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Abstract

Ectopic mineralization describes the formation of unwanted and non-physiological
mineralization that primarily affects soft tissues and results in pain and dysfunction. Though
ectopic mineralization is often one component of a larger disease state (e.g. coronary arterial
calcification, kidney stones, calcific tendinitis, heterotopic ossification), intensifying ectopic
mineralization is associated with worsening patient outcomes. However, the etiologies of most of
these disease states are not fully known, complicating the search for disease-specific therapeutic
approaches. Therefore, directly targeting and mitigating ectopic mineralization itself is proposed
as an additional therapeutic strategy with broad potential application.

The work presented in this thesis investigates a phage display-derived mineral-binding
peptide (pVTK, VTKHLNQI(p)SQ(p)SY, where p denotes phosphorylation of the serine
residues) for the inhibition of ectopic mineralization. It was hypothesized that pVTK could
inhibit ectopic mineralization regardless of disease state and that pVTK physically restricts
mineral formation and growth to achieve inhibition. These hypotheses were tested in two disease
states involving ectopic mineralization, one involving the off-target effects of an exogenous
osteogenic promoter and the other involving downstream effects of a genetically modified
osteogenic signaling pathway.

BMP2 (bone morphogenetic protein 2) is a major regulator of osteogenic differentiation
and is FDA-approved for augmentation of bone regeneration in specific surgical applications.

However, due to implant mishandling and off-label usage, there are major side effects, including

XV



ectopic mineralization. In this thesis, pVTK was shown to inhibit BMP2-stimulated
mineralization in vitro and in vivo. In culture, pVTK did not disrupt osteoblast recognition of
exogenous BMP2, nor did pVTK compete with BMP2 for control over osteogenic
differentiation. Since BMP2 therapies are designed to aid bone regeneration, it was important to
demonstrate that pVTK would not decrease BMP2 efficiency by interfering with BMP2
signaling. In vivo, pVTK reduced ectopic mineral formation by 92%. Further, pVTK disrupted
spontaneous mineral deposition in the absence of cells, demonstrating that pVTK does not rely
on cell-mediated mineralization mechanisms for inhibition. Since pVTK’s inhibition is not
reliant on a specific cellular pathway, pVTK would not be considered disease-specific, and
therefore broadly applicable for inhibiting ectopic mineralization.

Ectopic mineralization is the hallmark of heterotopic ossification (HO), a disease state
involving endochondral ossification of soft tissue, and fibrodysplasia ossificans progressiva
(FOP), a genetic disorder in which regulation of the osteogenic BMP pathway is impaired. In this
thesis, pVTK was shown to reduce ectopic mineralization by 61% in an animal model of HO that
utilizes an activatable genetic mutation inspired by FOP. pVTK treatment also resulted in more
fragmented ectopic mineral with no change in overall density, supporting the hypothesis that
pVTK acts directly on mineral assembly and formation to achieve inhibition. New micro
computed tomography methods for assessing the morphology of ectopic mineral deposits were
introduced, demonstrating alternative qualitative methods for evaluating amorphous 3D
structures.

Altogether, this work demonstrated the potential for pVTK as a broadly applied
therapeutic for ectopic mineralization. In addition, controlled release delivery systems were

piloted for improving pVTK delivery in each disease state: an injectable collagen-alginate
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hydrogel for delivery alongside BMP2-loaded implants and PLGA (poly-co-lactic-glycolic acid)
particles for minimizing intramuscular injections in HO/FOP. Further, based on pVTK’s high
affinity for mineralized substrates and pVTK’s unique ability to inhibit mineralization, pVTK
could be applied to mineral-targeted drug delivery and musculoskeletal tissue engineering

strategies.
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Chapter 1 Introduction

1.1 Background

1.1.1 Bone mineralization

Bone is comprised of mineral (main inorganic component, 60% by weight), collagen
(main organic component, 30% by weight), and water!. The type I collagen fibrils are highly
organized, as in other load-bearing tissues, but the mineral component (in the form of carbonated
hydroxyapatite) helps make bone uniquely strong?.

Mineralization in bone occurs at all stages, from formation to repair to maintenance, yet
the initiation of mineral deposition is not fully understood®. There is consensus that once there is
a high enough concentration of ions in a defined space, they come together to form a nucleation
point from which mineral crystal growth and organization proceeds spontaneously*. But it is not
fully understood how the concentration of ions is controlled to establish a nucleation point. The
main theories involve matrix-mediated mineralization and cell-mediated mineralization®~. In
matrix-mediated mineralization, it is thought that type I collagen itself may act as a nucleation
point for mineralization with the aid of other extracellular matrix proteins®. In cell-mediated
mineralization, it is thought that cells create matrix vesicles to concentrate ions and form
crystals®. Once the crystals are large enough, matrix vesicle membranes are ruptured, and
mineral crystals are deposited into the extracellular matrix. Additionally, there are many
extracellular proteins that are known to regulate concentrations of ions, such as calcium and

inorganic phosphate, to regulate calcification (deposition of calcium) or mineralization



(deposition of minerals like hydroxyapatite) in all tissue types, not just in bone®. These theories
of mineralization/crystallization are not mutually exclusive, highlighting the fact that

mineralization is a complex and dynamic process.

1.1.2 Ectopic mineralization

Ectopic mineral (EM) formation describes unwanted mineralization occurring in a non-
physiological manner with regards to location, amount, and/or composition. Most commonly,
EM forms in soft tissues (e.g. coronary artery calcification’, kidney stones®) but EM also forms
in tissues where some level of physiological mineralization is expected (e.g. osteoarthritis® and
tendon/ligament calcification!?). Many instances of EM are associated with an injury and
inappropriate repair process, but EM formation also increases with age!!.

There is no one explanation for how or why ectopic mineralization occurs, as there is no
singular explanation for how physiological mineralization occurs. Inflammation has been
implicated in many cases of EM formation because signaling from recruited immune cells has
been associated with a trans-differentiation of local stem-like cell populations into osteoblastic
phenotypes, either resulting in or reacting to EM!%13, Further, immune cells have been shown to
secrete matrix vesicles primed for calcification'*. EM formation has also been attributed to
imbalances of mineralization promoters and inhibitors due to genetic mutations!®>. Though
specific genetic mutations have been characterized in animal studies and limited human studies,
the actual disease mechanisms may not be fully characterized.

Though the mechanism of EM formation in various disease states is still not fully
understood, EM formation has been directly linked with poorer patient outcomes. For example,
in a 10-year follow-up study, increasing coronary arterial calcification scores were associated

with increasing risks of mortality and future adverse cardiovascular events’. In a study of EM in



Werner syndrome, a genetic disorder that causes premature aging phenotypes (e.g. hair loss,
cataracts, soft tissue atrophy and calcification), patients only complained of pain and ulcers in
joints with calcification, not in unaffected joints'®. Additionally, in an animal model, tendon
mineralization due to injury progressed with time and resulted in deteriorating mechanical
properties!’. These examples demonstrate that unaddressed EM is a major contributor to the
clinical burden of many disease states, as mineralization/calcification of soft tissues leads to
impaired tissue function, pain, and life-threatening complications.

Current therapeutic approaches to manage diseases involving EM formation range widely
from symptom management (e.g. non-steroidal anti-inflammatory drugs (NSAIDS) to regulate
inflammation'®) to modifying cell behavior (e.g. antibodies to block aberrant signaling!®).
Combinations of strategies are vital to curtail EM progression while also addressing the root
cause of EM formation, if known. Managing EM formation itself may prevent the disease state
from reaching severe levels at which soft tissue function is impaired. Furthermore, slowing or
reducing EM progression buys clinicians time to evaluate disease-specific treatment options for

each patient.

1.1.3 Therapeutics in development for diseases involving EM

For cases where the etiology of EM formation is understood, therapeutics can be
developed to directly target the mechanism of action. For example, fibrodysplasia ossificans
progressiva (FOP) is a rare genetic disorder involving the dysregulation of bone morphogenetic
protein (BMP) signaling, leading to unregulated osteogenic signaling that causes EM formation
in connective tissues with a median onset age of 5 years old?°. Recently approved by the FDA for
treatment of FOP, palovarotene reduces EM formation by inhibiting signal transduction

downstream of leaky BMP channels?!. However, since BMP signaling is required in



embryogenesis and throughout development, there are limitations for administering palovarotene
to young patients who have not yet reached skeletal maturity (on average 25 years old)?!.

For cases where EM management is reactive rather than preventative, mineralization-
targeting molecules and mineralization inhibitors are being investigated. For example, traumatic
heterotopic ossification (HO) is an EM disease state where EM formation occurs in soft tissues
subjected to major injuries or burns. In traumatic HO, EM formation occurs in 10-64% of
patients, depending on the type and severity of the injury?2. Since there is a lack of predictive
factors for traumatic HO, a proposed therapeutic strategy was to use bisphosphonates to inhibit
calcification since bisphosphonates are non-hydrolyzable analogs of pyrophosphate (a known
regulator of calcification and mineralization)?-**. However, studies did not recommend
bisphosphonates over NSAIDs for EM reduction, due to mixed results, high cost, and detrimental
effects of bisphosphonates on physiological mineralization (e.g. osteonecrosis of the jaw)* 27,

Currently, strategies for treating and managing EM are largely disease specific.
Alternatively, therapeutic strategies could be aimed to focus the better-defined processes of EM
formation such as nucleation and crystal growth. For example, patients on dialysis with coronary
arterial calcification were successfully treated with the small molecule inhibitor SNF472 (phase
II clinical trial)*®. While SNF472 did inhibit calcification in vascular smooth muscle cells, likely
by chelating free calcium ions, it had no effect on osteoblast mineralization?®. This demonstrated
that targeting the calcification itself was a valid strategy, but molecules may have to be tailored

to the type of EM expected.

1.1.4 Mineral-binding peptide for inhibiting EM formation

Peptides bridge the gap between small molecule therapeutics and biologics (e.g.

recombinant proteins or antibodies), balancing the need for bioactivity, high target specificity,



and biocompatibility with cost and customizability*’. Currently, there are over 80 FDA-approved
peptide therapeutics, 200 in clinical trials, and 600 in pre-clinical trials*!. While peptides only
make up about 5% of the overall drug market, peptide drug approvals are growing steadily, and
revenue is expected to approach $80 billion by 20323!. In the 1980s, recombinant technology
was adopted, allowing for efficient production of longer peptides. And in the 1990s, the advent
of phage display technology allowed for massive libraries of peptides can be scanned for binding
to specific targets for drug discovery. Since the introduction of these two technologies, the
number of FDA-approved peptide therapeutics has doubled?°.

Phage display was used to identify the peptide VTK (VTKHLNQISQSY) with high
affinity for hydroxyapatite and carbonated apatite, the synthetic versions of bone mineral®2. Post-
translational modification of the serine residues of VTK (pVTK, VTKHLNQIpSQpSY)* led to
2-fold higher adsorption to carbonated apatite and 10-fold higher adsorption to bone-like mineral
(BLM), a biomimetic mineral substrate.

Though pVTK was initially identified for use in bone tissue engineering strategies, pVTK
was also discovered to inhibit mineralization®*. When added to osteogenic differentiation media,
pVTK inhibited mineralization of MC3T3 cells, a pre-osteoblast cell line, whereas VTK did
not**. In MC3T3s, mineralization begins to occur between days 9 and 12 of differentiation and it
was necessary for pVTK to be present during days 7-12 (or during the entire culture) to achieve
full inhibition®*. Therefore, it is believed that pVTK inhibits mineralization by interacting
directly with the mineralization rather than by altering osteogenic differentiation. This was
supported by osteogenic gene expression of MC3T3s with and without pVTK during osteogenic
differentiation. It was shown that mineralization promoter genes (Runx2, BSP, TNAP) were

upregulated during later stages of osteogenic differentiation due to pVTK treatment while



mineralization inhibitor genes (OPN, Ank, Enppl) were downregulated®*. Additionally, another
group showed that pVTK prevented the phase transition of calcium phosphate precipitates from
amorphous to crystalline and pVTK reduced the number of nucleation clusters formed?°. Though
it is not understood how exactly pVTK inhibits mineralization, it is likely that pVTK is not

reliant on typical cellular mineralization mechanisms to achieve inhibition.

1.2 Hypothesis and Specific Aims

There is a need for therapeutics to curtail EM formation in a variety of disease states.
Since pVTK is known to inhibit physiological mineralization in an osteoblast cell line, the next

step was to determine if pVTK can inhibit non-physiological mineralization in vitro and in vivo.

1.2.1 Global Hypothesis

pVTK can inhibit ectopic mineralization broadly because pVTK inhibits mineralization

by interrupting the mineral growth.

1.2.2 Specific Aims

Aim 1. Evaluate pVTK as a therapeutic for EM formation due to exogenous osteogenic

promoters

Bone morphogenetic protein 2 (BMP2) is vital for endochondral ossification and is FDA-
approved for promoting bone regeneration in specific surgical applications®®. To have an effect,
BMP2 must be delivered at supraphysiological levels®’. As a result, BMP2 therapies are known
to result in off-target effects such as EM formation?’.

Hypothesis 1: Co-delivery of BMP2 with pVTK as a mineralization inhibitor would reduce EM
formation without decreasing the therapeutic effect of BMP2 since pVTK acts directly on the

mineral.



Sub-Aim 1.1: Assess the ability of pVTK to inhibit BMP-stimulated mineralization in osteoblasts

Using BMP2 to stimulate osteogenic activity of MC3T3s, pVTK will be administered to
inhibit mineralization in vitro. Mineralization will be assessed via staining and ECM calcium
quantification; osteogenic activity will be assessed via staining, protein activity assays, and
Western blots. The concentration of pVTK to inhibit BMP-stimulated mineralization will be
optimized as needed and an in vitro dose-response curve will be established.
Sub-Aim 1.2: Assess the ability of pVTK to reduce ectopic mineralization from a BMP-laden
subcutaneous implant

After implanting collagen sponges with BMP2 subcutaneously in CSBL6/7 mice to
induce ectopic mineralization, pVTK will be injected subcutaneously to inhibit mineralization in
vivo. Mineralization will be assessed via micro-CT evaluation and histology.
Sub-Aim 1.3: Assess the ability of pVTK to inhibit acellular mineralization

Using simulated body fluid to spontaneously deposit mineral onto polymer thin films,
pVTK will be administered to inhibit mineralization. Mineralization will be assessed via
staining, free vs. deposited calcium and phosphate quantification, scanning electron microscopy,
and Raman spectroscopy.

Aim 2. Evaluate pVTK as a therapeutic for EM formation due to genetic mutations

The conditional Alk2??°’P murine model combines a version of the genetic mutation in
FOP with an inciting muscle injury to establish a clinically relevant model of HO with robust and
reliable soft tissue mineralization®®. Current HO management strategies are limited in cases with
severe EM formation or cases requiring surgical excision which is preceded by a waiting period
during which EM can progress™.

Hypothesis 2: pVTK can reduce EM formation and EM severity in HO.



Sub-Aim 2.1: Assess the ability of pVTK to inhibit mineralization in primary conditional
Alk29%07P cells

Using cells harvested from the conditional Alk2??°’® murine model, pVTK will be
administered to inhibit mineralization in vitro. Mineralization will be assessed via staining and
ECM calcium quantification; mineralization activity will be assessed via protein activity assays.
The concentration of pVTK to inhibit mineralization in mutant cells will be optimized as needed
and an in vitro dose-response curve will be established.
Sub-Aim 2.2: Assess the ability of pVTK to reduce ectopic mineralization in the conditional
Alk29%9D model

After inducing the mutation in the conditional Alk2?2%7P mice, pVTK will be injected
intramuscularly to inhibit ectopic mineralization in vivo. Mineralization will be assessed via

micro-CT evaluation and histology.

1.3 Organization of Dissertation

Chapter 1 provided background on physiological and pathological mineralization, setting
the stage for the thesis work investigating the use of pVTK as a therapeutic for EM formation. In
Chapter 2, the case for using peptides, especially dual-functional peptides, in tissue engineering
and regenerative medicine is presented. In Chapter 3, pVTK is shown to inhibit EM formation
associated with BMP2 therapy in vitro and in vivo. Additionally, experiments show that pVTK
can inhibit mineralization without using cellular machinery, suggesting that pVTK can be
applied broadly to prevent EM formation. Chapter 4 summarizes how pVTK reduced EM
formation in a model of HO/FOP in which EM formation is much more robust and located
within muscle tissue. In Chapter 5, considering the ultimate clinical application of pVTK,

preliminary results from developmental projects for controlled drug delivery in each of the two



models of EM formation are presented. The final chapter of the thesis summarizes the presented
work and introduces ideas for immediate continuation of this project and other ways in which

pVTK can be leveraged for tissue engineering purposes.
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Chapter 2 Phage Display to Augment Biomaterial Function'

2.1 Introduction

Phage display is a selection technique used to identify amino acid sequences based on
their affinity for a given substrate. Due to the random nature of phage libraries, phage display
identifies known, but also new, non-obvious sequences that could not have been identified via
protein engineering strategies. In general, the peptide sequences identified via phage display can
be divided into targeting peptides and functional peptides. Targeting peptides have high affinity
for a specific substrate, cell, or protein. Functional peptides modulate cell or protein activity
upon binding to that cell or protein. Targeting peptides, functional peptides, or a combination of
the two, can be implemented in biomaterial design for functionalization of materials with a goal
of increasing the ability of the material to instruct cells.

Biomaterials require intelligent design to manipulate interactions between the biomaterial
and the surrounding microenvironment. Phage display aids in the discovery of peptides with high
affinity and specificity for a target, which can be used to guide interactions between the
biomaterial and its environment. Functional molecules can elicit specific cellular behaviors upon
interaction with the designed biomaterial. Targeting molecules can improve homing of
biomaterials to specific cell types or add biological cues to a material that cells are unable to

recognize. Dual-functional peptides add even greater versatility to biomaterials. For example,

! Published as Davidson TA, McGoldrick SJ, Kohn DH. Phage Display to Augment Biomaterial Function. Int J Mol
Sci. 2020 Aug 20;21(17):5994. doi: 10.3390/ijms21175994.
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combining a functional molecule and targeting molecule within a biomaterial can elicit a desired
behavior from a specific cell type or cell subpopulation. Alternatively, combining two targeting

molecules within a biomaterial can bridge two materials or recruit a specific cell type to a given

material.

This review aims to show the potential for the use of peptides identified via phage display
in the biomaterial engineering. First, we outline the general phage display technique and discuss
technological limitations along with future advancements. Then, we highlight targeting versus
functional peptides identified via phage display and describe how each can be utilized for the
functionalization of biomaterials. Lastly, we describe the concept of dual-functionalized peptides
for a modular approach to biomaterial design. In all, the reader should come away with an
understanding of how phage display identifies previously unknown peptides with targeting or
functional capabilities that can be used to augment and customize biomaterials for a vast array of

biomedical applications.

2.1.1 Phage Display

Bacteriophage are viruses utilized to both encode and display a library of amino acid
sequences. The sequence is encoded within the bacteriophage DNA via a mutation insertion
sequence and is ultimately displayed on the outer coat of the bacteriophage which provides
simultaneous genotypic and phenotypic expression of the peptide.

Two of the most common phage are the M13 and T7 bacteriophage. Phage display was
first developed using the M 13 bacteriophage, and the M 13 bacteriophage is well characterized
and easily engineered to express a variety of peptides and proteins'-2. Most commonly, the
filamentous M13 bacteriophage is used to display up to 5 copies of an encoded peptide sequence

(6-45 amino acids) on its pIIl minor coat protein®*. The M13 phage are replicated in E. coli, but
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the release of the phage from the bacteria requires cooperation with the host secretory pathways?.
This requirement limits the peptides that are actually displayed on the M13 phage to those that
work within the host secretory pathways, despite the theoretical peptide diversity of the phage
library™>$. To bypass this limitation, the T7 bacteriophage was adapted for phage display>®. T7
bacteriophage also replicate using E. coli, but phage release upon lysis of the host cells>®. This
allows for phage display of all potential peptides in a given library, rather than only those that
can be secreted by host bacteria>®. T7 bacteriophage display peptide sequences (40-50 amino
acids) or proteins (900-1200 amino acids) on protein 10, with up to 415 copies of smaller
peptides and one or fewer copies of large proteins®.

Phage libraries are created by introducing a mutation insertion sequence into the
bacteriophage genome. This establishes a large set of phage (10°-10'2) that display different
amino acid sequences based on the general design of the insertion sequence. Depending on the
design of the insertion sequence, the expressed peptides can be linear or cyclic and can range in
size and composition.

Typically, phage display with a random peptide library consists of multiple rounds of
biopanning, in which a phage library is exposed to the substrate of interest and the highest
affinity binders are recovered (Figure 2.1)7. Care must be taken to wash the substrate thoroughly
in each panning step to ensure that non-bound or weakly bound phage are removed. Once bound
phage are eluted off the substrate, they are used to infect bacteria for amplification of the phage.
Colonies can be harvested, and phage can be isolated for another round of panning and/or for
sequencing. After multiple rounds of panning, the highest affinity binders can be identified,
characterized, and tested for their specificity to the desired substrate in order to identify the top

candidates.
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The general phage display technique can be used to identify both functional peptide
sequences and targeting peptide sequences. Phage display is ideally suited for identifying
targeting peptide sequences through repeated rounds of panning against a specific substrate to
isolate the highest affinity binders. However, using functional measures in combination with
binding affinity, one can utilize phage display to identify functional peptide sequences that elicit

a change in cellular or protein behavior upon binding.

2.1.2 In Vivo Phage Display

While phage display is largely performed in vitro, in vivo phage display expands the
potential applications for peptide discovery and biomaterial customization. In vivo phage display
involves local or systemic injection of the phage library into an animal. Then, both target and
control tissues are harvested so that bound phage can be eluted, amplified, and analyzed. In vivo
phage display provides the combination of positive and negative selection since phage can be
identified for their binding to the target tissue and lack of binding to the control tissue in the
same animal. In vivo phage display relies on high specificity of target-bound phage and efficient
amplification of phage.

The first demonstration of in vivo phage display for organ-selective targeting identified
the peptide sequence CLSSRLDAC for its affinity to brain tissue®. Advancement in technology
has allowed for the use of in vivo phage display for the identification of peptides with higher
selectivity for a specific tissue type. For example, one group sought to increase selectivity for
xenografts of human prostate cancer in mice by performing multiple rounds of negative selection
prior to in vivo phage display for a prostate cancer tissue homing peptide’. In each of three
rounds of negative selection in mice and one subsequent round of negative selection in a

cynomolgus monkeys, the phage library was injected into the bloodstream and non-bound phage
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were harvested and identified®. This step eliminated phage with known in vivo targets from the
library, so that in vivo phage display could be used to identify highly selective prostate cancer
tissue homing peptides’.

In addition, in vivo phage display advances have provided means for identifying peptides
with greater targeting capacity for pathological tissues, even without known targets. For instance,
in vivo phage display identified the peptide QPIHPNNM for its affinity and selectivity for
adenomas over normal colon tissue!’. Endoscopic monitoring of morphological changes in
adenomas is used to manage colorectal cancer progression, but it could be improved with
QPIHIPNNM-based targeting and labeling of adenomas over the current standard of qualitative
observations (Figure 2.2)!°. In vivo peptide phage display identified CSPGAKVRC (nicknamed
UNO) for its affinity to tumor-associated macrophages (TAMs)!!. UNO interacts with TAMs
through CD206 and UNO can target solid tumors of different cancer types, making UNO a
viable candidate for targeting CD206+ tumors for diagnosis, imaging, or drug delivery'!. In vivo
phage display was also used to identify the peptide CAQK for its affinity to brain tissue affected
by a penetrating brain injury that allowed phage to cross the blood-brain barrier (BBB)'2. In
cases where the BBB has been disrupted due to injury, CAQK could be used to guide imaging or
therapeutic molecules to the injury site, bypassing invasive delivery measures'2. In both of these
examples, in vivo phage display was used to identify peptides that could target specific types of

pathological tissue to improve diagnostic and therapeutic strategies.

2.1.3 Processing Phage Display Data

After multiple rounds of biopanning and amplification, the number of potential peptide

sequences will be reduced from ~10° to 102-10°. The remaining candidates must be further
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analyzed to determine the top candidates based on binding strength and selectivity for the desired
target (Figure 2.3).

When phage are selected after biopanning and enrichment, they are sequenced in order to
identify the peptide sequences encoded in the identified phage. Typically, Sanger sequencing is
used to characterize <100 peptide sequences from multiple rounds of biopanning in order to find
consensus sequences'’. However, next-generation sequencing (NGS) offers the ability to
sequence larger portions of the peptide library (e.g. Illumina sequencing can read over 107
sequences)'3. Increased sample sizes for sequencing can lead to identification of peptide
sequences that may have been under-represented by traditional biopanning and Sanger
sequencing, due to poor amplification'®!*. NGS identifies longer sequences than traditional
Sanger sequencing!®. NGS can also identify peptides based on metrics other than binding
affinity, giving researchers more flexibility in utilizing peptides for biomaterial augmentation'®.
For example, one group used in vivo landscape phage display library in combination with NGS
to identify a number of 3-mer consensus sequences, or elementary binding units (EBUs) based
on peptide avidity, rather than peptide affinity!¢. The EBU motifs were categorized as unique to
a single tissue type, common to multiple, similar tissue-types, or common to all tissue types'®.
This information was then used to discover a subset of EBUs unique to a tumor
microenvironment, allowing for the directed evolution of the landscape phage display library for
the identification of a tumor-specific peptide sequence!®. In all, NGS is valuable for analyzing
large peptide libraries, reducing costs and time with increasing magnitudes of sequences!®.

Once the number of selected peptides has been narrowed down by sequencing and
identification of consensus sequences, binding assays are employed to quantify the peptides’

binding strength and selectivity for the desired target. A combination of competitive and non-
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competitive binding assays can quantify the association and dissociation constants of the
peptides relative to their intended targets!’. The enzyme-linked immunosorbent assay (ELISA) is
a common tool utilized for the quantification of binding affinities of peptides to known targets
and can be easily customized for the desired targets'8-23.

In the cases of cell or tissue targets, human biopsies can be used to assess peptide binding
to validate the sequences identified via panning against in vitro or animal models of in vivo
targets. Due to the variable nature of human biopsies, it is important to verify that the binding
affinities and selectivities of peptides identified via phage display can translate to ex vivo human
tissue. For example, a microarray of human prostate cancer tissues was used to validate binding
of the peptide PC204 discovered via phage display against a prostate cancer cell line!?. It was
found that 74% of the tumor specimens exhibited positive binding to PC204, demonstrating that
PC204 could recognize the majority of clinical specimens even though the cellular recognition
motif had yet to be identified!®. Additionally, after identifying multiple cervical cancer-specific
targeting peptides (CSPs) via in vivo phage display, a microarray of human cervical cancer
tissues was used to confirm selectivity for cervical cancer tissue over normal cervical tissue?*. In
this example, two different CSPs were identified for their selectivity to different presentations of
cervical cancer: CSP-GD was found selectively bind to adenocarcinoma (82% of cases showed
positive binding) over squamous cell carcinoma (8%) and normal cervical tissue (6%), while
CSP-KQ was found to selectively bind to squamous cell carcinoma (80% of cases showed
positive binding) over adenocarcinoma (7%) and normal cervical tissue (1%)*.

For phage display against cells or tissues, the localization of the phage may provide
additional information on the target and/or function of the displayed peptide. Phage could be

sorted as membrane-bound or internalized by recovering phage before and after cell lysis?’.
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Alternatively, imaging fluorescently tagged peptides can demonstrate whether or not the peptide
is internalized by the target cell?>%. qPhage was developed for quantifying internalization of
phage with RT-PCR of cells after exposure to a phage library'>. qPhage requires a shorter
incubation time than immunostaining and is more sensitive for the detection of internalized
phage'. Another approach to identifying peptides with intracellular targets or functions is to use
internalizing phage, rather than relying on sorting peptides by their internalization activity. An
internalizing phage library (iPhage) is generated by adding a cell-penetrating peptide (CPP) to
the coat protein to allow for simultaneous expression of the CPP and peptide library?’. Using
iPhage expands the application of phage display to internal cellular targets, such as organelles
and intracellular signaling pathways, which are difficult to target?’. Designing biomaterial
systems based on peptides identified via the iPhage system would still require incorporation of
an internalization mechanism or CPP since the peptides themselves are not necessarily
internalized?’. Taken together, phage display can be used to identify peptides that are naturally
internalized by cells or have distinct intracellular targets, both of which are key for expanding the
identification of functional peptides for biomaterials.

Based on the desired biomaterial application of the peptides identified via phage display,
a combination of processing techniques may be required to verify the peptide’s binding affinity
and selectivity for a given target. For material targets, post-processing focuses on quantifying a
peptide’s affinity for and demonstrating a peptide’s selectivity for the material. For cell- and
tissue-based targets, processing focuses on quantifying a peptide’s affinity for a given target,
demonstrating a peptide’s selectivity for that target, and probing the interaction mechanism
between peptide and target. Post-processing techniques aim to bring the pool of candidate

peptides down from 100+ sequences to <10 sequences.
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2.1.4 Limitations and Improvements to Phage Display Technology

Though analysis of candidate sequences operates on the assumption that libraries are
random and unbiased, there are limitations that conflict with that assumption. Due to preference
for certain amino acids and early termination due to stop codons, libraries do not contain all
possible peptide sequences and do not necessarily contain equal numbers of the same peptide
sequences?®?. In addition, due to over- or under-representation of certain sequences, the
isolation of the true highest affinity binders can be compromised?®?. Therefore, care must be
taken to either create a truly unbiased, random amino acid library or to recognize inherent
limitations to phage display technology and subsequent analysis. For instance, one group used
‘deep panning’ to sequence a random peptide library (7mer sequence of NNK codon where N =
any nucleotide and K = G or T) and found over-representation of the UAG amber stop codon and
a bias for glutamine?®. In a subsequent experiment, neither of these outcomes occurred when the
bacteria used to synthesize the peptide library were altered to suppress the translation of UAG,
and the oligonucleotide mixtures were calibrated via mass spectroscopy®’. As next generation
sequencing becomes more widely used, phage libraries should be screened to ensure true
randomness and lack of bias.

Another technical limitation of phage display is the identification of false positives due to
peptides being recovered after binding to non-targets. However, sequences that bind to
components other than the targets can be collected. For example, SAROTUP (Scanner And
Reporter Of Target-Unrelated Peptides) is searchable online database for peptides known to bind
to unintended targets, such as plastic or streptavadin®®3!. Additionally, a microfluidic phage
selection (MiPS) system, where the labor-intensive steps of incubation, washing, cell lysis, and

lysate collection are fully automated, reduces human error, identification of nonspecific binders
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due to improper washing, and the need for large numbers of adherent cells®2. With the MiPS
system, smaller, well-characterized populations of cells or even biopsies can be effectively used
for phage display, expanding the potential use of phage display into the area of personalized
medicine’?.

Phage display can be compromised by the prevalence of parasitic clones, or phage more
easily amplified in bacteria. Parasitic clones become over-represented in the phage population,
resulting in bias toward identification of the parasitic clones over other, potentially stronger
binders. To demonstrate the negative effects of parasitic clones, Illumina deep-sequencing
technology was used to analyze a portion of a phage display library before and after
amplification in bacteria'’. There was a significant decrease in diversity after a single round of
amplification in bacteria that could not be observed with smaller-scale Sanger sequencing!.
[llumina NGS could then be used to identify parasitic clones from the commonly used PhD7
Library and it was shown that performing amplification in an emulsion could also reduce
amplification bias®3.

A significant limitation of phage display is the lack of post-translational modifications
within the expressed peptides on the phage surface. Incorporation of post-translational
modifications during phage display post-processing increases the naturally limited diversity of
peptides made from 20 amino acids. Glycosylation, cyclized peptides, and phosphorylation may
all affect the potency or specificity of the peptide ligand. For example, phosphorylation of two
serine residues of the peptide VTKHLNQISQSY (VTK) identified for binding to bone-like
mineral, a carbonated apatite with similar composition to the inorganic phase of bone, showed a

10-fold increase in adsorption compared to the unphosphorylated control**. Inclusions of these
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post-translational modifications into phage display libraries could lead to identification of
ligands that would otherwise not exist in purely linear peptide libraries.

While the general philosophy of phage display has remained the same over time,
advances in automation of labor-intensive steps and integration with big data have enhanced
computational analysis. NGS provides more data on the interactions between the peptide library
and the desired substrate, making the application of the phage display process more flexible and
akin to big data!®>. With NGS, one could identify peptides that may not necessarily be the highest
affinity binders, but may be more infective, better at amplification, or have higher avidity'*!®,
Additionally, NGS can help identify consensus sequences faster than traditional methods and can
help identify longer sequences than generally identified by traditional Sanger sequencing'®. For
example, one group used NGS after each round of traditional biopanning with a commercial
phage display library against KS483 cells during different stages of osteoblastic differentiation’.
They demonstrated that a single round of selection combined with NGS sufficiently enriched the
phage population, suggesting that performing the first round of selection in duplicate or triplicate
and sequencing with NGS may be a preferable method for identifying high affinity peptides via

phage display?*>. Though costly, NGS can reduce labor time and overall costs when used to

identify large numbers of sequences (Figure 2.4)"°.

2.2 Phage Display and Biomaterials

Biomaterials are materials designed to interface or interact with cells, tissues, or organs.
Often, biomaterials are designed to mimic nature in order to elicit a specific biological response.
However, not all biomaterials are made of natural or naturally inspired materials. Thus,
functionalization of the material needs to be included in the design to enable direct interaction

between biomaterial and organism.
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Phage display provides an opportunity to identify peptides for functionalization of
biomaterials. In general, peptides are better than proteins for functionalization because they are
smaller, cheaper and easier to synthesize, less likely to lose function during conjugation, and
more resilient to changes in the microenvironment, such as a change in pH. Depending on the
intended use of a biomaterial, the design process could involve phage display for identification
of different types of peptides. Targeting peptides can be used to functionalize a biomaterial based
on the peptide’s affinity for a specific substrate or cell type. Functional peptides can be used to
functionalize a biomaterial based on the peptide’s ability to elicit a desired cellular response. A
dual-functional peptide can be used to functionalize a biomaterial for joining substrates and/or

cell types or for eliciting a desired function from a specific cell type.

2.2.1 Functional Molecules

Functional peptides modulate protein activity or cellular behavior when bound to a
protein or cell. When conjugated to a biomaterial, these peptides give the biomaterial greater
control over the microenvironment. The presence of functional peptides on a biomaterial can
prompt migration of desired cell populations to the material surface or differentiate stem cells
down a specific lineage to induce tissue-specific regeneration. On the other hand, cell function

antagonists can prevent less desirable responses, such as pathological calcification.

2.2.1.1 Adhesion and Migration

Many biomaterials take inspiration from extracellular matrix (ECM) proteins in order to
add cell recognition motifs to enhance interactions with cells they would not recognize or mount
an immune response against. For example, RGD is derived from the active domain of fibronectin
and is one of the most common peptide sequences for promotion of adhesion via integrins.

However, phage display reveals new amino acid sequences that also interact with ECM proteins
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responsible for adhesion and/or migration. For example, phage display was used to identify the
peptide sequence DPIYALSWSGMA (DPI) that increases adhesion strength and spreading of
human marrow stromal cells (MSCs)*¢. While the mechanism of interaction has not been fully
characterized, DPI interacts with MSCs via integrins®’. DPI has been used to functionalize a
biomaterial surface leading to increased specificity of MSC attachment over fibroblasts and
osteoblasts and increase the magnitude of cell adhesion strength®¢. Another group used phage
display to identify the peptide E7 for its affinity to bone marrow derived MSCs*®. Then, to
recruit MSCs for regeneration of irregularly shaped cartilage defects, particles of E7 and
demineralized bone matrix (DBM) were added to a chitosan hydrogel**. The DBM-E7/CS
scaffold improved chondrogenic differentiation of MSCs in vitro and yielded promising
cartilage-like structures in vivo®®. This strategy uses phage display to identify peptides for
surface engineering of biomaterials to enable the recruitment of a local MSC population in-vivo

to aid in tissue regeneration by bypassing the use of exogenous cells.

2.2.1.2 Differentiation

For the use of biomaterials in tissue engineering, one strategy is to design a biomaterial to
present cues to local cell populations to initiate differentiation. Phage display can identify
peptide sequences that have an affinity for different stem cell populations, with the goal of
targeting sub-populations with greater differentiation. This approach requires panning against a
well-characterized cell population, identifying the most promising binders, and evaluating the
effects of the most promising binders on differentiation. For example, following phage display
against a neuronal stem cell population, membrane-bound or internalized peptide sequences were
separately characterized for effects on differentiation®. Peptides that directly interacted with

membrane-bound proteins or peptides that were internalized by neuronal stem cells (NSCs) were
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deemed more likely to modulate differentiation. When used to functionalize scaffolds designed
to mimic the native stiffness of brain tissue, the identified sequences enhanced NSC binding and
differentiation into three mature neural phenotypes®. This outcome demonstrates the potential
use for peptides in surface engineering of biomaterials to direct local stem cell populations
toward specific cell lineages for tissue engineering and regeneration.

As mentioned previously, another approach to facilitating differentiation of local stem-
cell population would use peptides identified via phage display to recruit a stem cell population.
Simply, one could use the peptide to recruit a stem cell population to a biomaterial containing
known differentiation cues. This has been demonstrated in a number of studies aimed at
identifying peptides specific to marrow stromal cells, with the ultimate goal to functionalize
bone-promoting biomaterials for the recruitment of MSCs3¢0. Alternatively, one could explore
if and how the interaction of that peptide with the stem cell population impacts differentiation.
For example, the peptide DPI, identified for its specificity to MSCs, was conjugated to an
apatite-specific peptide and anchored to a biomimetic apatite substrate>. When MSCs were
cultured on this peptide-coated apatite substrate, markers of both early- and late-stage osteogenic
differentiation were upregulated, as compared to uncoated apatite substrate®®. This indicated that
DPI may play a part in both recruitment and osteogenic differentiation of MSCs*. Using either
approach, the identified peptides could then be displayed on a biomaterial to provide cues for
differentiation to a specific population of undifferentiated or partially differentiated stem cells in

an effort to regenerate local, impaired tissue.

2.2.1.3 Inhibition of Cell Function
Phage display can also identify peptide sequences that interfere with known targets and

unwanted functions. This strategy requires knowledge of the mechanism of action governing the
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unwanted function since specific cells or proteins must be targeted. Alternatively, this strategy
can elucidate mechanisms of action based on interactions of identified peptide sequences and
specific cells or proteins. One group compiled a list of peptides identified via phage display for
their affinity to a range of known enzymes!’. They found that 13 of the 17 peptides tested
inhibited the respective enzyme’s activity through binding to functional sites rather than binding
to random locations on the enzyme’s surface!”. In this case, the investigators were able to use
phage display to identify peptides with high affinities for enzymes, but they needed to verify
inhibitory activity levels of the peptides!”.

Phage display can also be used to identify peptide sequences for their affinity to a
specific structure, composition or orientation on a substrate, inhibiting transformation upon
binding. For example, the peptide sequence VTKHLNQISQSY was identified via phage display
for its affinity to bone-like mineral®*. Upon post-translational phosphorylation of the serine
residues, the phosphorylated variant, pVTK, inhibited mineralization of osteoblasts**. It has been
hypothesized that pVTK binds to early mineral deposits and inhibits crystal growth**. Therefore,
biomaterials can incorporate pVTK for treatment of ectopic mineralization, taking advantage of
the functional nature of pVTK for both targeting unwanted mineral in soft tissues and inhibiting
further mineralization.

Together, these two examples establish how phage display is used to identify peptides
that modify protein or cell functions based on known targets or known conformations. These
examples also illustrate how phage display can also identify peptides with unanticipated effects
on cell functions. In either case, the peptides identified can be used to functionalize materials to

either promote or inhibit cellular responses to implanted or injected biomaterials.
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2.3 Targeting Molecules

Targeting peptides have specific affinity for a given material or cell type. When
conjugated to a biomaterial, these peptides confer the same affinity to the biomaterial. Peptide
engineering of biomaterials surfaces thus allows for intelligent biomaterial design to home to

specific targets.

2.3.1 Locate Specific Cells or Tissue Types

Phage display is suited for identifying peptides with high affinity for specific groups of
cells and cell receptors, proteins, and compositional elements of the tissue extracellular matrix.
This strategy relies on isolation and characterization of a given cell type or tissue feature.
Alternatively, characterization of the cell population or tissue can be done after high affinity
peptides have been identified. For instance, in vivo phage display*! identified cells within the
vascular system having different ‘zip codes’, or sets of receptors*!. This strategy separates cell
populations based on peptides that target different zip codes, allowing for subsequent

characterization of these distinct cell populations*!.

2.3.1.1 Imaging and Diagnosis

Conjugation of imaging molecules to peptides with high affinity for specific cells or
tissue constituents is a simple, modifiable approach for improved imaging of pathologies. This
strategy can be employed to target areas of the body that are traditionally difficult to target. For
instance, ovarian cancer is difficult to detect at early stages because it generally does not present
with symptoms, but early detection of ovarian cancer leads to higher survival rates*?. Using
phage display against human ovarian cancer cells identified the peptide sequence pJ18, which

could guide radiolabels to ovarian cancer cells for detection via SPECT/CT imaging*?. The vast
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potential for phage display to identify pathological targets is particularly suited for conjugation
with imaging molecules for more accurate imaging and diagnosis of almost any pathology.
Peptides with high affinity for specific proteins or cells characteristic of a disease state
can be utilized in the design of diagnostics. Many diseases rely on RT-PCR or antibody
immunoassays, which require expensive equipment and are not suitable for efficient clinical
testing. Phage display technology can be leveraged to identify peptides that will bind to proteins
characteristic of certain disease states. Then, those peptides can be utilized in the design of
microfluidic devices or biosensors to diagnose diseases based on small samples of bodily fluid.
An electrochemical biosensor was designed for the detection of norovirus by using phage display
to identify a peptide sequence with affinity for a recombinant norovirus capsid protein'®. Then,
the identified peptide was conjugated to a gold electrode to enable detection of positive binding
between peptide and norovirus protein via quartz crystal microbalance (QCM) or
electrochemical impedance spectroscopy (EIS)?. This example demonstrates the use of phage
display to identify peptides for improved diagnosis, e.g. by increasing speed of clinical, bedside

testing through the use of high affinity peptides in microfluidic devices.

2.3.1.2 Targeted Drug Delivery

Phage display is also suited for identifying peptide sequences that can be added onto drug
delivery systems for spatial and biochemical targeting. Peptides can be directly conjugated to the
drug in cases where conjugation would not affect the drug’s activity and protection of the drug is
not required. For instance, poor prognosis is associated with prostate cancer when the cancer is
resistant to castration and/or when it metastasizes, but, at this point, treatment often needs to be
halted due to poor systemic effects of currently available drugs®. One group used in vivo phage

display to discover a peptide, C-TGTPARQ-C (LN1), with high affinity and selectivity for
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prostate cancer tissue’. They conjugated LN1 to the peptide D(KLAKLAK)>, which is known to
induce apoptosis, to form a targeted anti-prostate cancer cell therapeutic, LN1-KLA®. They
demonstrated that LN1-KLA inhibited prostate cancer cell proliferation in vitro and inhibited
tumor growth in vivo’. This example demonstrates how homing peptides discovered via phage
display can be directly conjugated to drugs for targeted delivery to a desired cell or tissue type.
Peptides can also be added to different drug delivery systems, such as nanoparticles,
liposomes, or micelles, to guide the system without directly interacting with the delivered drug.
Accurate targeting by drug delivery systems is critical to improve efficiency of drug dosing and
reduce off-target effects. For example, when combating antibiotic-resistant bacteria, such as S.
aureus, one must rely on strong antibiotics that have negative side effects due to the necessity for
systemic administration*’. Therefore, it would be desirable to design a system to target the
delivery of antibiotics to the S. aureus bacteria and protect healthy cells**. One group used phage
display to identify the peptide CARG for its affinity to S. aureus bacteria and demonstrated its in
vivo homing and binding ability to infected lung tissue (Figure 2.5)*. A CARG-coated porous
silicon nanoparticle (pSiNP) drug delivery system was also designed for vancomycin*}. CARG is
capable of guiding the pSiNPs to in vivo sites infected by S. aureus*’. Another application for
peptides identified via phage display is targeted delivery of chemotherapy drugs. The peptide
SP204 has been identified for its high affinity to a number of human prostate cancer cell lines,
with verification against a microarray of human prostate cancer tissues'®. SP204 conjugated to
liposomal nanoparticles for targeted delivery of doxorubicin against human prostate cancer cell
xenografts in vivo shows no significant changes in body weight with administration of the drug-
containing SP204-conjugated liposomes, which indicated no significant off-target toxicity upon

systemic delivery of the targeted nanoparticles'®. These are both examples of how peptides
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identified via phage display can be used for homing drug delivery systems to specific types of

pathological tissue, regardless of a known tissue-specific target.

2.3.2 Material Specific Binding

Phage display is also useful for detecting peptides with affinity towards inorganic and
organic synthetic substrates. This technique has been used to isolate peptide sequences with
attraction towards titanium*, silver®, palladium?®, platinum*’, and carbon nanotubes*>*%, More
recently it has been used to find sequences with specific affinity for specific synthetic substrate

chemistries.

2.3.2.1 Silicon

Silicon is a commonly used semiconductor material in both micro- and nanoelectronics.
Attaching biomolecules such as peptides to act as molecular crosslinkers to silicon- based
materials, can increase sensitivity in biosensing applications. Phage display identified two
peptides with high affinity for porous silicon films, SPGLSLVSHMQT and LLADTTHHRPWT.
When a biotin molecule was conjugated to SPGLSLVSHMQT the detection limit for

streptavidin was decreased 21-fold®.

2.3.2.2 Platinum and Palladium

Nanomaterial physical and chemical properties are regulated by its shape. Customizable,
programmable crystal synthesis with predictable properties in nanomaterials can produce desired
functions. Crystal growth is largely controlled by the surface energy of the facets where low-
energy facets tend to persist and high-energy facets disappear resulting in the shape enclosure by
low-energy facets. Biomolecules such as peptides can be chosen for their affinity to specific

facets, leading to a desired shape. Two peptides (TLTTLTN and SSFPQPN) bind specific
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platinum facets (Pt-{100} and Pt-{111} respectively) and shift crystal formation towards
nanocube or nano-octahedrons respectively*’. Likewise, two peptides (LSNNNLR and
SPSTHWK) have affinity for Pd-{100}4.

Peptides can be controlled with external stimuli such as pH, temperature, and light. pH
changes can release peptides from a surface, allowing control of peptide density on the surface.
When palladium nanocubes are capped with the LSNNNLR peptide at pH 7.5, the shape
remained stable*®; however when pH is lowered to 2.2, the peptide was released leading to a new
surface-energy profile allowing previously protected Pd atoms to be released and form a concave
structure on the Pd-{100} facets*®. This pH-dependent control of surface composition indicates

peptides might be used as a “smart-cap” for structural control of nanomaterials*.

2.3.2.3 Apatite

Hydroxyapatite (HA) is a versatile biomaterial that accelerates osteointegration and is
used as a bone defect filling material. HA can also be designed to have osteoinductive properties
via attachment of biological factors such as growth factors. Standard processing conditions
(sintering at >1000°C) cause biological factors to denature. Bone-like mineral (BLM), a
biomimetic formation of carbonated apatite, provides an alternative to increase osteogenesis in
vivo. Since BLM is formed under STP conditions, it is amenable to sequestering biological
molecules®. The use of BLM in concert with exogenous factors can spatiotemporally regulate
bone formation. Regarding surface engineering of HA and BLM, these chemistries cannot be
readily modified to attach carboxyl, hydroxyl, or amine functional groups. Phage display
identified several peptides with binding specificity to BLM such as VTK®!. Since these peptides
show preferential adsorption to apatite present in a variety of tissues, including bone, dentin, and

enamel, they can be used for tissue engineering by attaching a second peptide such as a growth
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factor to create a dual-functioning peptide to generate the desired effect as well as possibly in
injury repair for tendon and ligament by creating a dual-functioning peptide adhesive with

affinity for bone on one end and tendon/ligament on the other.

2.4 Phage Display for Dual-Functioning Peptides

A benefit of using peptides is the ease with which they can be combined. Many ECM
proteins have multifunctional domains that work concurrently to allow cell adhesion as well as
provide directions for other cell functions. Typically, bi-functional or dual-functioning peptides
are equipped with one targeting peptide conjugated to another targeting peptide or a functional
peptide. Fusion of two peptides to create a dual-functioning peptide can mimic the
multifunctional domains of native proteins (Figure 2.6). Since load-bearing biomaterials are
typically selected for their mechanical and chemical properties rather than biointeractive
properties, dual functioning peptides provide a way to spatially control function of the adjacent
cells or integration into the surrounding tissue as well as provide biological or chemical cues.

Often, implanted devices do not have the molecular structure to control the surrounding
cells to generate ideal integration in vivo. Metal implants, including those used in orthopedic
procedures such as hip replacements, or cardiovascular therapies such as stents, are chosen due
to their mechanical strength and durability as well as their inertness. While materials like
titanium are often favored for implants, a lack of integration with the surrounding tissue can lead
to negative outcomes such as restenosis>2. A titanium binding peptide identified via phage
display and attached to the integrin binding peptide, RGD, increases cell retention to the titanium
surface**. Such a modular design was also used to create a PEGylated peptide with four of the

titanium binding peptides that prevents bacterial colonization and biofilm formation™.
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Polypyrole (PPy) is a conducting polymer with applications in drug delivery, nerve
regeneration, and biosensors. Different dopants alter the conductivity or topography of PPy. One
of these dopants is chlorine, to create PPyCl. T59 (THRTSTLDYFVI) binds to PPyCl and
stabilizes in serum>*. When combined with RGD, T59-RGD increases adhesion to PC12 cells (a
rat pheochromacytoma cell line)**. PPyCL specific binding peptides attached to cell binding
peptides can be applied to uses in drug delivery vehicles and neural probe coatings.

Similar experiments have been done on polystyrene for drug-eluting stents that prevent
restenosis (poly(styrene-b-isobutylene-b- styrene)®. The dual-functioning peptide
FFSFFFPASAWGSSGSSGK (biotin) CRRETAWAC binds to polystyrene as well as endothelial
cells and reduces platelet binding to the surface®. Inclusion of the peptide RRETAWA allows
for binding of the a5B1 integrin present in endothelial cells and lacking in platelets®.

Cell adhesion is an important objective in modifying biomaterials for tissue engineering
purposes. Increasing specificity of cell adhesion can increase the efficiency of cell-based
therapies. When considering large tissue defects or clinically relevant applications of tissue
engineering, promoting cell differentiation and the formation of functional ECM is important.
The group responsible for identification of the VTK apatite binding peptide and the
phosphorylated variants®! also identified a peptide with affinity for human bone-marrow stromal
cells, (DPIYALSWSGMA, DPI)*¢. These two peptides were combined to form DPI-VTK which
exhibited greater binding affinity for apatite surfaces than VTK, pVTK, and VTK-RGD®.
Additionally, DPI-VTK increased adhesion strength of hBMSCs and iPS derived MSCs with
minimal adhesion of osteoblasts and fibroblasts compared to VTK-RGD>®, Interestingly, the DPI
domain was not only specific for MSCs, but also led to an increase in cell spreading,

proliferation, and differentiation, all of which are necessary for tissue regeneration (Figure 2.7)°.
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2.5 Conclusions

Phage display derived peptides can be used in a wide array of applications from imaging
to tissue engineering to drug targeting. Phage display takes advantage of nature’s randomness to
find a peptide that can provide a specific function without full understanding of the substrate
structure. Phage display is used to identify peptides that: 1) target a particular cell type, 2) attach
preferentially to an inorganic or organic synthetic material and 3) elicit a precise cellular
response. While awaiting the results from the multitude of studies about COVID-19, it may be
useful to find a peptide that can specifically target the outer shell of the virus or a peptide that
can interfere with some portion of its viral behavior, or both. This review demonstrates the
usefulness of phage display and suggests new opportunities to take advantage of more than one
type of phage display derived peptides (i.e. peptides combining targeting-functional or targeting-
targeting sequences) to engineer peptides with broader applications. As the number of targeting
and functional peptides identified by phage display continues to grow, the number of studies
focusing on dual-functioning peptides at the interface between biomaterials and tissue will
continue to grow as well. By using dual functioning peptides, cell functions can be specifically
and spatially controlled in a well-defined manner. The modular design of most dual-functioning
peptides lends itself to switching out the targeting or functional peptide based on the specific

requirements of the material or desired cell-type/function.
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2.7 Figures

Introduce phage to
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Figure 2.1 Schematic of panning stage of phage display

Phage are introduced to either a substrate or specific cell population followed by washing away
nonadherent phage and eluting high affinity phage. High affinity phage are amplified and the
process is repeated at least 3 times to reach a consensus sequence. (Used with permission from
Springer)
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Figure 2.2 Endoscopy images demonstrating colon-targeting fluorescently labeled peptide

[Modified from Ref 10]. Wide-field endoscopy images acquired after in vivo incubation (5
minutes) of fluorescently labeled peptide QPIHPNNM in a genetic mouse model of adenoma
formation in the colon. The left column shows white light images and the right column shows
fluorescence images for binding of (a) QPTHPNNM to colon tissue with multiple adenomas, (b)
QPIHPNNM to colon tissue with one adenoma, (c¢) control peptide GGGAGGGA to colon tissue
with multiple adenomas, and (d) QPIHPNNM to lumen of colon tissue of a WT mouse. (Used
with permission from PLoS One)
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Figure 2.3 Schematic of the phage display process

[Modified from Ref 7]. Representation of steps in the phage display process to narrow the phage
library down to only peptides with high affinity to the target substrate or cell population. (Used
with permission from Springer)
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Figure 2.4 Relationship of number of sequences with cost and time of phage sequencing

These graphs demonstrate how (a) cost and (b) time necessary for phage sequencing decreases
when using next-generation-sequencing (blue) over traditional Sanger sequencing (red) for
increasing numbers of sequences. (Used with permission from PLoS One)
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Infected lungs

Sham infected

Figure 2.5 Fluorescent images of S. aureus-targeted peptide in lung tissue

[Modified from Ref 43]. Representative immunofluorescence images of fluorescently labeled
peptide CARG (FAM-CARG, green) homing and binding to lungs infected with S. aureus (red)
lungs (top row) and sham-infected lungs (bottom row). FAM-CARG was intravenously injected
into tails of infected mice and allowed to circulate for 30 minutes prior to sacrifice and
histological examination (n= 3-5 mice per group with 5 histological samples examined per lung).
(Used with permission from Nature Biomedical Engineering)
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Figure 2.6 Schematic of dual-functioning peptide

[Modified from Ref 44]. Dual functioning peptide schematic with targeting peptide (blue)
attached to a substrate (dark grey) connected to a functional or specific cell targeting peptide
(yellow) via spacer amino acids (light grey). (Used with permission from Advanced Materials)
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Figure 2.7 Dual-functional peptide for increasing cell adhesion to apatite substrates
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(a) Half-cell detachment force (t50) measured from peptide coated apatite films of human bone
marrow stem cells, murine bone marrow stem cells, IPS derived MSCs, pre-osteoblastic
MCTC3s, and murine dermal fibroblasts (MDFs). (b) Confocal microscopy images taken at 40x
show increased spreading of mBMSCs and IPS-MSCs on DPI-VTK coated apatite films and
increased spreading of MCTC3 and MDFs on RGD-VTK coated apatite films. (c) Quantitative
analysis of cell spreading via ImageJ on peptide coated apatite films. (d) Total number of cells
over time, reaching saturation at day 10. * denotes significance compared to apatite control and
TCPS. * denotes significance compared to apatite control. ** denotes significance compared to
VTK. (e-h) Relative gene expression of osteogenic markers (Runx2, OSX, ALP, and OCN)
normalized to day 0 and GAPDH. (Used with permission from Taylor & Francis)
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Chapter 3 Mineral-Binding Peptide Inhibits Ectopic Mineralization due to BMP

Stimulation

3.1 Introduction

Bone morphogenetic proteins (BMPs) are drivers of osteogenic pathways and BMP2 is
an FDA-approved therapeutic for enhancing bone regeneration'. BMPs are delivered at
supraphysiological levels via sponge at load-bearing sites, and leakage (due to implant handling)
can result in complications and off-target effects, especially when employed in off-label surgical
applications??. The most severe off-target complications are swelling and ectopic mineralization
which, near the upper spine, could cause airway obstruction or neurological impairment*.
Approaches to mitigating these off-target effects include co-delivery of BMP2 with drugs to
reduce inflammation (e.g. NSAIDs), enhance osteogenic activity to reduce the amount of
delivered BMP (e.g. VEGF to promote angiogenesis for bone regeneration), or promote
osteoclastic activity (e.g. bisphosphonates)®. However, both pro-osteogenic and pro-osteoclastic
molecules increase the severity of ectopic mineralization®®. Therefore, there is a need for
improvements to BMP therapies to better control osteogenesis and reduce side effects, enabling
expanded use of BMP therapies without causing life-threatening complications.

Alternatively, strategies could directly target mineral formation rather than intervene with
highly interconnected signaling pathways during bone regeneration and recovery from surgery.
To combat ectopic mineralization due to BMP2, co-delivery of BMP2 with a mineral-binding
peptide, pVTK was proposed. pVTK is the phosphorylated variant of mineral-binding peptide

VTK (VTKHLNQI(p)SQ(p)SY, where p denotes phosphorylation of the serine residues),
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identified via phage display for its high and preferential affinity for apatite-based substrates’®,
Post-translational phosphorylation of VTK’s serine residues established pVTK and resulted in
increased affinity for mineralized substrates compared to VTK®. Further, pVTK inhibits
mineralization in murine calvarial pre-osteoblasts throughout osteogenic differentiation without
causing cell death’. pVTK treatment was associated with increases in pro-osteogenic markers
and decreases in anti-osteogenic markers, trends attributed to a compensatory response by
osteogenic cells in the absence of matrix mineral!'®. Though it is not understood how pVTK
inhibits mineralization, pVTK does not disrupt cellular response to osteogenic cues. In solution,
pVTK inhibits calcium phosphate nucleation, disrupts the phase transition from amorphous to
crystalline, and slows crystal growth!!. Therefore, it is believed that pVTK inhibits
mineralization by binding to early mineral clusters and disrupting nucleation and crystallization.
Based on the evidence that pVTK directly targets mineral formation, pVTK is presented as a
complement for BMP2 therapies, as pVTK is hypothesized to inhibit ectopic mineral (EM)
formation without disrupting osteogenic cell signaling.

This study investigated if pVTK inhibited EM formation of BMP-stimulated osteoblasts
in vitro and BMP-containing subcutaneous implants in vivo. The subcutaneous BMP implant
model was chosen to isolate the off-target effects of BMP2 therapies and the effects on cells that
are not naturally osteogenic. To investigate whether pVTK’s inhibition of EM formation would
rely on cellular machinery, an acellular model of spontaneous mineral formation was used as
well. Taken together, data presented in this paper demonstrate that pVTK could be co-delivered

with BMP2 to prevent ectopic mineralization.

3.2 Methods

3.2.1 Peptide synthesis
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Peptide synthesis of pVTK (VTKHNLQI(pS)Q(pS)Y; pS = phosphoserine) and scram-
pVTK (IYQ(pS)KHTL(pS)NQV) was performed by the University of Michigan’s Proteomics
and Peptide Synthesis Core. Peptides were synthesized using solid phase synthesis (purity > 90%
by HPLC). Post-translational phosphorylation of serine residues utilized preformed, protected
phosphoserine amino acids. For in vitro experiments, pVTK was dissolved in a carbonate-
bicarbonate buffer (pH 9) (10mM, sterile-filtered) and stored at -20°C for up to one month. For in

vivo experiments, pVTK was dissolved in PBS (2mM)), sterile filtered, and stored at -20°C.

3.2.2 Cell culture and in vitro osteogenic differentiation

MC3T3 (subclone 14) cells, murine calvarial pre-osteoblasts, were used for all in vitro
studies. MC3T3s were maintained in growth media: alpha-MEM (Gibco 12561-056) with 10%
FBS (Gibco 10082147, Reserve 77813196) and 1% penicillin-streptomycin (Gibco, 15140-122).

For osteogenic differentiation studies, MC3T3s were plated at 50,000 cells/cm? and
allowed to reach confluence before switching to osteogenic differentiation media: growth media
plus B-glycerophosphate (10mM, Sigma-Aldrich) and ascorbic acid (50pg/mL, Sigma-Aldrich).
pVTK (in carbonate-bicarbonate buffer) and BMP2 (recombinant human/mouse/rat BMP2 from,
R&D Systems) (in 4mM HCI with 0.1% human serum albumin from Sigma-Aldrich) were added
to culture for up to 12 days.

To evaluate the effect of pVTK on BMP2-stimulated mineralization, MC3T3s (n = 3)
were cultured in osteogenic media plus pVTK (0, 200, 300, or 400uM) and BMP2 (50 or
100ng/mL) for 12 days. To evaluate effect of pVTK on BMP2-stimulated osteogenic activity,
MC3T3s (n = 3) were cultured in osteogenic media plus pVTK (0 or 300uM) and/or BMP2 (0 or

50ng/mL) for 1 hour, 6 days, or 12 days.
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3.2.3 Staining for calcium and calcium phosphate deposition

Mineralized cell monolayers were fixed in 10% neutral-buffered formalin for 10 minutes,
then washed with deionized water. To visualize calcium phosphate deposits, von Kossa staining
(5% silver nitrate solution, Sigma-Aldrich) was performed by incubating fixed monolayers with
the staining solution for one hour under UV light. To visualize calcium deposits, Alizarin Red
staining was performed by incubating fixed monolayers with a 2% (w/v) Alizarin Red S solution
(pH 4.2, Sigma-Aldrich) for 45 minutes protected from light. Following both stains, monolayers

were washed with deionized water until the wash solution ran clear.

3.2.4 Alkaline phosphatase activity

After 6 or 12 days of osteogenic differentiation with pVTK (0 or 300uM) and BMP2 (0
or 50ng/mL), MC3T3 lysates were collected for alkaline phosphatase (ALP) activity via p-
nitrophenyl phosphate assay method (Colorimetric Alkaline Phosphatase Activity Assay,
Abcam) with normalization to DNA content (Quant-iT PicoGreen dsDNA Assay, Invitrogen).
Briefly, lysates were harvested in assay buffer after one freeze/thaw cycle at -20°C, sonicated for
5 minutes on ice, and centrifuged at 13,000 rpm for 5 minutes at 4°C. Then, supernatant was
collected and used for ALP activity quantification and DNA quantification. Three biological

replicates for each experimental group were assayed in duplicate at each timepoint.

3.2.5 Protein quantification

Cells were harvested after 1 hour, 6 days, or 12 days of BMP2 (0 or 50ng/mL) and/or
pVTK (0 or 300uM) in lysis buffer (RIPA buffer with 1mM sodium orthovanadate, 10mM
sodium fluoride, ImM poly-methylsulfonylfluoride, and protease inhibitor cocktail (Thermo

Scientific)). For the 1-hour timepoint, cells were serum-starved for 24 hours prior to pVTK
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and/or BMP2 administration. For the 1-hour timepoint, biological replicates (n = 3) were run
individually; for the 6-day and 12-day timepoints, biological replicates (n = 3) were pooled for
representative protein bands.

Cell lysates were collected and homogenized in an ultrasonic bath for 5 minutes in ice
water. Homogenized cell lysates were centrifuged at 13,000rpm for 5 minutes at 4°C. Lysate
supernatant was used to quantify sample protein concentration using BCA assay (Pierce).
Samples were prepared at a normalized concentration of 20ug in 40uL of loading buffer (1:1
Laemmli: RIPA buffer) with 5% B-mercaptoethanol (Sigma-Aldrich) and heated at 95°C for 5
minutes. Electrophoresis was performed in Novex Tris-Glycine (4-20%) gradient gels
(Invitrogen), run at 225V for 40 minutes. Protein transfer to poly-vinylidene fluoride (PVDF,
Millipore-Sigma) membranes was run at S0V for 75 minutes. Membranes were blocked for 1
hour at room temperature in 3% bovine serum albumin (BSA, Fisher). Membranes were
incubated with primary antibodies in 3% BSA overnight at 4°C, followed by 3 5-minute washes
in TBST. Membranes were then incubated with the secondary antibody in 3% BSA for 2 hours at
room temperature, followed by TBST washes. Membranes were developed with SuperSignal™
West Pico PLUS Chemiluminescent Substrate (ThermoFisher) and imaged with the ChemiDoc
(Bio-Rad). Band quantification was performed with ImageLab software (Bio-Rad) with all
protein levels being normalized to -actin loading control. Primary antibodies used were pSmad
(Cell Signaling Technologies #13820, rabbit monoclonal), Smad (Cell Signaling Technologies
#6944, rabbit monoclonal), Runx2 (Cell Signaling Technologies #12556, rabbit monoclonal),
TNAP (abcam ab203106, rabbit polyclonal), and B-actin (Cell Signaling Technologies #4970,
rabbit monoclonal). The secondary antibody used was anti-rabbit IgG, HRP-linked (Cell

Signaling Technologies, #7074).
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3.2.6 Peptide stability testing

Predicted in vivo stability testing was performed by the Pharmacokinetic and Mass
Spectrometry Core at the University of Michigan. For plasma stability testing, pVTK and
Benfluorex (positive control) were incubated in pooled mouse plasma for up to 120 minutes. For
liver microsomal stability testing, pVTK and Verapamil (positive control) were incubated in
pooled mouse microsomes isolated from liver tissue for up to 60 minutes after reaction activation
with NADPH. Aliquots were removed at specified timepoints (0, 5, 10, 15, 30, 45, 60, and 120
minutes) and acetonitrile with 100ng/mL internal standard (ERD1233A) was added to quench
the reactions. After precipitation via centrifugation, LC-MS analysis of the collected supernatant

quantified drug amount at each timepoint.

3.2.7 Animal care and subcutaneous implant surgeries

All procedures were approved by the University of Michigan’s Institutional Animal Care
and Use Committee (IACUC). Male C5BL6/Jc mice (total = 6/group) at age 4-6 weeks were
used for in vivo experiments. Collagen sponges (GelFoam) were cut to size using a 5-mm biopsy
punch. BMP2 (carrier-free recombinant human/mouse/rat BMP2, R&D Therapeutics) was
reconstituted in sterile 0.4M HCI at a concentration of 100ng/uL. Implants were prepared by
incubating trimmed collagen sponges with 15uL. BMP2 (1.5pg/implant) or PBS an hour prior to
surgery and maintained over ice until implantation.

For subcutaneous surgeries, all surgical procedures were performed in accordance with
NIH guidelines for the care and use of animals. Animals were anesthetized with isoflurane and
the surgical site was prepared by shaving and cleaning with iodine and sterile water. Animals
were then transferred to the sterile surgical plane, atop a heating pad to maintain body

temperature. A 1-cm incision was made perpendicular to the dorsal midline on the upper back
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with scissors (World Precision Instruments). Blunt dissection with undermining forceps created
subcutaneous pockets on either side of the midline. One implant was placed into each
subcutaneous pocket (total 2 per animal for a total n of 6/group). Wound closure was performed
with wound clips (BD Autoclip Wound Closure System).

Wounds were monitored for 7-10 days or until clips were removed at day 10 after
surgery. Animals displaying any skin lesions were treated with silver sulfadiazine cream (1%;
Ascend), applied daily until hair ingrowth was observed.

On each of the 14 days after surgery, pVTK (2mM, sterile filtered in PBS) or PBS
(Gibco) was injected via 100puL-Hamilton syringe (26g needle) into each of the two bilateral
subcutaneous pockets established during surgery. Animals were sacrificed 14 days post-

implantation.

3.2.8 Micro-CT analysis

Implants (n = 6) were dissected from subcutaneous pockets, fixed in 4%
paraformaldehyde (PFA) for 24 hours at 4°C, and transferred to 70% ethanol (EtOH) prior to
submission to the MicroCT Core at the University of Michigan’s School of Dentistry. Scanning
was performed with a Scanco uCT 100 micro-computed tomography system at 70 kV, 114 A,
and with a 0.5 Al filter. Scans were acquired at 10um voxel size and 12um slice increments. For
EM volumetric quantification, scans were loaded into Dragonfly (Comet Technologies).
Segmentation of EM was performed utilizing the upper OTSU segmentation function and
refining manually as needed. Total EM volume was measured based on the upper-OTSU-defined
region of interest (ROI). EM volume fraction was measured as the ratio of the total EM volume

to the filled ROI equivalent.
3.2.9 EM grading scheme
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To assess severity of the EM, a grading scheme was developed based on guidelines
developed in a study of traumatic heterotopic ossification (HO)!2. The human traumatic HO
study defined grades by the percent of the cross-sectional area of residual limbs occupied by EM,
as observed in anteroposterior or lateral radiographs'2. For translation to this animal study, EM
grades were created based on EM volumes, as quantified via micro-CT. The distribution of HO
grades in PBS-treated control samples was matched to the distribution of the human traumatic
HO (Figure 3.6S). Then, the volume ranges for each grade were used to sort pVTK-treated

samples.

3.2.9.1 Histology

Implants were incubated in 30% sucrose for at least 24 hours prior to embedding in
optimal cutting temperature (OCT; Fisher Healthcare). 30pm sections were collected with the
Leica CM1950 cryostat using CryoJane tape (Leica) and charged slides. Hematoxylin and eosin
staining (H&E; Sigma) visualized the implant and cellular invasion. Von Kossa staining (1%

silver nitrate, Sigma-Aldrich) visualized EM formation within the implants.

3.2.10 PLGA thin films

PLGA (poly-lactic-co-glycolic acid, 85:15; Evonik) was fully dissolved in chloroform
(5% w/v). The solution was pipetted onto 15mm-diameter glass coverslips, covered, and allowed
to sit overnight at room temperature while the chloroform evaporated, leaving the PLGA

deposited on the surface of the coverslips (glass #2, Electron Microscopy Sciences).

3.2.11 Modified simulated body fluid (mSBF, Ix)

A supersaturated salt solution was made as described!3. The components (141 mM NaCl,

4.0 mM KCI, 0.5 mM MgSOys, 1.0 mM MgCl,, 4.2 mM NaHCOs3, 5.0 mM CaCl*2H0, 2.0 mM
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KH>PO4) were added in order to deionized water, allowing each component to be completely
dissolved before weighing out the next. Once all components were added, the solution was

adjusted to pH 6.8 at 37°C, then vacuum filtered through a 30pm filter and stored at -4C.

3.2.12 Mineralizing thin films

The PLGA thin films were activated by incubating in a 0.5M NaOH solution for 7
minutes. Films were washed twice with distilled water. Then, the films were incubated with
mSBF (2x) for 3-7 days with daily mSBF changes. Once the films were mineralized, the mSBF
was removed and the films were allowed to air dry. If not being used immediately, the

mineralized thin films were stored under vacuum in a desiccator.

3.2.13 Scanning electron microscopy (SEM)

Carbon-coated, mineralized PLGA thin films were scanned in the JEOL JSM-7800FLV
Scanning Electron Microscope in the University of Michigan’s Electron Microbeam Analysis

Lab (10.0kV LED, WD 12.0um) for visualization of mineral formation and microstructure.

3.2.14 Statistical analysis

All statistical analysis was carried out in GraphPad Prism 9. For in vitro data analysis,
two-way ANOVAs were used to compare effects of pVTK and/or BMP2. For in vivo data
analysis, Student’s t-test was used to compare effects of PBS vs. pVTK. Significance was

reported for p < 0.05 (*).

3.3 Results

3.3.1 pVTK inhibits BMP-stimulated mineralization in vitro
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pVTK inhibited BMP-stimulated mineralization in vitro. At 50ng/mL BMP2, 400uM
pVTK inhibited mineralization (von Kossa staining, Figure 3.1A) and >300uM pVTK inhibited
calcification (Alizarin Red staining, Figure 3.1A). At 100ng/mL BMP2, 400uM pVTK reduced
von Kossa and Alizarin Red staining, but did not achieve full inhibition (Figure 3.1A). At
50ng/mL BMP2, all levels of pVTK treatment significantly reduced ECM calcium (ANOVA p <
0.0001) compared to OuM controls (Figure 3.1B). At 100ng/mL BMP2, pVTK treatment
significantly reduced ECM calcium (ANOVA p = 0.0074) at 300uM (p = 0.0144) and 400uM (p

< 0.0001) compared to OuM controls (Figure 3.1C).

3.3.2 pVTK affects BMP-stimulated osteogenic signaling differently at different stages of

differentiation

Phosphorylation of Smad 1/5/8 (represented by the ratio of phosphorylated Smad1/5/8 to
unphosphorylated Smad1/5/8) is the immediate downstream result of BMP2 ligand-binding. As
expected, BMP2 stimulated phosphorylation of Smad1/5/8 (Figure 3.2A). pVTK alone did not
stimulate Smad phosphorylation, nor did pVTK alter the immediate cellular response to BMP2
stimulation (Figure 3.2A).

Runx2 is an early marker of osteogenic differentiation. pVTK slightly downregulated
Runx2 by day 6 of osteogenic differentiation, but sustained and slightly upregulated Runx2 by
day 12 (Figure 3.2B). BMP2 had the opposite effect of pVTK, upregulating Runx2 at 6 days and
downregulating Runx2 by day 12. When administered together, BMP and pVTK downregulated
Runx2 at both timepoints.

Intracellular tissue non-specific alkaline phosphatase (TNAP) is a mid-to-late marker of
osteoblastic commitment, while extracellular alkaline phosphatase (ALP) activity is correlated

with early stages of mineralization'*. pVTK had no effect on TNAP levels at either timepoint
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compared to controls (Figure 3.2B). BMP2 slightly upregulated TNAP at day 6 and
downregulated TNAP by day 12 (Figure 3.2B). When administered separately, only BMP2 had
an effect on TNAP levels compared to controls. When administered together, BMP and pVTK
had no effect on TNAP at day 6 and a downward effect by day 12 (Figure 3.2B). ALP activity
was slightly upregulated by pVTK at day 6 but not at day 12 (Figure 3.2C). BMP had no effect
on ALP activity at either timepoint. When adminsitered separately, only pVTK had an effect on
ALP activity levels. When administered together, BMP and pVTK significantly upregulated
ALP activity at day 6 of osteogenic differentiation compared to control and BMP-only groups
while co-delivery downregulated ALP activity at day 12 compared to pVTK treatment alone

(Figure 3.2D).

3.3.3 pVTK inhibits ectopic mineral formation in vivo

For in vivo testing, a bilateral subcutaneous implant model was used (Figure 3.3A). EM
formation is shown via animal radiographs in Figure 3B. Ex vivo peptide stability testing pVTK
predicted at least 80% of pVTK remained intact after 2 hours in mouse plasma (Figure 3.3C). Ex
vivo liver microsomal stability testing predicted at least 95% of pVTK remained intact after 1
hour (Figure 3.7S).

pVTK treatment significantly reduced EM volume compared to PBS controls (p =
0.0101, n = 6) (Figure 3.3D). Further, pVTK treatment achieved full inhibition in 50% of treated
samples and limited mineralization to less than PBS controls in all pVTK-treated samples
(Figure 3.3D). However, pVTK treatment had no effect on EM volume fraction (Figure 3.3E).
Based on the grading scheme established for this study (Figure 3.3F), pVTK treatment
downshifted the severity of EM to only the ‘Negligible’ or ‘Mild’ grades compared to PBS

treatment (Figure 3.3G).
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pVTK treatment reduced the intrusion of mineral into the collagen implant compared to
PBS-treated controls (Figure 3.4, VKS). In both treatment groups, tissue reorganization at the
periphery of the implants was observed through densely packed matrix (deep pink) and a
surrounding shell (dark purple) (Figure 3.4, H&E 5X). However, the reorganized tissue in the
PBS-treated groups corresponded with mineral, whereas the reorganized tissue in the pVTK-
treated groups remained largely unmineralized. There was an effect of pVTK treatment on cell
infiltration into the collagen implant, as seen in decreased numbers and penetration distance of
cells into the implant (Figure 3.4, H&E 10X). However, low sample counts limit the

conclusiveness of these observations.

3.3.4 pVTK disrupts spontaneous acellular mineralization

pVTK inhibited spontaneous formation and maturation of mineral clusters formed on
polymer films subjected to a salt solution without cells, as seen via SEM (Figure 3.5). The
morphology of mineral in this model is spherical clusters composed of plate-like outgrowths
(Figure 3.5A and 3.5B, left columns). At 100uM, pVTK reduced the amount of mineral and the
density of spherical clusters (Figure 3.5A, middle column). At 200uM pVTK (Figure 3.5A, right
column), mineral was absent. Mineralization of thin films was unaffected by scrambled pVTK,
indicating that the sequence of pVTK contributed to inhibition of the spontaneous mineralization

process (Figure 3.5B).

3.4 Discussion

As a mineral-binding peptide, pVTK has many applications in bone tissue engineering,
from guiding drug delivery to mineralized tissue to modulating mineralization. This was the first

publication describing the use of pVTK to prevent non-physiological mineralization in-vivo,
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expanding upon studies showing that pVTK inhibits physiological mineralization in osteoblasts
in vitro®!?. To verify that pVTK would be an effective molecule for mitigating ectopic mineral
formation, inhibition of BMP-stimulated mineralization with pVTK was assessed in vitro and in
vivo. Further, experiments conducted in cellular and acellular environments provided evidence
for how pVTK may act to inhibit mineralization. Altogether, these experiments showed that
pVTK inhibits EM formation in vivo, likely by pVTK binding to early mineral clusters and
preventing mineral growth.

In the case of BMP-stimulated mineralization, there needs to be a balance between
inhibition of unwanted mineralization and preservation of desirable bone formation. The work
presented here indicates that pVTK could be used to stem unwanted mineralization because its
inhibitory function is not reliant on cellular machinery, specifically BMP2 osteogenic signaling.
Control over where and when pVTK is delivered would be necessary to selectively inhibit
unwanted mineral and achieve clinical efficacy of pVTK as a safeguard for ectopic

mineralization due to BMP2 therapies.

3.4.1 pVTK inhibits BMP-stimulated mineralization in vitro

At the lower level of BMP stimulation (50ng/mL), pVTK inhibited mineralization at
concentrations >300uM (Figure 3.1). However, at the higher level of BMP stimulation
(100ng/mL), pVTK did not achieve full inhibition at any of the tested concentrations (Figure
3.1). Mineralization did not scale with BMP treatment since there was no difference in the
amount of mineral deposited by MC3T3s stimulated at the two different levels of BMP (Figures
3.1B and 3.1C). A higher dose of BMP2 does not directly correlate with a higher level of
mineralization, even though increasing BMP2 increases the osteogenic profile of MC3T3s (at

gene and protein levels)!>. Therefore, pVTK dosing strategies for mineral inhibition should
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consider more than just the quantity of EM. Dosing strategies should also consider mineral
formation rate, mineral composition, protein levels throughout osteogenic differentiation, and
how MC3T3 sensitivity to BMP and/or pVTK administration changes throughout osteogenic

differentiation.

3.4.2 pVTK affects BMP-stimulated osteogenic activity differently at different stages of

differentiation

Agents for co-delivery with BMP2 would ideally not suppress osteogenic stimulation as a
means to mitigate EM formation. Since BMP2 is delivered at supraphysiological levels,
decreasing the concentration of the BMP2 would likely reduce efficacy. As the immediate
downstream result of BMP2 ligand-binding, upregulation of phosphorylation of Smad1/5/8 due
to BMP2 stimulation was unaffected by pVTK (Figure 3.2A). This means that MC3T3s can
sense and respond to BMP2 ligand-binding without interference by pVTK.

pVTK administration was expected to upregulate osteogenic activity, suggesting a
compensatory mechanism by the cells to make up for the lack of mineralization!?. There was a
slight compensatory reaction of the pVTK-only group, as evidenced by upregulated ALP activity
at day 6 (Figure 3.2C) and upregulated Runx2 by day 12 (Figure 3.2B). Therefore, it is unlikely
that pVTK inhibits mineralization by downregulating intracellular osteogenic protein levels.

Since mineralization in BMP-stimulated MC3T3s did not scale with BMP2
concentration, yet pVTK did not fully inhibit mineralization at the higher level of BMP
stimulation, co-delivery of pVTK and BMP2 was assessed throughout the time course of
osteogenic differentiation. Effects of co-delivery of pVTK and BMP2 on osteogenic
differentiation were expected to be in line with that of pVTK-only treatments, as was evident at

day 6 with the increased ALP activity in the co-delivery group compared to the BMP2-only
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group (Figure 3.2C). However, by day 12, continuous BMP2 administration had an inhibitory
effect on osteogenic differentiation (Figures 3.2B and 3.2D). This is consistent with studies
showing that as cells undergo osteogenic differentiation, they become less sensitive to BMP2
stimulation'® and that long-term dosing of BMP2 has an inhibitory effect on osteogenic
activity!>!”, Therefore, downregulation of osteogenic activity in the co-delivery group by day 12
were likely due to the effects of long-term BMP2 administration rather than pVTK interfering
with osteogenic signaling. Given that pVTK is responsible for inhibiting mineralization in
MC3T3 cultures (Figure 3.1A), future work may probe further into the relationship between

pVTK and osteogenic signaling pathways.

3.4.3 pVTK inhibits ectopic mineralization in vivo

One of the limitations of peptides as therapeutics is their low in vivo stability when
compared with small molecule drugs and biologics'®. Ex vivo stability testing of pVTK predicted
that pVTK was highly stable in mouse plasma (Figure 3.3C) and liver microsomes (Figure 3.7S).
Upon injection into the subcutaneous space, pVTK would likely either bind to EM or be
transported within the capillaries. For this study, the predicted stability in mouse plasma was the
best predictor of stability upon subcutaneous injection. However, pVTK’s predicted stability in
liver microsomes is important for future drug delivery applications since the liver plays a
prominent role in drug clearance.

pVTK inhibited mineralization of BMP2-loaded subcutaneous implants in vivo compared
to PBS controls (Figure 3.3D), with an overall reduction in ectopic mineral volume of 92%.
Grading of the EM deposits further emphasized the downregulation in ectopic mineral severity
due to pVTK treatment with 50% of pVTK-treated samples in the ‘Negligible’ grade compared

0% of PBS controls (Figure 3.3G).
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While micro-CT quantified differences in EM volume, histology showed how
mineralization impacted the collagen implant itself. pVTK treatment reduced EM volume and
depth of mineral infiltration into the implants when compared with PBS-treated samples (Figure
3.4, VKS). Zones of tissue reorganization at the implant peripheries in pVTK-treated groups
corresponded to unmineralized tissue while those in PBS-treated groups corresponded with
mineral formation (Figure 3.4, H&E 5X). Fewer cells penetrated into the center of the implant in
pVTK-treated samples compared to PBS-treated samples (Figure 3.4, H&E 10X). These
histological observations suggested that preventing mineralization via pVTK treatment may have
directed cells toward implant encapsulation, though further characterization of the immune
response is needed'’. In the context of this paper, capsule formation could be interpreted
positively, as it suggests that the local cells were not reprogrammed by administered BMP2 for
ectopic mineralization. This provides preliminary evidence that pVTK may have a different role
in non-osteoblast cells, such as immune cells, beyond inhibition of mineralization. More work is
needed to understand the impact of reduced cell infiltration due to pVTK treatment, how pVTK
interacts with non-osteoblast cell types, and the effect of pVTK on the host immune response to
ectopic mineralization.

In the ultimate application of pVTK for prevention of ectopic mineralization with BMP2
therapies, capsule formation could impair the therapeutic effect of BMP2 by preventing
integration of the BMP2-loaded sponge with the repairing bone?. It is not yet fully understood
how pVTK inhibits mineralization and if pVTK’s actions are different in ectopic mineralization
versus physiological mineralization (e.g. binding differences due to compositional differences).
Translational efforts using pVTK must be tailored to promote inhibition of ectopic

mineralization without impairing BMP2-augmented bone repair and regeneration, potentially by
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leveraging differences in how pVTK interacts with ectopic mineral or by controlling pVTK

delivery (spatially and/or temporally).

3.4.4 pVTK inhibits spontaneous, acellular mineralization

Since pVTK was discovered for its mineral-binding capacity, it was hypothesized that
pVTK inhibits mineralization by acting on mineral assembly and growth physically and/or
chemically. For co-delivery with BMP2, it was important to demonstrate that pVTK does not
prevent ectopic mineral formation by interfering with the BMP2 pathway (Figure 3.2).
Spontaneous mineralization using mSBF on thin films establishes biomimetic heterogeneous
carbonated apatite, resembling the inorganic phase of bone?!. Additionally, pVTK has an even
higher binding affinity for mineralized thin films than for pure hydroxyapatite or other
carbonated apatites’. When pVTK was added to the mSBF during mineralization, pVTK
disrupted spontaneous mineralization at increasing concentrations (Figure 3.5). pVTK not only
reduced the amount of mineral formed, but it also altered the morphology of the mineral (Figure
3.5).

Since thin film mineralization is a spontaneous process, any addition to the mSBF
solution could potentially disrupt the thermodynamic balance needed to achieve mineralization.
In this study, when a scrambled version of pVTK was added to mSBF at the same concentrations
as pVTK, the scrambled variant had no effect on spontaneous mineral deposition. Consistent
with previous work®-1°, it can be concluded that the sequence of pVTK is critical to inhibit
mineralization and that pVTK does not require cells to achieve inhibition. Therefore, pVTK is
unlikely to reduce the potency of BMP2. For the larger context of ectopic mineral prevention, the
fact that pVTK can inhibit EM formation outside of cellular mineralization mechanisms

broadens its potential applications (e.g. spontaneous mineral deposition).
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3.4.5 Limitations

While the subcutaneous BMP-loaded implant model has been widely used for ectopic
mineralization studies??, the clinical relevance of this model is limited. For this study, the model
was sufficient to demonstrate that pVTK could inhibit ectopic mineral formation in-vivo without
causing adverse reactions. However, this model simplifies the clinical scenario for BMP2-loaded
implants by isolating the BMP2 drug from the ultimate target of osteoblasts and mesenchymal
stem cells, isolating ectopic bone formation from physiological bone formation, and isolating
surgical repair processes from bone regeneration processes. These simplifications allowed for the
research question at hand to be answered, but future work should introduce more clinically
relevant surgical applications (e.g. spinal fusion surgeries) and how pVTK would be targeted to
the site of interest. Considering dosing, timing, vehicle, and spatial control for pVTK delivery
would be vital to ensure that pVTK does not interfere with physiological mineralization. Further,
investigating morphological or compositional differences between ectopic and physiological
mineral and how pVTK interacts with different types of mineral formation could inform
strategies for specifically targeting ectopic mineral formation.

Though effective in this study, daily subcutaneous injection of free peptide is unlikely to
be an efficient strategy for administering pVTK to prevent EM formation. pVTK was predicted
to have limited degradation when cultured in mouse plasma (Figure 3.3C) and with liver
microsomes ex vivo (Figure 3.7S). However, further investigation is required to assess pVTK’s
bioactivity and bioavailability after being subjected to degradation, denaturation, or clearance in
vivo. To preserve bioactivity and bioavailability, a controlled release system could be developed
for long-term administration of pVTK. This would also reduce the clinical burden and increase

patient compliance by incorporating pVTK delivery with BMP2 implant surgery rather than
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requiring daily injections after surgery. Further, the inflammatory response due to surgery and to
BMP2 therapies already causes adverse effects®, so minimizing additional injections is crucial to
limit further inflammation and other complications.

Finally, the sample size used for the in vivo experiment in this study was limited due to
cost and the narrow experimental question. Additional studies would expand the sample size in
each group and add additional controls (e.g. scram-pVTK or BMP2 antagonist) to further
demonstrate the impact of pVTK in preventing ectopic mineral formation secondary to BMP

therapies.

3.5 Conclusion

Ectopic mineral formation is a widely recognized side effect of BMP2 therapies,

23.24 and rare,

especially when used in off-label surgical scenarios, leading to additional surgeries
though life-threatening complications®. It was hypothesized that the mineral-binding peptide,
pVTK, would decrease EM formation secondary to BMP2 therapy. In this work, pVTK
administration significantly reduced EM formation in subcutaneous collagen implants loaded
with BMP2. Further, pVTK inhibited BMP2-stimulated mineralization in a pre-osteoblast cell
line undergoing osteogenic differentiation without affecting cellular response to BMP2 signaling.
To demonstrate a cell-independent mechanism of EM inhibition, pVTK disrupted spontaneous
mineral formation in an acellular environment. Therefore, it is believed that pVTK can be co-

delivered with BMP2 to inhibit EM formation without competing with BMP2 to control

osteogenic signaling.
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3.7 Figures
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Figure 3.1 pVTK inhibits BMP-stimulated mineralization in vitro

Mineralization of MC3T3s with BMP2 (50 or 100ng/mL) and/or pVTK (0-400uM) was assessed
after 12 days in osteogenic media. (A) von Kossa staining (black; first and third rows) identified
mineral deposits and Alizarin Red staining (red; second and fourth rows) identified calcium
deposits. (B, C) Extracellular matrix calcium was quantified for both BMP levels. Data is
represented as means + standard deviations (n = 3).
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Figure 3.2 pVTK affects BMP-stimulated osteogenic activity differently throughout
differentiation

Osteogenic activity in MC3T3s throughout osteogenic differentiation with pVTK (300uM,
denoted by £P) and/or BMP2 (50ng/mL, denoted by +B). Western blotting evaluated (A) Smad
phosphorylation (immediate downstream marker of BMP2 ligand-binding) and (B) intracellular
protein levels of Runx2 (early osteogenic marker) and TNAP (mid-late osteogenic marker).
Alkaline phosphatase (ALP) activity was quantified at (C) 6 days and (D) 12 days. For Western
blot data, representative bands are shown. For ALP activity, data are represented as means =+
standard deviations (n = 3).
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Figure 3.3 pVTK significantly reduces ectopic mineral formation in vivo

(A) Collagen sponges loaded with BMP2 were implanted subcutaneously (bilateral) and daily
subcutaneous injections (2mM pVTK or PBS controls) commenced for 2 weeks. (B)
Representative X-ray image showing resultant ectopic mineral formation (denoted by arrows).
(C) Ex vivo stability testing of pVTK in mouse plasma. (D) Micro-CT quantification of EM
volume. (E) Quantification of EM volume fraction (EM volume as a fraction of the total 3D
space occupied by EM). (F) Representative images of the grading scheme established to stratify
the intensity of EM formation based on EM volume. (G) Distribution of grades based on EM
volume by treatment group. Data for volume and volume fraction are represented as means +
standard deviations with individual data points (n = 6).
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Figure 3.4 pVTK treatment reduces severity of EM formation in subcutaneous implant

Representative histological images of BMP2-loaded implants with (A) PBS or (B) pVTK
treatment. H&E (left (5X) and middle (10X) middle columns) stains calcification (deep pink),
cell nuclei (purple punctae), and extracellular matrix proteins such as collagen (pink). Von Kossa
(right columns) stains calcium phosphate deposits (mineral = black). Images are from 50-um
cryo-sections of undecalcified implants (scale bar represents Imm).
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Figure 3.5 TK inhibits mineralization outside of cellular machnery

SEM images of thin polymer films mineralized in mSBF (2x) with pVTK (top row: 3,000X,
12pum WD; bottom row: 10,000X, 12um WD) or scrambled pVTK (3500X, 11pm WD). Typical
mineral morphology (as in the OuM pVTK and OuM scram-pVTK groups) appears as plate-like
structures organized into spherical complexes.
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Figure 3.6S Development of EM grading scheme

Grades were established to sort samples by the severity of EM formation. A previous study
graded heterotopic ossification (HO) in a large human study by the percent of cross-sectional
area occupied by HO, visualized by X-ray'?. In this study, PBS-treated controls were sorted to
match the distribution of HO grades to establish ranges of EM volume for each grade.
Distributions are represented visually as cumulative stacked percentages. The legend displays the
numbers of samples (and corresponding percentages) for each grade.
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Figure 3.7S Metabolic stability of pVTK in liver microsomes

Metabolic stability of pVTK in liver microsomes isolated from mice was assessed and compared
with the negative control Verapamil. pVTK and Verapamil were quantified at each timepoint via
LC-MS (liquid chromatography-mass spectrometry). pVTK showed no degradation over the
duration of this experiment (60 minutes) while Verapamil degraded fully by the mid-way point
(30 minutes).
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Chapter 4 Mineral-Binding peptide Reduces Ectopic Mineralization in Conditional

Alk22207P Model of Heterotopic Ossification

4.1 Introduction

Ectopic mineralization describes the unwanted deposition of mineral that is non-
physiological in terms of amount and/or location. Ectopic mineralization can impact a variety of
soft tissues, e.g. vasculature, kidneys, muscle, tendons/ligaments, impairing function and often
causing pain. One specific example of ectopic mineral (EM) formation occurs at the endpoint of
heterotopic ossification (HO). HO describes the endochondral formation of lamellar bone in soft
tissue. While not fully understood, HO is believed to be a dynamic process involving matrix
stiffening and reorganization alongside osteochondral differentiation of local soft tissue cell
populations (including, but not limited to, mesenchymal stem cells (MSCs), fibro-adipogenic
progenitor cells (FAPs), endothelial cells, and immune cells) that ultimately leads to ectopic
mineralization!. Due to a limited understanding of its etiology and associated risk factors, HO is
often not diagnosed until EM is detectable via radiographs though earlier indications include
reduced range-of-motion (ROM) and pain'-2. Additionally, treatment methods for HO decrease in
efficacy as the severity of the disease state (i.e. amount of EM) increases.

The current clinical standard for treatment of HO is to use NSAIDs to reduce
inflammation and physical therapy to maintain joint mobility to mitigate EM formation**. In
more severe cases, surgical resection of HO is suitable, but only after a 6-month waiting period

to ensure that the inflammatory response has subsided!-®. Bisphosphonates and radiation have
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debatable efficacy and potential for rare, though serious side effects®’. There is a gap in
treatment/management options between the less severe cases of HO that can be managed with
NSAIDs and physical therapy and the more severe cases of HO that require surgical resection 6
months after injury. Therapeutics currently in development are focused on managing a variety of
signaling pathways implicated in HO, e.g. recombinant fetuin-A for immunosuppression®,
palovarotene (a small molecule RARYy antagonist) to suppress chondrogenesis®!?, and small
molecule Alk2 inhibitors (BLU-782, Blueprint Medicines; LDN-193189) to block bone
morphogenetic protein signaling!!!'2, However, therapeutics that target specific signaling
pathways are currently limited by our incomplete understanding of both HO itself and of any risk
factors that could guide appropriate administration. The strategy proposed in this work is to
directly limit EM formation, which could prevent disease progression during the wait period
prior to surgical resection and/or supplement treatment strategies that target signaling pathways.

Though large biologics (e.g. recombinant fetuin-A) and small molecule drugs (e.g.
palovarotene) make up much of drug development for HO, peptide therapeutics offer a
promising alternative. Compared to small molecule drugs, peptides are more bioactive and have
a higher specificity for their targets, resulting in broader therapeutic potential and fewer off-
target effects respectively 3. Compared to biologics, peptides are cheaper to manufacture and
have a lower risk of instigating an immune response!>.

Phage display is a tool to discover peptide sequences with high affinity for a given
substrate, providing more control over target specificity. A mineral-binding peptide,
VTKHLNQISQSY (VTK), was discovered for its high affinity to hydroxyapatite!4. Upon
phosphorylation of the serine residues (pVTK), not only did pVTK demonstrate a 10-fold higher

affinity to hydroxyapatite, but pVTK also inhibited mineralization of an osteoblast cell line!®.
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Stability testing in vitro predicted pVTK to be stable in vivo (Chapter 3). Thus, the objective of
this study was to test the hypothesis that pVTK could reduce ectopic mineralization in a model of
HO both in vitro and in vivo. It is hypothesized that pVTK would interfere primarily with EM
formation within the larger HO process to reduce the severity of the disease state. This HO

model was the conditional Alk2°%*°7P model, which utilizes a derivative of the mutation
implicated in fibrodysplasia ossificans progressiva (FOP), a disease characterized by

spontaneous ossification of joints and soft tissues leading to near-full immobility!2.

4.2 Methods

4.2.1 Animal model and care

All procedures were approved by the University of Michigan’s Institutional Animal Care
and Use Committee (IACUC). All animals used were from the conditional Alk22207P
(alternatively named ca-Acvrl) model of heterotopic ossification as previously developed!®!”.
The Q207D mutation makes ALK?2 (aka ACVR1) constitutively active, i.e., this mutant receptor
can transduce BMP-signaling in a ligand independent manner. The Alk2??°’P mutation is Cre-
linked and therefore activatable, allowing for ligand-independent BMP signaling, which in
combination with cardiotoxin-induced inflammation, induces HO in muscle tissue!>!”. The
Alk2°2%7D mutation is maintained as homozygous in a mixture of 12956 and C57BL6/J
background. Animals (WT and mutant) were used at 4-5 days of age for primary cell isolation

and animals (mutant only) at 3 weeks of age for in vivo HO induction.

4.2.2 HO induction

For in vivo experiments, HO was induced as described!”. Briefly, a mixture of Ad5-

CMV-cre (Adex-cre) (0.71x10° PFU/uL, Vector Development Laboratory, Baylor University)
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and cardiotoxin (0.3mg/mL, 10uL total injection, Latoxan) was injected bilaterally into each
gastrocnemius muscle using a 100uL Hamilton syringe with 26g needle. The Adex-cre mediated
permanent Cre recombination to activate the conditional Alk2??°’P mutation resulting in local
ligand-independent BMP signaling!¢. Cardiotoxin was administered to increase local muscle
inflammation, which is necessary for consistent EM formation®!”. EM formation was expected
by 14 days post-induction but was apparent by 11 days as demonstrated by severe swelling,

increased bleeding at injection site, and increased animal agitation.

4.2.3 Peptide synthesis

Peptide synthesis was performed by the University of Michigan’s Proteomics and Peptide
Synthesis Core. Peptides were synthesized using solid phase peptide synthesis at a purity of 90%
or greater as confirmed by HPLC. Lyophilized peptides were stored at -20°C. For in vitro
experiments, pVTK was dissolved in a carbonate-bicarbonate buffer (pH 9) (10mM, sterile-
filtered) and stored at -20°C for up to one month. For in vivo experiments, pVTK was dissolved

in PBS (2mM, Gibco) at its maximum solubility, sterile filtered, aliquoted, and stored at -20°C.

4.2.4 Primary calvarial cell isolation

Primary calvarial cells from the conditional Alk2?2°’P model were isolated and cultured
as described'®. Animals were euthanized at postnatal days 4-5. Cells isolated from wildtype
(WT) animals would not carry the activatable Alk2°?°’P mutation, thus are referred to as caAlk2-
cells; cells isolated from mutant animals are termed caAlk2+ cells. Calvaria were dissected and
cleaned of connective tissue. Then calvaria were cut into Smm squares and washed in PBS. The
first set of digestions was performed in collagenase A (1mg/mL; Roche Diagnostics) and dispase

IT (1.5mg/mL; Roche Diagnostics) for 10 minutes at 37°C with rocking (200-300 rpm) and
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repeated twice. The second set of digestions was performed in collagenase A (2mg/mL) and
dispase II (2mg/mL) for 15 minutes each at 37°C with rocking (200-300 rpm) repeated twice.
Digestion media was collected during each round of the second set of digestions and kept over
ice until completion of the final digestion. Digestion media was filtered through a cell strainer
and centrifuged at 1500 rpm for 5 minutes. The resultant cell pellet was resuspended, and cells
were plated in a 6-well plate at a density of 50,000 cells/cm?. Cells isolated from the calvaria are
a heterogeneous population, so for the purpose of this study, any cells that adhered to the plate
were considered capable of osteogenic differentiation. While proliferating to confluence, all cells
were treated every other day for 3 total treatments of tamoxifen (100ng/mL, Sigma-Aldrich)
which would induce the Alk2°*°’P mutation when present. Because the transgenic construct has
IRES-EGFP cassette!®!8, Cre-dependent activation of the Alk22%%7D allele in vitro was verified

by observing GFP fluorescence (Figure 4.8S)'%.

4.2.5 Cell culture

Primary calvarial cells were maintained in growth media (alphaMEM, Gibco 12561-056;
10% lot-matched fetal bovine serum, Gibco 10082147, Reserve 77813196; 1% penicillin-
streptomycin, Gibco 15140-122). For all experiments, cells were plated at a density of 50,000
cells/cm?. Once plated and allowed to attach overnight, cells were transitioned to osteogenic
media made of growth media supplemented with -glycerophosphate (10mM, Sigma-Aldrich)
and ascorbic acid (50pg/mL, Sigma-Aldrich) with or without pVTK (600uM). Osteogenic media
was made fresh and changed every 2 to 3 days. Cells were differentiated in osteogenic media for

7 to 21 days.

4.2.6 Staining
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Primary calvarial cell mineralization was visualized with von Kossa staining (Figure
4.95). Cell monolayers were fixed in 10% neutral-buffered formalin for 10 minutes, then washed
three times with distilled water. To detect mineral deposits, von Kossa staining was performed
via incubation with 5% (w/v) silver nitrate (Sigma-Aldrich) solution for one hour under UV
light. Following staining method, cell monolayers were washed at least three times with

deionized water or until the wash solution ran clean.

4.2.7 Calcium quantification

Fixed cell monolayers were incubated with 0.5M hydrochloric acid overnight at 4°C. The
supernatant was collected, centrifuged at 13,000 rpm for 5 minutes, and assayed for calcium
content using the o-cresolphthalein complexone assay method (Stanbio Calcium Liquicolor Kit).
Three biological replicates for each experimental group were assayed in triplicate at each

timepoint.

4.2.8 Alkaline phosphatase activity

Cell culture lysates were assayed via p-nitrophenyl phosphate assay method
(Colorimetric Alkaline Phosphatase Activity Assay, Abcam) and normalized to DNA content
(Quant-iT PicoGreen dsDNA Assay, Invitrogen). Briefly, cell culture lysates were harvested in
assay buffer after one freeze/thaw cycle at -20°C, sonicated for 5 minutes on ice, and centrifuged
at 13,000 rpm for 5 minutes at 4°C. Then, supernatant was collected and used for ALP activity
quantification and DNA quantification. Three biological replicates for each experimental group

were assayed in duplicate at each timepoint.

4.2.9 Peptide administration in vivo
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Starting the day after HO induction, daily peptide injections commenced. Each day,
bilateral injections of pVTK (10uL, 2mM) or PBS controls (10pL) were administered into the

gastrocnemius muscle using a 100puL Hamilton syringe with 26g needle for 11 days total.

4.2.10 Micro-CT analysis

Following sacrifice at day 11, hindlimbs were dissected, isolating the EM deposit by
cutting proximal to the ankle and distal to the femur. Samples were fixed in 4%
paraformaldehyde (PFA) overnight at 4°C, transferred to 70% ethanol (EtOH), and submitted to
the MicroCT Core at the University of Michigan’s School of Dentistry. Samples were scanned
with a Scanco pCT 100 micro-computed tomography system at 70 kV, 114 A, and with a 0.5 Al
filter. Scans were acquired at 10um voxel size, 12um slice increments, and 1000 projections.

Scans were visualized and analyzed using Dragonfly. First, scans were imported into the
software, cropped, and filtered (Median filter). To roughly segment the tibia/fibula from the EM
deposit, thresholding was utilized. Then, the ROIs (Regions of Interest) were further refined
using the local OTSU segmentation algorithm and manually segmentation as necessary. EM
Volume was taken directly from the ROI defined for the EM deposit. To determine volume
fraction, the ROI for the EM deposit was expanded using the dilate and close functions until the
entire 3D space was filled, then corrected to have the same surface as the original EM ROI using
the erode function. Then EM Volume Fraction was defined as the ratio of the EM Volume to the
volume of the corresponding filled ROI.

To analyze connectivity of the EM volume, two different approaches were utilized
(Figure 4.1)!. First, a multi-ROI was created to break the total EM volume into discrete regions
(minimum 9 points of connectivity required between voxels to consider them in the same ROI).

The resultant parameters were total number of regions, average size of regions, and unity of
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discrete regions (defined as the ratio of the largest region volume to total EM volume). Second,
the OpenPNM plug-in was used to model the solid EM volume as a (pore) network made of
mineral nodules (pores) and connections between nodules (throats)?’. Since the HO deposit is a
solid volume rather than a porous network, OpenPNM models where the mass is concentrated;
either in larger, spherical volumes (nodules) or thinner, elongated areas connecting two nodules
(connections)?. The main requirement placed on the network model was that a throat connected
only two pores while pores had an unrestricted number of connecting throats?’. The resultant
parameters were total number of nodules, total number of connections, ratio of connections to
nodules, average volume of nodules, average length of connections, and total length of

connections.

4.2.11 EM grading scheme

To qualify EM mineral formation, a grading scheme was developed based on EM
formation in trauma induced HO?!. The grading scheme for human trauma-induced HO was
based on the percent mineralized area of affected limbs as observed in anteroposterior or lateral
radiographs (None, 0%; Mild, <25%; Moderate, >25 - <50%; Severe, >50%)?!. In this study, EM
volume ranges were established to sort the PBS-treated control samples into four grades to match
the distribution of grades in the human study: Negligible, 0 - 5 mm?; Mild, 5 - 30 mm?;
Moderate, 30 - 35 mm?; Severe, >35 mm? (Figure 4.7S). Then, pVTK-treated samples were

sorted according to the grades defined by PBS-treated controls.

4.2.12 Histology

Fixed hindlimbs were incubated in 30% sucrose solution overnight at 4°C. Then, samples

were embedded in optimal cutting temperature compound (Fisher Healthcare) over dry ice and
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stored at -80°C. Embedded tissues were sectioned with the Leica CM 1950 cryostat using the
CryolJane tape transfer system (Leica) at 50-um thickness and stored at -20°C. Prior to staining,
frozen tissue sections were submerged in 70% EtOH and post-fixed in 4% PFA to ensure thick,
undecalcified sections remained attached to glass slides. Hematoxylin and eosin staining (H&E,
Sigma) (black; purple; pink) was used to identify general inflammation levels and von Kossa

staining (5% silver nitrate) was used to identify mineralized deposits.

4.2.13 Statistical analysis

All statistical analysis was carried out in GraphPad Prism 9. For in vitro data analysis,
two-way ANOVAs were used to compare effects of PBS vs. pVTK and caAlk2- vs. caAlk2+.
For in vivo data analysis, data was tested for normality using the Shapiro-Wilks test. For normal
data (volume, volume fraction, and OpenPNM analysis), t-tests were used to compare effects of
PBS vs. pVTK. For non-normal data (MultiROI analysis), Mann-Whitney test was used to

compare effects of PBS vs. pVTK. Significance was reported for p < 0.05 (*).

4.3 Results

4.3.1 pVTK reduced osteogenic activity and mineralization in vitro

pVTK treatment significantly decreased ALP activity in caAlk2+ cells at 14 days (Figure
4.2B, p = 0.0340) but had no effect on either cell type at 7 days (Figure 4.2A). pVTK treatment
significantly decreased calcium content in both caAlk2- (p = 0.0300) and caAlk2+ cells (p =
0.0479). However, there was no difference in calcium content between untreated caAlk2- cells

and untreated caAlk2+ cells at 21 days.

4.3.2 pVTK reduced amount and severity of ectopic mineralization in vivo
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Visualization of HO 11 days after induction of the conditional Alk2??°’" mutation was
accomplished via X-ray imaging (Figure 4.3A). Micro-CT quantification showed that pVTK
treatment resulted in a significant decrease of EM volume (Figure 4.3B, p=0.0117) and no
difference in EM fraction (Figure 4.3C). For in vivo analysis, the term ‘HO’ will be used when
discussing the overall process resulting EM formation, and the term ‘EM’ will be used in
reference to the output of the HO model. Any effect of pVTK will be discussed relative to ‘EM’
only since pVTK’s role within the overall HO process is not examined in this work.

Representative images for the EM grading system are shown in Figure 4.3D and the
distributions of samples for each treatment group are shown in Figure 4.3E. pVTK treatment
downshifted the severity of EM formation, resulting in only Negligible or Mild EM formation.
No EM formation occurred in 3 of 20 hindlimbs (15%). Since all instances of no EM formation
occurred in PBS-treated animals, the hindlimbs with no EM were removed from micro-CT
quantification (Figure 4.3B and 4.3C) but not from the analysis of EM grade distribution (Figure
4.3E).

Representative histological images of HO after PBS and pVTK treatment are shown in
Figure 4.4. H&E staining (Figure 4.4, left columns) showed tissue reorganization related to HO
and EM formation in all groups, with no grade dependence, demonstrated by sections high
cellular density (light purple punctae) and dense collagen regions (continuous deep pink
regions). Comparing the H&E staining with the von Kossa staining (Figure 4.4) verified that

tissue reorganization expanded beyond the boundaries of formed EM.

4.3.3 pVTK fragmented ectopic mineral formation without altering density

Multi-ROI analysis showed that pVTK treatment significantly decreased both the number

of discrete regions (Figure 4.5B, p = 0.0250) and the average volume of the discrete regions
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(Figure 4.5C, p = 0.0133). Additionally, a measure of region unity was established as the ratio
between the volume of the largest region in the multi-ROI over the volume of the EM. pVTK
treatment significantly decreased this region unity measure (Figure 4.5D, p = 0.0431).

pVTK treatment significantly reduced the number of nodules (p = 0.0108; Figure 4.6B) and the
average volume of nodules (p = 0.0097; Figure 4.6E) of the EM networks. pVTK treatment also
reduced the number of connections (p = 0.0236; Figure 4.6C) and the total length of connections
(p =0.0177; Figure 4.6G). However, pVTK treatment had no effect on the ratio of connections to

nodules or the average length of connections (Figures 4.6C and 4.6F, respectively).

4.4 Discussion

The goal of this work was to investigate the therapeutic potential of pVTK for EM
prevention in severe cases of HO where current treatment and management options are limited.
Since pVTK successfully inhibited mineralization in a pre-osteoblast cell line, it was
hypothesized that pVTK would have the capacity to inhibit or disrupt non-physiological
mineralization as well. In the caAlk2 model, pVTK reduced mineralization and osteogenic
activity in vitro (Figure 4.2) and reduced EM formation and EM severity in vivo (Figure 4.3).
pVTK increased fragmentation of the EM deposits in-vivo without affecting the density or
packing of mineral (Figures 4.5 and 4.6). Altogether, pVTK has potential as a peptide therapeutic
with the ability to prevent severe cases of EM formation, to prevent coalescence of smaller EM

deposits, and prevent EM formation in HO at higher dosing.

4.4.1 pVTK reduced osteogenic activity in vitro

During the 21-day differentiation scheme, osteogenesis of primary calvarial cells was

demonstrated through increases in ALP activity (days 7 and 14) and calcium secretion (day 21)
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(Figure 4.2). At day 14, pVTK treatment limited ALP activity in caAlk2+ cells to the level of
caAlk2- cells with or without pVTK treatment, negating the effect of the Alk2 mutation on
increasing ALP activity (Figure 4.2B). Additionally, pVTK treatment resulted in significant
reductions of the extractable calcium content in the extracellular matrices in both caAlk2+ and
caAlk2- cells (Figure 4.2C). Taken together, these results demonstrated that pVTK reduced
mineralization and osteogenic activity in primary calvarial cells from a genetic model of HO. By
demonstrating a capacity to limit both osteogenic activity and mineralization in vitro, pVTK
shows potential to disrupt the mineralization pathway earlier than just limiting mineralization
itself, broadening its therapeutic impact.

However, this result is not consistent with data showing that pVTK has no effect on the
BMP osteogenic signaling pathway (Figure 3.2) and a stimulating effect on the Enpp1-TNAP-
Ank mineralization pathway?2. pVTK operates primarily by physically inhibiting mineral
deposition and growth (Figure 3.5)?. In this paper, pVTK treatment resulted in decreased ALP
activity by day 14 in caAlk2+ cells, indicating that pVTK may affect cell activity. caAlk2+ cells
were an uncharacterized heterogeneous population of cells isolated from mouse calvaria,
potentially including but not limited to osteoblasts, osteoclasts, fibroblasts, and mesenchymal
stem cells. Since this cell population is not purely comprised of osteoblasts, ALP activity may be
attributed to other cell activities beyond osteogenic differentiation. Therefore, more work is

needed to understand how pVTK inhibits mineralization and affects non-osteoblast cell types.

4.4.2 pVTK reduced amount and severity of ectopic mineralization in vivo

pVTK treatment significantly reduced EM formation in vivo compared to PBS treatment
(Figure 4.3B). There was no difference in volume fraction between treatment groups, indicating

no difference in EM density (Figure 4.3C). A grading scheme was developed to classify samples
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based on EM volume, modified from an area-based grading scheme to classify human HO.
pVTK-treated hindlimbs occupied only the two least severe grades compared to the wider range
of severity in the PBS-treated controls (Figure 4.3E). These results answered the main question
of this study, demonstrating that pVTK was successful in alleviating EM formation.

High levels of inflammation, attributed to daily intramuscular injections, were expected
due to observed animal discomfort and increased bleeding. Further, range-of-motion evaluations
did not correlate with increased ectopic mineral formation, indicating that range of motion may
be influenced more by soft tissue swelling and inflammation (observational data not shown). At
the microscopic level, not all samples showed histological evidence of an inflammatory reaction;
high cellular density associated with tissue reorganization was noticed in samples in the
‘Moderate’ PBS-treated and ‘Mild’ pVTK-treated groups (Figure 4.4, H&E). Further work is
needed to characterize the inflammatory response to daily intramuscular injections (e.g.
identification and quantification of infiltrating cell types) and/or develop a different delivery
mechanism that reduces or eliminates the need for daily injections.

Histological imaging was also done to visualize relative levels and corresponding areas of
tissue reorganization and mineralization (Figure 4.4). All samples with EM formation showed
tissue reorganization largely surrounding any EM (Figure 4.4, H&E and VKS). However, some
samples showed more tissue reorganization than others, not necessarily corresponding with
increasing grade (i.e. increasing EM volume). Since tissue reorganization was not correlated with
ultimate EM formation, two potential explanations for the tissue reorganization are inflammation
(due to injections and/or HO development) and cartilage formation (since HO is known to form
via endochondral ossification). More characterization of these tissue reorganization area, in

terms of cell types and cell activities, may add insight into how pVTK treatment impacts non-
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osteoblast cells and stages of HO development prior to EM formation. Additionally, when
looking at the ‘Moderate’ PBS-treated sample, EM ingrowth into the tibia altered the
physiological appearance of the tibia itself, a side effect noticed in other samples with no
preference to treatment. Since these histological observations did not correlate with EM grades,
this may indicate that a grading scheme based solely on EM volume may not be appropriate for
such a dynamic disease state. Future work may work to incorporate these qualitative measures
(e.g. inflammation, cartilage formation, and interference of EM with native bone) into an
optimized grading scheme for EM severity.

Current prophylactic strategies are more effective at preventing EM formation in milder
cases of HO?. Additionally, improvements of peptide delivery (e.g. controlled release, increased
concentration, co-delivery with other agents to reverse EM formation) could position pVTK as a
preventative therapeutic as well. In MC3T3s, pVTK has a threshold for complete mineral
inhibition with incomplete inhibition at concentrations below the threshold!”. Therefore, it is
expected that at a yet-to-be-determined in-vivo threshold concentration, pVTK would fully

prevent ectopic mineralization.

4.4.3 pVTK fragmented ectopic mineral formation without altering density

During the initial X-ray imaging, qualitative observations were made that HO intensity
was increased in PBS-treated limbs compared to pVTK-treated limbs. While volume fraction
was shown to be the same between the two treatment groups (Figure 4.3C), volume fraction is an
averaged measure of density. Therefore, additional quantitative micro-CT analyses were
developed to further explore differences in EM packing due to treatment method.

Multi-ROI analysis was performed to assess EM packing under the assumption that the

EM volume not continuous. Using multi-ROI analysis, EM volume was broken into discrete
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regions based on voxel connectivity. It was shown that pVTK treatment significantly reduced the
number (Figure 4.5B) and the average volume of discrete regions (Figure 4.5C). Additionally,
pVTK treatment decreased the region unity of the EM volume (defined as the ratio of the largest
discrete ROI from the multi-ROI analysis to the total EM volume) (Figure 4.5D). This resulted in
more pVTK-treated samples with multiple large ROIs making up 30-60% of the full EM volume
rather than one large ROI making up greater than 90% of the full EM volume, as in the PBS-
treated samples (Figure 4.5D). The decreases in number, size, and unity of the multi-ROIs
indicates that pVTK treatment resulted in smaller individual deposits of EM. It is hypothesized
that pVTK inhibits mineralization by binding to early mineral nucleates and preventing crystal
growth and organization. Therefore, it could be possible that pVTK reduced EM region number,
size, and unity by binding to early, smaller EM deposits and interfering with mineral growth and
fusion into larger EM deposits.

Network analysis was then performed to assess EM packing under the assumption that
EM volume was one connected body. Network analysis represented the EM volume as a web of
nodules and connections. pVTK treatment significantly reduced nodule number and size
compared to PBS controls (Figure 4.6B). pVTK treatment also reduced connection number
(Figure 4.6C) and total length (Figure 4.6G), but not average connection length or the ratio of
connections to nodules. The changes in the EM network due to pVTK treatment were all in
extrinsic values that should not be considered separately from decrease in total EM volume due
to pVTK treatment. Rather than causing the EM to compact and become denser to fit into a
smaller volume, pVTK treatment shrunk the web as a whole. This aligns with the proposed
hypothesis that pVTK interferes with crystal growth and the resultant amalgamation of EM

deposits as growth progresses.
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The two different morphological analyses placed emphasis on different aspects of spatial
distribution. Multi-ROI analysis assumed that the EM volume was not entirely connected,
leading to analysis of the individual pieces that make up the EM volume. Multi-ROI analysis
resulted in a skewed distribution of many smaller, non-connected mineral deposits and one large
main mineral deposit. This highlighted a key difference between treatments: peptide therapy
resulted in more instances of the largest deposit making up a smaller percentage of the total EM
volume. On the other hand, OpenPNM analysis assumed that the EM volume was connected,
which led to analysis of how the mineral mass was distributed throughout the EM volume and
placing less emphasis on the smaller, non-connected mineral nodules. OpenPNM analysis
verified that the density of the EM mineral was unchanged by pVTK treatment, as shown in the
volume fraction quantification (Figure 4.3C).

While standard micro-CT analysis showed that pVTK decreased EM formation (Figure
4.3), additional analyses added context to this decrease by showing that the EM volume formed
in the presence of pVTK was broken into smaller pieces that retained a similar density to control
EM (Figures 4.5 and 4.6). It is likely that pVTK slowed or constrained EM formation and
coalescence. Importantly, fewer, smaller EM deposits would be easier to sustain or even reduce
via range of motion therapies and non-steroidal anti-inflammatory drugs (NSAIDs) which are the
current standards of care effective for mild cases of HO*. Additionally, slowed EM formation
would prevent EM progression during the waiting period prior to surgical resection. Further,
reducing the size of individual nodules without packing the nodules tighter together results in a
larger surface area upon which resorption agents or pro-osteoclastic agents can act to break down

already formed EM. The additional morphological assessment of EM formation provided
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evidence that pVTK could aid in treatment of EM, even at sub-inhibitory levels, since pVTK

treatment interfered with mineral growth and coalescence.

4.4.4 Limitations and Future Directions

pVTK reduced ALP activity in caAlk2+ cells and significantly reduced calcium
deposition in caAlk2- and caAlk2+ cells, but there was no difference in the baseline
mineralization between WT and mutant cells (Figures 4.2C and 4.7S). Validation of the methods
for in vitro activation of the genetic mutation confirmed that caAlk2+ cells were positive for the
Alk22297D mutation throughout the duration of culture (Figure 4.8S). However, the isolated
calvarial cell populations were heterogeneous, so the percentage of cells capable of
mineralization may not have been high enough to demonstrate differences in mineral output due
to the Alk2??°7P mutation. Future studies may aim to characterize this cell population further and
optimize methods for osteoblast isolation and osteogenic differentiation in vitro.

Delivering pVTK via daily intramuscular injection was deemed sufficient to answer the
question of whether pVTK affected EM formation in vivo. pVTK was predicted to have a high
stability in vivo and intramuscular injections allowed for administration at or near the site of EM
formation. However, the maximal peptide dose was limited to the solubility of the pVTK in PBS.
Future work could focus on increasing the available dosing, e.g. through changing the delivery
solvent or developing a controlled release system, to achieve full inhibition of EM formation.

Another drawback to daily intramuscular injections is that they appeared to exacerbate
HO in the caAlk2 model. Previous work with this model reliably showed HO 14 days after
induction, with little to no mineral formation noticed within the first 7 days after induction?*.
However, in this study, HO was noticeable at day 7 (data not shown) and the study was ended

prematurely at day 11 due to noticeable distress and bleeding in both treatment groups. Human

97



patients with FOP are recommended to avoid intramuscular injections since even that small
wound can be enough to cause flare-ups®. A similar response was unanticipated in this mouse
model due to the localization of the genetic mutation, but this was the first instance of using daily
intramuscular injections. Future studies would focus on developing a controlled release system
for pVTK to eliminate daily injections while maximizing bioavailability of pVTK at the site of
HO.

While the primary goal of this study was to demonstrate that pVTK could be a peptide
therapeutic for ectopic mineralization, pVTK’s inhibitory ability is not unique to EM formation
in HO. Having demonstrated that pVTK can limit physiological mineralization in a pre-
osteoblast cell line and non-physiological mineralization in a mutant primary calvarial cell
population, it is predicted that pVTK would be effective against many different pathological
biomineralization phenotypes. Though more work is needed to characterize any role of pVTK
within osteogenic or other mineral-forming mechanisms, pVTK could likely be employed as an
interventional or preventative therapeutic in a variety of disease states involving ectopic

mineralization, such as vascular calcification, kidney stones, and breast cancer.

4.5 Conclusion

Results from this study showed that pVTK can reduce ectopic mineralization in a model
of HO at both the in vitro and in vivo levels. In primary calvarial cells, pVTK offset the
upregulation in ALP activity due to the presence of the Alk2 mutation by 14 days and
significantly reduced calcification of the extracellular matrix by 21 days. In vivo, pVTK reduced
total EM formation by 61% and reduced the severity of resultant EM formation. Morphological
analysis of the EM volumes showed that pVTK reduced the unity of formed EM deposits and

scaled down the EM volume without increasing EM density. Altogether, this study demonstrates
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that limiting ectopic mineralization via mineral-binding peptides could be added to the current

treatment and management strategies for HO.
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4.7 Figures
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Figure 4.1 Schematic for morphological analysis of ectopic mineral
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Figure 4.2 pVTK reduces osteogenic activity and mineralization in primary calvarial cells in
vitro

caAlk2- and caAlk2+ cells were subjected to a 21-day osteogenic differentiation scheme with or
without pVTK. Osteogenic activity was assessed via ALP activity at 7 days (A) and 14 days (B),
and mineralization was assessed via extracellular matrix calcium quantification at 21 days (C).
Data is presented as means + standard deviations (n = 3).
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Figure 4.3 pVTK reduces in vivo EM formation in conditional Alk22%2°’® model

(A) X-ray images of caAlk2+ animals that exhibited no HO (left panel) and intense HO (right
panel, indicated by arrows). (B) Quantification of EM volume via micro-CT. (C) Quantification
of EM fraction as the ratio of EM volume to the 3D space occupied by the EM. (D)
Representative images to demonstrate the EM grading scheme along with the corresponding EM
volume ranges. The green ROI encompasses the tibia and fibula; the blue ROI includes the EM.
(E) Distribution of EM grades within each treatment group according to the grading system in
(D). Data for volume and volume fraction is presented as means + standard deviations with

individual data points (npss = 7; npvrk = 10).
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Figure 4.4 pVTK treatment reduces ectopic mineral severity but not tissue reorganization

Representative histological images of HO with (A) PBS or (B) pVTK treatment. H&E (left
columns) stains calcification (deep pink), cell nuclei (purple punctae), and extracellular matrix
proteins such as collagen (pink). Von Kossa (right columns) stains calcium phosphate deposits
(mineral = black). Images are from 50-um cryo-sections of undecalcified hindlimbs (scale bar
represents Imm).
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A Multi-ROI Analysis
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Figure 4.5 pVTK treatment resulted in fragmentation of EM

(A) Sample images to demonstrate Dragonfly’s Multi-ROI analysis. Parameters quantified with
the Multi-ROI analysis include: (B) Number of discrete regions; (C) Average volume of discrete
regions; and (D) Unity of discrete regions for each sample (as a ratio of the volume of the largest
region of the multi-ROI over the total EM volume). Data presented as means + standard
deviations with individual data points (npss = 7; npvtk = 10).
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A OpenPNM (Pore Network Modeling)
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Figure 4.6 pVTK treatment reduced size of EM network without altering overall connectivity

(A) Sample images to demonstrate Dragonfly’s OpenPNM analysis. Parameters quantified with
the OpenPNM analysis include: (B) Number of nodules; (C) Number of connections; (D) Ratio
of connections to nodules; (E) Average volume of nodules; (F) Average length of connections;
and (G) Total length of connections. Data presented as means + standard deviations with
individual data points (npss = 7; npvrk = 10).
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Figure 4.7S Compared distributions of human and caAlk2 mouse samples within EM grading
schemes

BOOM

To qualify the severity of EM formation, an EM grading scheme was developed for this study
based on results from a large human study of EM in trauma-induced HO (N =213)?!. In the
human study, grades were defined by the percent of the cross-sectional area taken up by EM in
affected limbs (visualized via 2D radiographs). Sorting of the human radiographs into respective
grades established an expected distribution of EM that was used to define ranges for EM in the
PBS-treated controls. Ranges of EM volume (quantified and visualized via micro-CT) were
established to achieve the same distribution of PBS-treated control mice (n = 10) as previously
published in the human study (N = 213). Distributions are represented visually as cumulative
stacked percentages. The legend displays the numbers of samples (and corresponding
percentages) for each grade.
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Figure 4.8S Verification of in vitro induction of Alk2??’P gene expression and maintenance
through culture period

Fluorescent images of calvarial cells after mutation induction and up to 3 weeks of culture in
osteogenic differentiation medium. Cells were previously isolated by HP from
caA2(+)(+)mT/mTTAK1+/+Ubc(+) mice, which contained a GFP protein linked to the mutated
AlK2 insert, to verify in vitro activation of the Cre-inducible mutation'®. Brightness/contrast of
these images has been adjusted to normalize background fluorescence.
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caAlk2- caAlk2+
0 600 0 600 pVTK (pM)

Figure 4.9S Visualization of mieraiization patterns in caAlk2- and caAlk2+ cells

Primary calvarial cells were cultured in osteogenic media for 3 weeks and then subjected to von
Kossa staining to identify calcium deposits. Minimal differences were observed between caAlk2-
and caAlk2+ cells, counter to expectations that caAlk2+ cells would have more robust
mineralization due to unrestricted BMP signaling.
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Chapter 5 Development of Drug Delivery Systems for Controlled Release of pVTK

5.1 Introduction

The studies in Chapters 3 and 4 demonstrated that pVTK inhibited EM formation in two
different animal models. Nonetheless, more work is necessary to improve peptide delivery for
clinical translation. Daily injections to manage EM formation in humans would present a burden
to clinicians and to patients, in terms of time, money, comfort and compliance. Additionally,
since many diseases/disorders involving EM formation have a major inflammatory component,
repeated injections are likely to exacerbate local inflammation and potentially increase EM
formation!. While pVTK may be employed for inhibiting EM formation in different disease
states, it is important to tailor pVTK administration for each disease state, as EM formation
varies in terms of amount and accessibility via typical drug administration routes.

Drug delivery projects were undertaken to develop controlled release methods for pVTK
to achieve inhibition of mineralization. Controlled release systems gradually release a drug from
a reservoir, as compared to burst release mechanisms which administer the entire dose at one
timepoint (e.g. intramuscular or subcutaneous injections). For treatment of EM formation due to
BMP therapies, an injectable natural hydrogel was developed. For treatment of EM formation
due to HO/FOP, degradable nanoparticles for drug encapsulation and controlled release were
developed. Proof-of-concept studies were conducted to fabricate the respective controlled release

systems for in vitro pVTK delivery.

5.1.1 Drug delivery considerations for BMP therapies
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In Chapter 3, pVTK delivered via daily subcutaneous injections reduced EM formation
from BMP2-loaded implants. Ideally, pVTK would be delivered via controlled release that exerts
spatial and temporal control over its release without interfering with the therapeutic effect of
BMP2.

Design considerations for the controlled release delivery system for pVTK in conjunction
with BMP2 therapies are presented in Table 5.1. Based on the needs and design considerations, a
gelling hydrogel composed of collagen and alginate was deemed suitable for pVTK delivery
(Table 5.1). There is precedent for collagen and alginate gels in biomedical applications. FDA-
approved BMP2 therapies utilize collagen sponges for delivery?, and injectable collagen
hydrogels are FDA-approved for use as facial fillers®. Further, injectable alginate hydrogels are
European Medicines Agency (EMA)-approved and undergoing FDA clinical trials for treatment
of heart failure*. The combination of collagen and alginate in an injectable, gelling hydrogel is

tailorable for controlled release of drugs®.

5.1.2 Drug delivery considerations for HO/FOP

When considering EM management in patients with HO or with FOP, activating any
excess inflammatory response is likely to cause adverse reactions, potentially resulting in
increased EM formation'. Patients with FOP are recommended to avoid all soft tissue injury,
including intramuscular injections (e.g. vaccinations)'.

Data presented in Chapter 4 showed that pVTK reduced EM formation in a model of
HO/FOP via daily intramuscular injections in vivo. However, EM typically forms approximately
14 days after induction of the genetic mutation in this model®. Daily injections may have
exacerbated inflammation and animal discomfort, ultimately leading to early experimental

termination by 11 days post-induction. Reducing the number of injections for drug did not seem
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to exacerbate inflammation (unpublished observations based on injections every 3 days).
Additionally, other reports demonstrated successful drug administration via intraperitoneal
injection®’ or oral gavage®.

Design considerations for a controlled release delivery system for pVTK to prevent EM
formation in HO/FOP are presented in Table 5.2. Based on the needs and design considerations,
PLGA particles were deemed suitable for pVTK delivery. PLGA is FDA-approved for

biomedical applications, including but not limited to controlled release of drugs in vivo’.

5.2 Methods

5.2.1 Peptide synthesis and fluorescent tagging

Solid phase peptide (pVTK: VTKHNLQI(pS)Q(pS)Y, pS = phosphoserine and scram-
pVTK: IYQ(pS)KHTL(pS)NQV) synthesis was performed (purity > 90% by HPLC) by the
University of Michigan’s Proteomics and Peptide Synthesis Core. pVTK was reconstituted in
carbonate-bicarbonate buffer (pH 9). Peptide tagging with fluorescein isothiocyanate (FITC) was
performed via conjugation reaction. Briefly, 0.5mL of pVTK (10mg/mL in carbonate-
bicarbonate buffer, pH 9) was mixed with 50uL of FITC (Img/mL in dimethyl sulfoxide). The
reaction proceeded for 1 hour at room temperature with stirring and protection from light. Then,

unreacted FITC was removed from the reaction solution via column purification (PD MidiTrap

G-10).).

5.2.2 Hydrogel fabrication and model protein encapsulation

Hydrogel fabrication was derived from published protocols®. Hydrogel composition was
divided into two precursor solutions: collagen and alginate. The collagen precursor solution was

formulated with rat tail Type I collagen (3 mg/mL; Gibco) mixed with calcium sulfate (10% in
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deionized water). The alginate precursor solution was formulated with alginate (1w/v% in
calcium-free DMEM (Gibco); Millipore-Sigma) mixed with sodium hydroxide (0.1M in
deionized water). Then, the two precursor solutions were mixed well via pipetting at 4°C before
being transferred into a 96-well plate for gelation overnight at 37°C. For protein encapsulation,
FITC-Dextran (10 pL 25mg/mL in deionized water; MW 3,000-5,000, Millipore-Sigma) or
FITC-pVTK (30 puL) was incorporated in the mixing step of the two precursor solutions.
Gelling and protein release were used to assess permutations of hydrogel composition
(see Table 5.3). Parameter variations tested (a) the level of alginate crosslinking (as controlled by
calcium sulfate concentration) (1 vs. 2 and 5 vs. 6; 1-4 vs. 5-8) and (b) the level of collagen
crosslinking (as controlled by NaOH concentration) (2 vs. 3 vs. 4 and 6 vs. 7 vs. 8). For all
permutations, the multiplication factors listed apply to the corresponding volumes for the

alginate and collagen sulfate solutions added to the total hydrogel mixture.

5.2.3 Particle synthesis

Particle preparation was adapted from published protocols of the double emulsion
technique'?. Briefly, the double emulsion technique uses aqueous and organic phases to establish
an aqueous, drug-loaded core with a polymer particle shell.

For the emulsifier solution, PVA (poly-vinyl alcohol; Millipore-Sigma) solution was
prepared by dissolving PVA in double distilled water (1 or 2 w/v%) for a total volume of 50mL.
For the polymer solution, PLGA (poly-lactic-co-glycolic acid, 50:50; Resomer RG 503) was
dissolved in ethyl acetate (2.5, 5, or 10 w/v%) for a total volume of 1 mL. For the first emulsion,
50uL drug (40mg/mL bovine serum albumin (Fisher) or 2mM FITC-Dextran (MW 3,000-5,000;
Millipore-Sigma), FITC-pVTK) in solution was added to the polymer solution and ultrasonicated

three times (10 seconds, 40% amplitude, 700W sonicator). For the second emulsion, the
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polymer/drug solution was added dropwise to 2mL of the emulsifier solution during vortexing.
The polymer/drug/emulsifier solution was then ultrasonicated three times (30 seconds, 40%
amplitude, 700W sonicator) on ice. The sonicated polymer/drug/emulsifier solution was then
poured into the remaining emulsifier solution (stirring). Particles were allowed to harden while
stirring for 3 hours at room temperature.

To collect the particles, the full polymer/drug/emulsifier was centrifuged (30 minutes,
maximum speed 4686g) and washed with double distilled water three times. The final particle
pellet was resuspended in SmL of double distilled water, frozen overnight at -80°C, and

lyophilized for 72 hours. Long-term particle storage occurred at -80°C.

5.2.4 Scanning electron microscopy (SEM)

Prior to freezing and lyophilization, 20ulL samples were taken and allowed to dry on glass
coverslips overnight in preparation for SEM. Carbon coating and scanning were performed in the
University of Michigan’s Electron Microbeam Analysis Lab. SEM images were acquired using
the JEOL JSM-7800FLV Scanning Electron Microscope (10.0kV LED, WD 12.0um). Particle

diameters were measured in ImageJ using SEM images (2000X, n = 3).

5.2.5 Encapsulation efficiency

To measure hydrogel encapsulation efficiency, gelled hydrogels (n = 2) were rinsed well
with PBS. The wash liquid was evaluated for protein content via measurement of fluorescence

(Aex = 480nm; Aem = 520 nm) and comparison to a standard curve. Then, encapsulation efficiency

Total added protein—protein content in wash liquid

* 1009
was calculated as Total added protein .
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Particle encapsulation efficiency was not measurable due to the large volume of

emulsifier solution compared to volume of added protein.

5.2.6 Protein release quantification

For hydrogel release, gelled hydrogels containing FITC-Dextran (n = 2) were incubated
with PBS at 37°C with protection from light for up to 5 days. PBS supernatant samples were
taken for protein quantification via measurement of fluorescence and normalization to a standard
curve.

For particle release, protein and peptide release in solution were quantified using a BCA
and micro-BCA assay kit (Pierce), respectively (n = 3). Briefly, particles were re-suspended in
PBS and incubated at 37°C for up to 72 hours. Daily supernatant samples were taken and

quantified using the BCA assays for protein/peptide content.

5.2.7 Cell culture

MC3T3s (murine calvarial pre-osteoblasts) were maintained in growth media: alpha-
MEM (Gibco 12561-056) with 10% FBS (Gibco 10082147, Reserve 77813196) and 1%
penicillin-streptomycin (Gibco, 15140-122). For osteogenic differentiation, growth media was
supplemented with B-glycerophosphate (10mM, Sigma-Aldrich) and ascorbic acid (50pg/mL,
Sigma-Aldrich). Cells were plated at a density of 30,000 cells/cm? and allowed to reach full
confluence throughout the 12-day differentiation scheme.

For hydrogel administration, hydrogel precursor solutions with FITC-Dextran or FITC-
pVTK were fabricated under sterile conditions, allowed to gel overnight at 37°C, and placed

directly onto cell monolayers for a total of two biological replicates per group. For particle
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administration, particles were resuspended in growth media for administration to MC3T3s in

solution for a total of two biological replicates per group.

5.2.8 Staining of deposited calcium/calcium phosphate and cell nuclei

Alizarin Red and von Kossa staining were performed on fixed cells (n = 2) to identify
calcification and mineralization, respectively. MC3T3s were fixed in 10% neutral-buffered
formalin for 10 minutes, then washed three times with double distilled water. For Alizarin Red
staining, fixed cells were incubated with a 2% Alizarin Red S (Sigma-Aldrich) staining solution
(pH 4.2) for 45 minutes protected from light. For von Kossa staining, fixed cells were incubated
with a 5% silver nitrate (Sigma-Aldrich) solution for 60 minutes under UV light. Following each
incubation, stained monolayers were washed with double distilled water until the washing liquid

ran clear.

5.2.9 Alizarin Red staining quantification

Bound Alizarin Red was extracted from cell matrices via incubation with an extraction
solution (20% methanol, 10% acetic acid in double distilled water) for 45 minutes with
protection from light. Samples were collected from the extraction solution and run on a plate
reader (450 nm) against a serial dilution of the original Alizarin Red staining solution in the

extraction solution.

5.2.10 Staining of cell nuclei

Hoechst staining to identify cell nuclei was performed on live cells. Sterile Hoechst
33342 (Thermo Scientific) was reconstituted to a concentration of 0.02 mg/mL in sterile PBS.
Live cell monolayers (n = 2) were incubated with Hoechst staining solution at a concentration of

0.5ug/mL in media for 15 minutes at 37°C. Then, cells were washed with sterile PBS and
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incubated with fresh media prior to imaging. Images (with or without Hoechst staining) were

obtained on the Leica Thunder Imager (Leica DMi8 microscope).

5.2.11 Fluorescent imaging

Hydrogels incorporated with FITC-tagged pVTK (n = 2) were imaged using a Leica
Thunder Imager (Leica DMi8 microscope) to view release of FITC-Dextran or FITC-pVTK from

respective hydrogels.

5.2.12 Statistical analysis

No statistical analysis was performed on this preliminary data due to insufficient

technical replicates.

5.3 Results

5.3.1 Injectable hydrogel for pV'TK delivery to inhibit EM formation as an off-target effect of

BMP therapies

5.3.1.1 Hydrogel composition analysis

Hydrogel composition parameters (Table 5.2) were evaluated in terms of their effect on
gelling and protein release over time (Figure 5.1). Increasing the ratio of the alginate precursor
solution to the collagen precursor solution resulted in increases in structural integrity after the
gelation period, as assessed by ease of removal of gelled hydrogel from the fabrication well and
by the maintenance of the well shape after removal (1:1 ratio not presented in Figure 5.1).
Increasing the ratio of calcium sulfate to alginate increased structural integrity but had no impact
on the release profiles (1-4 vs. 5-8, observation based on user handling). Increasing the added

volume of NaOH from 4puL to SuL increased gelation (2 vs. 3 and 6 vs. 7), beyond which
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increasing NaOH appeared to negatively impact gelation (3 vs. 4 and 7 vs. 8, observations based
on user handling). Therefore, since cumulative protein release was largely unchanged by the
tested parameters, gelling and resultant handleability led to the choice of hydrogel compositions

3 and 4 for further studies.

5.3.1.2 Peptide incorporation into hydrogels and in vitro testing

Incorporation of FITC-pVTK into hydrogels was visualized (Figure 5.2A), demonstrating
more incorporation into hydrogel composition 3. MC3T3s differentiated in the presence of
pVTK or scram-pVTK (delivered freely vs. via hydrogel encapsulation) showed decreases in
Alizarin Red staining when peptides were encapsulated hydrogel 3, but not hydrogel 4. However,
free pVTK (positive control) did not reduce calcification compared to ODM controls while

scram-pVTK (negative control) did reduce calcification compared to ODM controls.

5.3.2 Polymer particles for pVTK delivery to mitigate EM formation in HO/FOP

5.3.2.1 Particle fabrication parameter assessment

Different fabrication parameters for PLGA particles (polymer concentration and
emulsifier concentration) were assessed in terms of their effects on morphology, particle size,
and protein release profiles. Increasing PLGA concentration resulted in more particles with more
consistent morphology (Figure 5.3A). Increasing PVA concentration resulted in more consistent
particle size (Figures 5.3A and 5.3B). Increasing PLGA concentration resulted in slower, albeit
lower protein release, while increasing PVA concentration resulted in faster and higher protein
release (Figure 5.3C). Since the main parameter of interest was the protein release profile, the
parameters with the most consistency and control were chosen for future experiments: 10%

PLGA and 2% PVA. Ideally, release would extend over 14 days to allow for a single injection of
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pVTK-loaded PLGA particles. However, the 3-day release profile was sufficient for these early
studies since prior work showed that the caAlk2 model can withstand extra injections on every

third day.

5.3.2.2 In vitro pVTK release from PLGA particles

Release of encapsulated peptide and peptide mimics are demonstrated in Figure 5.4.
Release of FITC-Dextran increased with increasing concentration, as expected (Figure 5.4A, top
row). While FITC-pVTK release increased with increasing concentration, release of FITC-pVTK
was lower than FITC-Dextran at the same concentrations (Figure 5.4A). Quantification of pVTK
release from particles showed a steady decrease in the concentration of pVTK in supernatant
over 72 hours (Figure 5.4B), though FITC-pVTK remained present in culture through 96 hours
(Figure 5.4C).

Controlled release of pVTK from particles was assessed during osteogenic differentiation
of MC3T3s. After the course of osteogenic differentiation, cell groups treated with particles
(encapsulating both FITC-pVTK and FITC-Dextran) and with free pVTK showed inhibition of
mineralization (Figure 5.5). Cell monolayers were lost during osteogenic differentiation due to

infection since the particles were not sterilized prior to administration to cells.

5.4 Discussion

To improve the potential clinical impact of pVTK for prevention of EM formation,
controlled drug release systems would be more suitable than subcutaneous or intramuscular
injections of free peptide. Due to high levels of inflammation and improper repair processes
associated with EM formation, encapsulation for local delivery of pVTK would be ideal. In this
chapter, two controlled release systems were developed for each of the models of EM formation

investigated in previous chapters.
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5.4.1 Injectable hydrogel for pV'TK delivery to inhibit EM formation as an off-target effect of

BMP therapies

An injectable collagen-alginate hydrogel was created to deliver pVTK in a controlled
manner for prevention of EM due to BMP2 therapy off-target effects. There is precedent for
using collagen and alginate hydrogels in the clinic (e.g. collagen sponges for BMP2 implants),
and these natural polymers are well tolerated by the body and customizable for a variety of
applications. The studies reported here present efforts to adapt collagen-alginate hydrogels for
delivery of pVTK for EM prevention.

The effect of hydrogel composition on gelation and protein release were explored to
determine the best composition for this application. Hydrogel compositions 3 and 4 (standard
calcium sulfate with medium (3) or high (4) NaOH) had the ideal balance of structural integrity
after gelation, consistency in fabrication, and controlled release profiles. The hydrogel
formulation is designed to be injectable at room temperature and solid at body temperature.
Therefore, it is important that the hydrogel retains its structure after the gelling period to
potentially allow for spatially controlled drug release. The hydrogel compositions ruled out
based on poor gelation were compositions 1 and 2 (low calcium sulfate with medium NaOH (1)
and standard calcium sulfate with low NaOH (2)). Increasing the concentration of calcium
sulfate resulted in difficulties maintaining homogeneity during mixing and inconsistent gelation.
Therefore, hydrogel compositions 5-8 (with higher calcium sulfate to alginate ratio) were ruled
out.

Hydrogel compositions 3 and 4 were further evaluated via incorporation of peptide and
inhibition of osteogenic differentiation when incubated with cells. FITC-tagged pVTK was

incorporated within each of the two hydrogel compositions (Figure 5.2A). Differences in amount
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of incorporated peptide are likely due to differences in gelation and handling. When administered
to MC3T3s undergoing osteogenic differentiation, hydrogel composition 3 had an inhibitory
effect on ECM calcification, regardless of incorporated peptide variant (Figure 5.2B). Hydrogel
composition 4 with incorporated pVTK reduced calcification more than with incorporated
scram-pVTK (Figure 5.2B). However, the overall calcification levels in all groups were low, and
the free peptide negative controls had opposite results than anticipated. This indicates that
osteogenic activity in these cells was limited by factors outside of hydrogel or peptide
administration (e.g. errors with osteogenic media or older cell lines). Despite this, hydrogel 4
was deemed a candidate for delivery of pVTK to inhibit calcification in differentiating
osteoblasts because inhibitory effects could be attributed to pVTK rather than to the hydrogel
itself. Future optimization of hydrogel formulation (in terms of gelation and peptide release
kinetics) and in vitro administration are needed to validate hydrogel composition.

In all, efforts to adapt hydrogel formulation for pVTK administration yielded promising
results. However, more work is needed to tailor the peptide release profile, understand

degradation effects, and improve administration in vitro and in vivo.

5.4.2 Polymer particles for pVTK delivery to mitigate EM formation in HO/FOP

PLGA particles were synthesized to deliver pVTK over time with minimal intramuscular
injections for prevention of EM in HO/FOP. There is precedent for using PLGA for controlled
drug delivery since PLGA degrades into products that are easily metabolized by cells. The work
presented demonstrates pVTK incorporation into PLGA particles for controlled release, though
further testing is necessary to ensure that this delivery system reduces mineralization without

exacerbating inflammation in vivo.
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Particle development focused on fabrication parameters (polymer concentration,
emulsifier concentration) and functional outputs (particle size and morphology, release profile).
To guide this development project, consistency in particle size and controlled release profiles
were considered the most important outputs. While more work is necessary to ensure consistent
particle fabrication and to lengthen the duration of protein release, based on the data generated,
the parameters selected were 10% PLGA and 2% PVA.

Particles were initially developed for encapsulation of a mock protein (BSA), and peptide
encapsulation and release were characterized using the same particle fabrication parameters.
Release of FITC-Dextran or FITC-pVTK had no negative affect on cell survival or cell density
(over 48 hours of incubation) (Figure 5.4A). The presence of FITC signal after encapsulation,
regardless of amount, was a positive sign that encapsulation did not negatively impact bioactivity
of the peptides. Quantification of pVTK release indicates that there is a burst release on day 1
with lower, controlled release over 72 hours (Figure 5.4B), with FITC-pVTK still active at 96
hours (Figure 5.4C). Further adjustments would be necessary to extend this release profile and
ensure that pVTK delivery remains in the therapeutic window. The ideal therapeutic window still
needs to be defined, but it is sufficient for pVTK (>200uM) to be administered every 2-3 days
alongside media changes. Additionally, pVTK was predicted to be highly stable in mouse plasma
(Chapter 2), though the effects of cell-mediated degradation and systemic clearance on pVTK are
yet to be characterized.

While FITC-Dextran release matched expectations, the concentration of FITC-pVTK
released was lower than anticipated (Figure 5.4A). FITC-conjugation of pVTK was performed

manually, so efficiency was likely lower than the FITC-Dextran purchased from the supplier.
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Optimization or outsourcing of the post-conjugation filtration steps would ensure higher
efficiency of the FITC-pVTK conjugation reaction.

When administered in vitro, mineralization was inhibited in all treatment groups (Figure
5.5). Since the data is incomplete due to infection and resultant cell loss, it cannot be determined
that inhibition of mineralization was due to pVTK released from PLGA particles. Future studies
would repeat this in vitro work with sterilized particles. Ideally, after modifying particle
fabrication to extend peptide release, particles would be delivered in such a way to separate

media changes from particle administration (e.g. using cell culture insert).

5.4.3 Limitations

Development of each of these delivery systems was limited by time and personnel
constraints. However, full customization for each of these controlled release systems was limited
due to incomplete understanding of (a) how pVTK inhibits mineralization and (b) the appropriate
dosing scheme for full inhibition (duration of release profile and therapeutic window). Knowing
how pVTK inhibits mineralization would inform targeting strategies in terms of location and
timing. Characterizing the appropriate dosing scheme would guide system optimization toward
the desired release kinetics. Future studies would build on the work presented in this chapter to

further develop controlled release delivery systems for pVTK.

5.5 Conclusion

This chapter describes efforts to develop two controlled release systems, each tailored for
the delivery of pVTK for EM prevention in two different disease states: BMP2 therapies and
HO/FOP. The most important design considerations were inspired by current

treatment/management strategies within the clinic for each disease state. An injectable collagen-
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alginate hydrogel for pVTK encapsulation was proposed to be delivered alongside or after BMP2
implant insertion. The hydrogel system was shown to have high encapsulation efficiency,
controllable properties for modulating gelation, and capacity for controlled peptide release.
PLGA particles were proposed for intramuscular injection to control EM formation in cases of
HO/FOP. Particles had high encapsulation efficiency, tunable protein release rates, and potential
inhibitory effects of in vitro mineralization. Though more system optimization is necessary to
demonstrate full in vitro efficacy for both release systems, this work successfully demonstrates

pVTK encapsulation and release with no observed effects on bioactivity.
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5.7 Figures and Tables

Table 5.1 Engineering considerations for delivery of pVTK for prevention of EM due to BMP

therapies

Need

Design Consideration

Design Solution

Bioavailability at site
of EM formation

EM formation generally occurs due to
leakage of BMP2 into extracellular
space, so delivery system would require
spatial control over pVTK
administration

Gelling hydrogel allows for injection and
solidification for long-term drug release at site
of interest

Administration that
does not impede

BMP?2 therapies are effective when
restricted to the intended site; any

Gelling hydrogel could be used to either (a)
create a pVTK-buffered zone immediately

implantation or injection into the body

BMP2 controlled delivery system should not surrounding BMP2 implant to prevent off-
delivery/efficacy interfere with or restrict BMP2 target effects or (b) spatially restrict pVTK to
administration area where EM formation has begun
Biocompatibility Inflammatory response to BMP2 leakage | Collagen and alginate are both natural
has resulted in severe swelling and EM polymers and incorporated within federally
formation; controlled release system of | approved medical implants
pVTK should not exacerbate the
immune response to the implants
Sterilizability Systems must be sterilized before Creation of the hydrogel mixture can be

performed under sterile conditions

Clinical translatability

Preservation and reconstitution of drug
delivery system must incorporate easily
into BMP implant surgery workflow

Hydrogel mixture components can be
lyophilized and reconstituted

Mixture of two precursor solutions can be
performed immediately prior to injection
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Table 5.2 Engineering considerations for delivery of pVTK for EM prevention in HO/FOP

Need Design Consideration Design Solution
Bioavailability at Inflammation in tHO/FOP may lead to PLGA particles encapsulate drugs,
site of EM increased drug degradation, so drug must be | preserving bioactivity until drugs are
formation protected from the inflammatory released
environment
Transport within muscle tissue is limited due | PLGA particles can be embedded in
to the high cellular density and low implantable materials or injected into
extracellular transport space intramuscular space
Minimal Minor injury from intramuscular injections PLGA particles can be tailored for drug
intramuscular can cause flare-ups in FOP patients release over the course of weeks or months,
injections lowering the # of required injections
Peptide stability via encapsulation is higher
than proteins; smaller molecule size allows
for higher levels of encapsulated drug
Biocompatible Exacerbating inflammation in HO/FOP may | PLGA’s degradation products are processed
lead to increased EM formation so system by cells and do not exacerbate immune
must not elicit any additional immune response
response
Sterilizability Systems must be sterilized before ultimate PLGA particles can be sterilized after
implantation or injection into the body synthesis
System handling Preservation and reconstitution of drug PLGA particles can be lyophilized with

delivery system must work within confines
of current system

cryoprotectants for storage and reconstituted
in sterile liquid immediately prior to
injection
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Table 5.3 Hydrogel composition descriptions

Calcium FITC-Dextran . Encapsulation
DMEM (uL) Collagen (uL) Sulfate (L) L) Alginate (uL) NaOH (pL) Efficiency
2x 2x
1 50 50 20 10 250 5 98.88%
2 50 50 30 10 250 4 98.87%
3 50 50 30 10 250 5 98.47%
4 50 50 30 10 250 16 98.46%
4x 2x
5 50 50 20 10 250 5 99.28%
6 50 50 30 10 250 4 97.85%
7 50 50 30 10 250 5 98.05%
8 50 50 30 10 250 16 98.52%
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Figure 5.1 Effect of composition on hydrogel structure and protein release

(A) Representative images of set hydrogels and (B) cumulative mock protein release from
hydrogels over time. Hydrogel composition numbers correspond to formulations described in
Table 1. Data are represented as means with the dashed horizontal line representing maximum
possible value.
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Figure 5.2 Incorporation of FITC-pVTK into hydrogel compositions 3 and 4 for in vitro

assessment

(A) Fluorescent images of FITC-pVTK incorporation into hydrogels and (B) quantification of
Alizarin red staining of MC3T3s at the end of a 12-day differentiation scheme in osteogenic
differentiation media (ODM) plus free peptide (pVTK or scrambled pVTK, scram-pVTK) or
pre-gelled hydrogels with incorporated peptide. Hydrogel composition 3 was high calcium
sulfate and medium sodium hydroxide; hydrogel composition 4 was high calcium sulfate and
high sodium hydroxide. Data are presented as means + standard deviations.
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Figure 5.3 Effect of fabrication parameters on particle size and model protein release

(A) Representative SEM images, (B) quantification of particle size distribution, and (C)
cumulative BSA release. Data is presented as means + standard deviations.
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Figure 5.4 Peptide release from PLGA particles

(A) Fluorescent images of MC3T3s incubated with PLGA particles (reconstituted at different
concentrations) for 48 hours (blue = cell nuclei; green = FITC tag on pVTK or dextran); (B)
pVTK release over time (two batches of particles with same fabrication parameters); (C)
Combined brightfield and fluorescent images of FITC-pVTK released from particles (1000uM)
over 4 days. Data is presented as means + standard deviations. Scale bar in each image represents
100pum.
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Figure 5.5 Effect of PLGA particles containing pVTK on MC3T3s undergoing osteogenic
differentiation

(Top row) Alizarin red staining for calcium deposits and (Bottom row) von Kossa staining for
calcium phosphate deposits. ‘X’ symbol indicates that cell monolayer was removed due to
infection.
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Chapter 6 Summary and Future Work

6.1 Summary of Dissertation

6.1.1 pV'TK for inhibition of ectopic mineral (EM) formation

Prior work in the Kohn Lab utilized phage display technology to identify unique peptide
sequences for bone tissue engineering strategies'. In particular, pVTK was identified for its high
affinity to mineralized substrates, e.g. bone-like mineral (BLM)?. pVTK also demonstrated the
unique ability to inhibit mineralization in MC3T3s (a pre-osteoblast cell line) undergoing
osteogenic differentiation??. The main goal of this thesis was to investigate if and how pVTK
could inhibit non-physiological mineralization in a therapeutic capacity.

Ectopic mineral (EM) formation is a common complication in a variety of disease states,
resulting in pathological mineral formation and leading to tissue dysfunction and pain. The two
cases of EM formation that were examined in this thesis are largely understood and therefore
replicable in animal models: EM formation as a side effect of BMP2 therapies* and EM
formation in heterotopic ossification/fibrodysplasia ossificans progressiva (HO/FOP)?. These
two models operate on the same osteogenic signaling pathway by stimulating aberrant BMP2
osteogenic signaling, but differ in ultimate EM volume, effect of EM formation on soft tissue
function, and the influence of inflammation.

In the BMP2-stimulated model, exogenous rhBMP2 was delivered via subcutaneous
implant to induce ectopic mineralization. Daily administration of pVTK significantly inhibited

EM formation, with an overall EM volume reduction of 92% (Figure 3.3). Further, EM volume
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of all pVTK-treated samples fell below the range of PBS-treated controls (Figure 3.3).
Histological evaluation provided evidence that pVTK inhibited the infiltration of cells into the
subcutaneous implant (Figure 3.4), suggesting a potential role for pVTK in non-osteoblast cells.
This study demonstrated that pVTK can inhibit EM formation in the subcutaneous BMP2-loaded
implant model.

In the caAlk2 model, a conditionally activated genetic mutation in Alk2 (a BMP2
receptor protein) results in dysregulated activation of the BMP2 pathway to induce ectopic
mineralization®. Daily administration of pVTK reduced EM formation, with an overall volume
reduction of 61% (Figure 4.2). pVTK downshifted the severity of EM formation, as quantified
by a grading system based on distribution of traumatic HO in a large human study’ (Figure 4.2).
Primarily, this study demonstrated that pVTK has the capacity to prevent severe EM formation.
In addition, the caAlk2 study demonstrated that pVTK treatment resulted in more fragmented
EM deposits. The volume fraction of EM formation was no different between treatment groups.
pVTK treatment altered the geometry of the EM by reducing the unity of the EM deposits
(defined as the percent of total EM volume made up of the largest discrete region), without
reducing the connectivity within EM deposits (Figures 4.4 and 4.5). These morphological
changes would potentially translate to EM with less impact on the surrounding muscle tissue
(primarily in terms of movement restriction and pain) and increased surface area for pro-
resorptive therapeutic strategies.

Since daily injections are difficult to implement in the clinic in each of these two disease
states, drug delivery methods for sustained release and peptide encapsulation were explored. To
prevent EM formation due to BMP2 therapies, an injectable controlled release collagen-alginate

gelling hydrogel was adapted for pVTK delivery®. This system gels at body temperature,
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allowing for easy injection and spatial control over pVTK administration to either surround the
BMP2 sponge upon implantation or directly target EM. Proof-of-concept studies were conducted
to demonstrate peptide encapsulation into and release from the collagen-alginate hydrogels
alongside preliminary in vitro studies to demonstrate biocompatibility of the hydrogel system
(Chapter 5). To limit EM formation in HO/FOP within muscle tissue, delivery of pVTK from
PLGA particles would minimize the number of required injections for local administration and
preserve peptide bioactivity for sustained release over long periods of time®. Proof-of-concept
studies were performed to demonstrate the controlled release of pVTK from PLGA particles.
Taken together, these engineering projects sought to ideate simple designs for controlled peptide

release that could be readily implemented in the clinic.

6.1.2 Mechanism of pVTK action

pVTK was identified for its high affinity to mineralized substrates, such as
hydroxyapatite and bone-like mineral?>. However, it is not fully understood how pVTK inhibits
mineralization. Based on previous work, it was hypothesized that pVTK primarily disrupts
mineralization by binding to the early mineral nucleates and preventing crystal growth?.

Osteoblasts upregulate mineralization promoters and downregulate mineralization
inhibitors in response to mineralization inhibition by pVTK treatment®. To investigate pVTK’s
role in cell-mediated mineralization mechanisms, osteoblast behavior was assessed after
stimulation with BMP2 and/or pVTK (Chapter 3). With increasing levels of BMP2, there was no
increase in mineral deposition, yet pVTK only managed full inhibition of mineral deposition at
the lower dose of BMP2 (Figure 3.1). pVTK did not impact the immediate cellular response to
BMP?2 stimulation, demonstrating that pVTK does not compete with the BMP2 ligand (Figure

3.2). On its own, pVTK upregulated osteogenic protein levels by the end of osteogenic
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differentiation compared to untreated controls (Figure 3.2). Long-term administration of BMP2
may have an inhibitory effect on the osteoblastic cell behavior without impacting mineralization
output. This is the opposite effect of pVTK, which appears to upregulate osteoblastic cell
behavior while inhibiting mineralization. These results are in line with previous studies of
pVTK’s impact on osteogenic differentiation, which suggested a compensatory pro-osteogenic
mechanism by osteoblasts to make up for pVTK’s inhibition of mineralization.

pVTK reduces calcium deposition in mineralizing osteoblasts without chelating calcium
ions>. In solution, pVTK interrupts calcium phosphate nucleation and slows the amorphous-to-
crystalline transition!?. This provides evidence that pVTK may inhibit mineralization by
preventing nucleation and crystallization. In Chapter 3, pVTK was shown to disrupt mineral
deposition and organization in solution, while scram-pVTK failed to do so at the same
concentrations (Figure 3.5). This suggests that pVTK is not achieving inhibition by disrupting
the critical balance of mineralization components needed for spontaneous mineralization. Rather,

pVTK has the unique ability to disrupt mineral deposition and organization.

6.2 Future Directions

Since pVTK has a therapeutic effect against EM formation in vivo, the immediate next
steps for this project may focus on drug development for pVTK: designing drug delivery
systems, determining how pVTK inhibits mineralization, and predicting pharmacodynamics/
pharmacokinetics (PK/PD). pVTK also has many potential applications in targeted drug delivery
and tissue engineering due to its high affinity to mineralized substrates. Beyond pVTK and
mineralization, the unanswered questions about how pVTK interacts with osteoblasts and cell-
mediated mineralization inspire broader applications in therapeutic design and molecular biology

research.
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6.2.1 Drug delivery for prevention of EM formation

Daily injections were sufficient to inhibit EM but are unlikely to be adopted clinically
due to increased stress on patient compliance, high cost, and injury to soft tissue leading to
sustained inflammation. As discussed in Chapter 5, two sustained release mechanisms were
proposed for the models of EM formation used in this thesis: gelling hydrogels to be
administered alongside BMP2 implants and degradable particles for intramuscular injection in
HO/FOP. Additionally, co-delivery of pVTK with other molecules could establish multi-faceted
approaches to treating disease states involving EM formation. For example, combining pVTK
and non-steroidal anti-inflammatory drugs (NSAIDs), to regulate mineralization and
inflammation respectively, into one therapeutic approach could enhance the effects of either drug
alone to mitigate severe HO formation.

Drug delivery strategies for other diseases involving EM formation may involve more
sophisticated biomaterial design. It is important to design the drug delivery system to match the
needs of the disease state. In vascular calcification, localizing pVTK to the area of interest is
complicated by blood flow and vessel accessibility. One option would be to create a drug-eluting
stent or coated valve replacement for localized EM prevention with pVTK. Strategies for using
deformable nanoparticles that localize to vessel walls are in development, providing another
option for delivering pVTK to prevent vascular calcification!!. In connective tissue
mineralization, EM formation is generally preceded by tissue reorganization and stiffening.
Stimuli-responsive gels could be utilized to time the administration of pVTK with matrix
stiffening to prevent EM formation. Since EM formation affects a wide variety of systems
throughout the body, creative drug delivery solutions are vital to demonstrating the utility of

pVTK in different EM disease states.
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One of the limitations for demonstrating pVTK s utility in a variety of diseases was the
availability and reliability of animal models for ectopic mineralization. Many cases of ectopic
mineralization are still not fully understood, in terms of etiology, risk factors, mechanisms, and
role within the larger disease state. More work is needed to understand the human diseases
involving ectopic mineralization and to translate them into reliable mouse models for study.
Further, elucidating the impact of inflammation on ectopic mineralization (and vice versa) would
guide both research and treatment strategies. In each of the two models examined in this thesis,
the transition from in vitro to in vivo was complicated by an active immune response. In the
BMP2-laden subcutaneous implant model, pVTK altered local cell interaction with the collagen
implant itself by preventing cell infiltration (Figure 3.4). In the caAlk2 model, high levels of
inflammation were observed at the macroscopic level but did not correlate with ultimate EM
formation. Future steps for this thesis would aim to characterize any differences in immune
response with respect to treatment (e.g. immunohistochemical staining to identify cells and
proteins within and around the implant or HO deposit). More broadly, the relationship between
inflammation and ectopic mineralization still needs to be characterized in BMP therapies,

HO/FOP, and other disease states involving ectopic mineralization.

6.2.2 Mechanisms of pVTK function

There are additional questions that need to be answered in terms of how cells interact
with pVTK and how pVTK inhibits mineralization. MC3T3s internalize pVTK into vesicular
structures in the absence of mineral in the extracellular matrix®. These vesicle-like structures
containing pVTK were lacking in Rab5, the characteristic membrane protein for early
endosomes, and were larger than Rab5-labelled endosomes (Figure 6.1). Pharmacological

inhibition of different internalization mechanisms may elucidate how and why pVTK is
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internalized!?. Alternatively, live cell imaging and/or lysosomal tracking may show where pVTK
localizes within the cell after internalization. Two possible explanations for why cells internalize
pVTK include (a) internalization for degradation of the foreign substance or (b) internalization
into matrix vesicles, which are thought to play an active role in cell-mediated mineralization.
Further characterization of the vesicular proteins and contents is recommended to determine why
cells are internalizing pVTK and if there is a way to capitalize on this internalization mechanism
(e.g. using drug-peptide conjugates).

In this work, pVTK was shown to not interfere with canonical BMP2 osteogenic
signaling. Previous work showed that pVTK did not interfere with the Ank-TNAP-Enpp! axis,
which regulates mineralization through extracellular balance of pyrophosphate and inorganic
phosphate®. However, there are other signaling pathways that contribute to both physiological
and ectopic mineralization (e.g. TGF-p signaling is crucial for osteogenesis'? but pathogenic
TGF-B signaling has been linked to EM formation in chronic kidney disease!# and
osteoarthritis'®). Utilizing knockout models or exogenous upregulation would allow for
investigation into how pVTK may interact within other signaling pathways to achieve inhibition
of mineralization.

Disease states involving ectopic mineral formation may recruit non-osteoblast cells that
participate in aberrant signaling outside of osteogenesis (e.g. inflammatory cells for tissue repair
or endothelial cells for angiogenesis). It is known that pVTK disrupts mineral formation by
osteoblasts without interfering with certain osteogenic signaling pathways: BMP2 osteogenic
signaling (Chapter 3) and the Ank-TNAP-Enpp1 axis®. However, pVTK may have alternative
roles in non-osteoblast cells. In Chapter 3, pVTK limited cell infiltration into the BMP2-loaded

subcutaneous collagen implants (Figure 3.4). In Chapter 4, pVTK reduced ALP activity in a
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primary calvarial cell population (Figure 4.2C), whereas pVTK had no effect on ALP activity in
BMP stimulated MC3T3s (Figure 3.2) and upregulated ALP activity in MC3T3s?. Importantly,
both experiments in this thesis involved heterogeneous cell populations, potentially containing
immune cells, endothelial cells, fibro-adipogenic progenitor cells, etc. Therefore,
characterization of the cell population, baseline cell activities, and how those cell activities are
affected by pVTK administration may help to explain why pVTK upregulates or has no effect on
osteoblast behavior but downregulates osteogenic behavior in non-osteoblast cells. If pVTK were
to prevent non-osteoblastic cells from participating in ectopic mineralization, the potential
clinical application for using pVTK for ectopic mineralization expands to include preventative
treatment alongside management and symptomatic treatment.

There is ample evidence that pVTK may have an additional role outside of cell-mediated
mineralization. In both cellular and acellular mineralization studies, pVTK’s unique ability to
inhibit mineralization has been attributed to the unique combination of residue order (pVTK vs.
scrambled pVTK) and post-translational modification (pVTK vs. VTK)*!¢. The number and
location of post-translational phosphorylations had no impact on pVTK’s adsorption to
mineralized substrates (pVTK(pSpS) vs. pVTK(pY) vs. pVTK(pSpSpY))!” or pVTK ’s ability to
inhibit mineralization (pVTK(pSpS) vs. pVTK(pY)) (Appendix B). But scrambled pVTK(pSpS)
cannot inhibit mineralization despite having similar adsorption and adhesion strength to
mineralized substrates as compared to pVTK(pSpS)>!”. Modeling of pVTK’s binding to
mineralized structures>!¢ demonstrates that phosphorylation is key to explaining the differences
in binding energies of different VTK variants (including scrambled and phosphorylated variants)
but not the differences in mineralization inhibition. Future work could elucidate if changes in

mineral binding strength have effects on how VTK variants interact with the mineralization
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process. Further, since pVTK uniquely inhibits mineralization, studies aimed at characterizing
the mineralization processes more broadly (spontaneous or cell-mediated and biological or non-
biological) could utilize pVTK as an antagonist to mineralization. For instance, investigation
may aim to define mineralization stages more clearly, the role pVTK plays at each stage of
mineralization, and how those stages (and the corresponding roles of pVTK) may change

between acellular and cellular mineralization contexts.

6.2.3 Pharmacokinetics

pVTK is predicted to be stable in vivo, based on ex vivo incubation with mouse plasma
and liver microsomes (Chapter 3). pVTK is non-toxic to MC3T3s in vitro?. However, there are
other pharmacokinetic factors to consider when conducting lead optimization and validation
work. The University of Michigan’s Pharmacokinetic and Mass Spectrometry Core specializes in
lead optimization and pre-clinical study development. Further collaborative efforts would aim to
understand pVTK’s long-term in vivo stability, to understand distribution and clearance upon

systemic and targeted administration, and to define appropriate and safe pVTK dosing levels.

6.2.4 Targeted drug delivery

Bone metastases associated with prostate cancer result in poorer quality of life, increased
pain and disability, and higher mortality rates'®. Guiding therapies to a specific location,
especially one within a mineralized tissue, is difficult. Instead, using peptide modalities to target
specific cell populations has been explored for guided drug delivery. To demonstrate targeted
delivery of chemotherapeutic agents to sites of bone metastases, pVTK-conjugated micelles were
preferentially uptaken by osteoblasts (MC3T3s) and prostate cancer cells (C4-SB) in vitro

compared to bisphosphonate-conjugated micelles which were preferentially uptaken by
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macrophages (RAW 264.7) and prostate cancer cells (PC-3)'°. To improve cell-cell
communication in bone fracture repair, an implant coating was developed to combine the MSC-
binding peptide DPI (DPIYALSWSGMA) with a Connexin 43 lentivirus to preferentially recruit
MSCs for communication upregulation and resultant bone repair®’. These examples demonstrate
that using peptides to target specific cell populations may allow for tailored delivery of drugs in
dynamic and complex disease states like bone metastases and fracture repair.

Due to its high affinity for mineralized substrates, pVTK can guide drugs to bone or to
sites of EM formation. Bone remodeling occurs with bone metastases, resulting in more
immature hydroxyapatite (as defined by smaller and less perfect nanocrystals) with primary
tumor formation and prior to secondary tumor formation?!. It is not known if pVTK targets or
binds immature mineral differently than mature mineral (with maturity defined by crystallinity or
crystal size), though there is evidence that pVTK can disrupt early stages of mineralization likely
through physical means. Mineral-binding peptides, such as pVTK, could be modified to
preferentially bind to abnormal mineralization patterns unique to specific disease states, allowing

for targeted delivery drugs and imaging agents.

6.2.5 Tissue engineering strategies

For tissue engineering applications, pVTK could be a valuable tool for modulating
mineralization and pioneering next-generation implants. Within the musculoskeletal system,
connective tissue meets bone at joints and entheses, requiring careful control over mineralization
during development and throughout repair. However, with aging and improper repair,
mineralization of the connective tissue impairs function and causes pain??. This presents a
problem, particularly in tendon/ligament engineering, since these tissues are largely acellular and

avascular, so have poor repair that results in calcification and scar tissue?. Since pVTK is not
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believed to rely on cellular machinery to inhibit mineralization, one strategy for tendon/ligament
tissue engineering could utilize gradient patterning of pVTK onto biomaterials to spatially limit
mineralization. For example, this could be applied in next-generation implants in periodontal
tissue engineering where regenerative efforts are focused on maintaining the balance and
appropriate spatial distribution of ligament tissue, alveolar bone, and cementum?*. Other
applications for pVTK in musculoskeletal tissue engineering could involve preventing
mineralization in osteoarthritis and guiding osteochondral defect repair.

Further investigation of the activity of free vs. bound peptide may yield additional
applications for pVTK. There is evidence that coating mineralized substrates with pVTK can
induce further mineralization on the substrate surface and even increase cell viability?. This
demonstrates that pVTK could potentially be used to coat implants to promote bone-implant

integration and bone regeneration.

6.2.6 Broader Impacts

Though pVTK s ability to inhibit mineralization is not yet characterized, there are many
interesting aspects to the research into how this mineral-binding peptide works that have broad
application beyond ectopic mineral and bone.

One of the theories for how pVTK inhibits mineralization is that pVTK inhibits unwanted
mineral growth. In this scenario, unwanted mineral formation may be initiated, but pVTK stops
this process in its early stages and prevents rapid growth and stabilization into the final crystal
structure. This could be used as inspiration for strategies in other disease states involving
unwanted growth and/or structure maturation. Especially in cases where a cure is not yet
available, maintaining a disease state within the currently manageable (or even treatable) realm

would improve patient prognoses.
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Inhibition of mineralization by pVTK forces the osteoblast cells to undergo a
compensatory reaction, upregulating pro-mineralization gene expression and down-regulating
anti-mineralization gene expression®. In this scenario, the osteoblasts are programmed to
mineralize their matrix, but when that output is blocked by pVTK, they increase their efforts to
no avail. Blocking a desired output and forcing a compensatory reaction could be used to prime
cells for a specific behavior. When the block is released, cells would be ready to engage in the
desired behavior. This strategy could be expanded for a variety of applications from
programming cell therapies to studying cell processes in a controlled setting.

On the other hand, pVTK inhibits mineralization without being an antagonist. pVTK does
not inhibit osteogenic behavior of osteoblasts or interrupt pro-mineralization signaling cascades
to prevent mineralization. In the context of ectopic mineralization, pVTK prevents the
progression of the disease state without directly interfering with the signaling cascade. Fencing
in the output of the disease state without aiming to re-program cell signaling could be an
alternative therapeutic strategy as well. In cases where a given signaling cascade has different
roles and different outputs in different cell types, using a fencing molecule could prevent
unwanted outputs without decommissioning the entire signaling pathway. In cases where the
traditional therapeutic may have unwanted side effects due to cellular re-programming, using a
fencing strategy could be a safer alternative. In cases where the signaling pathway is not yet
understood fully, using a fencing strategy could be a creative alternative therapeutic strategy and
a means to further characterize the signaling pathway itself.

Altogether, the unknown questions about pVTK’s inhibition of mineralization can inspire
further creative therapeutic strategies to previously untreatable disease states and research

strategies to understand biological processes.
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6.3 Concluding Remarks

This thesis presents evidence that the mineral-binding peptide, pVTK, can be used to
prevent or mitigate EM formation in various disease states. pVTK acts to inhibit mineralization
by physically impairing nucleation, crystallization, and mineral growth. Therefore, pVTK is
presented as a broadly applied therapeutic for EM inhibition, regardless of cause. EM inhibition
using mineral-binding peptides adds a vital management tool for challenging-to-treat diseases
since EM progression is often associated with worse patient outcomes. Beyond inhibition of EM,
pVTK has potential applications in musculoskeletal tissue engineering and targeting drug
delivery to mineralized tissues. Further, this supports the use of phage display and subsequent

posttranslational modifications to identify and optimize bioactive peptide therapeutics.
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6.5 Appendix A: Peptide Internalization Imaging

6.5.1 Methods

MC3T3s (murine calvarial pre-osteoblast cell line) were plated in 8-well chamber slides
in growth medium (aMEM with 10% fetal bovine serum and 1% penicillin-streptomycin).
After 1 day to allow for cell adherence, MC3T3s were exposed to FITC-E7 or FITC-pVTK for 1
hour. E7 (EEEEEEEPRGDT) is a peptide derived from bone sialoprotein with hydroxyapatite-
binding domain (E7) and an integrin-binding domain (RGD)!. As such, E7 served a negative
control for endocytosis by mediating the attachment between matrix and cells. Then, cells were
washed in phosphate-buffered saline (PBS, Gibco), fixed in 10% neutral-buffered formalin
(NBF) for 10 minutes at room temperature, and washed twice with PBS. Fixed cell monolayers
were permeabilized in 0.25% TritonX-100 (Sigma-Aldrich) for 5 minutes at room temperature
followed by one wash step in PBS. Next, monolayers were incubated with blocking solution (5%
goat serum, 0.3% Triton X-100) for 1 hour at room temperature with protection from light. The
primary antibody (Rab5 (C8B1) rabbit mAb, Cell Signaling Technology) solution (1:200 dilution
in 1% bovine-serum albumin (BSA, Fisher) was then applied to cells overnight at 4°C with
protection from light. After 3 wash steps with PBS, cells were incubated with the secondary
antibody (Anti-rabbit IgG (H+L), F(ab')2 Fragment (AlexaFluor 647), Cell Signaling
Technology) solution (1:500 dilution in 1% BSA) for 1 hour at room temperature with protection
from light. After 3 wash steps with PBS, cells were counter-stained with Hoechst dye (1 pg/mL
in PBS; Hoechst 33342 (Thermo Scientific)). After one final wash in PBS, the chamber insert
was removed, and cells were protected with Vectashield (Vector Laboratories) and coverslipped.

Fluorescent imaging was performed with the Leica Thunder Imager (Leica DMi8

microscope). Z-stacks were taken of the full thickness of the cell monolayers with Thunder
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clearance of each slice. Then, maximum intensity projections were acquired to represent the full

thickness of the samples.
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6.5.2 Figure

A FITC-E7 B FITC-pVTK

Figu 6.1 Immunofluorescence images of Rab-5 labelled vesicles and FITC-tagged peptides

MC3T3s incubated with FITC-E7 (A, green) or FITC-pVTK (B, green) for 1 hour and subjected
to immunofluorescence staining to identify Rab5 (red) and histological staining to identify cell
nuclei (blue). Representative images are maximum intensity projections of cell monolayers.
Scale bars represent 100um (bottom left).
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6.6 Appendix B: Mineralization Inhibition with Phosphorylated Peptide Variants

6.6.1 Methods

MC3T3s (murine calvarial pre-osteoblast cells) were plated at a density of 50,000
cells/cm? in 12-well tissue-coated polystyrene plate in growth media: aMEM (Gibco) with 10%
fetal bovine serum (FBS; Gibco) and 1% penicillin-streptomycin (Gibco). After 24 hours,
MC3T3s were switched to osteogenic media (growth media plus B-glycerophosphate (10mM,
Sigma-Aldrich) and ascorbic acid (50ug/mL, Sigma-Aldrich)) with or without peptide (200 or
300 uM). The peptide variants tested were: VTKHLNQI(p)SQ(p)SY (VTK(pSpS)) and
VTKHLNQISQS(p)Y (VTK(pY)). Each group was run in biological triplicate. Media was
refreshed every 2 to 3 days for up to 12 days.

Mineralization was assessed via Alizarin red staining. MC3T3s were fixed in 10%
neutral-buffered formalin for 10 minutes at room temperature, followed by 3 washes with
distilled water. Then, fixed cell monolayers were incubated with 2% (w/v) Alizarin Red S
solution (pH 4.2, Sigma-Aldrich) for 45 minutes at room temperature, protected from light.
Stained monolayers were washed repeatedly with distilled water until the wash fluid ran clear.
Then, monolayers were allowed to dry overnight prior to imaging.

To quantify positive Alizarin Red staining, the bound Alizarin Red S was extracted from
the cell monolayers. Stained monolayers were incubated with a methanol-acetic acid solution
(20% methanol, 10% acetic acid in double distilled water) for 45 minutes at room temperature
protected from light. Then, the extraction solution was removed from the monolayers and
quantified via colorimetric assay. A serial dilution of the original Alizarin Red S staining
solution in the extraction solution as diluent was used for quantification of extracted Alizarin

Red S. Samples were run in duplicate at a volume of 100uL and standards were run in duplicate
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at the same volume. The plate was run at 450nm, and absorbance values were normalized using

the serial dilution as the standard curve.
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6.6.2 Figures

Growth Media Osteogenic OM + <200uM OM + 300uM OM + <200uM OM + 300uM
(GM) Media (OM) VTK(pSpS) VTK(pSpS) VTK(pY) VTK(pY)

S

Figure 6.2 Alizarin Red staining of MC3T3s mineralized with different peptide variants

MC3T3s underwent a 12-day osteogenic differentiation scheme with phosphorylated VTK
variants. The negative control was MC3T3s in growth media and the positive control was
MC3T3s in osteogenic media without any added peptides. Each group was run in triplicate and
representative images are presented above.
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Figure 6.3 Quantification of Alizarin Red staining of MC3T3s mineralized with different
peptide variants

Alizarin Red S was extracted from the mineralized MC3T3s and quantified using colorimetric
assay compared to a serial dilution of the original staining solution. Each biological replicate (n =
3) was assayed in duplicate.
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