatment compared to those we identified from digestion
of native, biosynthesized ECM with Santyl®.
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4.3.5 Santyl® Digestion of Endothelial and Fibroblastic ECM Yields Wound Healing
Peptides
Our tests of growth promotion, migration, and endothelial tube formation in vitro bring to
light pleiotropic effects of endothelial and fibroblastic ECM peptides released after Santyl®
collagenase digestion. That some of the endothelial ECM peptides provoke responses in
fibroblasts and vice versa may not be so surprising, as the individual contributions of
microvascular endothelial and mural cells to their shared basement membrane are known
to modulate the behaviors of both cell types during vascular remodeling (Stratman and
Davis, 2012; Davis, et al, 2015). Similarly, our past studies demonstrate the influence of
endothelial matrices on smooth muscle behaviors (Herman and Castellot, 1987; Herman,
1990), and of fibroblastic ECM components on endothelial shape and migration (Young
and Herman, 1985). Thus, the dynamic reciprocity between cells and the ECM is not
strictly homotypic; that is, matrices present in tissues contain products from diverse cell
types, which in turn feedback and dictate multiple behaviors in these complex
microenvironments.

In vitro assays of peptide bioactivity reveal the naturally occurring endothelial ECM
peptide, TSN6, and the combinatorial fibroblastic ECM peptide, TSN18 have the greatest
stimulatory activity over all parameters and cell types assayed. When we apply these
peptides to CY-treated, healing-impaired mice, we observe TSN18 stimulates dosedependent increases in wound re-epithelialization after full-thickness excisional wounding:
1.0 mg/mL TSN18 produces an effect size similar to treatment with 1.0 mg/mL Santyl®
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collagenase, each yielding a 60% increase in epithelialization over CMC, while treatment
with 0.1 mg/mL TSN18 stimulates a >100% increase of epithelial responses over CMC in
vivo (Figure 4.5). Further, 75% of wounds treated with 0.1 mg/mL TSN18 (3/4) and 42%
of wounds treated with 1.0 mg/mL TSN18 (5/12) are ≥ 50% epithelialized, whereas 36%
of 1.0 mg/mL Santyl® collagenase-treated wounds (4/11) and only 13% of wounds
receiving CMC alone (2/16) achieve this mark (Figure 4.5).

4.4 CONCLUSIONS
Overall, our in vivo studies support the notion that in addition to its debriding activity,
Santyl® collagenase improves downstream healing outcomes when applied to fullthickness wounds in mice with healing deficiencies. The enhancements in granulation
tissue deposition and wound re-epithelialization may occur through the release of several
bioactive ECM peptides, which stimulate human dermal endothelial, keratinocyte, and
fibroblast proliferation, as well as microvascular morphogenesis in vitro. Importantly,
mouse wounds treated with TSN18, a novel ‘combinatorial’ peptide created from
fragments of non-helical regions of collagen VI released after digesting fibroblastic ECM
with Santyl®, display marked improvements in granulation tissue formation and wound reepithelialization that go well beyond wounds treated under control conditions and are
similar to wounds treated with equivalent doses of Santyl® itself. Hence, our future studies
will aim to unveil the molecular mechanisms of TSN18-dependent wound healing, while
establishing its in vivo clinical efficacy.
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Chapter Five:
Pericyte LIM-Kinases and Cofilin Regulate ChemoMechanical Control of Endothelial Cell Cycle Progression:
Insights into Angiogenic Switching in Diabetic Retinopathy?
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5.1 RATIONALE
Interactions between capillary endothelial cells and their ensheathing microvascular
pericytes critically determine angiogenic activation, through a combination of cell contactdependent and –independent mechanisms, including matrix synthesis, electrochemical gap
junction communication, and the secretion of soluble angiogenic regulators (Armulik, et
al, 2010; Dulmovits and Herman, 2012). Evidence gathered over the past several decades
suggests that persistent hyperglycemia and inflammation in diabetes precipitates retinal
pericyte death or “drop out” from the retinal microcirculation, giving rise to
microaneurysms, capillary hyperpermeability and macular edema, and pathological
neovascularization that threaten vision (Durham and Herman, 2011). However, studies
from our lab suggest that the absolute loss of retinal pericytes may not be a prerequisite for
aberrant vascular growth in PDR; rather, hyperglycemia may disrupt pericyte function in a
manner that prevents their ability to restrict endothelial growth, prior to their eventual
apoptosis.

Indeed, our work has been instrumental in shedding light on the roles of pericyte-derived
mechanical forces in maintaining endothelial cell quiescence and identifying specific
perturbations in signals regulating pericyte actin cytoskeletal organization and contractility
that not only alter cellular mechanotransduction but also permit the adjacent, contacted
endothelium to re-enter the cell cycle (Kutcher, et al, 2007; Durham, et al, 2014). And,
most recently, we reported that pericytes isolated from diabetic human donor retinae
possess greatly diminished contractile properties that contribute to endothelial cell cycle
re-entry and angiogenic activation, mediated in part by severe reductions in stress fiber-

154

associated aSMA and total aSMA expression, occurring in conjunction with markedly
dysfunctional pericyte bioactive lipid signaling that may induce proliferation and
morphogenesis of the endothelium in direct apposition as well as in neighboring, noncontacting cells (Durham, et al, 2015). These observations, together, lend strong credence
to our paradigm-shifting hypothesis that alterations in pericyte chemo-mechanics play a
critical role in the initiation of angiogenic switching and pathologic ocular
neovascularization.

In our investigations of the molecular machinery regulating pericyte chemo-mechanical
control of endothelial proliferation and angiogenesis, we described the key role of RhoAROCK signaling on the regulation of pericyte isoactin distribution, contractile phenotype,
and the resultant disruptions in the maintenance of endothelial quiescence in vitro
(Kolyada, et al, 2004; Kutcher, et al, 2007). These studies demonstrated that adenovirusmediated expression of constitutively active RhoA induces pericyte hypercontractility,
dominant-negative RhoA yields hypocontractility, and that either of these deviations in
pericyte mechanotransduction results in endothelial cell cycle progression (Kolyada, et al,
2004; Kutcher, et al, 2007); therefore, an expanded understanding of the downstream
RhoGTPase signaling effectors controlling pericyte cytoskeletal reorganization will be
instrumental in our dissecting the molecular mechanisms that regulate angiogenic
switching in health and disease. While RhoA/ROCK signaling may coordinate pericyte
cytoskeletal remodeling through a complex network of intermediaries (Figure 1.4, p. 77),
its downstream partners, LIMK1 and LIMK2 have been shown to suppress actin filament
disassembly through inhibition of the actin-depolymerizing factor, cofilin, by
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phosphorylation at serine-3 (Sumi, et al, 1999; Bamburg and Bernstein, 2010). Thus, we
interrogated whether alterations in the expression and activity of pericyte LIMK1/2 and
cofilin alter pericyte cytoskeletal dynamics and endothelial cell cycle re-entry in vitro.

5.2 RESULTS
5.2.1 LIMKs and Cofilin Regulate Pericyte Shape and Cytoskeletal Organization
Our past data demonstrate that alterations in pericyte Rho/ROCK signaling radically alters
actin isoform distribution and polymerization status. As the downstream Rho/ROCK
effectors LIMK1 and 2 have been demonstrated to phosphorylate and inactivate cofilin,
thereby promoting actin filament assembly and stress fiber generation (Bamburg and
Bernstein, 2010), we hypothesized that perturbations in pericyte LIMK1/2 and cofilin
expression or activity would impact the extent of pericyte actin polymerization. In turn, we
hypothesized that isoactins may be differentially affected by alterations in LIMK1/2 and
cofilin signaling, similar to the case of perturbed RhoA signaling as we have previously
reported (Kolyada, et al, 2004). To this end, we performed transient co-transfection of
mRuby-tagged LifeAct with HA-tagged wild type (WT) and kinase-dead (KD) LIMK1/2
mutants, as well as transient transfection with red fluorescent protein (RFP)-tagged WT,
constitutively active (S3A) and dominant-negative (S3E) cofilin (Table 5.1) in bovine
retinal pericytes (BRP), followed by visualization of the total actin cytoskeleton in fixed,
permeabilized monocultures using AlexaFluor 488-conjugated phalloidin, and evaluation
of the subcellular distribution and arrangement of aSMA and b-actin isoforms using
immunofluorescence.
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Table 5.1 Predicted outcomes of LIMK and cofilin modifications in retinal pericytes

Plasmid

Actin Stress Fiber
Abundance

Endothelial
S-Phase Entry

mRuby-LifeAct7
pmRFP-N1
WT LIMK1
WT LIMK2
KD LIMK1
KD LIMK2
WT Cofilin
S3A Cofilin
S3E Cofilin

+/+/+++
+++
--------+++

+/+/+++
+++
+++
+++
+++
+++
+++

As demonstrated by fluorescence microscopy of fixed cultures stained with AlexaFluor
488-conjugated phalloidin, BRP transfected with either mRuby-tagged LifeAct (Figure
5.1), a vital probe that labels all actin isoforms in living cells (Riedl, et al, 2008), or an
empty vector expressing RFP (pmRFP-N1, Figure 6.3) display a cytoskeletal phenotype
that consists of parallel and orthogonal actin arrays, and an angular, stellate morphology,
consistent with our previous observations (Durham, et al, 2015; Durham, et al, 2014;
Kutcher, et al, 2007; Kolyada, et al, 2004). Preliminary data of BRP co-transfected with
LifeAct RFP and WT LIMK1 reveal these cells tend to display an apparent thickening of
actin filaments around the cell perimeters and enrichments within lamellae (Figure 5.1),
however this phenotype is not consistently displayed; while we also observe similar actin
cytoskeletal rearrangements following co-transfection of mRuby-LifeAct7 and WT
LIMK2 (Figure 5.1), this phenotype manifests less regularly than with WT LIMK1
overexpression. In addition, these cells adopt varying morphologies, as some appear to
become elongated and have exaggerated stellate features, while others appear to become
more rounded and condensed.
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Intriguingly, BRP co-transfected with mRuby-LifeAct7 and KD mutants of either LIMK
isoform appear to have phenotypic changes similar to those observed after transfection with
WT LIMK1/2, where some cells demonstrate an apparent thickening of lamellar and
perimeter-associated actin filaments and a reduction in the thickness of central actin
filaments, while other cells appear highly similar to cells transfected with mRuby-LifeAct7
alone (Figure 5.1). Importantly, our co-transfection experiments reveal almost all mRubyLifeAct7-positive cells also contain the HA-tagged LIMK constructs, as demonstrated in

Figure 5.1. LIMK-dependent alterations in pericyte cytoskeletal morphology. Selected images of retinal
pericytes transfected with either mRuby-LifeAct7 alone or co-transfected with mRuby-LifeAct7 and LIMK
plasmids. Control populations of pericytes transfected with LifeActRFP demonstrate the typical
morphological variations, including angular and stellate shapes, along with actin cytoskeletons composed of
both parallel and orthogonally oriented microfilaments as demonstrated by staining with AlexaFluor 488conjugated phalloidin. Pericytes co-transfected with mRuby-LifeAct7 and WT LIMK1 or WT LIMK2 appear
to have thickened arrays of actin present at the cell perimeter and enriched within lamellar structures.
Interestingly, pericytes co-transfected with mRuby-LifeAct7 and KD LIMK1 or KD LIMK2 appear to adopt
morphologies and actin arrangements similar to those cells overexpressing either WT LIMK1 or WT LIMK2,
with thickened arrays of actin present at lamellae and the cell periphery. All images were captured with a 40x
objective lens as described in “Experimental Protocols and Reagents” (Chapter Two), and scale bar denotes
50 µm in all panels.
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the example of KD LIMK1-cotransfected cells at 48 hours post-plating (Figure 5.2A-C).
Intriguingly, LIMK-transfected pericytes display broad subcellular LIMK localization as
demonstrated with anti-HA immunofluorescence, including enrichments within lamellar
actin filaments, exemplified in the images of mRuby-LifeAct/KD LIMK1-cotransfected
cells (Figure 5.2). Indeed, while, some LIMK-transfected cells demonstrate thickened
stress fibers and lamellar actin enrichments, other cells transfected with these plasmids
appear to primarily possess cytosolic or and/or (peri)nuclear LIMK-HA that does seem to
be associated with the actin cytoskeleton.

Figure 5.2 Co-localization of anti-HA and LifeActRFP in co-transfected pericytes. Representative antiHA immunostaining in retinal pericytes co-transfected with HA-tagged KD LIMK1 and mRuby-LifeAct7 is
displayed in (A) and (D), with matched images of mRuby-LifeAct7 expression in the same cells are displayed
in (B) and (E). Merged images presented in (C) and (F) demonstrate the strong overlap between fluorophores
in co-transfected cells. The white dashed rectangle in the upper panels (A-C) denotes the region viewed in
the lower panels (D-F) of each corresponding image column. The arrowheads in D-F denotes the
accumulation of lamellar actin and HA-tagged KD LIMK1. Images in upper panels were captured with a 10x
objective and scale bar represents 100 µm, while those in lower panels were captured with a 40x objective
and scale bar represents 50 µm.

In contrast to cells transfected with either mRuby-tagged LifeAct or the empty pmRFP-N1
vector, pericytes overexpressing RFP-tagged WT cofilin or constitutively active S3A
cofilin demonstrate qualitative reduction in actin stress fiber content and occasionally adopt

159

a rounded morphology dominated by curvilinear actin arrays at the cell periphery (Figure
5.3). Conversely, pericytes overexpressing RFP-tagged dominant-negative cofilin S3E
possess robust cytoskeletal actin networks (Figure 5.3), similar to those present in nontransfected and control-transfected pericytes.

Figure 5.3. Overexpression of WT and S3A cofilin disrupt pericyte cytoskeletal architecture.
Representative images of retinal pericytes transfected with either pmRFP-N1 empty vector or pmRFP-N1
vector containing WT, S3A, or S3E cofilin and labeled with AlexaFluor 488-conjugated phalloidin. Control
populations of pericytes transfected with pmRFP-N1 demonstrate the typical morphological variations,
including angular and stellate shapes, along with actin cytoskeletons composed of both parallel and
orthogonally oriented microfilaments. Retinal pericytes transfected with either RFP-tagged WT or
constitutively active S3A cofilin demonstrate reductions in polymerized actin arrays and adopt a rounded
morphology, whereas pericytes expressing dominant-negative S3E cofilin display robust actin stress fibers.
All images were captured with a 40x objective lens as described in “Experimental Protocols and Reagents”
(Chapter Two), and scale bar denotes 50 µm in all panels.

5.2.2 LIMK1/2 May Induce Reorganization of Pericyte aSMA Networks
We next asked whether the LIMK- and cofilin-dependent changes in pericyte morphology
and actin polymerization were associated with alterations in the subcellular localization of
discrete actin isoforms. Preliminary data reveal pericytes co-transfected with mRubyLifeAct7 and LIMK plasmids appear to possess varying degrees of aSMA enrichments
within lamellae and cellular projections. As shown in Figure 5.4, the aSMA networks
present in BRP co-transfected with mRuby-LifeAct7 and either WT LIMK1 or WT LIMK2
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Figure 5.4. Pericyte LIMKs alter aSMA network morphology. Selected images of retinal pericytes
transfected with mRuby-LifeAct7 or transiently co-transfected with mRuby-LifeAct7 and LIMK plasmids.
Preliminary data demonstrate pericytes transfected with mRuby-LifeAct7 alone display robust arrays of
aSMA-positive stress fibers. Overexpression of WT LIMK1 or WT LIMK2 may induce reorganization of
aSMA-containing to cell perimeters and tips of cellular extensions in these cells. Though the pericyte cotransfected with mRuby-tagged LifeAct and KD LIMK1 displayed in the figure appears to have a notable
enrichment of aSMA in its lamella, such perimetric actin thickening is variably observed in cells transfected
with any of the LIMK plasmids, and immunofluorescence similarly reveals pericytes expressing WT LIMK1,
WT LIMK2, or KD LIMK2 possess variable increases in aSMA-containing structures at the lamellae and
tips of cellular projections. All images were captured with a 40x objective lens as described in “Experimental
Protocols and Reagents” (Chapter Two), and scale bar denotes 50 µm in all panels.

appear highly similar to BRP transfected with mRuby-LifeAct7 alone. Additionally, in our
preliminary data, the organization and distribution of aSMA within pericytes transfected
with either KD LIMK1 or KD LIMK2 appear markedly similar to those present in cells
transfected with mRuby-LifeAct7 alone or BRP co-transfected with WT proteins, and
though the LIMK1 KD-transfected pericyte pictured in Figure 5.4 has a notable enrichment
of aSMA in its lamella, this is variably observed in cells transfected with any of the LIMK
plasmids. Interestingly, transfecting pericytes with LIMKs does not appear to appreciably
alter b-actin localization or stress fiber association in these cells (Figure 5.5).
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Figure 5.5. Pericyte LIMKs may not affect b-actin networks. Selected images of retinal pericytes
transiently co-transfected with mRuby-LifeAct7 and LIMK plasmids. Preliminary data demonstrate similar
patterns of b-actin organization and distribution observed across all the conditions in this study. Although
the cell co-transfected with mRuby-LifeAct7 and KD LIMK1 displayed in the figure appears to have some
local increases the concentration of b-actin at cellular projections and lamellae, this phenotype is observed
to varying degrees among all the LIMK mutations tested. All images were captured with a 40x objective lens
as described in “Experimental Protocols and Reagents” (Chapter Two), and scale bar denotes 50 µm in all
panels.

5.2.3 Perturbations in Pericyte Cofilin Disrupt Both aSMA and b-actin Localization
In comparison to pericytes transfected with LIMK1/2 plasmids, BRP transfected with WT
or S3A cofilin appear to have marked disruption in the architecture of aSMA-containing
filaments, often manifesting as short, chunky aSMA aggregates concomitant with the
development of a rounded cell shape, in sharp contrast to the long, well-defined aSMAcontaining stress fibers in untransfected cells in the same cultures or cells transfected with
the empty RFP vector (Figure 5.6). Curiously, pericytes transfected with S3E cofilin have
aSMA networks that appear highly similar to controls (Figure 5.6); in addition, altering
the overall abundance or activity of cofilin in retinal pericytes appears may have similar
impacts on the organization of b-actin networks within these cells (e.g., WT and S3A
cofilin disrupt b-actin networks, while S3E may promote their filamentous assembly and
incorporation into stress fibers, Figure 5.7).
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Figure 5.6. Alterations in pericyte cofilin strongly impact aSMA localization. Whereas retinal pericytes
transiently transfected with an empty RFP vector display no difference in the appearance of aSMA networks
compared to untransfected cells in the same cultures, pericytes expressing WT cofilin or S3A cofilin show
marked disruptions in aSMA organization and polymerization status concomitant with development of a
rounded morphology. In contrast, cells transfected with S3E cofilin may have enhancements in aSMA
polymerization. All images were captured with a 40x objective lens as described in “Experimental Protocols
and Reagents” (Chapter Two), and scale bar denotes 50 µm in all panels.

Figure 5.7. Perturbations in pericyte cofilin impact b-actin arrangements and distribution. Retinal
pericytes transiently transfected with pmRFP-N1 empty vector possess b-actin networks that appear similar
to untransfected cells in the same cultures. However, pericytes expressing WT cofilin or S3A cofilin appear
to have fewer cell-spanning b-actin microfilaments than either untransfected cells or RFP vector-transfected
controls. Conversely, the S3E cofilin-transfected pericyte in appears to have a greater abundance of b-actincontaining filaments that traverse the cell body. All images were captured with a 40x objective lens as
described in “Experimental Protocols and Reagents” (Chapter Two), and scale bar denotes 50 µm in all
panels.
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5.2.4 Pericyte Limks And Cofilin Govern Contact-Dependent Endothelial Cell Cycle
Arrest
Along with regulating the pericyte isoactin network and contractile phenotype, our past
studies indicate disruptions in pericyte Rho/ROCK signaling result in a loss of pericyte
contact-dependent endothelial cell cycle arrest (Kutcher, et al, 2007; Durham, et al, 2014).
Therefore, we investigated whether alterations in pericyte LIMK1/2 and cofilin expression
levels or activity also have an effect on pericyte contact-driven endothelial cell quiescence
in vitro. Using pericyte-endothelial cell co-culture models developed in our lab (Sheets,
Durham, and Herman, 2016), our experiments reveal no differences in pericyte contactdependent endothelial cell cycle re-entry in co-cultures with pericytes expressing WT
LIMK1 (39.7% EdU+ EC contacting transfected pericytes vs. 40.6% EdU+ EC contacting
non-transfected pericytes, Figure 5.8B) or pericytes expressing KD LIMK1 (48.5% EdU+
EC contacting transfected pericytes vs. 47.4% EdU+ EC contacting non-transfected
pericytes, Figure 5.8D). Pericytes overexpressing WT LIMK2 appear to restrict endothelial
cell cycle re-entry, as 25.1% of endothelial cells contacting transfected pericytes are EdUpositive compared to 36.2% of endothelial cells in contact with non-transfected pericytes,
however this difference is not statistically significant (p = 0.28, Figure 5.8C) Conversely,
pericytes transfected with KD LIMK2 permit endothelial cell cycle re-entry compared to
non-transfected, control pericytes in the same cultures (58.6% vs. 35.2%, p < 0.05, Figure
5.8E).
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Figure 5.8. Overexpression of pericyte WT LIMK2 permits S-phase entry in adjacent endothelial cells.
Retinal pericytes transfected with mRuby-LifeAct7 (A), co-transfected with mRuby-LifeAct7 and WT
LIMK1 (B), WT LIMK2 (C), or KD LIMK1 (D) maintain endothelial cell cycle arrest, whereas retinal
pericytes co-transfected with mRuby-LifeAct7 and KD LIMK2 (E) permit contacted endothelial cells to reenter the cell cycle. In all panels, green cells are untransfected, aSMA+ pericytes, while red cells are pericytes
transfected with mRuby-LifeAct7 +/- LIMK constructs. Retinal endothelial cells are unlabeled and are
distinguished from pericytes by the absence of aSMA staining. White asterisks denote endothelial cells in
contact with pericytes. Pink nuclei are EdU-positive cells in S-phase, while blue nuclei are EdU-negative,
DAPI-positive cells that remain arrested in G0. * p < 0.05 compared with negative control (unpaired Student’s
t-test). All images were collected with a 10x objective lens as described in “Experimental Protocols and
Reagents” (Chapter Two), and scale bar denotes 100 µm in all panels
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When we evaluate the impact of perturbing pericyte cofilin expression and activity on
contact-dependent endothelial growth arrest, our studies demonstrate that pericytes
overexpressing WT cofilin allow endothelial cell cycle re-entry compared to nontransfected cells in the same cultures (52.1% vs. 31.4%, p < 0.005, Figure 5.9B). Similarly,
pericytes expressing constitutively active S3A cofilin, which cannot be phosphorylated by
LIMK1/2, also fail to arrest endothelial S-phase entry through heterotypic cell-cell contact
(48.8% EdU+ EC contacting transfected pericytes vs. 26.7% EdU+ EC contacting nontransfected pericytes, p <0.05, Figure 5.9C). However, we observe no significant difference
in cell cycle re-entry rates between endothelial cells contacting pericytes transfected with
dominant-negative S3E cofilin and non-transfected pericytes (25.7% vs. 25.4%,
respectively, Figure 5.9D). Importantly, there are also no statistically significant
differences in the rates of endothelial cell EdU-positivity between EC contacting nontransfected BRP and control, empty-vector transfected BRP (34.2% vs. 27.7%, Figure
5.8A, 5.9A)

5.3 DISCUSSION
Diabetic retinopathy is a leading cause of adult-onset blindness across the globe, affecting
40% of T2DM patients and nearly 90% of T1DM patients (Willard and Herman, 2012).
While the onset of pathologic ocular neovascularization in the proliferative phase of this
disease has long been held to arise secondary to the disappearance of pericytes from the
retinal microvasculature (Kuwabara and Cogan, 1963), several studies from our lab provide
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Figure 5.9. Pericyte cofilin regulates endothelial cell cycle progression.
Retinal pericytes transfected with pmRFP-N1 empty vector (A) or pmRFP-N1 containing S3E cofilin (D)
maintain endothelial cell quiescence in vitro, whereas retinal pericytes transfected with pmRFP-N1
containing WT cofilin (B) or pmRFP-N1 containing S3A cofilin (C) fail to prevent contacted endothelial
cells from re-entering the cell cycle. In all panels, green cells are untransfected, aSMA+ pericytes, while red
cells are pericytes transfected with either the empty RFP expression vector or RFP-tagged cofilin plasmids.
Retinal endothelial cells are unlabeled and are distinguished from pericytes by the absence of aSMA staining.
White asterisks denote endothelial cells in contact with pericytes. Pink nuclei are EdU-positive cells in Sphase, while blue nuclei are EdU-negative, DAPI-positive cells that remain arrested in G0. * p < 0.05, *** p
< 0.005 compared with negative control (unpaired Student’s t-test). All images were collected with a 10x
objective lens as described in “Experimental Protocols and Reagents” (Chapter Two), and scale bar denotes
100 µm in all panels.
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strong evidence that pericyte loss may not be necessary for the normally quiescent retinal
capillary endothelium to become angiogenically active (Kutcher, et al, 2007; Durham, et
al 2014; Durham, et al, 2015). Rather, as our work reveals that alterations in pericyte
chemomechanical signaling permit endothelial cell cycle re-entry and angiogenic
activation, including in pericytes isolated from the retinae of diabetic human donor eyes
(Durham, et al, 2015), we posit that the diabetic microenvironment may induce pericyte
dysfunction that permits aberrant vascular growth prior to pericyte ‘drop out’ from the
retina. Because our previous studies demonstrate the role of RhoGTPase signaling in
pericyte chemomechanical control of endothelial growth arrest (Kutcher, et al, 2007), our
work in this chapter aimed to determine whether perturbations in the expression or activity
of the downstream Rho-ROCK effectors, LIMK1/2 (Maekawa, et al, 1999; Bernard, 2007),
and their target, the actin depolymerizing factor, cofilin (Bamburg and Bernstein, 2010),
regulate pericyte contact-dependent endothelial cell cycle entry.

5.3.1 Perturbations in Pericyte LIMK1/2 and Cofilin Yield Distinct Cell Morphologies
Our earliest studies of the determinants of pericyte contractility and isoactin organization
revealed that overexpression of either WT or constitutively active RhoGTPase enhanced
cellular contractility, concomitant with the development of a pronounced network of actin
stress fibers (Kolyada, et al, 2004). Additionally, these stress fibers were notably devoid of
aSMA, which became uniformly distributed throughout the pericytes in a manner highly
reminiscent to that observed following Rho activation in fibroblasts (Kolyada, et al, 2004).
Because RhoGTPase-ROCK signaling is known to regulate actin cytoskeletal remodeling
through activation of LIMK1/2-dependent cofilin inhibition, we first asked whether
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perturbations in pericyte LIMK1/2 and cofilin would impact cytoskeletal remodeling in
these cells, and, if so, whether these changes preferentially affect the polymerization status
and subcellular localization of one or another isoactin. In particular, we hypothesized that
those pericytes transfected with WT LIMK1/2, modifications predicted to enhance stress
fiber formation through suppression of cofilin activity, and pericytes transfected with
dominant-negative S3E cofilin, would have similar phenotypic outcomes, and that
pericytes transfected with KD LIMK1/2, which would be predicted to increase cofilindependent filament severing, would adopt morphologies similar to pericytes
overexpressing WT or constitutively active S3A cofilin. Intriguingly, there are notable
differences among the individual phenotypes of pericytes transfected with constructs
predicted to promote actin filament polymerization (WT LIMK1/2, S3E cofilin), as well as
among the appearances of pericytes transfected with constructs predicted to favor actin
filament disassembly (KD LIMK1/2, WT and S3A cofilin). This may be partly attributable
to the fact that the principal function of cofilin appears to be that of regulating actin
polymerization dynamics, whereas both LIMK1 and 2 have a number of additional
upstream and downstream regulators (Bamburg and Bernstein, 2010; Bernard, 2007). In
addition to phosphorylation by ROCK, LIMKs can also be phosphorylated and activated
by p21-associated kinase (PAK), and have been associated with microtubule stabilization
as well as the regulation of cyclin-dependent kinases within the nucleus, among other
functions (Bernard, 2007; Goyal, et al 2005).

Initially, we predicted that overexpression of WT LIMK1/2 would result in generalized
enhancements in pericyte actin stress fiber content (Table 5.1); however, in our preliminary
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data, we observe that increases in actin polymerization tend to occur most frequently at the
cell periphery and within lamellae, and that expression of KD LIMK1/2 seems to facilitate
comparable changes in the retinal pericyte actin cytoskeleton. Interestingly, similar actin
redistribution has been observed in COS-7 cells downstream of bone morphogenic protein4 (BMP4) stimulation, manifesting as an increase in both polymerized actin and LIMK1
present at the cell periphery (Foletta, et al, 2003). In addition, Amano, et al, demonstrated
that overexpression of WT LIMK2 similarly induces the formation of actin stress fibers
that appear primarily localized at the cell periphery, along with focal adhesions and
membrane blebs (2001). These phenotypes are consistent with some of our observations of
WT LIMK1/2 overexpression in retinal pericytes. The fact that we observe a similar cell
morphology following transfection with either KD LIMK1 or KD LIMK2 may perhaps be
attributable to compensatory behavior of the other isoform in each case (i.e., increased
activity of endogenous, WT LIMK2 in the case of transfecting KD LIMK1, and vice versa).
Indeed, this may also account for the varying “strength” of the phenotype following
alterations of individual LIMK family members in retinal pericytes. Curiously, deletions
or mutations in LIMK1 have also been linked to abnormal hippocampal neuron dendritic
spine morphology, further demonstrating the considerable variations in the morphologies
and behaviors between cell types following disruptions in LIMK1/2 signaling (Bernard,
2007).

5.3.2 Isoactin-Selectivity of Pericyte LIMK1/2 and Cofilin
In contrast to our past reports of the loss of stress fiber-associated aSMA following
transfection with WT or constitutively active RhoGTPase, the increases in actin filament
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thickness at the cell perimeter and in lamellae after perturbing LIMK expression or activity
may be due to altered distribution of aSMA, however preliminary findings suggest b-actin
networks may not be as strongly impacted by changes in LIMK signaling. Further
experimentation is underway to confirm these preliminary data. At the same time,
expression of WT and constitutively active S3A cofilin in retinal pericytes results in the
dissolution of both aSMA-containing filaments and reorganization of b-actin-containing
structures in these cells, whereas pericytes transfected with dominant-negative S3E cofilin
possess robust networks aSMA-stress fibers and fine, reticulated b-actin filaments and
enrichments at lamellae, similar to both untransfected pericytes and pericytes tranfected
with the control, empty RFP expression vector. Along with these findings, recent work
from our lab has revealed that pericytes treated with siRNAs targeting the myosin-RhoA
interacting phosphatase (MRIP), a downstream RhoA/ROCK effector that coordinates the
co-localization of RhoA and myosin light chain phosphatase to microfilaments to regulate
actin stress fiber assembly and remodeling, are characterized by a marked redistribution of
b-actin from lamellae to centrally-located, cell-spanning stress fibers that are significantly
larger than those present in control pericytes treated with scrambled, non-targeting siRNAs
(Durham, et al, 2014). Together, these findings reveal the unique roles of RhoGTPase and
its downstream effectors in the regulation of isoactin distribution and organization in
pericytes.
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5.3.3 Pericyte LIMK2 and Cofilin Regulate Contact-Dependent Endothelial Cell Cycle
Progression: Implications for Angiogenesis
Our data conclusively demonstrate that pericytes overexpressing KD LIMK2, WT cofilin,
or constitutively active S3A cofilin permit contacting endothelial cells to re-enter the cell
cycle, as measured by incorporation of EdU into the nuclei of endothelial cells in S-phase
(Figure 5.6). Indeed, the pericytes expressing either WT or S3A cofilin bear a strong
morphologic resemblance to the rounded, hypocontractile phenotype of retinal pericytes
isolated from diabetic human donor retinae, which we recently described (Durham, et al,
2015). Moreover, diabetic human pericytes also fail to arrest endothelial S-phase entry, via
both contact-dependent and –independent mechanisms, the latter of which include the
increased production of several soluble, pro-angiogenic factors such as the bioactive lipid,
S1P, and IGFBP3 (Durham, et al, 2015). In the experiments performed in this chapter,
about 30% of the pericytes contained within the pericyte-endothelial co-cultures
successfully express the plasmid DNA after transient transfection, making such a system
ideal to directly compare the rates of contact-dependent endothelial growth arrest between
transfected and non-transfected pericytes within the same well, but poorly suited for
evaluating whether alterations in pericyte LIMK or cofilin may impact endothelial cell
cycle entry through contact-independent mechanisms. Indeed, evidence from our
colleagues suggests that LIMKs and cofilin may be involved in protein trafficking and
secretion, in addition to their roles in regulating actin polymerization, as overexpression of
LIMK1 in breast cancer cells results in aberrant localization of specific lysosomal and
endosomal populations with altered EGF- and transferrin receptor internalization dynamics
(Nishimura, et al, 2004), LIMK2 is known to impact microtubule stabilization (Bernard,
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2007; Po’uha, et al, 2010), and reductions in cofilin expression are known to impair Ca2+
import into the transgolgi network, leading to the missorting of secretory cargo (von
Blume, et al, 2011). Hence, it will be important to determine whether pure populations of
pericytes expressing one or another LIMK or cofilin modification impact endothelial
growth dynamics through alterations in the delivery of soluble mediators as well as direct,
contact-driven mechanisms, and to compare the profiles of secreted effectors to those
produced by pericytes isolated from diabetic donor eyes.

It is also notable that pericytes overexpressing WT LIMK2 or dominant-negative S3E
cofilin effectively maintain contact-dependent endothelial quiescence, in contrast to the
cells expressing the KD LIMK2 and WT/S3A cofilin plasmids (Figures 5.8, 5.9).
Intriguingly, while some of BRP transfected with WT LIMK2 and S3E cofilin display
cytoskeletal characteristics suggestive of enhanced contractility, previous studies from our
lab demonstrate that hypercontractile pericytes expressing constitutively active
RhoGTPase are angiogenically permissive (Kutcher, et al, 2007). Moreover, we recently
demonstrated that pericytes with diminished MRIP expression not only possess
pronounced, hypertrophied stress fibers and augmented contractile properties, but that
these cells also fail to restrict endothelial S-phase entry while allowing angiogenic
sprouting in vitro (Durham, et al, 2014). Based on these observations, it is likely that the
potential increases in contractility and force transduction achieved through overexpression
of WT LIMK2 or cofilin S3E are not as severe as those resulting from constitutive Rho
activation or the loss of MRIP, and may be insufficient to drive angiogenic activation.
Given that both LIMK1 and LIMK2 phosphorylate cofilin and inactivate its actin-severing
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capacity (Bernard, 2007), it is possible that overexpression of both of these proteins may
be required to completely suppress cofilin activity and promote a degree of pericyte
contractility that allows endothelial re-proliferation. Similarly, as S3E cofilin is expressed
in the background of endogenous, WT cofilin, it is possible that S3E cofilin overexpression
stimulates the activation of slingshot phosphatases that dephosphorylate cofilin at S3
(Bamburg and Bernstein, 2010), effectively activating the severing capacity of endogenous
cofilin to mitigate the effects of the dominant-negative mutant. Hence, to better determine
whether cofilin S3E enhances pericyte contractility in a manner that induces angiogenic
reactivation, future experiments will involve CRISPR-based approaches to directly
introduce the cofilin S3E point mutation (Bialk, et al, 2016) in order to study the effects of
this alteration without the influence of endogenous, WT cofilin.

Despite the alterations in pericyte cytoskeletal morphology following perturbations in
LIMK1 expression or activity, we observe no difference in the rates of S-phase entry
among endothelial cells directly apposing non-transfected pericytes and those transfected
with either WT or KD LIMK1 (Figure 5.8). Intriguingly, LIMK1 may be involved in the
progression of pulmonary arterial hypertension, a condition marked by the development of
hyperplastic endothelial and pulmonary arterial smooth muscle cells that narrow the
lumens of pulmonary arteries, thereby increasing pulmonary arterial resistance that drives
right ventricular hypertrophy and eventual right heart failure (Tuder and Voelkel, 2001;
Sakao, et al, 2009; Santos-Ribeiro, et al, 2016). Studies by our colleagues have revealed
that LIMK1 interacts with the cytoplasmic tail of the type II BMP receptor (BMPR-II), a
region that is frequently mutated in familial pulmonary arterial hypertension (Foletta, et al,
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2003). Indeed, through interactions with the LIM-domains of LIMK1, BMPR-II
downregulates LIMK1-dependent cofilin phosphorylation, whereas nonsense and
frameshift mutations that truncate the BMPR-II cytoplasmic tail are hypothesized to reduce
LIMK1 binding and inhibition, allowing it to suppress cofilin-dependent actin turnover
(Foletta, et al, 2003). It is tempting to speculate that BMPR-II trunctations and resultant
LIMK1 “hyperactivity” may impact the ability pulmonary mural cell chemomechanical
control of adjacent vascular endothelial cells growth arrest, leading to the evolution of
plexiform lesions and luminal obliteration; however, as in the case of LIMK2, further
studies must be performed in both retinal pericytes and pulmonary vascular smooth muscle
cells to fully elucidate the specific roles of LIMK1 and LIMK2 in the maintenance of
endothelial cell quiescence.

5.4 CONCLUSIONS
In line with our previously published reports, the work contained within this chapter
demonstrates the key role of retinal pericyte chemomechanics as a regulator of angiogenic
switching in retinal capillary endothelial cells, as our data reveal that reductions in the
activity of retinal pericyte LIMK2 and elevations in the expression or activity of retinal
pericyte cofilin result in endothelial cell cycle re-entry, which may be an important event
in the onset of pathologic angiogenesis in proliferative diabetic retinopathy. As such, an
important future direction will be to determine whether these deviations in pericyte LIMK2
and cofilin expression or activity impact microvascular morphogenesis in vitro, and by
extension, angiogenic activation in vivo. Preliminary data gathered using FACS-sorted
populations of WT, S3A, and S3E cofilin-transfected pericytes cultured along with
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endothelial cells in a 3D system developed by our lab (Sheets, Durham and Herman, 2016)
studies suggest that pericytes expressing WT or S3A cofilin (Figure 5.10B, C) may support
angiogenic activity in this system, displaying robust microvascular tube networks that are
sustained for six days in culture, whereas networks containing pericytes expressing either
the pmRFP-N1 empty vector or S3E cofilin undergo retraction and collapse (Figure 5.10A,
D). Thus, our ongoing studies are focused on better understanding the role(s) of pericyte

Figure 5.10 Pericyte cofilin regulates endothelial morphogenesis in vitro. Preliminary data of threedimensional co-cultures of retinal endothelial cells and Vybrant DiO-labeled retinal pericytes
transfected with WT cofilin RFP (B) or S3A cofilin RFP (C) demonstrates robust networks of
angiogenic tubes at 6 days post-plating compared to co-cultures with pericytes expressing pmRFP-N1
(A) or S3E cofilin RFP (D) that fail to prevent microvascular collapse. All images were collected with
a 5x objective lens as described in “Experimental Protocols and Reagents” (Chapter Two), and scale
bar denotes 100 µm in all panels.
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LIMK1/2 and cofilin signaling on capillary endothelial cell morphogenesis and angiogenic
activation in vitro, in line with our long-term goals of validating these findings in animal
models of diabetic retinopathy.
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Chapter Six:
Unanswered Questions and Future Directions
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The body of work presented in the preceding chapters expands our understanding of the
roles of cell-matrix and cell-cell interactions in angiogenic remodeling and tissue repair. In
particular, we demonstrated: 1) novel, lab-created extracellular matrix- and platelet-rich
plasma-derived peptides induce wound healing angiogenesis, granulation tissue formation,
and re-epithelialization in a pre-clinical model of healing impairments in chronic diabetic
Yorkshire swine; 2) Santyl® collagenase, an FDA-approved, registered biologic indicated
for enzymatic debridement of necrotic tissue from chronic wounds, generates an array of
bioactive peptides from human dermal microvascular endothelial and fibroblastic matrices,
and that application of Santyl® or a “combinatorial” peptide created from individual
Santyl®-liberated matrix fragments stimulates active wound healing in cyclophosphamidetreated, healing impaired mice; 3) perturbations in pericyte LIMK2 and cofilin expression
and activity contribute to pericyte chemomechanical control of endothelial cell cycle reentry and angiogenic activation, which may underlie the pathogenesis of proliferative DR.

Indeed, several questions remain unanswered regarding the mechanisms by which
persistent hyperglycemia results in such disparate, tissue- and organ-dependent vascular
pathologies, as exemplified by angiogenically impaired, non-healing wounds and aberrant
retinal vascular proliferation. And, along with the still-unknown factors governing the
tissue-specific manifestations of diabetic macro- and microangiopathies, the most
appropriate targets for advanced molecular and cellular therapeutics for these conditions
have yet to be determined. As such, our investigations of matrix-derived peptides in
migratory, proliferative, and morphogenic processes necessary for keratinocyte, fibroblast,
and endothelial repair suggest such entities may not only serve as the basis for advanced
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wound-healing therapeutics for chronic wounds associated with diabetes, peripheral artery
disease, and venous insufficiency, but may also contribute to our understanding of
pathologic angiogenesis in DR. Conversely, our studies of pericyte chemomechanical
regulation of endothelial quiescence may have applications for treatment of both DR and
non-healing DFU. Together, these observations may have broad implications pertaining to
cell-matrix and mural-endothelial cell interactions that extend beyond the vascular
complications encountered in diabetes.

6.1 Matrix-Derived Peptide Receptors as Targets of Anti-Angiogenic Therapeutics?
In Chapter Three, we provided evidence that the protein ECM1 may function as the
receptor for the Comb1 peptide, and several studies have demonstrated that ECM1 is
involved in cell proliferation, angiogenesis, and may be involved in cancer cell growth and
migration (Han, et al, 2001; Mongiat, et al, 2003; Lee, et al, 2014). Hence, novel antiangiogenic therapeutics might target ECM1 as a means to quell tumor vascularization or
aberrant vascular remodeling in proliferative DR (Figure 6.1). And, as Comb1 treatment in
diabetic porcine wounds is associated with an increase in VEGF mRNA levels (Sheets,
Massey, et al, 2016), anti-ECM1 antibodies or small molecule inhibitors might be utilized
in manner similar to the current anti-VEGF antibodies to restrict potential ECM1dependent VEGF production downstream of bioactive matrix fragments that might be
liberated during retinal matrix turnover, especially as ECM1 interacts with HSPG, which
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Figure 6.1. ECM1 as an Anti-Angiogenic Target. As studies by Han, et al (2001) indicate ECM1 induces
angiogenesis in chick chorioallantoic membranes and has a developmental expression pattern similar to
VEGFR2, and work by Lee, et al (2014) implicates ECM1 as a driver of cellular proliferation, migration, and
MMP9 production via potentiation of EGF-EGFR signaling (depicted in panel A), molecular medicines
targeting ECM1 (depicted in panel B) may be a novel means of abrogating pathologic angiogenesis.

181

may be involved in preserving the bioactivity of VEGF and other matrix-associated growth
factors (Mongiat, et al, 2003; Schultz, et al, 2011). Further, based on this ECM1-HSPG
interaction, which could impact the bioactivity of multiple growth factors, including FGF2
and PDGF (Klagsbrun, 1990; Schultz, et al, 2011), it is conceivable that the combination
of anti-VEGF and ECM1-targeting therapeutics could be more effective in limiting
pathologic retinal angiogenesis and protecting vision than anti-VEGF, alone. Interestingly,
ECM1 was recently demonstrated to be upregulated in the synovial fluid of human patients
with rheumatoid arthritis, a debilitating autoimmune condition that can affect any joint in
the body that is characterized by synovial neovascularization and inflammatory cell
infiltration (Maruotti, et al, 2005), compared to that of patients with spondyloarthropathies,
autoimmune inflammatory diseases specifically affecting the joints of the vertebral column
(Bhattacharjee, et al, 2013). Although the functional significance of ECM1 upregulation in
rheumatoid arthritis remains to be determined (e.g., whether it induces synovial
angiogenesis and inflammation, or whether its increased abundance in synovial fluid is
merely a consequence of tissue destruction), antibodies or small molecules that neutralize
ECM1 function may be a means of inhibiting pathologic vascularization in inflammatory
arthropathies, in conjunction with existing therapeutics that dampen inflammation.

6.2 A Role for Matrix-Derived Peptides in Mucosal Healing?
6.2.1 Impaired Oral and Gastrointestinal Healing in Diabetes
In addition to healing impairments in the distal extremities, patients with diabetes may
experience delays in mucosal healing as well, as poor glycemic control in patients with T1
and T2DM is associated with an increased risk of developing oral infections, periodontitis,
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and non-healing oral ulcers following tooth extractions and other dental procedures (Abiko,
et al, 2010; Yamano, et al, 2013). Further, experimental induction of gastric ulcers in STZtreated rats reveal hampered mucosal recovery, as well (Takeuchi, et al, 1997; Harsch, et
al, 2003). Intriguingly, the molecular mechanisms underlying the delays in mucosal healing
are similar to those thought to contribute to the evolution of non-healing DFU: persistent
inflammation, diminutions in growth factor bioavailability, non-enzymatic glycation of
matrix proteins, and constrained angiogenesis (Abiko, et al, 2010; Yamano, et al, 2013;
Takagi, et al, 2012; Takeuchi, et al, 1997; Harsch, et al, 2003). In light of our recently
published data presented in Chapters Three and Four (Sheets, Massey, et al, 2016; Sheets,
Demidova-Rice, et al, 2016), it is possible that delivery of the bioactive peptides Comb1,
UN3, or TSN18 may induce wound healing angiogenesis and mucosal re-epithelialization
in oral and gastric erosions in patients with T1 or T2DM. Indeed, as such injuries are
documented to contain depressed levels of FGF2, VEGF and TGFb1 (Takeuchi, et al,
1997; Harsch, et al, 2003; Yamano, et al, 2013), local application of Comb1 and UN3 to
oral ulcers or tooth extraction sites could potentially resolve these wounds, as our data in
Chapter Three demonstrates these peptides significantly induce mRNA expression of these
growth factors, among others, in association with increases in angiogenesis and reepithelialization (Sheets, Massey, et al, 2016).

6.2.2 Delayed Mucosal Healing in Inflammatory Bowel Disease
Along with diabetic patients, patients with who live with Crohn’s disease and ulcerative
colitis may also experience delayed mucosal healing, owing to the chronic overproduction
of inflammatory cytokines characteristic of these conditions, such as TNFa (Choi, et al,
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2015). In addition, a 2000 study by von Lampe, et al, revealed that biopsies collected
endoscopically from severely inflamed colonic tissues of human patients with Crohn’s
disease display nearly 10-fold increases in the ratios of MMP1 and MMP3 to TIMP1 at the
mRNA level, and colonic tissues from patients with ulcerative colitis display a 23-fold
increase in the MMP1:TIMP1 mRNA ratio and a 13-fold elevation in the MMP3:TIMP1
mRNA ratio (2000), which are similar to the pronounced MMP-TIMP imbalances reported
in non-healing VLU and DFU (Trengove, et al, 1999; Schultz, et al, 2011). Indeed, matrix
components and matricellular proteins have been implicated in mucosal wound healing
within the gastrointestinal tract, in addition to their roles in cutaneous repair. For example,
mice expressing mutant CCN1 protein unable to bind integrins a6b1 and amb2 exhibit high
mortality and impaired mucosal healing after induction of colitis through dextran sodium
sulfate treatment, whereas WT CCN1 stimulates mucosal repair through an IL-6-dependent
mechanism that remains poorly understood (Choi, et al, 2015). Additional studies using
this same model of intestinal insult have demonstrated a strong increase in tenascin C
deposition in damaged colonic tissues, as well as exacerbated ulceration in tenascin C-null
animals (Islam, et al, 2014). Together, these studies demonstrate the importance of matrix
remodeling in the resolution of intestinal injury in inflammatory bowel disease.

In light of the roles of MMP/TIMP balance and matrix components in the repair of mucosal
tissues, it is conceivable that administration of Comb1 and UN3 to injured bowel, perhaps
via endoscopic injection (Paine and Shen, 2013) or the rational design of controlled
delivery vehicles to achieve site-specific release based on luminal pH, enzymes produced
by bacteria found in the small bowel or colon, or other novel mechanisms (Singh, et al,
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2015), may aid in gastric and intestinal healing in inflammatory bowel disease. In further
support of this approach, ECM1, the putative Comb1 receptor, has been linked to the
control of epithelial barrier function within the gastrointestinal tract, and ECM1
polymorphisms have been documented in inflammatory bowel disease patients that may
modify disease progression, however the direct impact of these SNPs on ECM1 function
has yet to be determined (Thompson and Lees, 2011; Prager, et al, 2015; Repnik and
Potocnik, 2016). Hence, it would be intriguing to learn whether Comb1 stimulates mucosal
healing in animal models of inflammatory bowel disease, such as genetically-engineered
mouse strains that spontaneously develop colitis, as well as chemically-induced colitis with
dextran sodium sulfate (Mizoguchi, 2012), and whether its healing capacity is abrogated
in the absence of ECM1.

6.2.3 Comb1 and UN3 in Fistula Repair
Patients with Crohn’s disease may not only have impaired mucosal healing responses, but
also are at risk of developing enteroenteric and enterocutaneous fistula tracts, which are
abnormal connections between adjacent segments of intestine or between the
gastrointestinal tract and the outside world that result from transmural erosions of the bowel
wall (Marzo, et al, 2015). Indeed, the estimated incidence of fistula formation in Crohn’s
disease patients ranges from 23% to 38%, the majority of which involve perianal fistulas
that have a high degree of morbidity (Marzo, et al, 2015). While the exact mechanisms
underlying the development of perianal Crohn’s disease have yet to be fully elucidated,
these injuries are typically treated by surgical repair, through the advancement of mucosal
flaps (i.e., excision of diseased mucosa, following by incision of healthy mucosa distal to
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the lesion, and suturing the healthy mucosa over the internal anorectal origin of the fistula
tract) (van Koperen, et al, 2008; Gottgens, Smeets, et al, 2015). Despite the frequency with
which such procedures are performed, mucosal advancement flaps for fistulizing Crohn’s
disease are associated with protracted healing rates and a high degree of fistula recurrence
(Gottgens, et al, 2015). Intriguingly, a small clinical trial published in 2015 reported
improved healing outcomes in 10 patients with recurrent anorectal fistulas who were
treated with a combination of mucosal advancement flaps with injections of platelet-rich
plasma (Gottgens, et al, 2015). Although this study did not include a control population of
patients who were treated only with surgical repair, it is possible that injection of UN3, the
peptide created from thrombin fragments present in platelet-rich plasma (Demidova-Rice,
et al, 2012), alone or in combination with Comb1 and TSN18, into enterocutaneous fistula
tracts could aid in healing these external wounds, along with their connected mucosal
surfaces.

6.3 Peptide-Eluting Sutures as Post-Operative Healing Accelerants?
Incision closure and wound repair is critical for the success of all surgical procedures, and
may involve both cutaneous tissues and internal organs, as in the case of laparascopic and
open appendectomies and post-colectomy anastomoses. As advancements continue to be
made in surgical wound closure, biodegradable, peptide-eluting sutures might be a means
by which to advance the rate at which ileorectal and other intestinal anastomoses heal and
may help reduce the rates of anastomotic leakage after these procedures (Slesser, et al,
2016; Hurst and Michelazzi, 2004; Catanzano, et al, 2014; Tarta, et al, 2013). Such drugeluting sutures may also be beneficial in the successful integration of split- and full-
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thickness skin grafts, as grafts are often secured to the edges of recipient sites via suture
(Joyce, et al, 2015); by extension, solutions of Comb1, UN3 and/or TSN18 may aid in
donor skin graft site healing as well. In addition, delivery of Comb1, UN3 and/or TSN18
may combined with antiseptic agents to promote the repair of surgical incisions that are
not amenable to reapproximation and closure by primary intention, such as those at high
risk of infection or in the case of extensive tissue loss that requires open healing by
granulation (Norman, et al, 2016).

6.4 Molecular Modifications of Pericytes In Situ: CRISPR-Based Genome Editing in
Diabetic Microvascular Disease
6.4.1 In Vivo Validation of Pre-Clinical In Vitro Data Using CRISPR/Cas9-Driven Pericyte
Modifications
Based on the results of our published studies (Kutcher, et al, 2007; Lee, et al, 2009;
Kotecki, et al, 2010; Durham, et al, 2014; Durham, et al, 2015) and the data presented in
Chapter Six, we hypothesize that perturbations in pericyte chemo-mechanical signaling
permit adjacent capillary endothelial cells to re-enter the cell cycle, giving rise to
pathological neovascularization observed in proliferative DR, and that such pericyte
dysfunction is likely to occur prior to their eventual apoptosis and disappearance from the
retinal microcirculation.

Importantly, while our lab has generated a great deal of compelling data from pre-clinical
in vitro studies that support this paradigm-shifting hypothesis, our long-term goal remains
to demonstrate that disruptions in pericyte chemo-mechanical signaling yield proliferative
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retinal vascular lesions in vivo. To test this, CRISPR-based approaches could be used in
combination with well-characterized, pericyte-specific genetic drivers (e.g., PDGFRb-Cre
and NG2-Cre) and drug-inducible promoters (e.g. tamoxifen or tetracycline-inducible
response elements) to generate animals harboring pericyte-specific gene alterations (Yang,
et al, 2013; Hartmann, et al, 2015). LoxP sites could be inserted to flank the exon(s)
encoding the critical regions of the desired genes, and high-fidelity guide RNAs could be
designed to execute the desired gene mutations in cells expressing the appropriate Credrivers after drug exposure at the desired time points (Yang, et al, 2013; Hartmann, et al,
2015).

Through this strategy, gene mutations observed to promote angiogenic activity in vitro,
such as a truncated kinase domain of LIMK2 (as in the KD mutant), the constitutively
activating S3A mutation in cofilin, or the complete loss of MRIP, could be evaluated for
their ability to exacerbate pathologic ocular angiogenesis in animal models such as oxygeninduced retinopathy, or via cross-breeding the resultant CRISPR-generated mice with the
recently described genetic Akimba model that recapitulates many features of proliferative
diabetic retinopathy in humans (Mendel, et al, 2013). Similar strategies could be taken to
test whether the pericyte-specific mutations observed to restrict endothelial S-phase reentry, including the dominant-negative S3E cofilin mutation, protect the retinal
microvasculature from hyperoxic or hyperglycemic insult. Table 6.1 describes a proposed
CRISPR-based strategy for targeting appropriate exons in LIMK1/2 and cofilin to achieve
the desired mutations, along with the anticipated outcomes of in vitro and in vivo
experiments. Here, we predict that pericytes expressing CRISPR-driven pro-angiogenic
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point mutations such as S3A cofilin or dominant-negative LIMK1/2, in the absence of
wild-type proteins, would permit endothelial S-phase entry in vitro and exacerbate
retinopathic features in vivo, whereas pericytes expressing CRISPR-mediated antiangiogenic mutations (S3E cofilin, constitutively active LIMK1/2) would exhibit
vasoprotective characteristics.
Table 6.1 Proposed CRISPR/Cas9-Mediated Modifications of Pericyte LIMK and Cofilin and
Predicted Outcomes on Angiogenic Activation and Retinal Vascular Stabilization.

6.4.2. Local Creation of Pro-Angiogenic Pericytes Within the Wound Bed
Many of our pre-clinical in vitro studies have identified specific modifications in pericyte
chemo-mechanical signaling that promote endothelial cell cycle re-entry and angiogenic
induction (Kutcher, et al, 2007; Durham, et al, 2014). Thus, it is possible that the altering
the expression or activity of RhoGTPase or its downstream effectors, MRIP, LIMK2, and
cofilin in DFU-associated pericytes could be a means by which to activate wound-healing
angiogenesis. In this setting, one approach could be to introduce the desired genomic
alteration, such as S3A cofilin point mutation or MRIP deletion, using the modular
CRISPR/Cas9 vector recently described by Ablain, et al, that requires only a cell- or tissuespecific promoter and a gene-specific target sequence to successfully achieve loss of
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function in a discrete cell population or tissue (2015). Indeed, using this system, Ablain et
al demonstrated successful gene knockout in zebrafish erythrocytes and myocytes, when
injected into embryos at the single cell stage (2015). As such, it is feasible that this modular
vector could be used to specifically target genes within the pericytes of non-healing
wounds, using either PDGFRb or NG2 promoters. This is an extremely exciting area for
future research, as we aim to develop advanced cellular medicines to promote vascular
growth and wound repair in DFU and other chronic wounds. And, if this approach were to
prove successful for non-healing wounds in the extremities, it could perhaps be adapted to
for use in diabetic ocular disease, as well. In this setting, such modular vectors might
eventually be used to induce “angiorestrictive” qualities in retinal pericytes, perhaps
delivered to patients by intravitreal injection after early clinical detection of retinal
microaneurysms in an effort to correct hyperglycemia-driven pericyte dysfunction.
Ultimately, this approach might stall the progression of retinopathic insult and preserve the
retinal vascular integrity and visual acuity of patients who would otherwise lose their sight
to diabetic complications.

6.4.3 CRISPR/Cas9-Dependent Epigenomic Editing in Diabetes: Erasing Metabolic
Memory?
Altered profiles of epigenetic factors such as DNA methylation, post-translational histone
modifications, and miRs may not only account for the tissue-specific manifestations of
diabetic microangiopathies, but also are hypothesized to drive hyperglycemic metabolic
memory that causes the development and persistence of diabetic retinopathy and nonhealing wounds despite patients achieving better glycemic control (Chapter 1, section 1.4).
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An exciting, recently published report by Hilton, et al, describes successful epigenetic
editing through the application of a nuclease-null Cas9 enzyme fused to the catalytic core
of the HAT p300 in concert with gRNAs targeting the genomic sites of interest to modulate
epigenetic signatures (2015). Therefore, it is feasible that such an approach could be used
to effectively “reformat the hard drive” of cells in diabetic retinae and foot ulcers in order
to limit inflammation and endothelial dysfunction, thereby abrogating or ameliorating
retinal vascular overgrowth, or reversing the angiogenic incompetence characteristic of
non-healing DFU. “Designer” proteins could be created in which nuclease-null Cas9 could
be fused with HMTs or demethylases such as LSD1 and jmjd family members to add or
remove activating or inhibitory histone methylation signatures in key pro- and antiinflammatory genes within the vascular endothelium and be administered to diabetic
retinae and peripheral ulcers to truly treat the underlying cause of these microvascular
diseases. At the same time, as little information exists regarding the hyperglycemia-driven
epigenetic modifications occurring in pericytes, further investigation will be required to
determine the ideal sets of pericyte- and endothelial-specific epigenetic edits necessary to
restore angiogenic balance in the eye and in the extremities.

6.5 Pericyte Chemo-Mechanics in the Creation of Advanced Cellular Medicines
6.5.1 Engineering Anti-Angiogenic Pericytes for Use in DR
Recent work from our lab and our collaborators demonstrates that pericyte-like adiposederived stromal cells (ASCs), isolated from the stromal vascular fraction of human and
murine subcutaneous adipose tissue depots, are able to abrogate some of the retinal
vascular degeneration associated with oxygen-induced retinopathy, a model recapitulating
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many features of hyperoxic retinopathy of prematurity in human newborns, as well as those
retinopathic features of diabetic Akimba mice (Mendel, et al, 2013). However, we and our
collaborators have also demonstrated the reduced retinal vasoprotective capacity of ASCs
derived from diabetic donor tissues compared to those from healthy, non-diabetic controls
(Cronk, et al, 2015), further demonstrating the deleterious effects of hyperglycemic
‘metabolic memory’ and mirroring some of the results regarding deficiencies of diabetic
EPCs and MSCs in cutaneous wound healing (Rennert, et al, 2014). Hence, while ASC
autografts might offer the advantage of absolute antigenic compatibility, ASC allografts
from non-diabetic sources may possess greater functionality in the desired tissues. And, it
is important to note that in either case (i.e., healthy vs. diabetic ASCs), both cell populations
would be susceptible to diabetes-induced alterations in their behaviors once injected and
engrafted within the retinal microcirculation. Thus, a greater understanding of the
molecular mechanisms regulating pericyte and ASC-dependent regulation of angiogenic
activation would allow for the creation of ‘designer’ cell lines, able to retain their
vasoprotective functions despite the inflamed, hyperglycemic microenvironment of the
diabetic retina.

Based on our data presented in Chapter Five, where we demonstrate that retinal pericytes
overexpressing either WT LIMK2 or dominant-negative S3E cofilin effectively maintain
endothelial quiescence, it is possible that ASCs could be engineered to express these
specific modifications and administered as an injectable cellular therapeutic to limit the
progression of proliferative diabetic retinopathy. To test whether this could be a viable
approach to quell the aberrant ocular neovascularization associated with diabetes,
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CRISPR/Cas9-based approaches could be applied to generate pericyte-like ASCs
expressing S3E cofilin, or a constitutively active LIMK2 that might be predicted to
suppress angiogenic activation in a manner similar to that of WT LIMK2, using the strategy
described above and outlined in Table 6.1. Subsequently, these populations of
CRISPR/Cas9-modified ASCs could be injected intravitreally into the eyes of diabetic
Akimba mice at defined time points, in order to determine whether cells possessing one or
another mutation either prevent the initiation or restrict the severity of pathologic retinal
angiogenesis in diabetes (Figure 6.2).

Figure 6.2. Adipose-derived stems cells as a customizable injectable cellular therapeutic for
proliferative diabetic retinopathy. Pericyte-like ASCs could be harvested from healthy donor humans,
engineered with a specific set of anti-angiogenic properties to re-stabilize the retinal vasculature in
proliferative diabetic retinopathy. By extension, cells could be engineered with pro-angiogenic characteristics
and delivered to non-healing diabetic foot ulcers to support revascularization.
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6.5.2 Creating Pro-Angiogenic Pericytes for Use in DFU and Other Non-Healing Wounds
Numerous studies have demonstrated the therapeutic potential of MSCs and ASCs in preclinical animal models of non-healing diabetic wounds (Caplan and Correa, 2011; Dash, et
al, 2014; Heublein, et al, 2015). Indeed, many of the same issues are relevant, here, as in
the case of cellular therapeutics for DR: the use of autografts vs. allografts as a treatment
approach; the question of the long-term viability of such cellular grafts within the
chronically inflamed DFU microenvironment; and whether the cells, the wound bed, or
both might be “primed” through molecular interventions prior to inoculation with cellular
medicines in order to maximize healing outcomes. As in the case of DR, it is likely that
autologous grafts of a patient’s own cells might be less effective at fostering wound-healing
angiogenesis compared to allografts from healthy patients (Rennert, et al, 2014). Thus,
allografts of ASCs may be engineered with enhanced, pro-angiogenic properties using
CRISPR/Cas9-based approaches. Here, point mutations such as S3A cofilin could be
introduced through the strategies outlined above (sections 6.4.1 and 6.5.1) to achieve drugcontrollable induction of a pro-reparative phenotype, which could be inactivated following
the withdrawal of antibiotics after successful wound resolution. Alternatively, expression
could perhaps be controlled through optogenetic activation, in which the reparative
phenotype would only be activated following exposure to specific wavelengths of light
(Deisseroth, 2011). Indeed, such an approach could be the foundation of advanced cellular
medicines to promote healing of DFU, VLU and other chronic wounds (Arany, 2016).
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6.6 Overall Conclusions
In summary, our work represents important steps in our further understanding the
molecular and cellular mechanisms regulating angiogenesis and tissue repair in health and
disease. Through our studies focused on the interactions between cells and their
surrounding ECM, the roles of matrix remodeling in tissue regeneration, and the impact of
altering pericyte chemo-mechanical signaling on the proliferative and morphogenic
behaviors of capillary endothelial cells, we hope that our findings will inform the creation
of advanced molecular and cellular therapeutics for non-healing DFU and proliferative DR.
In addition, further investigations of the determinants that dictate tissue-specific patterns
of healing and dysfunction, including genetic factors and epigenetic programming, will
allow the knowledge gained from our experiments to be applied in manners to restore tissue
homeostasis across a broad spectrum of human disease, for all those in need of healing.
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