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ENHANCED PROANGIOGENIC ACTIVITY OF ENDOTHELIAL CELLS IN
RESPONSE TO POLYGLUTAMATE DOMAIN-MODIFIED QK PEPTIDES
DELIVERED ON BONE GRAFTING MATERIALS
NICHOLAS WELDON PENSA
BIOMEDICAL ENGINEERING
ABSTRACT
Over 2 million bone grafting procedures are performed annually. To meet

the high demand for these surgeries, commercial grafting materials sourced from
allograft, xenograft, and synthetic calcium phosphate have become widely
popular clinically. One limitation of these grafts, however, is their lack of growth
factors that drive angiogenesis during bone tissue regeneration. Insufficient
revascularization of the injured bone tissue leads to poor fracture healing.
However, reincorporating angiogenic factors on grafting materials has proven
challenging due to limited surface interactions between the protein and mineral
graft surface. To address this challenge, we have synthesized a polyglutamate
domain to the VEGF mimetic peptide, QK, in order to reliably deliver angiogenic
factors on mineralized graft material. Polyglutamate domains anchor strongly
through ionic interactions to the hydroxyapatite present within mineral graft
materials. In this work, we have shown that a heptaglutamate (E7) domain
synthesized to the QK peptide (E7-QK) greatly enriched the concentration (4-6
fold) of peptide coated onto graft materials. Moreover, enrichment of E7-QK on
graft material led to enhanced activation of endothelial cells in direct contact with
the scaffold over grafts coated with unmodified QK peptide. Furthermore, we

have devised a method to deliver an angiogenic gradient of polyglutamate



modified QK peptides. The length of polyglutamate domain on the peptide
directly correlates to the time of release of the peptide from the graft material. We
combined a mixture of varied lengths of polyglutamate domains (E2, E4, E7) to
the QK peptide (PGM-QK) to create a constant release gradient from mineral
graft material. In this study, we characterized the release kinetics of each
individual component of PGM-QK (E2-QK, E4-QK, and E7-QK) and found the
longer the domain length, the longer the retention of the peptide on the graft
material. Additionally, we showed that PGM-QK released from graft material
provided an extended angiogenic stimulus. Endothelial cells treated with PGM-
QK peptides released from graft material over the course of 6 days exhibited
activation of angiogenic signaling pathways and enhanced migration. These
results demonstrate the utility of polyglutamate domains to deliver a constant

stimulus of bone healing factor from commercial graft material.

Keywords: Tissue engineering, Bone graft, angiogenesis, QK peptide,
Polyglutamate domain, cell signaling
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INTRODUCTION
The human skeletal system

The human skeletal system has many important roles in support for the
body such as structure, movement, protection, and metabolic function. Bones
consist of a matrix that is approximately 70% inorganic mineral and 30% organic
components [1]. Of these inorganic components, the network is primarily
comprised of hydroxyapatite (HA), which is a calcium apatite crystal
(Cas(PO4)3(0OH)). Meanwhile, collagen type | fibers are the predominant organic
component (95%) found within the bone matrix and serve in conjunction with
mineral components to provide structure for the bone [1, 2]. These fibers are
fortified with the hydroxyapatite crystals to form bone tissue that is rigid and able
to withstand both compressive and tensile forces [3]. Other organic components
of bone consist of proteoglycans and bone specific proteins that contribute to the
homeostasis of bone, as well as guide the deposition of mineral and organic
components of bone matrix during remodeling [1, 2].

The skeleton is developed through two distinct processes, endochondral
or intramembranous ossification. Long bone formation occurs through
endochondral ossification, where cartilaginous tissue is replaced with mineralized
bone. During this progression, chondrocytes undergo hypertrophy and become
ossified from at the primary (diaphysis) and secondary (epiphysis) ossification
sites [4]. At these sites, blood vessels invade the developing bone tissue bringing
in mesenchymal stem cells (MSCs) [4, 5]. MSCs are multipotent stem cells that
reside within developed bone marrow and periosteum. During endochondral
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ossification, the MSCs recruited differentiate into osteoblasts which replace the
hyaline cartilage template with bone matrix [4]. The growth plate between these
two ossification zones is comprised of chondrocytes that rapidly proliferate,
driving elongation of the bone structures. Once fully developed, the growth plate
“closes” and becomes ossified to complete the bone structure [4].

Intramembranous ossification is responsible for the flat bone development
of skeletal structures such as the skull, clavicles, and mandible [4]. This process
directly forms bone without a cartilaginous template structure. Developing tissues
of mesenchyme and epithelia condense, while MSCs differentiate directly into
osteoblasts. Osteoblasts initially excrete disorganized woven bone matrix known
as the osteoid. The osteoid is then mineralized into a woven cancellous network
that is characterized by its disorganized deposition of matrix. Over time, the
matrix is remodeled through synergistic coordination between osteoblasts and
osteoclasts into the organized rigid lamellar structure of cortical bone [4, 6].
Regeneration after a bone fracture follows closely to the process of
intramembranous ossification to remodel the injured tissue [6].

Matured bone structures are comprised of different layers specialized to
carry out their specific role (Figure 1) [7, 8]. The outer layer of bone contains a
periosteum comprised of a thin layer of tissue housing mesenchymal cells. This
layer covers the cortical bone, a highly structured component of bone responsible
for its mechanical properties. Cortical bone is a mineralized lamellar structure
with osteon ring-like structures [7, 8]. This osteon structure is developed by

osteoblasts that lay down matrix in concentric lamellar circles known as the



osteoid. Layer by layer of osteoid is mineralized and completed to become a rigid
structure capable of withstanding heavy loads [4, 7, 8]. Once complete, these
cells undergo apoptosis or terminally differentiate into osteocytes that localize to
the central lacunae of the osteoid. Additionally, the lacunae of these concentric
layers offer a channel for blood vessels and nerves to network in the bone.
Internally, bones contain a cancellous bone network [7, 8]. This spongy bone
network is porous and houses the marrow, vascular network, and cell reservoir.

This area is largely responsible for the metabolic functions of bone [7].

Cells of the bone
Mesenchymal stem cells
Mesenchymal stem cells are multipotent cells derived from the mesoderm of
developing tissue. These cells reside in both the bone marrow and periosteum
tissue but can be found in adipose and developing tissues as well. Although
primarily found in the marrow, these cells are in low density and only account for
0.001 to 0.01% of the resident cell population in bone marrow [9]. Mesenchymal
stem cells differentiate to osteoblast, adipocyte, myocyte, and chondroblast cell
lineages based upon exogenous stimuli and environmental factors [9, 10]. During
a fracture injury, MSCs are recruited to the bone defect where they proliferate as
well as differentiate into osteoblasts and chondrocytes. This differentiation is
tightly regulated by endogenous factors such as bone morphogenic proteins

(BMPs), fibroblast growth factors (FGFs), and transforming growth factors



(TGFs) [11]. Once differentiated, these cells are responsible for the deposition of
new bone matrix.

Osteoblasts

Osteoblasts are derived from the differentiation of resident MSCs through the
stimulation of pathways such as Wnt, BMP, FGF, and Hedgehog, and are mainly
responsible for the deposition of both organic and inorganic matrix in bone [11,
12]. Osteoblasts are highly metabolic and rich in mitochondria [12]. One of their
main functions is to deposit bone matrix proteins including collagen type | fibers
that will produce a highly ordered structure known as the primary osteoid (Figure
2) [13]. Subsequently, the matrix mineralizes into fully reorganized bone tissue.
In addition to their role as matrix depositors, osteoblasts also regulate bone
tissue homeostasis. While undergoing differentiation and maturation, osteoblasts
govern osteoclast activity through paracrine signaling of factors such as RANKL,
osteoprotegerin, and macrophage colony stimulating factor (M-CSF) to maintain
a controlled bone remodeling site. [14] Additionally osteoblasts sense the
completion of the bone remodeling process and through autoregulation, signal
the beginning of either apoptosis or maturation into osteocytes.

Osteocytes

Osteocytes are matured, terminally differentiated osteoblasts residing in the
newly remodeling lacunae of the bone tissue [13]. Osteocytes are thought to
participate in bone homeostasis by providing mechanosensing while also

instigating remodeling and resorption of the surrounding bone tissue [15].



Osteoclasts

Osteoclasts are large multinucleated cells derived from monocyte cell type fusion
[1]. These cells are largely responsible for removing the mineral and organic
components of bone, thus maintaining a homeostatic relationship with the
resident osteoblast. Osteoclasts remove old bone matrix by forming tight
junctions within the bone tissue surface, then excreting high levels of protons to
demineralize the bone, as well as Cathepsin K and MMPs to degrade the organic
bone matrix (Figure 2) [16, 17]. The resorbing area of bone forms a pit known as
the Howship’s lacunae. Osteoclasts increase their efficiency in excreting these
matrix degradative enzymes by forming a ruffled border within the sealed
remodeling zone to maximize membrane surface area. The function of these
cells is tightly regulated by stromal and preosteoblast which activate osteoclasts
through their ligands, M-CSF and RANKL [1, 11, 18] . To signal the end of bone
resorption, osteoblasts secrete the RANKL antagonist, osteoprotegerin (OPG),
which induces inactivation and apoptosis of the osteoclasts [18].

Chondrocytes

Chondrocytes are responsible for the deposition of cartilaginous matrix consisting
of collagen and proteoglycans [1]. They are the sole cell type native to the
cartilage tissue. In bone formation, chondrocytes are involved with the process of
endochondral ossification [1]. Chondrocytes produce type Il and X collagens that
act as a template for long bone formation. Additionally, chondrocytes play a role

in the formation of the callus during bone fracture healing [19].



Other cells present in bone

The marrow cavity of bone is a hematopoietic reservoir for the body, containing
the majority of hematopoietic stem cell populations [1]. The vasculature
throughout bone contains endothelial cells and pericytes and serves as a conduit
for transport of hematopoietic cells. Additionally, it has been shown that
vascularization within bone plays a major role in the fracture healing process
[20]. Other cell types present in bone marrow include adipocytes and

lymphocytes [1].

Bone regeneration after injury
Bone fracture healing can occur in discrete primary or secondary healing
categories [21]. Primary bone healing involves the direct fusion of the bone
fracture back together without the formation of callus [22]. The osteoblasts and
osteoclasts produce a structured bone matrix rather than a woven bone to be
remodeled later. This healing process is the rarer of the two subsets, as it
requires direct abutment and rigid fixation to form correctly [21]. Secondary
healing occurs through a multi-step process involving recruitment of MSCs,
inflammatory cells, and new vasculature. During secondary healing, a hematoma
is formed which is converted into granulation tissue composed of fibroblasts and
new vasculature [21]. This new vasculature provides the injury site with the
endogenous cells and growth factors required to remodel the injured tissue. This
site is converted into a primary soft callus of loosely organized extracellular

matrix excreted by recruited osteoblasts. The matrix is then mineralized to a



hardened bone callus [21, 23]. Once calcified, the callus is slowly reorganized
through cooperation between osteoblasts and osteoclasts to form fully healed
cortical bone. Secondary healing is tightly regulated by several factors such as
BMPs, VEGF, FGFs, PDGFs, and RANKL to coordinate between cell populations
that are responsible for the regeneration of the bone tissue [6, 21, 24]. Both
primary and secondary healing processes are dependent on the size and level of
trauma involved in the fracture. Larger defects can result in non-union fractures
and require surgical interventions such as fixation or bone graft implantation to

repair the bone defect [21].

Mineralized bone graft materials
Bone grafts are used by clinicians for a number of applications in the orthopedic,
reconstructive, and dental fields. An estimated 2 million grafting procedures are
performed annually [25]. Procedures range in a wide variety from trauma
reconstruction to outpatient procedures. The main similarity between all these
applications is that the graft material provides a conduit for new bone to grow and
develop. The current gold standard for bone grafts is autologous bone harvested
from the patient’s iliac crest or other non-load bearing site [26]. These grafts are
ideal as they contain the patient’s own cells and factors that promote healthy
graft integration with the surrounding bone tissue [27]. Although autogenous
grafts are desirable for their osteoconductive and osteoinductive potential, these
grafts are limited in their quantity. Harvesting requires secondary surgery sites

and may not yield enough graft material for major traumas [28, 29]. In addition,



autogenous sources can be variable in their ability to regenerate based upon
tissue quality. Factors such as age, gender, and disease can play a significant
role in determining the use of autografts for procedures [25, 30]. One specific
example is the use of autogenous grafts in elderly populations. Studies have
shown poor patient prognoses for patients over 65 undergoing lumbar spinal
fusion with autologous graft due to poor graft quality and co-morbidities from
harvesting bone from secondary sites [31].

For these reasons many clinicians use non-autogenous graft sources such
as allograft, xenograft, and synthetic mineralized materials (calcium phosphate
and hydroxyapatite materials) [27]. These grafting materials fulfill the role as an
osteoconductive substrate, are produced in large quantities, and eliminate the
need for secondary surgical sites. Moreover, allograft and xenograft contain the
microarchitecture of bone tissue optimal for osteoblast attachment and
integration within the graft material [32, 33]. However, these grafting materials
lack the osteoinductive cells and growth factors that autogenous grafts rely on for
rapid and efficient bone recovery. Moreover, allograft and xenograft are
chemically and/or physically treated to reduce the potential for an immunogenic
response or introduction of pathogens; however, these processing steps typically
eliminate cells and damage or remove organic factors that provide osteogenic
potential [27]. Synthetic sources lack any organic factors completely and are

purely mineral based.



Clinical applications of allograft bone
Currently, the bone allografts used in the clinic are produced and distributed as
either fresh-frozen bone allograft (FFB) or freeze-dried bone allograft (FDBA) [34,
35]. Under each category there are several commercial suppliers of these bone
grafting materials, offering a wide range in bone graft size (granules vs whole
sections) and type (cortical vs. cancellous). FFB and FDBA both provide an
osteoconductive matrix that mimics the graft recipient’s own bone matrix most.
However, their use within the clinic is limited due to controversy surrounding the
risk of pathogen transmission as well as immune response [35]. FFA frozen
allografts are harvested directly from donors, washed in an antibiotic sterilization
and immediately stored at -70 C. This limited procedure allows retention of the
mechanical properties of the grafts and also limits the loss of osteoinductive
factors such as bone morphogenic proteins. However, studies have reported that
patients receiving FFA have been infected with HIV, resulting in the growing
concerns for when FFA should be used thus limiting its usage in clinic today [35].
FDBA are processed by harvesting the tissue, treating with antibiotic solutions,
and sterilization followed by lyophilization. These grafts can be stored for long-
term use at room temperature and have a far lower risk of pathogen transfer than
FFB. However, the sterilization of FDBA has been shown to remove any
osteoinductive factor within the graft as well as compromise the structural
integrity of the graft, itself [36]. For example, sterilization techniques such as

ethylene oxide or gamma irradiation compromise the quality of these bone grafts



leading to slower reintegration with host bone [36]. To mitigate issues
surrounding the limited osteoinductivity of allograft, physicians have used
alternative methods to replenish the osteoinductive potential of these grafts such

as combining allograft with autograft or recombinant growth factors [37, 38].

Clinical applications of xenograft material
Xenografts are commercially available bone grafting materials that have been
widely successful in the clinic. The most popular xenograft materials are derived
from bovine, porcine and coralline organisms [25, 39, 40]. These grafting
materials contain the microarchitecture found within native bone that has been
shown to improve graft integration. Xenografts are processed even further
compared to alloplastic materials and are devoid of any organic components,
thus removing the risk of an immune response [40]. However, the lack of organic
components eliminates the osteoinductive potential of the grafts. Additionally, it
has been shown that the processing techniques used to ablate organic
components results in a brittle graft material that requires external fixation for
load bearing applications [41]. However, their abundant availability and lowered
risk of pathogen transfer has made xenograft materials highly popular within the

clinic, particularly for dental applications [25, 41].

Clinical applications of synthetic calcium phosphate (CaP) materials
Several studies have shown the success of calcium phosphate grafts in resolving

bone defects in patients [25, 42]. The most widely used calcium phosphate
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materials are comprised of either hydroxyapatite (HA) or B-tricalcium phosphate
(B-TCP). These synthetic materials differ in chemical composition and crystallinity
making it possible to amend their structural properties as well as rates of
degradation within the body [43]. These grafts have shown great promise in the
clinic as excellent substrates for new bone formation as they are highly
osteoconductive and biocompatible. Additionally, some have speculated that
CaP mineral possesses some osteoinductive influence over resident MSCs
perpetuating their usefulness in the clinic, although the exact mechanism by
which they contribute to osteoblastic differentiation is still unclear [44]. It has
been shown that MSCs seeded onto stiffer matrices such as mineral HA are
prone to osteoblastic differentiation [45]. Meanwhile others have speculated that
CaP-containing materials serve as a mineral ion reservoir for calcium(Ca?*) and
phosphate ions (PO4%) which facilitate osteoblastic differentiation [46]. While the
exact mechanism is not yet known, CaP materials have been very successful in
the clinic.

Calcium phosphate graft materials are oftentimes available as a porous
scaffold or ceramic material. One drawback of these materials is that they are
pure mineral and therefore are brittle, and not well-suited for load bearing
applications [47]. However, products such as OSTEON™ I, Osteogen™, and
SyOss ® have been popular in the dental field where there are several non-load
bearing scenarios. Another feature of these grafts is that they resorb more slowly
than other sources such as allograft or xenograft due to their denser mineral

content, allowing them to be used for procedures requiring long-term stability [42,

11



48]. Additionally, synthetic CaP materials are ideal for applications where the
patient’s culture or religious beliefs do not permit the use of xenograft or allograft
material. CaP materials are also devoid of organic components, making the
immunogenic and pathogenic risk minimal compared to the xenograft and
allografts. Moreover, as a synthetic material CaP can be manufactured with high
reproducibility to meet the tight regulatory and manufacturing standards across

the globe.

Protein therapy to improve bone graft materials
To improve the bone healing response from non-autologous materials, several
groups have attempted to deliver these grafts in conjunction with recombinant
proteins [34]. These proteins are targeted to address the main components of
bone graft healing including osteogenicity, angiogenesis, and cell attachment.
The delivery of osteogenic factors has been shown to have clinical success [42].
Some of the most potent osteoinductive factors identified are BMPs. Specifically,
rBMP-2 and rBMP-7 are clinically approved to be used in conjunction with
mineral scaffolds in bone grafting procedures [49-51]. While these proteins
enhance bone graft reintegration through stimulating direct differentiation of
MSCs to osteoblasts, the use of BMPs has been associated with some serious
off-target effects [52]. Another avenue to invigorate a rapid bone regeneration is
to target the angiogenic response of bone healing. Studies have shown that
tissue revascularization plays a major role in healthy bone regeneration,

especially in early stages during initial bone callus formation. Delivery of factors

12



such as VEGF and FGF has been reported to enhance tissue revascularization
and improve bone healing [24, 49]. These factors, however, function through a
chemotactic gradient. There is currently a lack of methods that enable gradient
delivery of angiogenic factors from the surface of commercial bone graft
materials, which has limited the development of angiogenic therapies for bone
applications. In addition to osteogenic and angiogenic proteins, grafts have been
modified with factors that promote cell attachment to the graft surface. Generally,
these factors are based on integrin-binding sequences derived from native
extracellular matrix proteins such as collagen and fibronectin. Peptide sequences
such as DGEA or RGD facilitate cell attachment and interaction with the

implanted scaffold [53, 54].

Functionalizing graft materials with proteins/peptides

At present, the most widely used method to deliver growth factors on graft
materials in the clinic is through passive absorption. The broad appeal of this
method lies in the simplicity of use for the clinician. In preparation for this
method, grafts are soaked in a solution of reconstituted protein and then
implanted directly into the body. However, passive absorption of these proteins
and peptides has been shown to be very inefficient in the delivery of these
factors in vivo [55]. To coat these grafting materials with a therapeutic dosage of
growth factors, supraphysiological doses are required, and once implanted, the
efficacy of such factors is diminished due to dissemination outside the bone

healing site. As an example, rBMP2 has been shown to elicit serious deleterious
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side effects such as inflammation, ectopic calcification, and edema due to the
dissemination of rBMP2 away from its graft carrier [56]. Due to the poor
interactions between mineralized graft surfaces and protein/peptide therapeutics,
a great effort has been placed on functionalizing these proteins/peptides with
graft binding domains enhancing their delivery on grafts, ameliorating some off-
target effects.

One method explored in the bone grafting field to improve the delivery of
proteins/peptides on mineralized grafting surfaces is to incorporate bone graft
binding sequences onto growth factors. Many of the bone-binding sequences
engineered onto these factors are inspired from native proteins such as bone
sialoprotein (BSP), osteocalcin (OCN), and satherin. BSP and other native
proteins contain negatively-charged glutamate or aspartate-rich domains that
ionically interact with the bone matrix hydroxyapatite [57-60]. This ionic
interaction strongly localizes these proteins to the bone matrix. This finding has
motivated our group and others to design factors with acidic polyglutamate or
polyaspartate domains to localize mimetic peptides such as RGD, DGEA,
FHRRIKA, KRSR, and BMP2pep (BMP-2 mimetic) on HA-containing material
[53, 61-68]. In seminal work by the Kuboki group, a heptaglutamate domain (E7)
was first shown to localize the RGD sequence with high affinity to HA material
[69]. Additionally, their work confirmed that the interaction between the HA
material and E7-RGD was due to the ionic interactions between the E7 domain
and HA, not the RGD sequence [69]. Our lab has demonstrated that the

enrichment of these factors on implanted materials improves overall bone
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regeneration. In a prior study, we showed that E7-BMP2pep-coated grafts placed
into rat mandibular defects induced a more sustained activation of resident
osteoblasts than implanted rBMP2 treated grafts, as observed through 8F-NaF
labeled imaging [61]. Moreover, greater overall bone formation was also noted as
a result of this prolonged activity. These results demonstrated that the
enrichment of peptide on bone graft, as well as increased peptide retention in
vivo due to the polyglutamate domain, played a significant role in the efficacy of
the peptide treatment on bone healing [61]. Additionally, our group has shown
that modulating the length of the polyglutamate domain can alter the peptide’s
affinity for HA, thereby modulating the peptide release from graft material over
time [70, 71]. In Culpepper et al., diglutamate, tetraglutamate, or heptaglutamate
sequences were synthesized to DGEA (E2-DGEA, E4-DGEA, E7-DGEA) [71]. It
was shown that extending the number of glutamates within the polyglutamate
domain led to increased retention of the peptide on the graft (i.e. E2-DGEA
released first, and E7-DGEA lastly) [71]. These results demonstrate that the
release kinetics of polyglutamate-modified peptides can be empirically
modulated. It was further theorized that a combination of peptides containing
these different domain lengths could be utilized to produce a constant release of
peptide from graft material. This dissertation explores that theory to deliver a
sustained gradient of a proangiogenic factor using a mixture of variable-length
polyglutamate domains.

Other groups have sought to permanently couple bioactive factors onto

mineralized materials through covalent binding. Covalent binding is a common
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approach for protein/peptide immobilization within the polymer chemistry field,
but few strategies have proven successful in linking these entities to mineral
material [54, 55, 72-74]. One successful approach has been performed by Moon
et al. where biphasic calcium phosphate (a mixture of HA and 3-TCP) was
subjected to aminosilanization of the surface, followed by chemically conjugation
of FGF-2 [73]. This method highly enriched the concentration of protein on the
graft surface. Methods such as this are appealing as they reduce the initial
protein concentration needed at delivery and reduce the off-target effects caused
by dissemination. However, covalently coupling factors to graft materials has
potential limitations, as well. Namely, the chemical conjugation process can
denature protein structure and disrupt the function of the coupled growth factor
[75-77]. Additionally, once coupled, these factors are tightly bound, making this
technique impractical for some growth factors that require release for their
primary function.

Another method to localize bone healing factors to graft materials involves the
use of bisphosphonate groups [78-84]. Bisphosphonates were found to
preferentially bind to calcium found within native bone matrix and directly inhibit
bone resorption by disrupting the formation of the ruffled border of osteoclasts
[85]. Bisphosphonates have been highly effective in patients suffering from
osteoporosis, Paget’s disease, and several types of cancers infiltrating the bone
[85]. However, bisphosphonates have been shown to have serious long-term
side effects such as osteonecrosis of the jaw [85-87]. Researchers have sought

to chemically conjugate growth factors to bisphosphonates to enrich their
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concentration on CaP grafting materials. Similar to polyaspartate or
polyglutamate-modified proteins, the bisphosphonate-conjugated proteins were
able to enrich the concentration of factors such as BMP-2 or bFGF on graft
material [79, 88]. However, conjugation of these factors to bisphosphonate
groups requires complicated chemical coupling between the growth factor and
bisphosphonate group, which could impede the signaling function of the growth

factor.

Human vascular system

The vascular system derived from the mesoderm is the key supplier of
nutrients, oxygen, and metabolites throughout the body [89, 90] . This intricate
system is comprised of several specialized vessels that circulate blood such as
arteries, veins, and capillaries [91]. The arteries are responsible for delivering
oxygenated blood. They are composed of an endothelial intima, smooth muscle
media, and fibrous adventitia. These vessels maintain and regulate blood
pressure through their characteristic thick smooth muscle layer, which dilates and
contracts depending on external stimuli and chemokines delivered from the
baroreceptors of the brain [89]. Each arterial branch intersects with a capillary
network to deliver oxygenated blood to specific tissues. These capillaries are thin
layers of endothelial cells surrounded by basement membrane. The narrow
diameter and thin walls of the vessels allow for nutrients and gases to readily
permeate to the surrounding tissue. In addition, the capillaries reuptake the

deoxygenated blood from the tissue to be returned through the venous system.
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The venous system is comprised of vessels containing an endothelial intima, thin
smooth muscle media, and thick fibrous adventitia, and is responsible for
delivering deoxygenated blood back to the heart [89]. The vessels also contain
specialized one-way valves to ensure that returning blood maintains its venous

return during the pulsatile flow caused by the beating heart [89] .

Cells present in the vascular system

Endothelial cells

Endothelial cells comprise the thin inner lumen of the vascular network
[89]. These cells form tight junctions to ensure proper transport of nutrients
throughout the body. Endothelial cells are derived from the mesoderm and
oriented as a single-layer of squamous cells known as the endothelium. These
cells serve important functions in fluid transport of the body acting as sensors for
vasoconstriction and vasodilation [92]. In addition, the endothelium acts as a
semi-selective barrier allowing the free movement of select cells, factors and
metabolites necessary for targeted tissues [93]. Endothelial cells also are
responsible for the early stages of angiogenesis [94, 95]. When stimulated by
factors such as VEGF or FGF, these cells reorganize to create sprouts, thus
initiating the growth of new vasculature towards the tissue source of these factors
[94-97].
Smooth muscle cells

Smooth muscle layers comprise the medial layer of blood vessels. These

cells are elongated spindle-like cells containing abundant amounts of actin and
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myosin filaments which are important for contraction [89, 92]. These cells form
cell-cell junctions to coordinate with surrounding smooth muscle cells to provide
a structure to vessels known as the smooth muscle layer. The smooth muscle
layer is largely responsible for maintaining the blood pressure by contracting or
relaxing based upon stimuli from circulating factors [89].
Pericytes

Pericytes are rounded nuclei cells that are embedded on the outer
basement membrane of blood vessels. These cells excrete a matrix to surround
and fortify the blood vessels [89]. Additionally, these cells have been shown to
secrete paracrine factors to nearby endothelial cells aiding in the stimulation and

proliferation of endothelial cells during angiogenesis [89, 92].

Angiogenesis

Angiogenesis is the process of developing new vasculature from existing
blood vessels. This process can occur as intussusceptive or sprouting
angiogenesis [94]. Intussusceptive occurs within the vessel creating a bifurcation
in the center and thus producing two individual vessels. Sprouting occurs when
endothelial cells branch out from the vessel wall, creating new vessels that
invade into the periphery [94]. Sprouting angiogenesis is the most common type
of angiogenesis that occurs, whereas intussusceptive angiogenesis is more
heavily involved in the developing tissues. Intussusceptive angiogenesis occurs
quickly and is thought to be predominant in developing embryos where rapid

neovascularization is required [94]. Meanwhile, sprouting angiogenesis
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predominates in the healing tissue due to its ability to branch out far from existing
vasculature. During injury response, sprouting angiogenesis is signaled by
secreted factors such as VEGF, bFGF, Ang-1, and Ang-2. Endothelial cells that
detect a high concentration of these angiogenic factors become tip cells, and
upregulate expression of tyrosine kinase receptors, VEGFR-2 and Tie-2 [95]. Tip
cells are characterized by their filopodial extensions and are positive for both CD-
31 and CD-34 expression [98]. Surrounding endothelial cells elongate to become
stalk cells and divide to follow the tip cell towards the chemokine gradient of
angiogenic factors. MMP-2 and MMP-9 weaken the cell-cell junctions allowing
for the lengthening of the new vessels [94]. Once vessel growth is complete,
Ang-1 binds to Tie-2 to promote establishment of the endothelial layer and recruit
pericytes to stabilize the structure [94]. Pericyte attachment is one of the final
stages in vessel maturation and this event signals the endothelial cells to
guiesce. Once complete, there is a new, fully functioning vessel that connects the

original vasculature to the nearby healing tissue.

Vascular endothelial growth factor’s role in angiogenesis
Vascular endothelial growth factor (VEGF) is one of the most potent angiogenic
factors. While there are five VEGF proteins in the VEGF family (VEGFA, VEGFB,
VEGFC, VEGFD, and VEGFE), the most widely studied for its angiogenic
potential is VEGFA [5, 99, 100]. VEGFA contains three primary isoforms, VEGF-
189, VEGF-165, and VEGF-121, that range in receptor affinity and role. VEGF-

165 has been shown to be a potent inducer of angiogenesis. This protein can
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interact with VEGFR-1(Flt-1) and VEGFR-2 (Flk-1/KDR), both of which are
receptor tyrosine kinases expressed on the endothelial cell surface [101] . While
the exact role of VEGFR-1 has yet to be determined, VEGFR-2, when stimulated
by VEGF proteins, is largely responsible for the angiogenic response in
endothelial cells [101]. The activation of VEGFR-2 induces endothelial cell
migration, proliferation, and survival through downstream signaling pathways
such as MAPK, PI3K, and Ras [101]. VEGF protein is regulated in the body
through HIF-1a and other hypoxic-driven transcription factors in response to
tissue injury [5]. Upon injury, VEGF expression is upregulated in the damaged
tissue, and the protein is also cleaved from heparin-sulfate-containing
extracellular matrix proteins; together these processes enable the establishment
of a chemokine gradient [5]. The gradient established from injured tissue to the
surrounding vascular has been shown to play a vital role in VEGF function [101,
102]. Bolus release of high concentrations of VEGF has been shown to produce
immature, leaky vasculature in many cancer types [100]. In contrast, lack of
VEGF in the wound response leads to insufficient revascularization of tissues.
Administration of recombinant VEGFA has been a primary focus in the field of
tissue engineering for its ability to improve tissue regeneration and graft
integration through enhanced vascularization [97, 103-105]. However, one
challenge associated with VEGFA delivery is the inherently short half-life (4
hours) and dependency on a chemokine release gradient [102, 106]. To address
these issues, VEGFA has been delivered on carriers to increase its half-life and

also control the release of r'VEGFA when implanted into tissue. One prevalent
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strategy for VEGF delivery is to incorporate the protein into hydrogel carriers
[107-112]. Once implanted, the hydrogels degrade over time to release the
VEGEF slowly into the surrounding tissues. Hydrogels are well suited for protein
delivery but lack the mechanical rigidity and strength often needed for bone graft
applications. However, there have been several studies demonstrating the vast
improvement in bone regeneration when rVEGF is delivered into a bone defect
site. For example, rVEGF-containing polylactic-co-glycolic acid (VEGF-PLGA)
scaffolds implanted into irradiated osseous defects showed improvement in bone
vascularization and overall bone volume, as measured through Laser doppler
perfusion and pCT imaging [113]. Although these results are promising, few
studies have focused on how to incorporate rVEGF on mineralized grafting
materials, which have their own inherent characteristics benefitting a healthy

bone graft healing process [103, 114].

QK peptide induction of angiogenesis
While rVEGEF is a very effective angiogenic agent, there are technical limitations
associated with producing recombinant therapeutic proteins. These include high
production costs, low-purity, variability in protein bioactivity, as well as the
requirement for host-cell systems which can introduce pathogens or
immunogenic antigens [115]. Additionally, recombinant proteins may have
diminished signaling capacity when compared to the endogenous proteins [116].
One alternative to address these limitations is the use of peptide-mimetics of

growth factors. Several studies have shown that these bioactive sequences of
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amino acids, modeled after the binding sequences of native proteins, are capable
of activating target receptors in a manner comparable to the full-length protein.
Mimetic peptides do not require a host-cell system as they are produced by a
commercial peptide synthesizer, yielding a more pure and cost-efficient product
than recombinant proteins. The mimetic peptide for the VEGF protein, referred to
as the QK peptide, was identified by D’Andrea et al. [117]. The QK domain is
comprised of the sequence, KLTWQELYQLKYKGI, which was modeled after the
helical binding region of VEGF-165 (amino acids 17-25) to the VEGFR-2 receptor
[117]. Studies have shown that the QK peptide activates the VEGFR-2 receptor
and key downstream targets such as the MAPK, Ras, and PI3K/Akt signaling
pathways (Figure 3) [117]. QK peptides have also been shown to have a greater
resistance to degradation, evidenced by their longer half-life of 24 hours over
r'VEGF in serum-stability analyses [118]. QK peptide treatments have been
shown within a hindlimb ischemia model to induce vascularization comparable to
full-length r'VEGF, as measured by capillary density and hindlimb perfusion [119].
Moreover, the QK peptide can be readily modulated with other sequences to
enhance binding and delivery on scaffold materials. In Chan et al., a collagen-
binding sequence was coupled to QK peptide to enhance integration with a
hydrogel scaffold [120]. These peptides were shown to be bioactive even with the
collagen binding domain modification giving promise that the QK domain may be
modified with other scaffold binding domains. In this dissertation, we explore
utilizing such a technique to localize and deliver the angiogenic QK peptide on

bone graft material.
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Research Objectives

Bone grafts are used for a wide variety of clinical applications in the dental
and orthopedic fields. Autologous grafts are highly successful at promoting bone
regeneration due to their retention of the patient’s own cells and growth factors.
However, clinical use of this graft material is compromised by the limited amount
of donor bone available, as well as the risk of secondary surgical site
complications. Commercial grafts derived from allograft, xenograft, and synthetic
CaP materials have been developed to meet the high demand for bone grafting
surgeries. These grafts are successful within the clinic but lack the cells and
growth factors necessary to achieve the same levels of bone regeneration found
in autograft procedures. The tissue engineering field has identified several
growth factors key to the regeneration of bone but has yet to find a method to
reliably deliver said factors with these commercial grafting materials.

One major healing cascade necessary for healthy bone graft integration is
angiogenesis. Revascularization of the tissue following a bone grafting procedure
is crucial during the early stages of bone regeneration as it supplies the
necessary endogenous cells and growth factors to the injured bone tissue.
Studies have shown that the lack of vascularization within the bone graft site can
lead to unresolved non-union bone fractures [121-123]. Angiogenic factors such
as the QK peptide, derived from the active signaling domain of VEGFA, have

been shown to induce an angiogenic response in healing tissues. However, the
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delivery of growth factors and peptides on mineralized material has proven
challenging due to limited interactions between the factors/peptides and the graft
surface. Currently, these factors/peptides are passively coated onto grafting
materials. This method leads to high variability in what is delivered to the patient
due to poor protein/peptide coating efficiency and supraphysiological doses
administered to mitigate the poor coating method. Moreover, once implanted,
there are no measures to control the release of factors from the bone graft. It has
been shown that the signaling function of angiogenic factors is dependent upon
release of the factors as a chemotactic gradient. However, current delivery
methods of bioactive factors on bone graft material yield a bolus release of the
factors, which in the case of angiogenic molecules such VEGF, has been shown
to result in leaky immature vasculature [102]. In this dissertation a novel method
has been developed to functionalize the QK peptide so that it can be reliably
delivered on HA containing graft material.

Previous work in our lab has shown that a heptaglutamate domain (E7)
synthesized to mimetic peptides serves as an anchoring moiety for these
peptides on HA graft surfaces [53, 61-65, 70]. The conceptual foundation
underlying this approach is derived from knowledge of mechanisms used by
native bone proteins to localize to mineralized tissues. Specifically, native bone-
specific proteins contain polyglutamate or polyaspartate-rich domains that anchor
tightly to HA present in bone through ionic interactions. Our lab has used this
principle to successfully deliver a number of peptides aimed at enhancing bone

regeneration on bone grafting material, including BMP2 mimetics, DGEA, and
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RGD sequences [53, 61-65, 70, 124]. In light of these studies, we hypothesized
that the polyglutamate domain would be an effective tool to deliver the VEGF-
derived QK peptide on bone grafting material (Figure 4). In the first manuscript,
we synthesized an E7 domain to the angiogenic QK peptide (E7-QK) to enrich
the concentration of the peptide on bone grafting material. From our studies, we
reported a 4-6 fold increase in peptide concentration on manufactured HA disks
and ABB graft after coating. Additionally, we reported that the E7-QK peptide
retained full bioactivity with the addition of the polyglutamate domain, as shown
through comparable cell migration, tubule formation, and activation of angiogenic
signaling molecules, p-ERK1/2 and p-Akt, in HUVEC cells when treated with
solutions of E7-QK or unmodified QK peptide. Moreover, we demonstrated that
the increase in peptide concentration on graft surface led to a greater
proangiogenic response from endothelial cells in contact with the graft.
Specifically, HA grafts were coated with either E7-QK or unmodified QK. After
coating, disks were washed and HUVEC cells were directly seeded onto the graft
surface. Cells seeded onto the E7-QK coated disks were shown to have greater
activation of proangiogenic cell signaling markers (ERK1/2 and Akt) over cells
seeded onto grafts coated with unmodified QK peptide, highlighting the functional
import of enriching the concentration of QK peptide on graft surface through the
use of the polyglutamate domain. These findings address a major gap in the field
of bone graft tissue engineering. Namely, we have developed a method to
mitigate the issues of poor delivery kinetics and need for supraphysiological

dosages surrounding current clinical practices of passively coating graft materials
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with growth factors. In this manuscript, we have devised a method to efficiently
and reliably coat bone graft with an angiogenic factor, thereby reducing the
dosage variability delivered to patients. Moreover, we demonstrated that E7-QK
delivered in either a free solution or coated on a graft bound elicited a
proangiogenic response in endothelial cells indicating it would be a successful
therapeutic once delivered by bone gratft.

While the E7-QK peptide was demonstrated as an effective tool to enrich
the concentration of angiogenic peptide on graft material, angiogenic factors
such as the QK peptide are optimally delivered as a chemotactic gradient to
promote healthy tissue vascularization. Several studies have shown that gradient
release of angiogenic factors provides directionality for the developing
vasculature and aids in the healthy maturation of the blood vessels [102].
Previous work in our lab has shown that modulating the length of the
polyglutamate domain alters the binding affinity of the polyglutamate-modified
peptide to bone grafting material [70, 71]. In detail, E2-DGEA, E4-DGEA, and E7-
DGEA were shown to release from graft material based upon their polyglutamate
domain, demonstrating that the longer the domain, the longer the peptide is
retained on the graft surface [70, 71]. We postulated that a mixture of QK
peptides with different lengths of polyglutamate domains (PGM-QK) would be
able to maintain a constant release gradient of angiogenic peptide from grafting
material (Figure 5). Specifically, E2-QK, E4-QK, and E7-QK were combined to
create PGM-QK. In the second manuscript included within this dissertation, we

demonstrated that all three polyglutamate modified peptides were shown to
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activate p-ERK1/2 and p-Akt in endothelial cells, individually and as a combined
PGM-QK mixture. Each individual component of PGM-QK (E2-QK, E4-QK, and
E7-QK) was shown to have its own respective binding and release profile from
HA graft based upon the length of the polyglutamate domain. Ultimately, we
demonstrated that peptides released from PGM-QK coated graft materials
maintained a proangiogenic stimulus for up to 6 days, as evidenced by migration
and cell signaling (p-ERK1/2 and p-Akt) in HUVECSs treated with solutions
containing peptides released from graft materials. The work performed within
this study is the first demonstration of the capability of polyglutamate domains to
deliver a gradient of peptide from bone grafting material. We determined the
individual release kinetics of each PGM-QK were dependent on their
polyglutamate domain length. As a combined mixture of PGM-QK, we
hypothesized that graft material coated in PGM-QK would deliver a functional
therapeutic gradient of QK. We validated this hypothesis by showing in this study
that the gradient of PGM-QK delivered on bone graft is functionally active as
evidenced by the activation of endoethelial cells by peptide collected after 6
days. These findings suggest that the use of PGM-QK coated grafting materials
would be an effective method to deliver an angiogenic factor to improve bone
regeneration following a bone graft procedure. Overall the work performed in this
dissertation demonstrates that polyglutamate domains improve the method of
delivery of bone healing factors on grafting materials as compared with standard
passive coating techniques, giving promise to new therapies for bone

regeneration.
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FIGURE 1. Structure of bone. Bone contains three distinct layers: periosteum,
cortical bone, and cancellous bone. Periosteum serves as a housing for MSCs.
Cortical bone provides mechanical strength through its rigid osteon structure.
Cancellous bone is porous and contains bone marrow, various cell type, and

vasculature.
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FIGURE 2. Overview of cells involved with bone remodeling. Bone remodeling is
controlled by several cell types including osteoblasts, osteoclasts, and
osteocytes. Osteoblasts are responsible for secreting the osteoid matrix that is
mineralized to form new bone matrix. Osteoclasts degrade the bone matrix that is
in need of remodeling. Osteocytes serve as regulators of bone homeostasis.
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FIGURE 3. The binding of QK/VEGF to VEGFR-2 receptor causes angiogenic
signaling cascades in endothelial cells. Activation of the receptor leads to
activation of PI3K and RAS pathways which promote cell survival, proliferation,
and migration.
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FIGURE 4. Polyglutamate-modified QK peptides anchoring to bone graft. The
polyglutamate domain ionically interacts with the mineral HA surface. The
bioactive QK peptide is then tightly anchored to the HA due to the polyglutamate
domain and can interact with endothelial cells once implanted.
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FIGURE 5. Strategy to deliver a gradient of PGM-QK from bone graft. PGM-QK
is comprised of E2-QK, E4-QK, and E7-QK peptides. Once coated onto a graft,
PGM-QK peptides will release sequentially, thereby maintaining a proangiogenic
stimulus.
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ABSTRACT
Vascularization of bone grafts is vital for graft integration and bone repair,
however non-autologous graft sources have limited potential to induce
angiogenesis. Accordingly, intensive research has focused on functionalizing
non-autologous materials with angiogenic factors. In the current study we
evaluated a method for coupling an angiogenic peptide to the surface of two
clinically-relevant graft materials, anorganic bovine bone (ABB) and synthetic
hydroxyapatite (HA). Specifically, the VEGF-derived “QK” peptide was
synthesized with a heptaglutamate (E7) domain, a motif that has strong affinity
for calcium phosphate graft materials. Compared with unmodified QK, a 4-6 fold
enrichment was observed in the binding of E7-modified QK (E7-QK) to ABB and
HA. The E7-QK peptide was then assessed for its capacity to stimulate
angiogenic cell behaviors. Human umbilical vein endothelial cells (HUVECS)
were treated with solutions of either QK or E7-QK, and it was found that QK and
E7-QK elicited equivalent levels of cell migration, tubule formation and activation
of the Akt and ERK signaling pathways. These data confirmed that the inherent
bioactivity of the QK sequence was not diminished by the addition of the E7
domain. We further verified that the activity of E7-QK was retained following
peptide binding to the graft surface. HA disks were coated with QK or E7-QK,
and then HUVECs were seeded onto the disks. Consistent with the increased
amount of E7-QK bound to HA, relative to QK, markedly greater activation of Akt
and ERK 1/2 was observed in cells exposed to the E7-QK-coated disks. Taken

together, these results suggest that the E7 domain can be leveraged to
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concentrate angiogenic peptides on graft materials, facilitating delivery of higher
peptide concentrations within the graft site. The ability to endow diverse graft
materials with angiogenic potential holds promise for augmenting the

regenerative capacity of non-autologous bone grafts.

INTRODUCTION

More than 2 million bone grafting procedures are performed each year
world-wide [1]. Autologous bone is the ideal graft material for these procedures
as it retains the osteoinductive growth factors and cells important for effective
graft incorporation. However, autologous bone grafts have a number of
disadvantages including the risk of secondary surgery site morbidity, as well as
the finite amount of donor bone available [2, 3]. To address these issues, non-
autogenous graft materials including allograft, xenograft, and synthetic substrates
are commonly used as alternatives [4]. These materials are abundant, however,
they often lack the critical osteoinductive factors necessary for stimulating graft
integration into the surrounding tissue [5]. Without these factors, the potential for
complete bone repair is diminished.

Multiple strategies have been pursued to improve the osteoregenerative
potential of non-autogenous grafts. One approach is to passively coat the grafts
with growth factors that enhance new bone formation such as BMP2, VEGF,
PDGF, and FGF [6-12]. However, passively adsorbed growth factors are
typically weakly bound to the graft surface, and are therefore rapidly released

following graft implantation. This poses several problems. First, inadequate
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growth factor binding to the graft precludes sustained delivery of growth factors
within the graft site, and secondly, supraphysiologic doses of growth factors are
usually required to compensate for the rapid bolus release [7, 13, 14].
Furthermore, the dissemination of high concentrations of growth factors outside
of the graft site can cause deleterious side effects. For example, systemic
release of recombinant BMP2 (rBMP2) induces inflammation and ectopic
calcification [13, 15], whereas high dose rVEGF dissemination can cause
increased vascular permeability [16]. For these reasons, improved methods are
needed for coupling osteoregenerative factors to graft materials, enabling more
controlled and localized delivery.

One promising method for functionalizing graft materials with bioactive
factors involves the use of polyglutamate or polyaspartate sequences as binding
domains for hydroxyapatite (HA), a calcium phosphate crystal that comprises the
principal constituent of bone mineral. These negatively-charged domains,
consisting of either repeating glutamate or aspartate residues, bind through ionic
interactions with the Ca?* present in HA [17, 18]. Polyglutamate and
polyaspartate motifs are found within endogenous bone-resident proteins such
as bone sialoprotein and osteocalcin, and their natural function is to localize
these proteins to bone matrix [17-20]. To mimic this process, polyglutamate
sequences have been incorporated into synthetic bioactive peptides to improve
peptide binding to a variety of graft materials including allograft, anorganic bovine
bone (ABB), and synthetic HA [21-27]. As an example, our group determined that

adding a heptaglutamate (E7) domain to an osteoinductive BMP2-derived
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peptide (BMP2pep) significantly increased the amount of peptide that could be
loaded onto the graft, as well as retention of the peptide on the graft following
implantation [21]. In addition, grafts coated with E7-modified BMP2pep elicited
significantly more new bone formation than grafts passively adsorbed with
unmodified BMP2pep in a rat mandibular defect model [21]. These results
confirmed that better coupling of osteoinductive factors to the graft surface was
effective in enhancing the bone regenerative response.

Polyglutamate domains have been primarily used to couple osteoinductive
and cell adhesive peptides to graft materials [21, 22, 25, 26], however angiogenic
peptides hold considerable potential for augmenting osteogenesis. Angiogenesis
plays a crucial role in bone healing [28, 29], and the lack of rapid vascularization
into a graft site is one of the major barriers hindering bone regeneration [30]. One
of most potent inducers of angiogenesis is VEGFA. VEGFA stimulates the
migration and proliferation of endothelial cells through its activation of surface
receptors such as VEGFR2 (KDR) [31]. A wealth of studies has established that
VEGFA promotes neovascularization within injured tissues [32], and also
enhances graft integration and viability [7, 33, 34].

Given the importance of neovascularization in osteoregeneration, the current
investigation aimed to functionalize graft materials with an angiogenic peptide
derived from VEGFA, referred to as the “QK” peptide [35]. The QK peptide
encompasses amino acids 17-25 of the VEGFA protein, a sequence that
constitutes the principal domain within VEGFA that binds VEGFR2 [36]. As with

VEGFA, the binding of QK to endothelial cell receptors stimulates signaling
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events, such as ERK and Akt activation, that promote angiogenic behaviors
including cell migration and in vitro tubule formation [35, 37]. Moreover, in vivo
studies have confirmed QK’s capacity to induce angiogenesis in a number of
animal models [37-39]. In view of these findings, we investigated whether
synthesizing QK with an E7 domain would increase peptide association with
calcium phosphate graft materials, thereby facilitating more efficient peptide
delivery within graft sites. Here we report that E7-modified QK peptides (E7-QK)
exhibited significantly better binding than unmodified QK to two types of graft
materials, ABB and synthetic HA. Importantly, the increased concentration of
E7-QK vs. QK on the graft surface elicited more robust activation of endothelial
cells seeded onto the grafts. Collectively these studies highlight the use of E7-QK
peptides as a promising therapeutic modality for improving vessel in-growth into

bone graft sites.

MATERIALS AND METHODS
VEGF mimetic peptides
All peptides utilized in this study were custom synthesized by Bachem. The QK
peptide (KLTWQELQLKYKGI) was synthesized with or without an E7 domain,
along with a three-glycine linker sequence to separate the QK domain from the
E7 moiety. More specifically, the E7-QK peptide sequence is
KLTWQELQLKYKGIGGGEEEEEEE, and the QK sequence is
KLTWQELQLKYKGIGGG. For some experiments, E7-QK and QK peptides were

also modified with a fluorescein isothiocyanate (FITC) group to facilitate studies
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of peptide binding to graft. The FITC tag was chemically conjugated to the N-
termini of the peptides. Peptides used for cell signaling studies did not have the
FITC tag. Lyophilized peptides were reconstituted in deionized water at a
concentration of 1 mg/mL, aliquoted, and stored in -20°C until use. r'VEGF (R&D
Systems, 293-VE-010) was reconstituted to a 5 pg/mL stock solution, and stored
at -20°C.

Graft materials

0.4 g of HA powder (MP Biomedicals, 02150162) were pressed into disks using a
15.875 mm die under 3000 psi as in our prior publications [40]. The HA disks
were then sintered at 1000°C in a Thermolyne 48000 series furnace for 4 hrs and
allowed to return gradually back to room temperature. Anorganic Bovine Bone
(ABB, BioOss) was purchased from Geistlich. ABB graft and HA disks were
stored under sterile dry conditions and autoclaved before use.

Endothelial cell culture

Human Umbilical Vein Endothelial Cells (HUVECS) were purchased from ATCC
(HUV-EC-C CRL-1730) and cultured in F-12K media (ATCC 30-2004) with 10%
Fetal Bovine Serum (FBS), 0.1 mg/mL heparin (Sigma H3393), 1%
antibiotic/antimycotic supplement (Invitrogen), and endothelial cell growth
supplement (ECGS, Sigma E0760). Prior to experiments, cells were incubated
for 12 hrs in serum-free F-12K media. Cell passages 3-9 were used for all

experiments.
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Binding of FITC-labeled peptides to bone graft materials

FITC-labeled QK and E7-QK peptides were used to monitor peptide binding to
graft materials. Stock solutions of QK or E7-QK were diluted to a final
concentration of 1 uM in Tris-buffered saline (TBS). These solutions were used to
coat HA disks or 25 mg of ABB for time points ranging from 30 min to 6 hrs. After
coating, samples were briefly washed with TBS to remove any unbound peptide
and then imaged using a Leica MZ16F fluorescent dissecting microscope. Grafts
coated with either QK or E7-QK, along with uncoated controls, were imaged in
the same field to enable a direct comparison. Images were captured using a
Hamatsu camera system and SimplePCIl imaging software. Pixel intensity for the
captured images was evaluated using ImageJ software to measure differences in
FITC-labeled peptides bound to graft substrate.

Endothelial cell migration

A linear scratch defect model was used to monitor the migration of endothelial
cells. HUVECs were seeded at a density of 1x10° cells/well in a 48 well plate,
and allowed to grow to confluency. A linear scratch approximately 600 pum wide
was introduced into the monolayer, and cells were then incubated at 37°C in
serum-free F-12K media containing either 50 ng/mL of rVEGF, or 25 nM of either
QK or E7-QK peptide. The scratch wound cultures were incubated in the EVOS
FL Auto Cell Imaging System (ThermoFisher Scientific) at 37°C, and images were
taken at 6 and 12 hrs. Relative closure of the scratch wound was quantified using

EVOS FL Auto Cell Imaging System Software.
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Endothelial tubule formation

150 pL/well of Geltrex™ LDEV-Free Reduced Growth Factor Basement
Membrane Matrix (ThermoFisher Scientific, A1413202) substrate was placed
inside a 24 well plate and incubated for 30 min at 37°C to solidify the matrix. Prior
to tubule assays, HUVECs were stained with CellTracker Green CMFDA (Life
Technologies, C7025) accordingly to the vendor protocol. The labeled HUVECs
were then seeded onto Geltrex™ matrices (1x10° cells/well) in serum-free F-12K
media containing 50 ng/mL of rVEGF, or 25 nM of either QK or E7-QK. After a 6
hr incubation, tubule formation was captured from at least 3 random fields/well at
10x magnification using the EVOS FL Auto Cell Imaging System. Network
branches and nodes were counted from the collected images to quantify
angiogenic network formation.

Activation of signaling cascades in endothelial cells exposed to peptides
presented in solution

HUVECSs were incubated in serum-free F-12K media containing 25 nM of QK or
E7-QK peptide for 10 min. The cells were then lysed in RIPA buffer
(ThermoFisher Scientific, 89901) supplemented with 1% protease and
phosphatase inhibitors (Sigma). Protein concentration was quantified through
BCA analysis (ThermoFisher Scientific, 23209). Protein samples were resolved
by SDS-PAGE and transferred to polyvinylidene difluoride membranes
(Immobilon-P, Millipore) overnight at 4°C. Membranes were placed in a blocking
solution of 5% non-fat dry milk in TBS containing 0.1% Tween 20 (TBST) for 1 hr

at 37°C. Blots were probed with primary antibodies specific for either p-Akt
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(S473, Cell Signaling, 4060), total Akt (Cell Signaling, 4691S), p-ERK 1/2
(T202/Y204, Cell Signaling 4370L), or total ERK 1/2 (Cell Signaling, 9102S)
followed by incubation with HRP-linked secondary antibodies (Cell Signaling,
7074S). Blots were also probed with anti-B-tubulin (Abcam, ab21058) to ensure
even loading of protein lysates. Proteins were detected by enhanced
chemiluminescence using Clarity Western ECL substrate (BioRad, 170-5060).
Densitometric analyses of immunoblots were performed using ImageJ, and the
Densitometric Units (DU) measured for the phosphorylated signaling molecule
were normalized to the DUs obtained for the respective total amount of protein.
Activation of signaling cascades in cells seeded onto peptide-coated HA disks
HA disks were placed within individual wells of a 24 well plate and then coated
for 2 hrs with 0.5 mL of TBS containing 25 nM of either QK or E7-QK peptide. As
a negative control, disks were incubated for 2 hr with TBS (“‘uncoated”). After this
interval, the disks were washed briefly with TBS to remove unbound peptide.
5.0x10° HUVECs were seeded onto the HA disks and allowed to attach for 30
min at 37°C. The disks with adherent HUVECs were then submerged in RIPA
buffer containing 1% protease and phosphatase inhibitors for 20 min at 4°C to
lyse the attached cells. Cell lysates were concentrated using Amicon Ultra-0.5
Centrifugal Filter Devices (Millipore, UFC500396) and protein concentration was
guantified by BCA analysis. Protein samples were resolved by SDS-PAGE and
transferred to polyvinylidene difluoride membranes overnight at 4°C. Membranes
were probed for p-Akt, total Akt, p-ERK 1/2 , total ERK 1/2 and B-tubulin as

described previously.
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Statistical analysis

Peptide/graft binding experiments were performed three independent times, with
each experiment performed in duplicate. Migration assays and endothelial tubule
formation assays were conducted in three independent experiments, each
experiment executed with triplicate wells. A student’s t-test was used to measure
the differences between experimental groups. Values were considered significant
with a P value of <0.05. Immunoblots shown are representative of at least three
independent experiments. Densitometric analysis comparing the relative
phosphorylated protein levels versus total levels were averaged between the
independent experiments. Relative densitometric values were considered

significant with a P value of <0.05.

Results
E7-QK exhibits better binding to bone graft materials than QK.

FITC-labeled QK or E7-QK peptides were coated onto HA disks or ABB
particles for time intervals ranging from 30 min to 6 hrs. Fluorescent images of
the QK and E7-QK coated materials (as well as uncoated control materials, Unc)
were captured at various timepoints to monitor the changes in peptide binding
over time. As shown in Fig 1A, a greater amount of E7-QK was apparent on both
HA and ABB substrates at all time points when compared to grafts coated with
QK peptide or uncoated grafts. To quantify peptide binding to the substrates,
images were examined for pixel intensity using Image J (Fig 1B & C). The pixel

intensities confirmed that there was a substantial increase in the amount of
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bound E7-QK relative to QK. Furthermore, the amount of E7-QK that bound to
HA and ABB increased over the 6 hr interval, whereas maximal binding of the QK
peptide was observed within ~30 min. These data suggest that the E7 domain is
effective in improving the coupling of QK to two distinct graft materials.

E7-QK elicits a proangiogenic phenotype in endothelial cells.

Having verified that the E7 domain improved peptide binding to graft, the
effect of E7-QK on endothelial cell behavior was next evaluated. While prior
studies have confirmed the angiogenic properties of the QK peptide [35, 37, 38],
it was important to insure that the addition of the E7 domain did not negatively
impact QK’s activity. To assess endothelial cell migration in response to E7-QK,
a scratch wound assay was performed. Linear scratch defects were created in
confluent HUVEC monolayers, and then cells were incubated with serum-free
media (“untreated”) or serum-free media containing either r'VEGF (positive
control), QK, or E7-QK. Cell migration into the scratch wound was monitored in
real-time using the EVOS imaging system, and changes in scratch wound width
were gquantified at 6 and 12 hrs (Fig 2A and B, respectively). At both time points,
HUVECSs treated with rVEGF, QK, or E7-QK exhibited greater migration as
compared with HUVECSs in control media (representative images in Fig 2C).

To further evaluate E7-QK activity, an endothelial tubule formation assay was
performed. HUVECs were seeded onto GELTREX matrices, and then cells were
incubated for 6 hrs with serum-free media (untreated), or serum-free media
containing rVEGF, QK, or E7-QK. Images taken at the end of this interval

showed a high volume of interconnectivity between HUVECs grown in E7-QK,
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r'VEGF, or QK solutions (Fig 3A). However, in the absence of any angiogenic
stimulus, the cells were unable to form tubules. A quantitative analysis of tubule
nodes (Fig 3B) and branches (Fig 3C) revealed no differences in the capacity of
E7-QK, rVEGF and QK to stimulate tubule formation, although all three stimuli
induced significantly more tubule formation than the untreated control. These
studies, combined with the cell migration assays, confirmed that the addition of
the E7 domain did not diminish the potency of the QK peptide in stimulating
angiogenic endothelial cell behaviors.

E7-QK activates angiogenesis-associated signaling cascades.

The angiogenic activity of E7-QK was also evaluated by monitoring
intracellular signaling cascades downstream of VEGFR?2 activation, specifically,
the phosphorylation of ERK and Akt kinases [41, 42]. HUVECs were treated for
10 min with either serum-free media or serum-free media containing QK or E7-
QK. Cells were then lysed and immunoblotted for phosphorylated and total levels
of ERK 1/2 and Akt. Cells incubated in QK and E7-QK solutions displayed higher
levels of p-ERK 1/2 and p-Akt as compared with untreated HUVECs (Fig 4A).
Importantly, QK and E7-QK stimulated equivalent activation of ERK 1/2 (Fig 4B)
and Akt (Fig 4C), suggesting that the E7 domain did not impair the ability of the
QK sequence to bind and activate VEGF receptors.

Activation of ERK and Akt is increased in cells exposed to HA disks coated with
E7-QK versus QK peptides.
We next tested whether E7-QK retained its bioactivity when bound to graft

materials. To this end, HA disks were coated for 2 hrs with solutions containing
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either QK or E7-QK, or incubated in saline (uncoated) as a control. The disks
were subsequently washed to remove unbound peptides. HUVECs were seeded
onto the treated disks for 30 min to allow cell attachment and interaction with the
peptide-coated surfaces. After this interval, cells were lysed and immunoblotted
for activation of ERK 1/2 and Akt (Fig 4D). Densitometric analysis of
phosphorylated protein levels normalized to total levels revealed strikingly higher
levels of p-ERK 1/2 (Fig 4E) and p-Akt (Fig 4F) in cells attached to QK-coated,
or uncoated, disks. Taken together, these data suggest that the E7 domain can

be used to concentrate active QK peptides onto bone graft materials.

DISCUSSION

The functionalization of non-autologous bone graft materials with bioactive
factors constitutes a highly active area of research. Both osteoinductive and
angiogenic factors have been investigated for their potential to improve graft
performance, however better methods are needed for coupling these factors to
the graft surface [43-46]. In the current study we evaluated a method for
increasing the binding of an angiogenic peptide, QK, to the surface of calcium
phosphate materials. By adding an E7 domain to the QK peptide, we achieved a
4-6-fold enrichment in the amount of peptide loaded onto two graft materials
used in the clinic, ABB and synthetic HA. Similar results were reported by Lee et
al., who showed that QK binding to HA biomaterials could be enhanced by
adding an HA-binding sequence derived from osteocalcin [43]. In tandem with

HA binding domains, the QK peptide has been engineered with sequences that
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have affinity for other bone matrix molecules such as collagen | [47]. As an
alternative to peptides with matrix binding domains, soluble QK peptides have
been encapsulated within hydrogels [39, 48, 49]. Upon implantation, QK either
diffuses from the hydrogel, or is released as the hydrogel degrades. While
peptide-containing hydrogels have many worthwhile features, bone grafting
procedures often require the use of mineralized materials, which have greater
mechanical strength, and offer architectural and biochemical properties reflective
of native bone [50, 51].

The use of E7-QK to augment the osteoregenerative capacity of graft
materials offers several advantages. First, E7-QK peptides can, in theory, be
applied to any type of calcium phosphate, providing versatility in clinical
applications. While the current investigation focused on ABB and HA, other
studies have demonstrated that the E7 domain binds with high affinity to all
calcium phosphate materials tested to date including several types of human
allograft as well as B-tricalcium phosphate [22, 23]. The E7-QK peptide can be
stored as a lyophilized powder and reconstituted in saline for immediate use,
suggesting that this coating technique may be readily implemented in the clinic.
As another benefit, short, synthetic peptides are simpler, and more cost-effective,
to produce than the full-length proteins from they were derived [52]. Recombinant
proteins are typically generated via host cell systems, which can introduce
contaminants such as cellular by-products or pathogens [53]. In contrast, large
amounts of highly pure synthetic peptides can be produced by a commercial

peptide synthesizer.
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The capacity of the QK peptide to substitute for rVEGF in stimulating
neovascularization is well-established. QK stimulates the same endothelial cell
behaviors as rVEGF [37], and has comparable angiogenic potency in multiple
animal models [37-39]. Consistent with this literature, we find that QK induces
endothelial cell migration, tubule formation and activation of key signaling
molecules such as ERK and Akt. Importantly, these functions of QK are not
diminished by the addition of the E7 domain. E7-QK retains full activity when
presented to cells either in solution, or following immobilization onto HA disks. In
fact, because significantly more E7-QK than QK binds to HA, endothelial cells
seeded onto E7-QK-coated HA disks are strongly activated, as evidenced by
ERK 1/2 and Akt phosphorylation. Contrarily, cells exposed to QK-coated HA
disks display limited activation of ERK 1/2 and Akt, consistent with the poor
binding of QK to HA. The fundamental concept that concentrating QK onto a
material surface can enhance endothelial cell activation is supported by other
studies. For example, Yang et al. covalently linked QK to electrospun scaffolds,
and found that endothelial cells adherent to the QK-conjugated scaffolds had
greater viability than cells attached to scaffolds with passively adsorbed QK [54].

In summary, our collective results suggest that the E7 domain serves as an
effective tool for concentrating angiogenic peptides on the surface of diverse
calcium phosphate graft materials. This, in turn, should enable higher doses of
the peptide to be delivered within the graft site, providing a more robust
angiogenic stimulus. Given that inadequate, or delayed, vascularization is a

major impediment to bone regeneration, the current study offers a promising new
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therapeutic modality for enhancing the performance of non-autologous graft

materials commonly used in craniofacial and orthopedic procedures.
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Fig 1. E7 domain directs greater loading of E7-QK onto HA disks and ABB
particles. (A) HA disks or ABB particles were incubated with 1 uM of FITC-tagged
QK or E7-QK peptides for time points ranging from 30 min to 6 hrs. As a control,
samples were incubated in TBS (uncoated, “Unc”). Following these incubations,
samples were washed in TBS and imaged by fluorescent microscopy, which
revealed greater binding of E7-QK. Unc, QK and E7-QK coated samples were
imaged within the same field (as depicted in the light microscopy image) to
enable a direct comparison. (B &C) Images from HA disks (B) or ABB (C) were
analyzed by Image J to quantify fluorescence intensity. Values represent means
and S.E.s from three independent experiments. * denotes p<0.05 (relative to
Unc samples).
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Fig 2. E7-QK stimulates endothelial cell migration. Scratch wounds were
introduced into HUVEC monolayers, and then cells were incubated with serum-
free media (untreated) or serum-free media containing 50 ng/ml rVEGF, or 25 nM
of either QK or E7-QK. (A&B) Analyses of cell migration at 6 (A) and 12 (B) hrs
indicated that all of the treatments elicited more robust migration as compared
with controls. (C) Representative images with defect area indicated by red
dashed lines. Values represent means and S.E.s from 3 independent
experiments. * denotes p<0.05.
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Fig 3. E7-QK induces endothelial tubule formation. HUVECs were pre-labelled
with Cell Tracker Green dye, and then seeded onto GELTREX matrices in either
serum-free media (untreated) or serum-free media containing 50 ng/mL rVEGF,
or 25 nM of either QK or E7-QK peptides. (A) Tubule formation was monitored at
6 hr after cell seeding (phase contrast images in left panels; fluorescent images
in right panels). Greater nodal formation (B) and branching (C) were observed
in all experimental groups relative to controls. Images are representative of 3
random fields/experimental well. Values represent means and S.E.s from 3
independent experiments, with each experiment performed in triplicate. Scale
bar = 400um.
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Fig 4. Cell signaling activation in cells exposed to E7-QK in solution, or E7-QK
immobilized on HA disks. (A) HUVECs were incubated for 10 min with either
serum-free media (untreated) or serum-free media containing 25 nM of QK or
E7-QK peptide. Cells were then lysed and immunoblotted for p-ERK1/2, total
ERK 1/2, p-Akt, total Akt, or B-tubulin. (B&C) Densitometric analyses of blots
were conducted using Image J, and values for phosphorylated ERK 1/2 (B) and
Akt (C) were compared to densitometric values for total ERK 1/2 and Akt
(Densitometric Unit Ratio). Graphs depict means and S.E.s from three
independent experiments. * denotes p<0.05 (relative to Untreated samples). (D)
HA disks were coated for 2 hrs with either TBS (uncoated) or TBS containing 25
nM of QK or E7-QK peptides. Disks were then washed to remove unbound
peptides. HUVECs were seeded onto the treated disks and allowed to adhere for
30 min. The cells were lysed, and after a concentration step, the lysates were
immunoblotted for p-ERK 1/2, total ERK 1/2, p-Akt, total Akt and B-tubulin. (E&F)
Densitometric analyses of blots were conducted using Image J, and values for
phosphorylated ERK 1/2 (E) and Akt (F) were normalized to total protein levels.
Graphs depict means and S.E.s from three independent experiments. * denotes
p<0.05 (relative to Uncoated samples) and # denotes p<0.05 (relative to QK
peptide coated disks).
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ABSTRACT
Angiogenesis plays a pivotal role in tissue regeneration following bone grafting
procedures, however nonautogenous graft materials typically lack critical
angiogenic growth factors. While much research has focused on modifying
grafts with angiogenic factors, controlled delivery of these molecules remains a
challenge. The current study describes a method for sustained delivery of an
angiogenic peptide from hydroxyapatite (HA), a common alloplast material.
Specifically, VEGF-derived “QK” peptides were synthesized with polyglutamate
domains containing varying numbers of glutamates. The rate of peptide release
from HA inversely correlated with glutamate number, with diglutamate-QK (E2-
QK) released first, followed by tetraglutamate-QK (E4-QK), and finally,
heptaglutamate-QK (E7-QK). By coating HA with a mixture of these peptides,
termed, PGM-QK (polyglutamate-modified mixture), sequential peptide release
was achieved, enabling gradient QK delivery. To evaluate bioactivity, HA disks
were coated with PGM-QK and then placed in fresh media for 6 days. Media
containing the released peptides was collected at varying time intervals and
placed on Human Umbilical Vein Endothelial Cells (HUVECSs). Cells were
evaluated for activation of angiogenic signaling pathways (ERK and Akt) and cell
migration. Results showed that QK peptides were continuously released over
the 6-day interval, and maintained their capacity to activate HUVECs. These

findings point to a new approach for gradient delivery of an angiogenic stimulus.
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INTRODUCTION

Tissue revascularization is critical for the healthy repair of bone following
bone grafting procedures, as the vasculature provides the necessary growth
factors and cells to facilitate osteoregeneration. Delayed or insufficient vessel
development impedes repair during the early stages of bone callus formation and
recovery [1-3]. One limitation associated with commercial bone graft materials,
which are derived from nonautogenous sources, is that they often lack the
requisite growth factors to elicit effective neovascularization. Allografts and
xenografts require treatment to remove immunogenic or pathogenic material,
however growth factors are typically damaged in this process.[3-5]. On the other
hand, fully synthetic graft materials, such as hydroxyapatite (HA) or B-tricalcium
phosphate (B-TCP), have no organic components [3, 5]. Thus, considerable
research efforts have been devoted to reconstituting these various graft materials
with pro-angiogenic molecules [6-8].

Several growth factors, such as PDGF, VEGF, and FGF, have been
investigated as potential therapeutic agents for stimulating revascularization at
graft sites [6, 9-13]. VEGF is one of the most widely studied due to its potent
angiogenic activity [6, 9, 14-16]. An extensive literature has shown that delivery
of VEGF within bone defects enhances tissue regeneration [15, 16]. However,
one challenge related to the clinical use of VEGF is that this growth factor’s
function is heavily reliant upon its gradient release from a graft carrier [17-19]. In
native tissues, a chemotactic VEGF gradient is important for promoting

endothelial chemotaxis, and correspondingly, vessel in-growth, into the injured
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site [19, 20]. Many investigators have achieved gradient release through the use
of hydrogels and other material carriers for VEGF, however, at present, there are
few effective approaches for establishing gradient release from mineralized graft
materials [21-24]. For many graft applications, mineralized substrates are
needed due to their favorable mechanical and architecture features, as well as
their high degree of osteoconductivity [25, 26].

One strategy for reconstituting mineralized grafts with growth factors is to
engineer recombinant proteins or biomimetic peptides with graft-specific binding
domains [7, 27-34]. One such domain is polyglutamate, a stretch of contiguous
glutamate residues that bind to HA, the main mineral constituent within bone.
The negatively-charged glutamates interact ionically with the Ca2* within the HA
crystal [35-37]. In prior studies we demonstrated that a polyglutamate domain
comprised of seven glutamates (heptaglutamate, E7) was very effective in
anchoring a variety of mimetic peptides to graft materials; these include a BMP2-
derived peptide, a VEGF-derived peptide, and the integrin-binding peptides,
DGEA and RGD [7, 31-34, 38]. Notably, grafts functionalized with an E7-BMP2
mimetic peptide elicited more new bone formation in a rat mandibular implant
model than grafts passively-adsorbed with the unmodified BMP2 peptide [31].
These data support the concept that better coupling of peptides to the graft
surface leads to improved osteoregeneration. Furthermore, in a study of the
DGEA peptide, we showed that modulating the number of glutamate residues

within the polyglutamate domain could be leveraged to control peptide retention
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on the graft [39]. More specifically, peptide retention increased in accordance
with glutamate number [39].

In the current manuscript we used polyglutamate domains with varying
numbers of glutamates to achieve prolonged delivery of the VEGF mimetic
peptide, QK. QK has emerged as a very promising reagent for stimulating tissue
vascularization. Several in vivo studies have suggested that the angiogenic
potential of the QK peptide is comparable to that of the full-length recombinant
VEGF (rVEGF) protein [40-42]. QK binds to the VEGFR2 receptor on endothelial
cells, leading to the activation of signaling cascades such as Akt and ERK1/2
[41]. These VEGFR2-driven pathways subsequently direct angiogenic
endothelial cell behaviors including cell migration and tubule formation. To
implement sustained delivery of the QK peptide from a synthetic HA scaffold, QK
was synthesized with diglutamate (E2-QK), tetraglutamate (E4-QK), or
heptaglutamate (E7-QK). These peptides were shown to release from HA
sequentially, depending upon the number of glutamates within the polyglutamate
domain. In addition, we created a 1:1:1 mixture of the peptides, termed, PGM-QK
(PolyGlutamate-modified Mixture), in order to develop a gradient delivery system
on HA. Our collective results suggest that the PGM-QK mixture enables the
sustained delivery of active QK peptide, which in turn promotes the prolonged

activation of endothelial cells.
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MATERIALS AND METHODS

Synthesis of HA disks

0.4 g of HA powder (MP Biomedicals, 02150162) were pressed into disks
using a 15.875 mm die under 3000 psi as in our prior publications [39]. The HA
disks were then sintered at 1000°C in a Thermolyne 48000 series furnace for 4
hrs. and allowed to return gradually back to room temperature. HA disks were
stored under sterile dry conditions and autoclaved before use.
Endothelial cell culture

Human Umbilical Vein Endothelial Cells (HUVECS) were purchased from
ATCC (HUV-EC-C CRL-1730) and cultured in F-12K media (ATCC 30-2004) with
10% Fetal Bovine Serum (FBS), 0.1 mg/mL heparin (Sigma H3393), 1%
antibiotic/antimycotic supplement (Invitrogen), and endothelial cell growth
supplement (ECGS, Sigma E0760). Prior to experiments, cells were incubated
for 12 hrs in serum-free F-12K media. Cell passages 3-9 were used for all
experiments.
Treatment of HUVECSs with polyglutamate-modified peptides in solution

HUVECSs were incubated in serum-free F-12K media containing the individual
peptides or the PGM-QK mixture. For the single peptide treatments, solutions
were comprised of 250 nM QK (the native peptide lacking a polyglutamate
domain), E2-QK, E4-QK, or E7-QK. For the PGM-QK treatments, a 1:1:1 peptide
ratio was used with a final peptide concentration of 250 nM (i.e., 83.3nM of E2-
QK, E4-QK and E7-QK, each). Endothelial cells were treated for 10 min with the

peptide solutions, and then cells were lysed in RIPA buffer (ThermoFisher
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Scientific, 89901) supplemented with 1% protease and phosphatase inhibitors
(Sigma). Protein concentration was quantified through BCA analysis
(ThermoFisher Scientific, 23209). Protein samples were resolved by SDS-PAGE
and transferred to polyvinylidene difluoride membranes (Immobilon-P, Millipore)
overnight at 4°C. Membranes were placed in a blocking solution of 5% non-fat
dry milk in TBS containing 0.1% Tween 20 (TBST) for 1 hr at 37°C. Blots were
probed with primary antibodies specific for p-Akt (S473, Cell Signaling, 4060),
total Akt (Cell Signaling, 4691S), p-ERK 1/2 (T202/Y204, Cell Signaling 4370L),
or total ERK 1/2 (Cell Signaling, 9102S) followed by incubation with HRP-linked
secondary antibodies (Cell Signaling, 7074S). Blots were also probed with anti-3-
tubulin (Abcam, ab21058) to ensure even loading of protein lysates. Proteins
were detected by enhanced chemiluminescence using Clarity Western ECL
substrate (BioRad, 170-5060). Densitometric analyses of immunoblots were
performed using ImageJ, and the Densitometric Units (DU) measured for the
phosphorylated signaling molecule were normalized to the DUs obtained for the
respective total amount of protein. All blots were conducted 3 times, using 3
independently generated cell lysates.
Migration of HUVECs

A linear scratch defect model was used to monitor the migration of
endothelial cells. HUVECs were stained using a CellTracker™ Green CMFDA
dye (ThermoFisher Scientific). Labeled HUVECs were seeded at a density of
1x10° cells/well in a 48 well plate and allowed to grow to confluency. A linear

scratch approximately 600 um wide was introduced into the monolayer, and cells
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were then incubated at 37°C in serum-free F-12K media with or without added
peptides. In addition, we evaluated the PGM-QK mixture (a 1:1:1 ratio of E2-QK,
E4-QK and E7-QK at a final concentration of 250 nM), as well as peptide-
containing conditioned media collected from HA disks pre-coated with QK or
PGM-QK. The scratch wound cultures were incubated in the EVOS FL Auto Cell
Imaging System (ThermoFisher Scientific) at 37°C, and images were taken at 12
hrs. Relative closure of the scratch wound was quantified using EVOS FL Auto
Cell Imaging System Software.
Binding kinetics of FITC-labeled PGM-QK peptides to bone graft

FITC-labeled QK, E2-QK, E4-QK, and E7-QK peptides were used to monitor
the binding properties of each peptide to HA disks. Stock solutions of each
peptide were diluted to a 1 uM final concentration in Tris-buffered saline (TBS).
HA disks were coated with the peptide solution for 2 or 6 hrs. After incubation,
coating solutions were collected. Solution fluorescent intensity was measured for
each peptide solution before and after incubation with the HA disk using a BioTek
synergy H1 microplate reader. The loss in solution fluorescence was used to
guantify the percentage of peptide removed from solution (due to immobilization
on the HA disk). Additionally, HA disks were briefly washed after incubation to
remove any unbound peptide and then imaged under a Leica MZ16F fluorescent
dissecting microscope. Grafts coated with each individual peptide were imaged
side-by-side to allow a direct comparison using a Hamatsu camera system and

SimplePCI imaging software.
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Release kinetics of PGM-QK peptides

FITC-labeled QK, E2-QK, E4-QK, and E7-QK peptides were monitored for
release from HA disks. Stock solutions of each peptide were diluted to a 10 uM
final concentration in TBS. HA disks were coated with the 10 uM solutions for 2
hrs. A 10 pM concentration was used for these studies (rather than 1 uM as
above) in order to saturate each disk with the maximal amount of peptide.
Binding percentages were calculated as previously described by measuring
solution fluorescence. The coated disks were washed to remove any unbound
peptide and fresh TBS was placed on the coated HA disks. Coated HA disks
were then placed under gentle agitation for up to 6 days at 4°C using a Labnet
Shaker 30 tabletop shaker at 200 RPM. TBS solutions containing the released
peptide were collected from the samples 1, 3, or 6 days after the initial coating
interval. Solution fluorescent intensity was measured for each collection time
point using a BioTek Synergy H1 microplate reader. The cumulative percent of
peptide released from graft material was calculated using the solution
fluorescence intensities at each collection point as compared with the initial
amount of peptide bound to the grafting material. Treated grafts were imaged
side-by-side at each timepoint to allow a direct comparison of peptide release
over time using a Hamatsu camera system and SimplePCl imaging software.
Statistical analysis
Peptide/graft binding and release experiments were performed three
independent times, with each experiment performed in duplicate. Migration

assays were conducted in three independent experiments, each experiment
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executed with triplicate wells. A student’s t-test was used to measure the
differences between experimental groups. Values were considered significant
with a P value of <0.05. Immunoblots shown are representative of at least three
independent experiments. Densitometric analysis comparing the relative
phosphorylated protein levels versus total levels were averaged between the
independent experiments. Relative densitometric values were considered

significant with a P value of <0.05.

Results
PGM-QK peptides retain their capacity to induce angiogenic signaling in
endothelial cells.

QK peptides modified with polyglutamate domains were compared with the
native QK peptide for their capacity to activate ERK and Akt signaling cascades
in endothelial cells. HUVECs were treated for 10 min. with solutions containing
QK, E2-QK, E4-QK, or E7-QK. Cells were then lysed and immunoblotted for
phosphorylated and total levels of ERK1/2 and Akt (representative experiment in
Fig 1A). Results from three independent experiments were quantified by
densitometry, comparing the levels of phosphorylated to total protein (Fig 1B).
Densitometric analyses indicated that all of the peptides induced significant
increases in the activation of ERK and Akt relative to untreated control cells.
Furthermore, there were no statistical differences between the activity of the
native QK peptide and any of the polyglutamate-modified peptides, indicating that

these peptides retain their full bioactivity.
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We next examined the effect of the PGM-QK mixture (1:1:1 ratio of E2-QK,
E4-QK, and E7-QK) on endothelial cell signaling. HUVECs were treated for 10
min. with a 250 nM final concentration of PGM-QK, or with 250 nM of the original
QK peptide, and then evaluated for activation of ERK and Akt. As shown in Fig
2A, PGM-QK and QK induced an equivalent degree of ERK and Akt activation.
We further investigated the activity of PGM-QK using a scratch wound assay to
study cell migration. HUVECs were grown to confluency, and then a scratch
wound was created. Cells were incubated for 12 hrs. in media containing 250 nM
PGM-QK or 250 nM QK. PGM-QK and QK induced a comparable degree of cell
migration (Fig 2B), confirming PGM-QK’s pro-angiogenic activity.

Binding and release characteristics of PGM-QK components from HA graft
material are dependent on the number of glutamate residues within the
polyglutamate domain.

Polyglutamate-modified peptides were next assessed for binding and
retention on HA graft materials. HA disks were coated for 2 or 6 hrs. in solutions
containing 1 uM FITC-labeled QK, E2-QK, E4-QK, or E7-QK and then disks were
imaged. Representative disks from each of the 4 groups were placed side-by-
side in the same microscopic field to allow a direct comparison. Images of the
disks (Fig 3A) show a clear relationship between the number of glutamates in the
polyglutamate domain and the amount of peptide bound to the graft material, i.e.
E7-QK bound better than E2-QK (Fig 3A). These images were corroborated by
the calculated percentages of bound peptide, as determined by a solution

fluorescence depletion assay. In this assay, the amount of fluorescence in the
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solution is depleted as the peptide becomes bound to the HA disk. The solution
fluorescence after binding is then compared with the fluorescence values for the
starting solution. As shown in Fig 3B, increasing the number of glutamate
residues resulted in an enrichment in the amount of peptide bound to the disk.
These data confirmed that variable-length polyglutamate domains can be
leveraged to tune the binding of peptides to HA.

We further hypothesized that polyglutamate domains would modulate the
retention of peptides on the disks. To measure peptide release, the disks were
first coated with a high concentration of peptide, 10 uM, to saturate the gratft,
thereby ensuring that peptides with varying loading efficiencies would have
comparable levels of peptide initially bound. After coating, grafts were washed
briefly with saline and imaged (Fig 4A, “Initial Coat”). The disks were then placed
in fresh saline and incubated under gentle agitation over the course of 6 days.
Samples of the solution, containing released peptide, were collected at each time
point, and in addition, disks were imaged at these same time points. As shown in
Fig 4A, the amount of peptide bound to the disks was comparable after the initial
coat, however much of the unmodified QK peptide was released from the disk by
day 1. In contrast, most of the E7-QK peptide was retained on the disk for the
entire 6-day interval. Solution fluorescence measurements were consistent with
these findings (Fig 4B). The rate of peptide release correlated with the number
of glutamate residues within the polyglutamate domain, evidenced by the rapid

release of QK and E2-QK, but sustained retention of E7-QK.
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Prolonged delivery of PGM-QK from graft materials promotes endothelial cell
activation.

The PGM-QK mixture, containing an equal ratio of E2-QK, E4-QK, and E7-
QK, was coated onto HA disks. Based on data in Fig 4, we hypothesized that
nearly all of the E2-QK peptide would be released from the disk between day O
and day 3, whereas the E7-QK would continue to be released between days 3
and 6. After coating, disks were placed in serum-free media with gentle agitation
for 1 day and then the media, with released peptide, was collected (day 0-1).
Disks were then placed in fresh media and solutions were collected at 3 days
after initial coating (days 1-3). The same disks were again placed in serum-free
media, and solutions were collected at 6 days following initial coating (days 3-6,
see diagram in Fig 5A). As a control, solutions from disks coated with the
umodified QK peptide were collected at the same intervals, days 0-1, 1-3 and 3-
6. The peptide-containing solutions were then used to treat HUVECSs. Cells were
treated with the solutions for 10 min., and then lysed and immunoblotted for
activated ERK and Akt. As shown in Fig 5B, ERK and Akt activation were
comparable in cells treated with the day 0-1 QK and PGM-QK, consistent with
the rapid release of QK and E2-QK from the HA disks. However, for the day 3-6
solutions, PGM-QK elicited greater ERK and Akt activation than QK, in line with
results in Fig 4B showing that E7-QK continues to be released during this time
interval. Densitometric results in Fig 5C indicated that the degree of QK-induced
cell activation decreases from day 1 through days 3 and 6, whereas cell

activation by PGM-QK is sustained through all the time points. These data are
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further supported by scratch wound assays. HUVECSs treated with the PGM-QK
solutions collected at the 3 time points exhibited greater migration into the
scratch wound compared with cells treated with the QK-containing solutions (Fig
5D). In fact, none of the QK solutions elicited a statistical improvement in
migration over the untreated cells. These results suggest that PGM-QK delivered
on graft materials holds potential for facilitating sustained activation of endothelial

cells.

DISCUSSION

One of the shortcomings associated with nonautogenous bone graft materials
is their limited potential to stimulate vessel in-growth into the site. Accordingly,
there is much interest in functionalizing these materials with angiogenic factors
[6-8]. The VEGF-derived QK peptide is a robust activator of neovascularization,
and has therefore been a focus of many tissue regenerative strategies [7, 21, 22,
43, 44]. In multiple preclinical animal models, the QK peptide and rVEGF have
been reported to induce a comparable degree of angiogenesis [41, 42]. In
seminal work by Finetti et al., angioreactors containing either QK or rVEGF
stimulated equivalent vascular infiltration after subcutaneous implantation into
mice [41]. Other investigators have tethered the QK peptide to scaffold materials
and similarly shown a vast improvement in neovascularization [22]. In one such
study, higher capillary density was observed in animals injected intramuscularly
with a QK-delivering hydrogel [42]. However, despite these successes, delivery

of QK from mineralized scaffolds poses a challenge due to the limited functional
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groups available on HA for peptide coupling. There is clear need to control the
delivery of angiogenic factors from mineralized grafts. First, VEGF, and
derivatives such as QK, should optimally be delivered as a gradient to facilitate
endothelial migration and directional vessel in-growth into the graft site [17-19].
Secondly, weak binding of an angiogenic factor to a scaffold typically leads to
rapid, bolus release of the factor, which can cause off-target effects. As an
example, uncontrolled bolus release of r'VEGF results in the formation of
insufficient, or leaky, vascular networks (although this has not yet been reported
for the QK peptide) [45].

To address the need for controlling the delivery of QK, we modified the
peptide with variable-length polyglutamate domains (E2, E4 and E7), and
confirmed that the number of glutamates within the domain correlated with the
rate of peptide release. We also verified that the bioactivity of the QK peptide
was not adversely affected by the addition of glutamate residues. Subsequently,
we generated a mixture of the various peptides, PGM-QK. We hypothesized that
this mixture would recapitulate a temporal gradient, with E2-QK released first
from the graft, followed by E4-QK, and then, E7-QK. The goal was to engineer
sustained release of the active QK signaling domain, leading to prolonged
activation of endothelial cells. To test this hypothesis, conditioned media was
collected at varying time points from HA disks coated with PGM-QK or QK, and
then HUVECs were incubated with the media containing the released peptides.
Results from these experiments showed that components of the PGM-QK

mixture were still actively released from the HA up to 6 days following graft
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coating, and importantly, the released peptides activated HUVEC signaling and
cell migration. In contrast, solutions collected from QK-coated disks had
negligible activity following day 3 after coating, consistent with results suggesting
that all of the QK peptide was released from the disk by day 3.

Domains other than polyglutamate have been explored for their potential to
enhance coupling of bioactive molecules to mineralized materials [29, 46-49]. In
one study, a polyaspartate motif was added to estradiol or levofloxacin, and
these modified therapeutics were shown to localize to bone after systemic
injection [46]. Additionally, proteins have been engineered with bisphosphonate
moieties to promote anchoring to mineral substrates [29, 49]. In the aggregate,
these investigations offer novel and effective methods for enhancing the binding
of target molecules to bone or bone graft materials. However, the studies do not
address the need for controlled release of the therapeutic. Angiogenic molecules
such as VEGF are known to be more effective when released as a gradient.

As another advantage of the polyglutamate approach, the delivery of PGM-
QK on bone graft materials should be readily amenable to clinical translation. As
shown in binding experiments, loading of the PGM-QK components can be
achieved in a few hours, facilitating same-day graft preparation and placement.
Moreover, synthetic peptides such as QK are less expensive to synthesize than
recombinant proteins, which require host-cell systems to produce. Host-cell
systems can also introduce contaminants such as immunogenic cellular
byproducts or pathogens [50]. PGM-QK peptides are synthesized using a

commercial peptide synthesizer, and can be stored long-term as a lyophilized
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product. Finally, we and others have shown that polyglutamate domains bind to a
wide array of calcium phosphate graft materials including various alloplast (HA
and B-TCP), xenograft (BioOss), and allograft (MinerOss, OraGraft ) substrates,
offering adaptability in the type of graft material used for clinical procedures [7,
31, 32, 34, 38]. Taken together, results in this study describe a relatively simple,
and cost-effective, methods for the sustained delivery of the angiogenic QK

peptide from HA-containing bone graft materials.
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Fig 1. Polyglutamate modified QK peptides retain bioactivity. HUVECs were
incubated for 10 min. with either serum-free media (Untreated, Unt.) or serum-
free media containing 250 nM of QK, E2-QK, E4-QK, or E7-QK. Cells were lysed
and immunoblotted for p-ERK1/2, total ERK1/2, p-Akt, total Akt, or B-tubulin.
Densitometric analyses of 3 separate blots, generated from 3 independent cell
lysates, were conducted using Image J. Values for phosphorylated ERK 1/2 and
Akt were compared to densitometric values for total ERK1/2 and Akt
(Densitometric Unit Ratio). All treatment groups showed activation of ERK1/2 and
Akt, indicating that each polyglutamate-modified peptide retains bioactive
function. Values represent means and S.E.s from 3 independent experiments. *
denotes p<0.05 as compared with Untreated.
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Fig 2. PGM-QK stimulates endothelial cell signaling activation and migration. (A)
HUVECs were treated for 10 min. with serum-free media (Unt.) or serum-free
media containing 250 nM of QK, or 250 nM PGM-QK (1:1:1 mixture of E2-QK,
E4-QK and E7-QK). Cells were lysed and immunoblotted for p-ERK1/2, total
ERK1/2, p-Akt, total Akt, or B-tubulin. Densitometric analyses of 3 independent
blots were conducted using Image J, and values for phosphorylated ERK1/2 and
Akt were compared to values for total ERK1/2 and Akt (Densitometric Unit
Ratio). (B) HUVECSs prelabeled with CellTracker Green were grown to
confluency. Scratch wounds were introduced into the monolayers, and then cells
were incubated for 12 hrs in serum-free media (Unt.), or serum-free media
containing either 250 nM of QK, or 250 nM of PGM-QK. Analyses of scratch
wound closure indicated that cells exposed to QK or PGM-QK exhibited greater
migration than untreated cells. Representative images are shown with the defect
area indicated by white dashed lines. Values depicted in the graph represent
means and S.E.s from 3 independent experiments. * denotes p<0.05 vs Unt.
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Fig 3. The number of glutamates within the polyglutamate domain regulates the
amount of peptide bound to the graft material. HA disks were coated in 1 yM of
FITC-tagged QK, E2-QK, E4-QK, or E7-QK for 2 or 6 hrs. After coating, samples
were washed briefly in TBS and imaged fluorescently. (A) One disk from each of
the 4 peptide groups was placed in the same microscopic field to allow a direct
comparison. Images of the coated HA disks show a correlation between the
length of polyglutamate domain and the binding efficiency of the peptide to graft
material. (B) Solution fluorescence assays were used to quantify the percentage
of the peptide within the initial coating solution that adhered to the HA disks.
Specifically, the amount of FITC-tagged peptide in the solution, both before and
after coating, was measured on a microplate reader. Values represent means
and S.E.s from three independent experiments. * denotes p<0.05 vs QK.
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Fig 4. Polyglutamate domains modulate the release of peptides from HA grafts.
HA disks were coated for 2 hrs. with a saturating concentration, 10 yM, of FITC-
tagged QK, E2-QK, E4-QK, or E7-QK. After coating, disks were placed in fresh
TBS under gentle agitation for 6 days to monitor peptide released from graft. (A)
Graft were imaged fluorescently immediately after initial coating, as well as at 1,
3 and 6 days following placement in TBS. Images suggest that the peptide
release kinetics are determined by the length of the polyglutamate domain. (B)
Solutions were collected from the disks at 1, 3, and 6 days, and fluorescence
measured to determine the amount of peptide released into solution over time.
The cumulative percentage of peptide released was determined by comparing
the fluorescence of peptide released at the various time points with the amount of
peptide initially bound (determined by solution fluorescence assays). Values
represent means and S.E.s from three independent experiments. * denotes
p<0.05 vs QK; # denotes p<0.05 vs E2-QK; * denotes p<0.05 vs E4-QK.
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Fig 5. PGM-QK coated grafts facilitate sustained delivery of active QK peptide.
(A) HA disks were coated with serum-free media containing 250 nM of QK or
PGM-QK for 2 hrs. Coated disks were briefly washed to remove unbound
peptide, and placed under gentle agitation in fresh serum-free media for intervals
up to 6 days. Media from the disks were collected at 1 day following coating (day
0-1), and then disks were placed in fresh media, and the media collected again at
day 3 following coating (days 1-3). After this interval, the same disks were placed
in fresh media, and the media collected at day 6 following initial coating (days 3-
6). (B) HUVECs were incubated for 10 min. with serum-free media (Untreated,
Unt.) or media containing QK or PGM-QK that had been released from the graft
at 0-1, 1-3, or 3-6 days. Cells were lysed and immunoblotted for p-ERK1/2, total
ERK1/2, p-Akt, total Akt, or B-tubulin. (C) Densitometric analyses of blots were
conducted using Image J, and values for phosphorylated ERK1/2 and Akt were
compared to densitometric values for total ERK1/2 and Akt (Densitometric Unit
Ratio). (D) HUVECs prelabeled with CellTracker Green were grown to
confluency. Scratch wounds were introduced into the cell populations, and then
cells were incubated for 12 hrs in either serum-free media (Unt.) or media
containing QK or PGM-QK released from grafts at 0-1, 1-3, or 3-6 days. Analysis
of scratch wound closure indicated that the PGM-QK solutions collected at all
time points stimulated significantly greater migration greater untreated cells.
Contrarily, none of the QK-containing solutions elicited greater migration than the
untreated group. Values for cell signaling and cell migration experiments
represent means and S.E.s from three independent experiments. * denotes
p<0.05 vs control. # denotes p<0.05 vs QK.
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DISCUSSION

Non-autogenous bone grafting materials have been commercially
successful due to their abundant availability and relative effectiveness in bone
regeneration. However, these grafting materials still have yet to produce a
healing response comparable to autogenous grafts. Autogenous grafting
materials remain the “gold standard” biologically as they retain their native cells
and growth factors, enhancing bone healing post implantation. Despite these
triumphs, clinicians forego their use in favor of more readily available commercial
grafting materials due to the limitations in quantity and secondary surgery site
complications [28, 29]. Non-autogenous grafts derived from allograft, xenograft
and synthetic sources have been widely popular within the clinic and have been
shown to enhance bone regeneration [26]. The HA mineral within these grafting
materials plays a crucial role in the regenerative capacity of the graft site. HA
grafting materials closely mimic the native mineral composition of bone and
resorb in sync with the deposition of newly formed bone [125]. Moreover, it has
been speculated that the substrate stiffness and microarchitecture of scaffolds
derived from allograft and xenograft have important roles in the MSC attachment
and osteoblastic differentiation for enhanced bone regeneration [45].

Despite the benefits of using HA grafting materials, there is still a deficit in
their bone regenerative capacity in comparison to autogenous bone graft. The
most recognized shortfall is the lack of bone healing factors present within the
commercial graft [27]. The injury response in bone has been well-characterized
and requires coordinated efforts from various signaling factors and cell types to
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facilitate a healthy bone regenerative response [21]. Researchers have sought to
reincorporate these factors back into grafting materials to improve the
regenerative capacity of implanted commercial materials through the delivery of
osteogenic, angiogenic, and cell adhesive proteins on grafting materials [114,
126-128]. However, there has been limited success with regard to transferring
these therapies to the clinic, leaving a vast need in the field for improvement.

In the clinic, peptides or growth factors such as QK are passively coated
onto grafting materials. These peptides/proteins are unable to efficiently localize
to the mineral graft substrate using this passive coating technique, however. And
without a reliable means for peptides/proteins to interact with the graft material,
there have been serious questions raised about the overall efficacy of delivering
these molecules on grafting materials. One prime example is the use of rBMP-2
with graft material. Although rBMP-2 has been shown to be a potent inducer of
osteogenesis, there have been several reports questioning its overall efficacy
within the clinic [129]. It has been suggested that the ineffectiveness of the
protein is not due to the lack of cell signaling potential, but rather the inability to
be delivered reliably and then subsequently retained within the graft site for its
intended purpose [129, 130]. The poor delivery efficiency of protein on graft
surfaces is not unique to rBMP-2 however, and impacts the delivery of several
other signaling factors and peptides such as rVEGF, PDGF, FGF, RGD, and
DGEA on mineralized materials [11, 131]. To address this issue, several of
these proteins have been modified with graft binding domains to enhance their

delivery within the body. In one study, VEGF was modified with a hydrophobic
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HGFI fusion protein, which enabled the protein to localize to electrospun poly(e-
caprolactone (PCL) scaffolds [132]. There has been a great deal of progress
functionalizing proteins/peptides to bind to graft carriers in the tissue engineering
field as a whole. However, there have been few strategies designed to deliver
factors in conjunction with bone grafting materials specifically. Our group has
used a polyglutamate domain to enrich the concentration of a number of peptides
on HA grafting materials [53, 61-63, 70, 71, 124]. Namely, this dissertation
describes a method for achieving a 4-6-fold increase in the amount of QK peptide
coated onto HA and anorganic bovine bone (ABB) grafting materials using a E7-
QK peptide. Meanwhile, we have also shown in previous studies that the use of
these polyglutamate domains retains the peptide on the grafting surface for long
periods of time after implantation [61, 62]. In one specific study, we reported that
E7-DGEA coated ABB patrticles retrieved after 1 and 3 months of subcutaneous
implantation retained the E7-DGEA within the graft site, whereas unmodified
DGEA was undetectable [62]. Similarly, we have shown E7-BMP2pep coated
graft materials were retained onto the graft surface after 2 months of
subcutaneous implantation, further demonstrating the utility of polyglutamate
domains [61]. This enrichment after coating, and controlled delivery of peptides
implanted, could potentially mitigate the need for supraphysiological doses
required of recombinant protein therapies on grafting materials. Moreover, the
polyglutamate modified peptides are biologically active when coated on the graft.
E7-QK coated graft materials were able to elicit proangiogenic activation of p-Akt

and p-ERK 1/2 of endothelial cells directly seeded onto graft materials. This
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finding is important for several other bone healing mimetic peptides such as
BMP2 mimetic peptide that would need to be retained onto the surface of the
graft for extended periods while still being biologically-active.

In this dissertation | sought to develop a method to deliver an angiogenic
factor on bone graft materials. Angiogenesis is one of the most significant healing
cascades involved in the regeneration of bone. However, there has yet to be a
successful angiogenic therapeutic that can be used in conjunction with
commercial bone grafting materials. Therapies using r'VEGF have had limited
success due to the limited half-life of rVEGF and reliance on gradient rVEGF
delivery to develop new vasculature [102, 106]. To address the limited half-life of
r'VEGF, researchers have begun to experiment with alternative methods to
induce angiogenesis aside from rVEGF. One promising inducer of angiogenesis
is the peptide mimetic to rVEGF, QK. Identified and characterized by the
D’Andrea group, the QK peptide was shown to activate VEGFR-2 receptors on
endothelial cells, supporting the notion that QK can induce angiogenesis [117].
Additionally, they also noted that QK peptide’s half-life far exceeded rVEGF in a
serum-stability analysis, speculating that this improvement could greatly extend
the exogenous angiogenic stimulus provided by QK peptide in the body [118].
Several groups have delivered QK on scaffold material to extend its potency and
have shown vast improvements in tissue vascularization as a result [118-120].
One example is a study performed by Leslie-Barbick et al. where a PEG-QK
modified hydrogel was implanted into a mouse cornea micropocket. After

implantation, they observed drastic increases in vessel branch points and overall
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vessel number [133]. One benefit of the QK peptide is its simplicity to be
modified with binding domains as well. Although possible, the process of altering
full-length proteins requires complicated production procedures, which can
ultimately disrupt the signaling function of the intended recombinant protein [75-
77]. In contrast, peptides can be easily altered with new functional groups using
a commercial peptide synthesizer and still retain full bioactivity. In this
dissertation, | have shown that the addition of E7 domain to the QK peptide has
no effect on the QK peptide’s ability to activate endothelial cells when E7-QK is
attached to grafting material or in free solution. In fact, we have also used this
domain with other peptides and have yet to note a loss in the peptide’s signaling
function caused by addition of a polyglutamate domain [61-64]. Moreover, the QK
peptide has been modified with other binding domains and remained bioactive. In
one study performed by the Yu group a collagen mimetic peptide (CMP) was
synthesized to QK peptide(QKCMP), which allowed the peptide to integrate
within a collagen scaffold [120] . These QKCMP were shown to induce
endothelial network formation in HUVECs seeded onto the QKCMP-loaded
collagen scaffolds, giving further support that the QK is amenable to
modifications [120, 134].

Another unique aspect of angiogenic factors is their reliance on
establishing a chemokine gradient. Historically, the gradient release of these
factors is achieved through the degradation of their hydrogel carrier [135].
Hydrogels are efficient deliverers of growth factors, however they are more suited

for soft tissue applications and do not possess the structural characteristics
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required for bone grafting applications [136]. Additionally, the degradation rates
of the scaffold for release of growth factor are too rapid for the bone matrix
deposition to fill the void adequately [137]. Without the necessary scaffolding
filling the defect, a non-union fracture could remain unresolved. Other techniques
have evolved broadly from the tissue engineering field for the purpose of gradient
delivery scaffolds. One such technique for immobilizing proteins onto scaffolds is
through the use of heparin binding domains. The Lee group conjugated these
heparin binding domains to a number of proteins, including rVEGF, so that they
can localize to the scaffold. In this design the gradient release of rVEGF from the
implanted scaffold is established as heparinases cleave the linkage between the
protein and implanted scaffold. [138]. Similarly, there have been investigations
modifying proteins with matrix metalloproteinase(MMP)-cleavable domains to
deliver a gradient on scaffolds. These MMP-cleavable modified proteins are
chemically coupled to scaffolds. Once implanted the MMP-cleavable sites are
cleaved and a gradient of protein is delivered. [139]. While these methods
perform well in establishing a gradient, they have not been translated to work
with current bone grafting materials. Our group has developed a method to
deliver a gradient specifically from bone grafting materials using polyglutamate
domains. The strength of ionic coupling between polyglutamate modified
peptides and graft material has been shown to be dependent on polyglutamate
domain length. Each component of PGM-QK (E2-QK, E4-QK, and E7-QK) was
shown to bind and release from graft respective to the length of the

polyglutamate domain. Combined as a PGM-QK mixture, we were able to
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achieve activation of endothelial cells from the peptides released from coated
graft materials up to 6 days as shown in both the cell signaling and migration
assays. Moreover, the composition of PGM-QK can be easily modified and
optimized for in vivo experimentation. To alter the release gradient, the ratios of
PGM-QK could be modified to change the release course of peptide from
implanted graft material. Meanwhile, any number of glutamate residues can be
synthesized to the QK peptide to create new peptides (i.e. E5-QK) within the
mixture to further optimize the gradient delivery in vivo.

Overall, this dissertation offers a unique method to deliver a proangiogenic
gradient of PGM-QK peptide on commercial graft materials. Using the
polyglutamate domain modified QK peptides we were able to enrich the
concentration of peptide on graft surface. Additionally, the peptides remain
bioactive graft-bound and in solution, stimulating proangiogenic responses in
endothelial cells. We have also shown that each individual component of PGM-
QK binds and release from graft material based upon the length of polyglutamate
domain. The combined mixture, PGM-QK, coated onto grafts was able to deliver
a sustained release of angiogenic factor capable of stimulating endothelial cells
for an extended time course. These results indicate that PGM-QK is a strong
candidate for use within the clinic for coating bone grafts with an angiogenic

therapeutic (Figure 6).
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Future Directions
In moving forward with PGM-QK delivered on bone graft, there are several
milestones yet to be achieved before it would be ready for the clinic. In our
studies outlined in this dissertation, it was shown that PGM-QK released from
bone graft successfully maintained a proangiogenic stimulus in vitro. There are
several future in vivo studies necessary to determine if this angiogenic gradient
delivered by PGM-QK coated graft material will increase vasculature. Moreover,
we also need to assess how this increased vascularization will improve overall
bone healing as well. To address if PGM-QK delivered on bone graft materials
induces angiogenesis, a subcutaneous implant model can be performed.
Implantation of the treated bone grafts into subcutaneous pouches minimally
damages the tissue surrounding giving a clear analysis of what new
vascularization is a direct result of the PGM-QK released into the surrounding
tissue. Sections retrieved from the excised tissue can be stained
immunohistochemically (IHC) for blood vessels markers such as CD-31 and CD-
34. Different concentrations and ratios of individual components of PGM-QK can
be experimented with using this model to optimize the angiogenic response in
vivo. Once a gradient of PGM-QK delivered on graft is shown to successfully
induce angiogenesis, a shift in focus can made to assess the resulting bone
regeneration in response to implanted PGM-coated bone graft in a critically sized
bone defect. PGM-QK coated graft implanted into a critical defect, can be
monitored over time for bone density and vessel network formation using

microCT and angio-CT, respectively. Excised tissues can be sectioned, stained,
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and evaluated by IHC for vascularization (CD-31 & CD-34), bone matrix
deposition (Masson’s Trichrome), and mineralization (Van Kossa & Alizarin red).
Future studies would also require PGM-QK to be evaluated in conjunction with
several bone graft types and applications, as well. Studies have shown
differences in integration of bone grafting materials due to material source
(allograft vs xenograft), composition (cortical vs cancellous), and application
(load bearing vs non-load bearing) [26, 40, 41, 125]. Although vascularization of
a healing bone site is critical for all bone graft applications, there may be
differences in the response to PGM-QK based upon the particular bone graft
application. One major consideration would be the comparison between cortical
and cancellous bone graft applications. Cortical bone has been shown to
reintegrate much slower due to high mineral content and lack of cell invasion.
PGM-QK coating of these materials may not be as beneficial due to the lack of
cell integration within the graft. Once these considerations have been carefully
explored, PGM-QK delivered on bone grafts should be a strong candidate for
clinical evaluation.

Outside of the ongoing studies for PGM-QK delivered on bone graft, there
are several applications for the polyglutamate domain that have yet to be
uncovered. The goal of our lab is to produce a comprehensive peptide therapy
that can be delivered on bone grafting material to enhance bone regeneration. In
this dissertation, PGM-QK delivered on graft material was shown to maintain a
proangiogenic stimulus critical for new vascularization during bone repair.

However, there are several other healing cascades that are required in
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coordination with angiogenesis for healthy bone regeneration. It has been shown
that the co-delivery of factors such as rVEGF and rBMP-2 have synergistic
effects on bone regeneration [140, 141]. The polyglutamate-modified peptides
could potentially improve this effect by reliably delivering mimetic peptides for
both factors. More importantly, since the release of the peptide is dependent on
the polyglutamate domain length and not scaffold design, we could selectively
deliver a gradient of PGM-QK while also retaining the BMP-2 mimetic peptide on
the grafting surface.

The use of the polyglutamate domain to deliver bioactive peptides on
grafting materials is a technology easily transferred to the commercial market.
The polyglutamate-modified peptides are synthesized by a commercial
synthesizer, which produces a purer and cheaper product in comparison to the
production of recombinant proteins in host cell systems. The peptides can be
lyophilized and stored for long-term use. Once needed, the peptide is then
reconstituted in saline for immediate coating of bone graft. Additionally, the
coating of bone grafts with polyglutamate peptides does not require any new
training for clinicians. Grafts are coated in a solution of reconstituted peptide
similar to the passive coating practices of graft materials with recombinant
proteins, lending itself to be easily adopted in the clinic. Our group has shown
that polyglutamate modified peptides readily bind and localize to several different
HA-containing commercial grafting materials, giving clinicians their preference of

grafting material, as well.
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The polyglutamate domain was shown to localize to HA due to the Ca?*
ions present within HA, which serve as the ionic coupler to the glutamic acids
[68]. There are several other biomaterials yet to be tested that also contain
positive charges that could interact with the polyglutamate domain. One prime
example for the potential use of polyglutamate domains outside of bone grafting
is to coat resorbable metal stents composed of Fe3* and Mg?* alloys with
peptides. The polyglutamate domain could be a method to coat these stent
materials with peptides or drug compounds aimed at reducing restenosis.
Meanwhile, we have shown that these polyglutamate domains can localize other
products to bone graft material. In one study, we incorporated short E2
polyglutamate domains within the shell of a nanocage particle. The nanocages
were found to localize to HA-containing material similar the polyglutamate
modified peptides [142]. These particles could potentially deliver several
therapeutics to bone including hormones, cancer therapies, and microRNA to
treat a variety of bone related illnesses. Aside from coating techniques, the
polyglutamate domain may have some potential applications for injectable
therapies. In previous studies, we have shown that E7-DGEA injected through
the tail vein of Sprague-Dawley rats localized to the skeleton after 24 hours of
injection [62]. These findings indicate that the polyglutamate domain could offer
an alternative method to target the skeletal system similar to bisphosphonate
groups for several bone-related therapies [84, 143].

In sum, the full utility of the polyglutamate domain has yet to be

uncovered. This dissertation demonstrates the use of the polyglutamate domain
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to deliver angiogenic factors on graft material. As an ultimate goal, these PGM-
QK peptides will become a part of a comprehensive peptide mixture aimed at
improving bone graft regeneration. Moreover, there are several other applications
for the polyglutamate domain outside of the bone graft niche, further emphasizing
the potential applicability of these domains in biomedical research in the years to

come.
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Sequential
release of
PGM-QK
components

PGM-QK
coated
bone graft

FIGURE 6. Overall goal for implanted PGM-QK coated materials. A mixture of
PGM-QK peptides are coated onto the bone graft and implanted within the bone
defect. Each component (E2-QK, E4-QK, and E7-QK) will release from the bone
graft based upon its respective polyglutamate domain length. Sequential release
of each component will deliver a constant angiogenic gradient needed for new
blood vessel formation near the bone graft implant site.

99



10.

11.

12.

13.

14.

LIST OF REFERENCES

Sommerfeldt DW, Rubin CT. Biology of bone and how it orchestrates the form and
function of the skeleton. Eur Spine J. 2001;10 Suppl 2:S86-95.

Raisz LG. Physiology and pathophysiology of bone remodeling. Clin Chem.
1999;45(8 Pt 2):1353-8.

Keaveny TM, Hayes WC. A 20-year perspective on the mechanical properties of
trabecular bone. J Biomech Eng. 1993;115(4b):534-42.

Berendsen AD, Olsen BR. Bone development. Bone. 2015;80:14-8.

Schipani E, Maes C, Carmeliet G, Semenza GL. Regulation of osteogenesis-
angiogenesis coupling by HIFs and VEGF. J Bone Miner Res. 2009;24(8):1347-
53.

Runyan CM, Gabrick KS. Biology of Bone Formation, Fracture Healing, and
Distraction Osteogenesis. J Craniofac Surg. 2017;28(5):1380-9.

C. Marks Jr S, R. Odgren P. The structure and development of the skeleton,
Principles of Bone Biology. 2002. p. 3-15.

Bilezikian JP, Raisz LG, Rodan GA. Principles of Bone Biology (Second Edition).
In: Bilezikian JP, Raisz LG, Rodan GA, editors. Principles of Bone Biology (Second
Edition). San Diego: Academic Press; 2002. p. 1667-96.

Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD, et al.
Multilineage potential of adult human mesenchymal stem cells. Science.
1999:284(5411):143-7.

Chen S, Liu Z, Tian N, Zhang J, Yei F, Duan B, et al. Intracoronary transplantation
of autologous bone marrow mesenchymal stem cells for ischemic cardiomyopathy
due to isolated chronic occluded left anterior descending artery. J Invasive Cardiol.
2006;18(11):552-6.

Florencio-Silva R, Sasso GR, Sasso-Cerri E, Simoes MJ, Cerri PS. Biology of
Bone Tissue: Structure, Function, and Factors That Influence Bone Cells. Biomed
Res Int. 2015;2015:421746.

Rosenberg N, Rosenberg O, Soudry M. Osteoblasts in bone physiology-mini
review. Rambam Maimonides medical journal. 2012;3(2):e0013-e.

Clarke B. Normal bone anatomy and physiology. Clin J Am Soc Nephrol. 2008;3
Suppl 3:5131-9.

Lee SH, Choi Y. Communication between the skeletal and immune systems.
Osteoporosis and Sarcopenia. 2015;1(2):81-91.

100



15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

Uda Y, Azab E, Sun N, Shi C, Pajevic PD. Osteocyte Mechanobiology. Curr
Osteoporos Rep. 2017;15(4):318-25.

Kylmaoja E, Nakamura M, Tuukkanen J. Osteoclasts and Remodeling Based Bone
Formation. Curr Stem Cell Res Ther. 2016;11(8):626-33.

Delaisse JM, Andersen TL, Engsig MT, Henriksen K, Troen T, Blavier L. Matrix
metalloproteinases (MMP) and cathepsin K contribute differently to osteoclastic
activities. Microsc Res Tech. 2003;61(6):504-13.

Faulkner B, Astleford K, Mansky KC. Regulation of Osteoclast Differentiation and
Skeletal Maintenance by Histone Deacetylases. Molecules (Basel, Switzerland).
2019;24(7):1355.

Wang C, Abu-Amer Y, O'Keefe RJ, Shen J. Loss of Dnmt3b in Chondrocytes
Leads to Delayed Endochondral Ossification and Fracture Repair. J Bone Miner
Res. 2018;33(2):283-97.

Maes C, Carmeliet P, Moermans K, Stockmans |, Smets N, Collen D, et al.
Impaired angiogenesis and endochondral bone formation in mice lacking the
vascular endothelial growth factor isoforms VEGF164 and VEGF188. Mech Dev.
2002;111(1-2):61-73.

Marsell R, Einhorn TA. The biology of fracture healing. Injury. 2011;42(6):551-5.

Kaderly RE. Primary bone healing. Semin Vet Med Surg (Small Anim).
1991;6(1):21-5.

Shapiro F. Cortical bone repair. The relationship of the lacunar-canalicular system
and intercellular gap junctions to the repair process. J Bone Joint Surg Am.
1988;70(7):1067-81.

Behr B, Sorkin M, Lehnhardt M, Renda A, Longaker MT, Quarto N. A comparative
analysis of the osteogenic effects of BMP-2, FGF-2, and VEGFA in a calvarial
defect model. Tissue Eng Part A. 2012;18(9-10):1079-86.

Campana V, Milano G, Pagano E, Barba M, Cicione C, Salonna G, et al. Bone
substitutes in orthopaedic surgery: from basic science to clinical practice. J Mater
Sci Mater Med. 2014;25(10):2445-61.

Baldwin P, Li DJ, Auston DA, Mir HS, Yoon RS, Koval KJ. Autograft, Allograft, and
Bone Graft Substitutes: Clinical Evidence and Indications for Use in the Setting of
Orthopaedic Trauma Surgery. J Orthop Trauma. 2019;33(4):203-13.

Kurien T, Pearson RG, Scammell BE. Bone graft substitutes currently available in

orthopaedic practice: the evidence for their use. Bone Joint J. 2013;95-b(5):583-
97.

101



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Goulet JA, Senunas LE, DeSilva GL, Greenfield ML. Autogenous iliac crest bone
graft. Complications and functional assessment. Clin Orthop Relat Res.
1997(339):76-81.

Fernyhough JC, Schimandle JJ, Weigel MC, Edwards CC, Levine AM. Chronic
donor site pain complicating bone graft harvesting from the posterior iliac crest for
spinal fusion. Spine (Phila Pa 1976). 1992;17(12):1474-80.

Sakkas A, Schramm A, Winter K, Wilde F. Risk factors for post-operative
complications after procedures for autologous bone augmentation from different
donor sites. J Craniomaxillofac Surg. 2018;46(2):312-22.

Lee K-B, Taghavi CE, Hsu MS, Song K-J, Yoo JH, Keorochana G, et al. The
efficacy of rhBMP-2 versus autograft for posterolateral lumbar spine fusion in
elderly patients. European spine journal : official publication of the European Spine
Society, the European Spinal Deformity Society, and the European Section of the
Cervical Spine Research Society. 2010;19(6):924-30.

Marton K, Tamas SB, Orsolya N, Bela C, Ferenc D, Peter N, et al
Microarchitecture of the Augmented Bone Following Sinus Elevation with an
Albumin Impregnated Demineralized Freeze-Dried Bone Allograft (BoneAlbumin)
versus Anorganic Bovine Bone Mineral: A Randomized Prospective Clinical,
Histomorphometric, and Micro-Computed Tomography Study. Materials (Basel).
2018;11(2).

Froum SJ, Wallace SS, Elian N, Cho SC, Tarnow DP. Comparison of mineralized
cancellous bone allograft (Puros) and anorganic bovine bone matrix (Bio-Oss) for
sinus augmentation: histomorphometry at 26 to 32 weeks after grafting. Int J
Periodontics Restorative Dent. 2006;26(6):543-51.

Bostrom MP, Seigerman DA. The clinical use of allografts, demineralized bone
matrices, synthetic bone graft substitutes and osteoinductive growth factors: a
survey study. Hss j. 2005;1(1):9-18.

Grover V, Kapoor A, Malhotra R, Sachdeva S. Bone allografts: a review of safety
and efficacy. Indian J Dent Res. 2011;22(3):496.

Costain DJ, Crawford RW. Fresh-frozen vs. irradiated allograft bone in orthopaedic
reconstructive surgery. Injury. 2009;40(12):1260-4.

De Long WG, Jr., Einhorn TA, Koval K, McKee M, Smith W, Sanders R, et al. Bone
grafts and bone graft substitutes in orthopaedic trauma surgery. A critical analysis.
J Bone Joint Surg Am. 2007;89(3):649-58.

Sanders JJ, Sepe WW, Bowers GM, Koch RW, Williams JE, Lekas JS, et al.
Clinical evaluation of freeze-dried bone allografts in periodontal osseous defects.
Part Ill. Composite freeze-dried bone allografts with and without autogenous bone
grafts. J Periodontol. 1983;54(1):1-8.

102



39.

40.

4].

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Du B, Gao Y, Deng Y, Zhao Y, Lai C, Guo Z, et al. Local delivery of rhVEGF165
through biocoated nHA/coral block grafts in critical-sized dog mandible defects: a
histological study at the early stages of bone healing. Int J Clin Exp Med.
2015;8(4):4940-53.

Fillingham Y, Jacobs J. Bone grafts and their substitutes. Bone Joint J. 2016;98-
b(1 Suppl A):6-9.

Kumar P, Vinitha B, Fathima G. Bone grafts in dentistry. Journal of pharmacy &
bioallied sciences. 2013;5(Suppl 1):S125-S7.

Amini AR, Laurencin CT, Nukavarapu SP. Bone tissue engineering: recent
advances and challenges. Critical reviews in biomedical engineering.
2012;40(5):363-408.

Chow LC. Next generation calcium phosphate-based biomaterials. Dent Mater J.
2009;28(1):1-10.

Barradas AM, Yuan H, van der Stok J, Le Quang B, Fernandes H, Chaterjea A, et
al. The influence of genetic factors on the osteoinductive potential of calcium
phosphate ceramics in mice. Biomaterials. 2012;33(23):5696-705.

Lv H, Li L, Sun M, Zhang Y, Chen L, Rong Y, et al. Mechanism of regulation of
stem cell differentiation by matrix stiffness. Stem Cell Res Ther. 2015;6(1):103-.

Viti F, Landini M, Mezzelani A, Petecchia L, Milanesi L, Scaglione S. Osteogenic
Differentiation of MSC through Calcium Signaling Activation: Transcriptomics and
Functional Analysis. PLoS One. 2016;11(2):e0148173-e.

Geffers M, Groll J, Gbureck U. Reinforcement Strategies for Load-Bearing Calcium
Phosphate Biocements. Materials. 2015;8(5):2700-17.

Sheikh Z, Abdallah M-N, Hanafi AA, Misbahuddin S, Rashid H, Glogauer M.
Mechanisms of in Vivo Degradation and Resorption of Calcium Phosphate Based
Biomaterials. Materials (Basel). 2015;8(11):7913-25.

Fernandez de Grado G, Keller L, Idoux-Gillet Y, Wagner Q, Musset A-M,
Benkirane-Jessel N, et al. Bone substitutes: a review of their characteristics,
clinical use, and perspectives for large bone defects management. Journal of
tissue engineering. 2018;9:2041731418776819-.

Porter JR, Ruckh TT, Popat KC. Bone tissue engineering: a review in bone
biomimetics and drug delivery strategies. Biotechnol Prog. 2009;25(6):1539-60.

Burks MV, Nair L. Long-term effects of bone morphogenetic protein- based
treatments in humans. J Long Term Eff Med Implants. 2010;20(4):277-93.

103



52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Cahill KS, Chi JH, Day A, Claus EB. Prevalence, complications, and hospital
charges associated with use of bone-morphogenetic proteins in spinal fusion
procedures. Jama. 2009;302(1):58-66.

Hennessy KM, Pollot BE, Clem WC, Phipps MC, Sawyer AA, Culpepper BK, et al.
The effect of collagen | mimetic peptides on mesenchymal stem cell adhesion and
differentiation, and on bone formation at hydroxyapatite surfaces. Biomaterials.
2009;30(10):1898-909.

Becker M, Lorenz S, Strand D, Vahl C-F, Gabriel M. Covalent grafting of the RGD-
peptide onto polyetheretherketone surfaces via Schiff base formation.
TheScientificWorldJournal. 2013;2013:616535-.

King WJ, Krebsbach PH. Growth factor delivery: how surface interactions
modulate release in vitro and in vivo. Adv Drug Deliv Rev. 2012;64(12):1239-56.

Carragee EJ, Hurwitz EL, Weiner BK. A critical review of recombinant human bone
morphogenetic protein-2 trials in spinal surgery: emerging safety concerns and
lessons learned. Spine J. 2011;11(6):471-91.

Ganss B, Kim RH, Sodek J. Bone sialoprotein. Crit Rev Oral Biol Med.
1999;10(1):79-98.

Kasugai S, Nagata T, Sodek J. Temporal studies on the tissue
compartmentalization of bone sialoprotein (BSP), osteopontin (OPN), and SPARC
protein during bone formation in vitro. J Cell Physiol. 1992;152(3):467-77.

Oldberg A, Franzen A, Heinegard D. The primary structure of a cell-binding bone
sialoprotein. J Biol Chem. 1988;263(36):19430-2.

Oldberg A, Franzen A, Heinegard D. Cloning and sequence analysis of rat bone
sialoprotein (osteopontin) cDNA reveals an Arg-Gly-Asp cell-binding sequence.
Proc Natl Acad Sci U S A. 1986;83(23):8819-23.

Bain JL, Bonvallet PP, Abou-Arraj RV, Schupbach P, Reddy MS, Bellis SL.
Enhancement of the Regenerative Potential of Anorganic Bovine Bone Graft
Utilizing a Polyglutamate-Modified BMP2 Peptide with Improved Binding to
Calcium-Containing Materials. Tissue Eng Part A. 2015;21(17-18):2426-36.

Culpepper BK, Bonvallet PP, Reddy MS, Ponnazhagan S, Bellis SL.
Polyglutamate directed coupling of bioactive peptides for the delivery of
osteoinductive signals on allograft bone. Biomaterials. 2013;34(5):1506-13.

Culpepper BK, Phipps MC, Bonvallet PP, Bellis SL. Enhancement of peptide
coupling to hydroxyapatite and implant osseointegration through collagen mimetic
peptide modified with a polyglutamate domain. Biomaterials. 2010;31(36):9586-
94.

104



64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Hennessy KM, Clem WC, Phipps MC, Sawyer AA, Shaikh FM, Bellis SL. The effect
of RGD peptides on osseointegration of hydroxyapatite biomaterials. Biomaterials.
2008;29(21):3075-83.

Sawyer AA, Weeks DM, Kelpke SS, McCracken MS, Bellis SL. The effect of the
addition of a polyglutamate motif to RGD on peptide tethering to hydroxyapatite
and the promotion of mesenchymal stem cell adhesion. Biomaterials.
2005;26(34):7046-56.

Gilbert M, Shaw WJ, Long JR, Nelson K, Drobny GP, Giachelli CM, et al. Chimeric
peptides of statherin and osteopontin that bind hydroxyapatite and mediate cell
adhesion. J Biol Chem. 2000;275(21):16213-8.

Itoh D, Yoneda S, Kuroda S, Kondo H, Umezawa A, Ohya K, et al. Enhancement
of osteogenesis on hydroxyapatite surface coated with synthetic peptide
(EEEEEEEPRGDT) in vitro. J Biomed Mater Res. 2002;62(2):292-8.

Fujisawa R, Wada Y, Nodasaka Y, Kuboki Y. Acidic amino acid-rich sequences as
binding sites of osteonectin to hydroxyapatite crystals. Biochim Biophys Acta.
1996;1292(1):53-60.

Fujisawa R, Mizuno M, Nodasaka Y, Yoshinori K. Attachment of osteoblastic cells
to hydroxyapatite crystals by a synthetic peptide (Glu7-Pro-Arg-Gly-Asp-Thr)
containing two functional sequences of bone sialoprotein. Matrix Biology.
1997;16(1):21-8.

Bain JL, Culpepper BK, Reddy MS, Bellis SL. Comparing variable-length
polyglutamate domains to anchor an osteoinductive collagen-mimetic peptide to
diverse bone grafting materials. Int J Oral Maxillofac Implants. 2014;29(6):1437-
45.

Culpepper BK, Webb WM, Bonvallet PP, Bellis SL. Tunable delivery of bioactive
peptides from hydroxyapatite biomaterials and allograft bone using variable-length
polyglutamate domains. J Biomed Mater Res A. 2014;102(4):1008-16.

Kuhl PR, Griffith-Cima LG. Tethered epidermal growth factor as a paradigm for
growth factor-induced stimulation from the solid phase. Nat Med. 1996;2(9):1022-
7.

Moon K-S, Choi E-J, Oh S, Kim S. The Effect of Covalently Immobilized FGF-2 on
Biphasic Calcium Phosphate Bone Substitute on Enhanced Biological
Compatibility and Activity. Biomed Res Int. 2015;2015:742192-.

Guex AG, Hegemann D, Giraud MN, Tevaearai HT, Popa AM, Rossi RM, et al.
Covalent immobilisation of VEGF on plasma-coated electrospun scaffolds for
tissue engineering applications. Colloids Surf B Biointerfaces. 2014;123:724-33.

105



75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Aubin-Tam ME, Hamad-Schifferli K. Structure and function of nanoparticle-protein
conjugates. Biomed Mater. 2008;3(3):034001.

Alliegro MC. Effects of dithiothreitol on protein activity unrelated to thiol-disulfide
exchange: for consideration in the analysis of protein function with Cleland's
reagent. Anal Biochem. 2000;282(1):102-6.

Mattson G, Conklin E, Desai S, Nielander G, Savage MD, Morgensen S. A
practical approach to crosslinking. Mol Biol Rep. 1993;17(3):167-83.

Ezra A, Hoffman A, Breuer E, Alferiev IS, Monkkonen J, EI Hanany-Rozen N, et
al. A peptide prodrug approach for improving bisphosphonate oral absorption. J
Med Chem. 2000;43(20):3641-52.

Gittens SA, Bagnall K, Matyas JR, Lobenberg R, Uludag H. Imparting bone mineral
affinity to osteogenic proteins through heparin-bisphosphonate conjugates. J
Control Release. 2004;98(2):255-68.

Hengst V, Oussoren C, Kissel T, Storm G. Bone targeting potential of
bisphosphonate-targeted  liposomes. Preparation, characterization and
hydroxyapatite binding in vitro. Int J Pharm. 2007;331(2):224-7.

Ma G, Wang Y, Fishbein I, Yu M, Zhang L, Alferiev IS, et al. Anchoring of self-
assembled plasmid DNA/anti-DNA antibody/cationic lipid micelles on
bisphosphonate-modified stent for cardiovascular gene delivery. Int J
Nanomedicine. 2013;8:1029-35.

Ossipov DA. Bisphosphonate-modified biomaterials for drug delivery and bone
tissue engineering. Expert Opin Drug Deliv. 2015;12(9):1443-58.

Uludag H, Gao T, Wohl GR, Kantoci D, Zernicke RF. Bone affinity of a
bisphosphonate-conjugated protein in vivo. Biotechnol Prog. 2000;16(6):1115-8.

Wang G, Kucharski C, Lin X, Uludag H. Bisphosphonate-coated BSA
nanoparticles lack bone targeting after systemic administration. J Drug Target.
2010;18(8):611-26.

McClung MR. Bisphosphonates. Endocrinol Metab Clin North Am. 2003;32(1):253-
71.

Siddigi A, Payne AG, Zafar S. Bisphosphonate-induced osteonecrosis of the jaw:
a medical enigma? Oral Surg Oral Med Oral Pathol Oral Radiol Endod.
2009;108(3):e1-8.

Yang H, Pan H, Yu F, Chen K, Shang G, Xu Y. A novel model of bisphosphonate-
related osteonecrosis of the jaw in rats. Int J Clin Exp Pathol. 2015;8(5):5161-7.

106



88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Schuessele A, Mayr H, Tessmar J, Goepferich A. Enhanced bone morphogenetic
protein-2 performance on hydroxyapatite ceramic surfaces. J Biomed Mater Res
A. 2009;90(4):959-71.

Pugsley MK, Tabrizchi R. The vascular system. An overview of structure and
function. J Pharmacol Toxicol Methods. 2000;44(2):333-40.

Andall RG, Matusz P, du Plessis M, Ward R, Tubbs RS, Loukas M. The clinical
anatomy of cystic artery variations: a review of over 9800 cases. Surg Radiol Anat.
2016;38(5):529-39.

Tennant M, McGeachie JK. Blood vessel structure and function: a brief update on
recent advances. Aust N Z J Surg. 1990;60(10):747-53.

Chapleau MW, Hajduczok G, Shasby DM, Abboud FM. Activated endothelial cells
in culture suppress baroreceptors in the carotid sinus of dog. Hypertension.
1988;11(6 Pt 2):586-90.

Minshall RD, Malik AB. Transport across the endothelium: regulation of endothelial
permeability. Handb Exp Pharmacol. 2006(176 Pt 1):107-44.

Adair T, Montani J. Angiogenesis: Morgan & Claypool Life Sciences; 2010 2010.

Otrock ZK, Mahfouz RA, Makarem JA, Shamseddine Al. Understanding the
biology of angiogenesis: review of the most important molecular mechanisms.
Blood Cells Mol Dis. 2007;39(2):212-20.

Said SS, Pickering JG, Mequanint K. Advances in growth factor delivery for
therapeutic angiogenesis. J Vasc Res. 2013;50(1):35-51.

Wallner C, Schira J, Wagner JM, Schulte M, Fischer S, Hirsch T, et al. Application
of VEGFA and FGF-9 enhances angiogenesis, osteogenesis and bone remodeling
in type 2 diabetic long bone regeneration. PLoS One. 2015;10(3):e0118823.

Nguyen LH, Annabi N, Nikkhah M, Bae H, Binan L, Park S, et al. Vascularized
bone tissue engineering: approaches for potential improvement. Tissue Eng Part
B Rev. 2012;18(5):363-82.

Zachary |, Morgan RD. Therapeutic angiogenesis for cardiovascular disease:
biological context, challenges, prospects. Heart. 2011;97(3):181-9.

Siveen KS, Prabhu K, Krishnankutty R, Kuttikrishnan S, Tsakou M, Alali FQ, et al.
Vascular Endothelial Growth Factor (VEGF) Signaling in Tumour Vascularization:
Potential and Challenges. Curr Vasc Pharmacol. 2017;15(4):339-51.

Vempati P, Popel AS, Mac Gabhann F. Extracellular regulation of VEGF: isoforms,

proteolysis, and vascular patterning. Cytokine & growth factor reviews.
2014;25(1):1-19.

107



102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Akeson A, Herman A, Wiginton D, Greenberg J. Endothelial cell activation in a
VEGF-A gradient: relevance to cell fate decisions. Microvasc Res. 2010;80(1):65-
74.

Akkineni AR, Luo Y, Schumacher M, Nies B, Lode A, Gelinsky M. 3D plotting of
growth factor loaded calcium phosphate cement scaffolds. Acta Biomater. 2015.

Murphy WL, Simmons CA, Kaigler D, Mooney DJ. Bone regeneration via a mineral
substrate and induced angiogenesis. J Dent Res. 2004;83(3):204-10.

Guang M, Huang B, Yao Y, Zhang L, Yang B, Gong P. Effects of vascular
endothelial growth factor on osteoblasts around dental implants in vitro and in vivo.
J Oral Sci. 2017;59(2):215-23.

Eppler SM, Combs DL, Henry TD, Lopez JJ, Ellis SG, Yi JH, et al. A target-
mediated model to describe the pharmacokinetics and hemodynamic effects of
recombinant human vascular endothelial growth factor in humans. Clin Pharmacol
Ther. 2002;72(1):20-32.

Amirian J, Linh NT, Min YK, Lee BT. Bone formation of a porous Gelatin-Pectin-
biphasic calcium phosphate composite in presence of BMP-2 and VEGF. Int J Biol
Macromol. 2015;76:10-24.

Zisch AH, Lutolf MP, Ehrbar M, Raeber GP, Rizzi SC, Davies N, et al. Cell-
demanded release of VEGF from synthetic, biointeractive cell ingrowth matrices
for vascularized tissue growth. Faseb j. 2003;17(15):2260-2.

Phelps EA, Templeman KL, Thule PM, Garcia AJ. Engineered VEGF-releasing
PEG-MAL hydrogel for pancreatic islet vascularization. Drug Deliv Transl Res.
2015;5(2):125-36.

Gnavi S, di Blasio L, Tonda-Turo C, Mancardi A, Primo L, Ciardelli G, et al. Gelatin-
based hydrogel for vascular endothelial growth factor release in peripheral nerve
tissue engineering. J Tissue Eng Regen Med. 2017;11(2):459-70.

Jung YJ, Kim KC, Heo JY, Jing K, Lee KE, Hwang JS, et al. Induction of
Angiogenesis by Matrigel Coating of VEGF-Loaded PEG/PCL-Based Hydrogel
Scaffolds for h(BMSC Transplantation. Mol Cells. 2015;38(7):663-8.

Cai L, Dinh CB, Heilshorn SC. One-pot Synthesis of Elastin-like Polypeptide
Hydrogels with Grafted VEGF-Mimetic Peptides. Biomater Sci. 2014;2(5):757-65.

Kaigler D, Wang Z, Horger K, Mooney DJ, Krebsbach PH. VEGF scaffolds
enhance angiogenesis and bone regeneration in irradiated osseous defects. J
Bone Miner Res. 2006;21(5):735-44.

108



114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

DuB, Liuw,DengY,LiS, Liu X, GaoY, et al. Angiogenesis and bone regeneration
of porous nano-hydroxyapatite/coralline blocks coated with rhVEGF165 in critical-
size alveolar bone defects in vivo. Int J Nanomedicine. 2015;10:2555-65.

Gomes AR, Byregowda SM, Veeregowda BM, Vinayagamurthy B. An Overview of
Heterologous Expression Host Systems for the Production of Recombinant
Proteins2016. 346-56 p.

Zhang W, Lu J, Zhang S, Liu L, Pang X, Lv J. Development an effective system to
expression recombinant protein in E. coli via comparison and optimization of signal
peptides: Expression of Pseudomonas fluorescens BJ-10 thermostable lipase as
case study. Microbial cell factories. 2018;17(1):50-.

D'Andrea LD, laccarino G, Fattorusso R, Sorriento D, Carannante C, Capasso D,
et al. Targeting angiogenesis: structural characterization and biological properties
of a de novo engineered VEGF mimicking peptide. Proc Natl Acad Sci U S A.
2005;102(40):14215-20.

Finetti F, Basile A, Capasso D, Di Gaetano S, Di Stasi R, Pascale M, et al.
Functional and pharmacological characterization of a VEGF mimetic peptide on
reparative angiogenesis. Biochem Pharmacol. 2012;84(3):303-11.

Santulli G, Ciccarelli M, Palumbo G, Campanile A, Galasso G, Ziaco B, et al. In
vivo properties of the proangiogenic peptide QK. J Transl Med. 2009;7:41.

Chan TR, Stahl PJ, Li Y, Yu SM. Collagen-gelatin mixtures as wound model, and
substrates for VEGF-mimetic peptide binding and endothelial cell activation. Acta
Biomater. 2015;15:164-72.

Rask-Madsen C, King GL. Differential regulation of VEGF signaling by PKC-alpha
and PKC-epsilon in endothelial cells. Arterioscler Thromb Vasc Biol.
2008;28(5):919-24.

Lin R, LeCouter J, Kowalski J, Ferrara N. Characterization of endocrine gland-
derived vascular endothelial growth factor signaling in adrenal cortex capillary
endothelial cells. J Biol Chem. 2002;277(10):8724-9.

Shen BQ, Lee DY, Zioncheck TF. Vascular endothelial growth factor governs
endothelial nitric-oxide synthase expression via a KDR/FIk-1 receptor and a protein
kinase C signaling pathway. J Biol Chem. 1999;274(46):33057-63.

Pensa NW, Curry AS, Reddy MS, Bellis SL. The addition of a polyglutamate
domain to the angiogenic QK peptide improves peptide coupling to bone graft
materials leading to enhanced endothelial cell activation. PLoS One.
2019;14(3):e0213592.

Goldberg VM, Stevenson S. The biology of bone grafts. Semin Arthroplasty.
1993;4(2):58-63.

109



126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Kim HS, Park JC, Yun PY, Kim YK. Evaluation of bone healing using rhBMP-2
soaked hydroxyapatite in ridge augmentation: a prospective observational study.
Maxillofac Plast Reconstr Surg. 2017;39(1):40.

Oi Y, Ota M, Yamamoto S, Shibukawa Y, Yamada S. Beta-tricalcium phosphate
and basic fibroblast growth factor combination enhances periodontal regeneration
in intrabony defects in dogs. Dent Mater J. 2009;28(2):162-9.

Thoma DS, Lim HC, Sapata VM, Yoon SR, Jung RE, Jung UW. Recombinant bone
morphogenetic protein-2 and platelet-derived growth factor-BB for localized bone
regeneration. Histologic and radiographic outcomes of a rabbit study. Clin Oral
Implants Res. 2017;28(11):e236-e43.

Lissenberg-Thunnissen SN, de Gorter DJ, Sier CF, Schipper IB. Use and efficacy
of bone morphogenetic proteins in fracture healing. Int Orthop. 2011;35(9):1271-
80.

Papakostidis C, Kontakis G, Bhandari M, Giannoudis PV. Efficacy of autologous
iliac crest bone graft and bone morphogenetic proteins for posterolateral fusion of
lumbar spine: a meta-analysis of the results. Spine (Phila Pa 1976).
2008;33(19):E680-92.

Kowalczewski CJ, Saul JM. Biomaterials for the Delivery of Growth Factors and
Other Therapeutic Agents in Tissue Engineering Approaches to Bone
Regeneration. Front Pharmacol. 2018;9:513.

Wang K, Zhang Q, Zhao L, Pan Y, Wang T, Zhi D, et al. Functional Modification of
Electrospun Poly(epsilon-caprolactone) Vascular Grafts with the Fusion Protein
VEGF-HGFI Enhanced Vascular Regeneration. ACS Appl Mater Interfaces.
2017;9(13):11415-27.

Leslie-Barbick JE, Saik JE, Gould DJ, Dickinson ME, West JL. The promotion of
microvasculature formation in poly(ethylene glycol) diacrylate hydrogels by an
immobilized VEGF-mimetic peptide. Biomaterials. 2011;32(25):5782-9.

Yu SM, Li Y, Kim D. Collagen Mimetic Peptides: Progress Towards Functional
Applications. Soft matter. 2011;7(18):7927-38.

Silva AK, Richard C, Bessodes M, Scherman D, Merten OW. Growth factor
delivery approaches in hydrogels. Biomacromolecules. 2009;10(1):9-18.

Bohner M, Loosli Y, Baroud G, Lacroix D. Commentary: Deciphering the link
between architecture and biological response of a bone graft substitute. Acta
Biomater. 2011;7(2):478-84.

Tommasi G, Perni S, Prokopovich P. An Injectable Hydrogel as Bone Graft
Material with Added Antimicrobial Properties. Tissue Eng Part A. 2016;22(11-
12):862-72.

110



138.

139.

140.

141.

142.

143.

Oh SH, Kim TH, Lee JH. Creating growth factor gradients in three dimensional
porous matrix by centrifugation and surface immobilization. Biomaterials.
2011;32(32):8254-60.

Van Hove AH, Antonienko E, Burke K, Brown E, 3rd, Benoit DS. Temporally
tunable, enzymatically responsive delivery of proangiogenic peptides from
poly(ethylene glycol) hydrogels. Adv Healthc Mater. 2015;4(13):2002-11.

Patel ZS, Young S, Tabata Y, Jansen JA, Wong ME, Mikos AG. Dual delivery of
an angiogenic and an osteogenic growth factor for bone regeneration in a critical
size defect model. Bone. 2008;43(5):931-40.

Sharmin F, McDermott C, Lieberman J, Sanjay A, Khan Y. Dual growth factor
delivery from biofunctionalized allografts: Sequential VEGF and BMP-2 release to
stimulate allograft remodeling. J Orthop Res. 2016.

Culpepper BK, Morris DS, Prevelige PE, Bellis SL. Engineering nanocages with
polyglutamate domains for coupling to hydroxyapatite biomaterials and allograft
bone. Biomaterials. 2013;34(10):2455-62.

Niemi R, Turhanen P, Vepsalainen J, Taipale H, Jarvinen T. Bisphosphonate
prodrugs: synthesis and in vitro evaluation of alkyl and acyloxymethyl esters of
etidronic acid as bioreversible prodrugs of etidronate. Eur J Pharm Sci.
2000;11(2):173-80.

111



	Enhanced Proangiogenic Activity Of Endothelial Cells In Response To Polyglutamate Domain-Modified Qk Peptides Delivered On Bone Grafting Materials
	Recommended Citation

	tmp.1703106723.pdf.e20xa

