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CHAPTER 1

[. INTRODUCTION

Breast cancer remains the second leading cause of cancer-related deaths among female
cancer patients.! Despite advances in early screening and adjuvant therapy, many breast
cancer subtypes remain elusive and currently lack any targeted therapies. Metastasis is the
major prognostic factor for breast cancer patient survival, and breast tumors have a striking
propensity for metastasis to bone with over 70% of patients presenting with bone metastases
at post-mortem.? Once tumors reach the bone, they secrete various osteolytic factors that
contribute to what is colloquially known as the “vicious cycle”, which describes the positive
feedback loop mechanism induced by tumors in stimulating osteoclastogenesis and
subsequent bone destruction.® Patients presenting with bone metastases often experience
significant skeletal complications including bone pain, increased risk of pathological fracture,
reduction in mobility, and surgery to replace tumor-laden bone in addition to chemotherapy
for cancer treatment, and thus treating tumor-induced bone disease (TIBD) remains a large
clinical challenge.**> Current treatment strategies for TIBD include antiresorptives such as
bisphosphonates and the RANKL inhibitor, denosumab. While these agents inhibit osteoclast
activity and subsequent bone resorption, they have no effect on tumor burden nor do they
selectively obstruct the vicious cycle, and thus do not improve overall survival.>3

Biological research into the underlying mechanisms contributing to tumor progression in
bone has illuminated multiple pathways involved in bone-related tumor progression. While
most of this research has traditionally been conducted in 2D tissue culture plates, the

importance of studying cell behavior in 3D has been stressed in recent years.” 3D culture has



yielded important findings in the behavior of tumor cells in the presence of bone. One such
finding, shown in both 2D and 3D, is that the expression of parathyroid hormone-related
protein (PTHrP), an osteoclast-promoting cytokine, is dependent on mechanically
transduced signaling. This suggests that 3D matrix rigidity plays a role in tumor progression
in bone.!® Furthermore, others have shown that pore size, curvature, and geometry affect

bone cell activity.!'"13

Collectively, these findings suggest that the 3D bone
microenvironment (UEN) surface, mechanical, and topological properties affect the
autocrine, paracrine, and mechanotransduction signaling of tumor and bone cells that
contribute to TIBD. Further, perfusion of cells and media through 3D matrices can support
long term culture by increased nutrient transport and waste removal, more closely mimic the
shear and mechanical forces experienced in vivo which can drive osteoblast differentiation,'*
and even support blood vessel growth when endothelial progenitors are present.!> Thus, the
increasing recognition of the physical, cellular, and dynamic properties of the nEN as
significant factors contributing to disease progression has motivated the investigation of new
techniques for fabrication of more complex, biomimetic 3D in vitro models.

On the pharmacological front, therapeutic targeting of the molecular mechanisms
involved in tumor metastasis to bone is a constantly developing field of study. As the
mechanisms themselves are becoming elucidated through our deeper understanding of the
signaling pathway networks involved in TIBD, new targets for intracellular inhibition or
promotion are becoming apparent. Previous studies from our group have shown that matrix
rigidity in the bone pPEN triggers tumor cells to adopt a bone-destructive phenotype by

altering TGF-B signaling within the cell.'® This suggests multiple targets for preventing

TIBD, including TGF-B, p38 MAPK, PTHrP, and Gli2. Concurrently, major strides have



been made in biocompatible polymer science towards improving the pharmacokinetic
properties of potential therapeutic agents that otherwise have poor in vivo characteristics.
These advances have been predicated upon the tailored design of polymers to impart specific,
application-based properties on the drug delivery system to improve cargo loading and
retention, increase circulation time, provide environmentally-responsive release

mechanisms, and/or convey site-specific targeting.

1.1. Specific Aims

The overarching goal of this work is to develop 3D in vitro modeling and drug delivery
strategies to better understand TIBD progression in bone. This goal was achieved through
completion of the following aims.

Aim I: Fabricate Tissue-Engineered Bone Constructs (TEBCs) that recapitulate the
physicochemical, mechanical, and morphological properties of human trabecular bone and
incorporate into bioreactor model to provide a means for studying TIBD.

Much work in recent years has been dedicated to understanding how the 3D
microenvironment affects cell behavior. The skeleton is a unique organ due to its load-
bearing responsibility and matrix rigidity orders of magnitude higher than that of most soft
tissue. Previous work in our lab has demonstrated that both rigidity and pore size of
substrates affect osteoblast proliferation and differentiation. We thus hypothesized that
recapitulating trabecular bone microstructure in vitro could provide a means to study how
cellular behavior is influenced by bone microarchitecture. Further, we hypothesized that
incorporation of these trabecular-bone templated constructs into perfusion bioreactor culture
with key cell types involved in TIBD could allow the study of disease progression in vitro

to help bridge the gap between 2D cell culture and animal models. To this end, the



development of tissue-engineered bone constructs (TEBCs) that recapitulate the mechanical,
topological, and physicochemical properties of trabecular bone utilizing a polyurethane
composite bone-like material (PUR-nHA) will be described. In vitro perfusion bioreactor
studies will further show that culture of bone and tumor cells on TEBCs provide a viable
model of tumor-induced bone resorption.

Aim II: Encapsulate Gli-inhibitor, GANTSS, into nanoparticle carrier (GANT58-NP) and
assess its efficacy in mouse models of bone metastasis

Aberrant activation of the transcription factor Gli2 in tumors has been implicated in
driving TIBD. Gli2 is a developmental protein that is not normally expressed in healthy adult
tissues, yet is expressed in many metastatic tumors. Thus, Gli2 is a compelling target for
therapeutic inhibition. Small molecule inhibitors of Gli proteins have been developed, and
the molecule GANTS58 has demonstrated significant knockdown of Gli2 and PTHrP in vitro.
However, the hydrophobicity of GANTS8 has precluded its systemic bioavailability in its
free form. The objective of this aim is to utilize a polymer nanoparticle formulation to
encapsulate GANTS58 and enable its systemic bioavailability in vivo to study its efficacy in
blocking TIBD.

Aim III: Develop bone-targeted nanoparticle (BTNP) carrier to improve GANTSS efficacy
in vivo.

Bone-targeting of polymeric carriers has been successfully implemented in previous
studies for encapsulation of hydrophobic small molecules to improve their in vivo delivery
to bone. In this aim, we develop a novel bone-targeted carrier for improved GANTSS8
delivery to the bone-tumor microenvironment. We hypothesized that bone-targeted delivery
of the Gli-inhibitor would not only improve its efficacy, but also provide a pretreatment

platform to enable GANTS5S to block tumor establishment in addition to bone destruction.



In vitro studies will optimize bone-targeted nanoparticle formulation and assess bone-
binding affinity. /n vivo studies will then investigate GANTS58 efficacy when encapsulated

in new bone-targeted carrier and delivered systemically.

1.2. Approach

Chapter 1 of this work provides an introduction into TIBD and justification behind the
undertaking of this project and the goals of this dissertation. Chapter 2 gives background
information on the use of 3D printing for in vitro modeling and how 3D in vitro models are
being used for studying cancer in bone. An overview of 3D printing methods that have been
successfully used for in vitro models of both hard and soft tissue will be presented, followed
by a discussion of current technologies where specific examples of successful
implementation of 3D printing for in vitro modeling will be highlighted. A more focused
discussion on 3D models in tumor-induced bone disease will follow.

Chapter 3 of this work discusses the development of trabecular bone-templated tissue
engineered constructs and implementation into a perfusion bioreactor in vitro model of
TIBD. TEBCs were developed through a tandem uCT-3D printing process and evaluated for
their mechanical, surface, and structural properties. Human mesenchymal stem cells
(hMSCs) behavior was then investigated on TEBCs of different anatomical sites. TEBCs
were then incorporated into a perfusion bioreactor model to create a 3D in vitro model of
TIBD. Cellular and resorption outcomes were evaluated after extended perfusion culture of
bone and tumor cells. This fully-humanized TEBC-based 3D model could help bridge the
gap between traditional 2D culture and animal models. This chapter addresses Aim 1.

Chapter 4 of this work describes the formulation and characterization of GANTS8-

loaded polymeric nanoparticles (GANTS58-NPs) and assessment of GANTS58-NP efficacy in



blocking TIBD in mouse models of bone metastasis. GANTS58-NPs micelles were
characterized and subsequent in vitro studies evaluated GANTS58-NP efficacy and
mechanism of action. GANTS58-NPs were then tested in vivo and bone outcomes were
evaluated by pCT and x-ray, while tumor outcomes were evaluated histologically. Results
from in vivo models led to the development of a novel bone-targeted nanoparticle (BTNP)
chemistry described in Chapter 5. The BTNPs were thoroughly characterized for BTNP
morphology, size, surface properties, and bone-binding affinity via a combinatorial library
of BTNP formulations. The lead candidate formulation loaded with GANTS58 (GANTS58-
BTNP) was evaluated in vivo in an intracardiac mouse model of early bone metastasis.
Results from this study are anticipated to guide further preclinical studies for GANTS5S as a
tumor-mediated osteoclast inhibitor.

Chapter 6 summarizes the overall findings of this dissertation and Chapter 7 outlines
future directions based on these findings.

This research strategy aims to engineer novel in vitro models and drug delivery strategies
to both understand and treat TIBD. These chapters build on one another to address current
limitations in simulating and treating TIBD and culminate in novel techniques that hold

potential in improving bone metastatic patient outcomes.
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CHAPTER 2

II. BACKGROUND

2.1. 3D Printing of Tissue Engineered Constructs for In Vitro Modeling of Disease

Progression and Drug Screening

Adapted from:
Vanderburgh, J, Sterling, JA, Guelcher, SA. “3D Printing of Tissue Engineered
Constructs for in vitro Modeling of Disease Progression and Drug Screening.” Ann Biomed
Eng. 2017;45(1):164-179.
2.1.1. Abstract

2D cell culture and preclinical animal models have traditionally been implemented
for investigating the underlying cellular mechanisms of human disease progression.
However, the increasing significance of 3D versus 2D cell culture has initiated a new era in
cell culture research in which 3D in vitro models are emerging as a bridge between traditional
2D cell culture and in vivo animal models. Additive manufacturing (AM, also known as 3D
printing), defined as the layer-by-layer fabrication of parts directed by digital information
from a 3D computer-aided design (CAD) file, offers the advantages of simultaneous rapid
prototyping and biofunctionalization as well as the precise placement of cells and
extracellular matrix with high resolution. In this review, we highlight recent advances in 3D
printing of tissue engineered constructs (TECs) that recapitulate the physical and cellular

properties of the tissue microenvironment for investigating mechanisms of disease

progression and for screening drugs.



2.1.2. Introduction

For decades biologists have relied on a combination of cell culture and mouse models
for elucidating the underlying cellular mechanisms that lead to human diseases. While these
models have their limitations, they have enabled major discoveries and greatly improved
understanding of diseases. However, traditional cell culture and mouse models are limited
in their ability to recapitulate the complex tissue microenvironment (LEN). Thus, the
increasing recognition of the physical and cellular properties of the pPEN as an important
factor contributing to disease progression has motivated the investigation of new techniques
for fabrication of more complex 3D systems that more accurately mimic the tissue tEN.

Animal models are an established approach for studying the mechanisms of disease
progression. However, the clinical translatability of these animal models to human disease
has been questioned, since the HEN in animals differs from that in humans. The efficacy
and toxicity of drugs evaluated in animal studies do not always predict the response in human
patients. For example, liver toxicity of experimental drugs that was not discovered in
preclinical studies is a leading cause of clinical trial failures.! Animal models also present
uncontrollable variables that limit quantitative analysis of the mechanisms of interest in
understanding disease progression at the molecular level. Furthermore, the cost and ethical
concerns associated with animal testing have motivated research on less expensive, higher
throughput, and more humane alternatives.?
Cells more closely mimic in vivo behavior when grown in 3D conditions, and a number of
3D culture systems have been reported that more accurately predict the cellular response
compared to 2D culture.’® Tissue Engineered Constructs (TECs) have emerged as more

physiologically relevant 3D in vitro models of organogenesis, disease progression, and drug



screening due to their ability to recapitulate the physical and cellular properties of the tissue
UEN. Despite the advances in TECs utilizing conventional scaffold techniques, the inability
of traditional methods to reproducibly fabricate structures with precise architectural features
and spatial location of cells has motivated the search for new alternatives. Additive
manufacturing (AM, also known as 3D printing), defined as the layer-by-layer fabrication of
parts directed by digital information from a 3D computer-aided design (CAD) file!?, offers
the advantages of simultaneous rapid prototyping and biofunctionalization as well as the
precise placement of cells and biomaterials with high resolution. In this review, we highlight
recent advances in AM technology for 3D printing of TECs to investigate mechanisms of

disease progression and screen drugs.

2.1.3. 3D Tissue-Engineered Constructs (TECs) for Modeling Disease Progression and
Drug Efficacy

3D in vitro models have been proposed as a bridge between cell culture and in vivo
modeling!! and even between animal modeling and human trials.'? Early studies with 3D
culture largely involved either explanted host tissue or natural biopolymers such as collagen,
cell-extracted native extracellular matrix, or polyacrylamide gels. The explanted tissue
models assumed very simple architectures, often layers less than 1 mm thick that simply
allowed for cells to migrate in 3D.” However, the use of native tissues in vitro often
necessitates arduous extraction and preparation techniques that limits the ease of application.
The need for more precise control over mechanical, chemical, and surface properties, as well
as simple preparation techniques engendered a new approach for developing TECs. While
initial studies targeted in vivo implantation of TECs in regenerative medicine applications,

TECs have recently been investigated as in vitro tools for understanding molecular
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mechanisms and testing drug candidates prior to human trials. These in vitro models have
potentially far-reaching effects in the fields of drug development and molecular biology that
could reduce the need for organ and tissue implants.'?

Conventional scaffold synthesis methods employing synthetic and natural polymers
include gas foaming, freeze-drying, phase separation, particulate leaching, liquid molding,
fiber bonding, and electrospinning.!* These techniques have been used to create scaffolds
with rigidity, strength, surface properties, porosities, and degradation kinetics targeted to
host tissue.!>!¢ Spheroid cell culture has also been utilized to simulate in vivo cell
morphology and behavior by facilitating aggregation of cells in a non-anchored environment.
Spheroid culture is achieved either by using attachment-resistant cell culture surfaces with
constant agitation, or by culturing cells in droplets that are hanging from a surface, also
known as the hanging drop technique.!” Spheroid cultures of tumor cells form hollow cores
in which the central cells experience a hypoxic environment and become quiescent, similar
to how tumor cells in the necrotic core behave in vivo.'® Spheroid cultures have exhibited
proper differentiation abilities and chemical gradients, as well as the ability to resemble
avascular tumor nodules and micrometastases.!® A significant limitation of spheroid culture
is its inability to control spheroid size and architecture.!”

Considerable progress has been made in designing scaffolds specifically for in vitro
models using conventional synthetic scaffolds and spheroid cell culture to mimic a variety
of tissue and organ types. A skin-replicating model has been developed to model melanoma
for studying disease mechanisms and drug screening utilizing collagen scaffolds and tumor
cell spheroids.?® A liver-like model utilizing an immortalized hepatoma cell line and ECM-
derived hydrogel has been reported to not only recover hepatocyte function in 3D but also

provide a means of high-throughput screening of drugs to assess liver toxicity in vitro.?!
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Other in vitro models have been developed for organs including bone??, myocardium??,
trachea®*, vessels?, nerves?®, cartilage?’, and cornea.?®

Despite these successes, traditional synthesis methods still lack control of some essential
factors contributing to in vivo cellular function, in particular the tissue micro-architecture
and precise placement of cells within the construct. The architecture in the tissue milieu of
interest has proven to play a large role in cell differentiation, proliferation, metabolic activity,
and motility.?>! Thus, creating the appropriate architecture in addition to the chemical and
mechanical properties of the specific tissue is necessary if in vivo conditions are to be

accurately simulated.

2.1.4. Fabrication of 3D Scaffolds by Additive Manufacturing (AM)

Since the advent of AM in the late 1980s, many techniques have been developed to create
micro-scale precision 3D structures from a variety of source materials. In addition to the
plethora of techniques, the industry’s Moore’s law-type increase in speed, precision, and cost
reduction has made it an appealing tool to create TECs with defined mechanical, topological,
and cellular properties. Anatomically accurate models can be reliably and economically
created by using medical imaging in conjunction with the computer-aided design (CAD)
technology employed by most AM machines. The ability to create structures that can be
tailored to an individual patient’s anatomy through medical imaging has made AM an
emerging regenerative medicine approach for organ replacement. However, AM is also
being increasingly applied to create in vitro models of disease progression and drug
screening, which has potential to advance drug discovery.

AM, also known as rapid prototyping (RP), layer manufacturing, 3D printing, and solid

freeform fabrication, refers to the fabrication of parts by addition of layers that is directed by
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a CAD file, most frequently in the stereolithography (STL) file format created by 3D
Systems.!? It can be inferred from this broad definition that there are many ways to achieve
layer-by-layer manufacturing, and indeed there are a growing number of commercially
available techniques. An American Society of the International Association for Testing and
Materials (ASTM International) committee categorized AM techniques into seven groups:
binder jetting, directed energy deposition, material extrusion, material jetting, powder bed
fusion, sheet lamination, and vat polymerization.>> While these terms describe the general
techniques used, not all are applicable to biomaterials applications. Currently, four AM
technologies have been predominantly used for TECs: stereolithography, fused deposition
modeling, material jetting (inkjetting), and bioprinting.

Stereolithography (SLA) is widely considered the first AM technique developed.®* SLA
is a form of vat polymerization that utilizes photopolymerization to solidify a liquid
monomer resin layer by layer. The liquid monomer is contained in a vat with a moveable
base such that a UV laser, directed by a CAD file, selectively “draws” a layer of the desired
part onto the liquid in the container. The UV light crosslinks the monomer to solidify the
polymer in the location of UV exposure. After a layer is finished, the base drops the height
of the previously polymerized layer and the process repeats. The base-lowering step is often
accompanied by the sweep of a recoater blade to ensure there is a fresh, uniform layer of
liquid monomer. Thus the part is built bottom-up, usually accompanied by support material
to hold the part in place and prevent lateral deformation during the blade sweep or vertical
deformation due to gravity. After completion, the part is washed in a chemical bath to remove
any uncured monomer resin, the support material is removed, and the resulting part is post-
cured in a UV oven.

While the bottom-up approach is the most abundantly used technology, an increasing
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number of SLA machines utilize a top-down approach in which the UV light is directed
upward from under the vat and the base moves up as each layer is finished. Top-down
manufacturing has multiple advantages, including a smooth polymerization surface,
elimination of the need for a recoater blade, reduction in the volume of monomer, and
elimination of atmospheric exposure, which mitigates oxygen inhibition.** Another
advancement in SLA technology, called microstereolithography (uWSLA), can achieve sub-
micron features using focused light spot scanning. The major drawback to this process is that
many photo masks must be used in parallel, which makes processing time and cost
unfeasible. However, the use of a single dynamic mask (normally in the form of a digital
micromirror display (DMD)) and a reducing lens has achieved sub-micron features at speeds
comparable to normal SLA.%

The lack of available photo-sensitive resins useable in SLA machines is often considered
one of the major limitations of the technology. In addition to being capable of
photopolymerization, the resin must be a low-viscosity liquid. Despite these restrictions,
SLA has found use in biomedical applications as a means to create patient-specific models
of body parts for use as surgical guides, implantable devices, and tissue engineered grafts.
Major advancements in SLA resins have made this shift toward biomedical devices possible.
TECs fabricated from biodegradable resins such as poly(propylene fumarate), poly(e-
caprolactone), and poly(lactide) have been successfully evaluated in animals and shown to
support cell adhesion and growth in vitro.>* These resins have also been augmented with
ceramic particles such as B-tricalcium phosphate (B-TCP) or hydroxyapatite to fabricate
bone-like TECs.* Despite the advances in polymer resins available to SLA technology, the
major limitation to the progress of SLA in tissue engineering applications is its restriction to

a single resin per structure.®*
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Fused deposition modeling (FDM)?7 is a material extrusion technique in which a filament
is drawn through a computer-guided nozzle, heated above the glass transition temperature
(Ty), extruded, and deposited in a layer-by-layer fashion to construct the part in a bottom-up
fashion. Material is drawn by two rollers into a heating element, and the resulting semi-
molten filament is then extruded through the nozzle tip and deposited. By remaining intact,
the filament creates “roads” of deposited material rather than individual “dots”. Multiple
parameters, including FDM head speed, nozzle tip width, roller speed, direction of
deposition, and material temperature, can be adjusted to tailor the resulting product to desired
specifications.*® Furthermore, multiple materials may be used in a single print by the addition
of separate nozzles and filaments to allow for more versatility in design. In most commercial
cases, a second material is used as support material to build support for any structure on the
part that exhibits an overhang angle less than 45°.3° While the primary use of a second
material is for support, this also allows for multi-composition structures with different
chemical and mechanical properties for the construction of hierarchical designer scaffolds.*°

Fused deposition modeling most commonly employs thermoplastics with relatively low
Tg and high thermal stability. Polylactic acid (PLA), polyamide (PA), acrylonitrile butadiene
styrene (ABS), and polycaprolactone (PCL) are commonly used FDM resins.® Metal wires,
metal-polymer composites, and ceramic-polymer composites have also been utilized.!® This
versatility in resins and capability for use of multiple materials renders FDM an appealing
method of scaffold generation for tissue engineering. Multiple groups have created TECs to
not only mimic tissue architecture, but also impart appropriate mechanical properties.*! The
major limitation of FDM is its low resolution compared to SLA and inkjet printing. Because
FDM relies on semi-molten “roads” of material opposed to drops, the resolution is inherently

lower and susceptible to surface imperfections in the resulting part. Therefore, FDM is
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limited to applications where a tolerance >100 um is acceptable.*?

Material jetting is analogous to 2D inkjet printing, in which a CAD-guided nozzle
deposits an ink that is heated just past its melting temperature onto a solid base. Upon
deposition, the material cools and solidifies in place. Once a layer is complete, the base
moves down the height of a single layer and the process continues in a bottom-up fashion
until completion. There are two well-established means of depositing the ink droplets:
continuous and drop-on-demand (DOD) modes.* In the continuous mode, a constant
pressure is applied to the ink chamber such that a steady stream of the fluid exits the nozzle.
Upon exiting the nozzle, the stream forms droplets due to Rayleigh scattering. In DOD mode,
an actuator creates pulses of pressure such that droplets are formed at the exit of the nozzle,
and the frequency of pulses can be adjusted. The DOD mode is the most preferred due to the
smaller drop size and placement accuracy.*’ Due to the temperature constraints required by
material jetting, the type and number of useable materials is fairly limited compared to other
AM techniques. Waxy, low molecular weight polymers and acrylate photopolymers are most
often used in inkjet printing, which often limits the technique’s biomaterials applications to
mold castings for use as an indirect means of scaffold generation.

In contrast to the previously described AM technologies, bioprinting is defined more
conceptually, which is a topic of current debate. Bioprinting has been defined as “the use of
computer-aided transfer processes for patterning and assembling living and non-living
materials with a prescribed 2D or 3D organization in order to produce bio-engineered
structures serving in regenerative medicine, pharmacokinetic and basic cell biology
studies.”***> Multiple AM technologies have been applied to bioprinting, which is also
referred to as bioplotting, cell writing, laser-assisted bioprinting, and microextrusion.*47

Maintaining cell viability during and post-printing is the essential requirement for
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bioprinting that limits the AM techniques that can be feasibly used. Consequently, it is
imperative that sterility of materials and equipment can be maintained during the printing
process. Equipment and materials must be capable of being sterilized, most commonly by
autoclave, UV light, or ethanol treatment, and it is common to conduct the bioprinting within
a laminar flow hood to promote a clean environment. Further, sterility tests are often
conducted by printing cell-containing material and culturing in antiobiotic-free media.*8
SLA, material jetting, and material extrusion are the three ASTM-defined techniques that
have been proven capable of bioprinting. New techniques not defined by ASTM
International, known as laser-guided direct cell printing and laser-induced direct cell
printing, utilize a laser to guide and deposit cells onto substrates.** System temperature,
pressure, surrounding media, matrix or scaffold composition, and associated chemical and
solvents are all parameters that must be considered to optimize cell viability. New
approaches have been developed to address these restrictions, such as nozzles that use
piezoelectric actuators to create droplets to alleviate thermal stress, and the use of near-
infrared lasers to limit the risk of overheating cells in the laser-guided technique.*’~° Cell
media must also be supplied before, during, and after printing to ensure sufficient cell
nutrition, which has limited the matrix to hydrogels such as Matrigel and PEG gels that are
cyto-compatible and nano-porous. Use of metals, ceramics, and composite materials with
high mechanical properties are thus restricted to cell-seeding after scaffold preparation as
opposed to direct bioprinting.’® While bioprinting is growing both in efficiency and
complexity of constructs, the inability of this approach to fabricate sophisticated tissue

architectures is a significant limitation.

2.1.5. 3D Models of Disease Progression and Drug Screening
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The design of TECs that mimic the HEN, facilitate studies on the spatio-temporal
dynamics of disease progression, and assess drug response has been recognized as a pressing
need.’! Compared to more conventional fabrication techniques, advances in AM have
enabled more precise control over topological properties®? such as porosity, pore size, pore
shape, and curvature, as well as precise placement of cells.® Consequently, 3D printing is
emerging as a powerful tool for recapitulating the mechanical, topological, and cellular
properties of both hard and soft tissue. In this section, the design of 3D-printed TECs for
modeling disease progression and drug response in a variety of tissue types are reviewed.

In a transformative study, viable human bone grafts that recapitulate the
temporomandibular joint (TMJ) were fabricated from decellularized trabecular bone.>
Clinical CT images of the joint were digitized and imported into a computer-aided design
(CAD) tool, which was used to machine a TMJ-shaped graft. Human mesenchymal stem
cells (MSCs) were cultured on the grafts in a perfusion bioreactor for 5 weeks, resulting in
the formation of lamellar bone. While this study represented an important step toward in
vitro culture of patient-specific bone grafts, recent advances in AM have aimed to fabricate
clinically sized, anatomically shaped bone grafts from synthetic materials. In a follow-up
study, anatomically shaped PCL scaffolds were printed by FDM from CT scans of the
maxilla and the mandible in human patients (Fig. 1A).>* AM has also been applied to
manufacture TECs in which a scaffold and bioreactor chamber are fabricated simultaneously
as a custom-designed device designed to match a patient’s anatomy (Fig. 1B).>> A 3-cm
section of an ovine tibia was imaged by nuCT, from which a computational 3D model was
generated that captured the anatomical features of the tibia. Using a computed-aided design

(CAD) tool, a shell wall was then created that enabled fluid flow. The resulting device was
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printed by FDM in a single step using two thermoplastic polymers: poly(lactic acid) (PLA)
for the scaffold and acrylonitrile butadiene styrene (ABS) for the bioreactor (Fig. 1B).
Primary human osteoblasts were dynamically seeded in the bioreactor and cultured under bi-
directional perfusion. The cells maintained viability for up to 6 weeks.

Trabecular bone is differentiated from other tissues by its rod- and plate-like trabeculae
spaced 600 — 800 um apart and its rigid mineralized ECM (93 - 365 MPa*%), which is several
orders of magnitude higher than that of soft tissue.>’ The progression of tumor-induced bone
disease has been modeled in vitro using 3D scaffolds for metastatic breast cancer®, prostate
cancer’’,and Ewing sarcoma.®® In these studies, cell culture on collagen or polymer scaffolds
demonstrated that the 3D microenvironment substantially alters the tumor response to anti-
cancer drugs compared to 2D monoculture. However, the substrate modulus and pore size
of these scaffolds fabricated by conventional methods are generally not representative of
trabecular bone. A templated-Fused Deposition Modeling (t-FDM) approach has recently
been reported for fabrication of 3D scaffolds with tunable substrate moduli and pore sizes
representative of trabecular bone (Fig. 1C).2° While pore sizes > 100 um can be printed using
FDM, the small number of thermoplastic polymers that can be printed limits the range of
substrate moduli that can be achieved. In the t-FDM approach, a template is printed by FDM
which is subsequently filled with a two-component reactive poly(ester urethane) with
substrate moduli ranging from 20 MPa (collagen fibrils) to 266 MPa (trabecular bone) (Fig.
1C). Thus, the t-FDM method enables independent control of mechanical and topological
properties. Rat bone marrow-derived mesenchymal stem cells (MSCs) were cultured on the
3D scaffolds for up to 21 days. Expression of markers of osteogenic differentiation, including
the transcription factor Runx2, increased with increasing substrate rigidity and decreasing

pore size. Furthermore, matrix mineralization increased with increasing substrate modulus
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and decreasing pore size, as assessed by Alizarin red staining and SEM imaging. Taken
together, these findings highlight the utility of FDM methods for fabricating TECs for use in
regenerative medicine and mechanistic studies investigating the effects of the tEN on cell
fate.

Healing of damaged cartilage is often incomplete due to lack of vascularity and low cell
density in cartilage tissue. Consequently, TEC approaches have aimed to promote cartilage
regeneration through ex vivo engineering of cartilage tissue for implantation. However,
limited clinical success has been achieved due to inferior mechanical and structural
properties of the implanted or regenerated tissue.’! Furthermore, zonal organization and
integration of implanted articular cartilage tissue remains a challenge for clinical success.®?
Researchers have shifted focus toward recapitulating the 3D structural properties of the in
vitro PEN to not only improve the tissue quality of ex vivo cartilage for implantation, but
also to investigate the cellular mechanisms involved in proper cartilage development.

In a recent study, a form of material extrusion bioprinting was used to fabricate hybrid
constructs of PCL and chondrocyte-encapsulated alginate hydrogels.5® In this bioprinting
system, called a multihead deposition system (MHDS), PCL was printed as the structural
component and chondrocyte-containing hydrogels as the functional component for
regeneration. Additionally, the growth factor TGF-f3 was incorporated in the chondrocyte
hydrogels to promote cartilage tissue formation, which showed enhanced ECM formation
compared to the hydrogels not supplemented with TGF-B in vitro. The scaffolds were
implanted into the subcutaneous dorsal spaces of nude mice tissue invasion and formation
was observed. Histochemical staining showed that the engineered tissue supplemented with
TGF-p exhibited improved cartilage formation with minimal adverse tissue response. This

study highlights 3D bioprinting as a viable method for fabrication of TECs that direct
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cartilage regeneration in vivo.

An AM technique has also been used to create an in vitro biomimetic 3D pEN to probe
the signaling pathways involved in chondrogenesis as a tool to discover potential biomarkers
for drug testing. In this study, a material jetting bioprinting system was used to deposit
hydrogels containing human MSCs, TGF-B, and BMP-2 to create scaffolds with varying
concentrations and gradients of the growth factors not feasible by conventional scaffold
synthesis to assess their effect on fibrocartilage development.5* An extensive quantitative
real-time polymerase chain reaction (QRT-PCR) and pathway network analysis was
conducted to assess the differentiation of the hMSCs based on the supplied conditions as
well as the differentiation-related pathways involved in the model. The results showed that
both osteogenesis and chondrogenesis-related genes were up-regulated in the bioprinted
constructs that contained both growth factors as opposed to the constructs without growth
factors. Furthermore, the pathway and network analysis showed that multiple bone- and
cartilage-related differentiation pathways, including TGF-$, Wnt, and BMP pathways were
all active in the model. This study highlights the capability of using AM techniques to
recapitulate the structure and function of cells involved in bone and cartilage development,
and further poses a tool for future research in drug discovery.

The creation of vascularized 3D tissues in vitro would significantly advance the fields of
tissue engineering and high-throughput drug screening. A number of challenges must be
overcome for 3D bioprinting to achieve its full potential, including the development of new
biomaterials that recapitulate the properties of the matrix and the fabrication of vascular trees
with capillaries and microvessels that provide adequate blood supply.*® Recent studies have
addressed these key technological limitations. Biomaterials used to prepare bioprinting inks
typically lack the complexity of natural extracellular matrix, and therefore cannot
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recapitulate the cell-ECM interactions in the native tissue hEN. To address this limitation,
tissue-specific bioinks have been prepared from decellularized ECM (dECM) from adipose,
cartilage, and heart tissue (Fig. 2A).%° Porcine cartilage and heart tissue, as well as human
adipose tissue, were decellularized and dissolved in pH-adjusted solutions that gelled at
37°C. Bioinks were used to bioprint structures encapsulating either human adipose-derived
stem cells (hASCs) or human interior turbinate tissue-derived MSCs (hTMSCs) that
supported the formation of structured 3D tissues. The printed scaffolds enhanced cell
viability, commitment of the stem cells to a specific differential lineage, and deposition of
new extracellular matrix compared to collagen controls. Due to the ability to print specific
cells and ECMs, the dECM approach exhibits considerable potential for modeling disease
progression and drug response for a broad variety of tissue types. Another recent study has
applied 3D bioprinting to prepare constructs incorporating multiple cell types, ECM, and
well-developed vasculature.®® A custom 3D bioprinter with four independently controlled
print heads was designed to concomitantly print cells, ECM, and vasculature. Gelatin
methacrylate (GeIMA) was used to print the cell-laden ECM, which was subsequently photo-
crosslinked after printing. An aqueous solution of a poly(ethylene oxide) (PEO)-
poly(propylene oxide) (PPO) triblock copolymer comprised the fugitive ink for bioprinting
the microvascular network. After printing, the ink was removed by cooling to temperatures
below 4°C to yield hierarchical, bifurcated vascular networks embedded in the ECM (Fig.
2B). In a proof-of-concept experiment, human neonatal dermal fibroblasts (HNDFs) and
mouse 10T 1/2s fibroblasts bioprinted in the vascularized constructs remained viable for up
to 1 week in culture and lined the bioprinted channels (Fig. 2C). This new vascularization
approach is scalable for mechanistic and high-throughput drug screening assays related to
wound healing and angiogenesis, in which the 3D constructs could be printed in standard
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tissue culture plates.

Autologous split skin grafts (SSG) are the clinical “gold standard” for repair of cutaneous
defects. However, autologous grafting is associated with scarring and is insufficient for
extensive surgeries where a considerable amount of skin is needed.®’” Therefore, other
directions in tissue engineering research have been taken to alleviate the need for autograft
in repairing skin. /n vitro platforms capable of producing tissue-engineered skin both for
implants to replace autologous grafts and as models for drug and topical chemical compound
screening have also been an area of extensive research. AM techniques have been utilized to
recapitulate the hierarchical and layered nature of skin. A direct cell printing method of 3D
bioprinting was utilized to create multi-layered TECs containing fibroblasts (FB),
keratinocytes (KC), and a collagen-based hydrogel as the structural component to mimic
skin layers.®® A stratified skin layer was created by depositing a coat of sodium bicarbonate,
a crosslinking agent, after the deposition of a layer of collagen and the desired cell type. The
sodium bicarbonate crosslinks the recently deposited layer, fixing the cells within and
allowing for the deposition of a new layer on top. Cell viability, proliferation and stratified
structure of both the FBs and KCs were maintained after printing. Further, the authors
proposed the use of this model to print additional cell lines such as melanomas and epithelial
cells as a means of modeling skin disease for study of disease progression or a high-
throughput drug-screening tool. In another study, the t-FDM scaffolds described in the Bone
section above (Fig. 1C) were implanted subcutaneously in rats to investigate the effects of
substrate modulus on cutaneous wound healing.®® Scaffolds with a modulus comparable to
collagen fibrils minimized scar formation, Wnt signaling in fibroblasts, and polarization of
macrophages toward the restorative phenotype compared to scaffolds that were more

compliant or rigid.
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The development of robust, reliable in vitro liver models is an area of continuous research
due to the liver’s role in drug metabolism and associated toxicity.”® In the past, most in vitro
models relied on 2D monolayer hepatic culture, but 3D models utilizing AM techniques
combined with perfusion culture are proving more capable of reliably modeling in vivo liver
behavior. A direct cell printing approach in conjunction with perfusion culture has been
developed to create a biomimetic liver micro-organ as a drug-screening tool.”!’? The direct
cell writing (DCW) system utilized four nozzles capable of operating in extrusion or droplet
mode to deposit alginate hydrogels encapsulating HepG2 liver cells. These alginate-
encapsulated cells were printed into a three-layer TEC that mimicked the liver sinusoidal
shape that was incorporated into a microchip device that allow for media circulation. Results
showed that over 80% of HepG2 cells in the cross-linked, bioprinted construct remained
viable after three days. Furthermore, viability was maintained after 24-hour perfusion flow,
indicating that the perfusion system did not affect cell viability and could be used to perfuse
a drug of interest through the system and assess its pharmacokinetic behavior. A more recent
study utilizing the DCW process incorporated both hepatic and epithelial cells in Matrigel to
more closely mimic the liver sinusoid hierarchical structure.” In addition to successfully
printing the dual-cellular construct, a radiation drug (amifostine) was perfused through the
micro-organ system to test its efficacy in protecting cells from radiation damage. Results
indicated that the drug caused a marked decrease in radiation damage compared to untreated
cells.

Another study utilized an organ-on-a-chip device, LiverChip (CN Bio Innovations), and
co-culture of hepatocytes and Kepffer cells to assess hydrocortisone pharmacokinetic
behavior in an inflammation-induced liver environment.” The LiverChip is a microfluidic

bioreactor model designed to recapitulate the liver capillary bed under perfusion and
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employs 12 bioreactors in series with 3D scaffolds capable of seeding cells. Endotoxin
lipopolysaccharide (LPS) was introduced into the LiverChip co-culture to promote an
inflammatory response by the cultured cells. Hydrocortisone, an anti-inflammatory drug,
was then introduced into the perfusion medium and its disappearance and metabolism were
determined using a form of liquid chromatography-mass spectrometry (LC-MS). The half-
life, rate of elimination, clearance, and area-under-the-curve were assessed based on the LC-
MS data, and an in vitro/in vivo correlation was established to extrapolate in vivo behavior
from the in vitro culture. These results and correlations suggest that this in vitro system could
be used as a tool to investigate drug metabolism and predict in vivo toxicology. Scaffolds
that more closely mimic liver architecture and promote enhanced hepatocyte culture have
also been investigated. Using SLA, PEG-based, photo-polymerizable hydrogels have been
fabricated to improve hepatocyte cell seeding, proliferation, and duration of perfusion
cultures in liver models (Fig. 3).7°

Capturing the complex structural organization of the brain and nervous system has been
a major obstacle in creating in vitro models that could accelerate the development of new
therapies for neurological disorders.”® Microfluidic mixing has been integrated with
hydrogel functionalization to fabricate hydrogels with spatially controlled gradients of
matrix and cells representative of glioblastomas’’, which could potentially support studies
investigating how spatiotemporal gradients regulate tumor cell fate. Compared to
conventional approaches, 3D printing offers the advantage of simultaneous rapid prototyping
and biofunctionalization as well as high-throughput production capacity, which has been
applied to design TECs that recapitulate the function of glial cell-axon interfaces.”® This TEC
was prepared by 3D printing of three components: (1) microchannels to provide axonal

guidance, (2) a sealant layer to prohibit exchange of fluids between chambers, and (3) a top
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tri-chamber to isolate different cell types. A 3D model of the central nervous system (CNS)
was built by culturing hippocampal neurons in chamber 1, superior cervical ganglion (SCG)
cells in chamber 2, and Schwann cells in chamber 3. When the peripheral (SCG) neurons
were infected with pseudorabies virus (PRV), the viral particles were transported to the
Schwann and hippocampal cells at a rate of 2 um s'. However, a bottleneck in the spread
of the virus was observed. Thus, the 3D CNS model enabled two key findings related to
transmission of viral infection in the central nervous system: (1) Schwann cells and
hippocampal neurons are resistant to infection, and (2) Schwann cells transmit the infection
response through axonal interaction. Furthermore, the CNS TEC enabled quantitative
measurements of the transport rate of viral particles. These findings underscore the
significance of the model for interrogation of the nervous system’s response to pathogens or
therapies.

Until recently, the study of neuronal tissue was limited mainly to monolayer culture or
to simple hydrogel scaffolds that lack the layered architecture exhibited by the human
cortex.” A syringe-based ink bioprinting technique has been employed to create layered,
neuronal cell-encapsulated hydrogels to mimic layered human brain tissue.’® A hand-held
reactive bioextrusion technique was used to plot freeform 3D layers of gellan gum (GG)
encapsulating cortical neurons and glial cells. To increase cell adhesion and proliferation,
the GG gels were modified with an RGD peptide sequence and made into a bio-ink
formulation to allow for bioprinting. Encapsulated neuronal and glial cells were shown to
remain viable and proliferate within the cross-linked hydrogel, and importantly they
exhibited appropriate morphologies and axonal development. This strategy for producing
layers of different brain tissue cell subtypes provides a potential means of understanding

neurodegenerative diseases to drug testing.
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In vitro models of the biological barriers in the lung are critical for the development of
new drugs and drug carriers for pulmonary delivery.®! 3D in vitro models potentially enable
the identification of physiological characteristics of the lung uEN that must be considered in
the design of novel carriers. Consequently, more accurate models of the air-blood barrier
are needed to design carriers that minimize clearance and promote controlled release of the
therapeutic. Co-culture models that capture cellular interactions, as well as microfluidic
approaches that mimic the effects of fluid flow on the functionality of epithelial cells
represent significant advances in the field. 3D bioprinting has been applied to fabricate air-
blood tissue barrier analogues comprising endothelial cells, a basement membrane, and
epithelial cells.®? In a layer-by-layer bioprinting approach, A549 alveolar epithelial cells
were separated from EA.hy926 endothelial cells by Matrigel, which was used to mimic the
basement membrane. Compared to manually-seeded conventional constructs, the bioprinted
analogues exhibited a thinner Matrigel layer and more homogeneously distributed
monolayers of cells. Furthermore, the bioprinted endothelial cell layer was less permeable
than the manually-seeded layer. Due to its ability to recapitulate the features of the alveolar
HUEN, this automated and more reproducible 3D bioprinted air-blood tissue barrier model is
anticipated to provide a more accurate approach to assessing inhalation hazards as well as
screening of new therapeutics.

Successful in vitro culture of organs requires vascularization of the construct, since cells
must be less than 100 — 200 um from blood vessels and capillaries that supply oxygen and
nutrients.3 Due to its ability to precisely pattern cells and biomaterials, 3D printing of
vascular networks is an emerging approach in which 3D printed sacrificial fibers are

embedded in hydrogels to generate microchannels. In one study, template agarose fibers
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were printed by extrusion of the aqueous agarose solution from a glass capillary.®* After
printing of the agarose fibers, a hydrogel was cast over the agarose fibers and photo-
crosslinked, followed by removal of the agarose template. HUVECs cultured on GelMA
hydrogels formed a confluent monolayer exhibiting high CD31 expression and formation of
cell-cell junctions. 3D printing of carbohydrate glass networks has also been utilized to
prepare sacrificial templates.®® Filament size was controlled by varying the velocity of the
nozzle through which the carbohydrate glass was extruded. The resulting glass fibers were
embedded in cell-laden hydrogels, including agarose, alginate, PEG, fibrin, or Matrigel, and
the fibers removed by dissolution. The carbohydrate glass presents the advantages of
sufficient strength to provide mechanical support during fabrication and the ability to be
removed from the construct after gel encapsulation without harming the cells. Co-culture of
10T1/2 cells and HUVEC:s in fibrin gels resulted in the formation of three key components
of vascularized tissue: the vascular lumen, endothelial cells lining the vascular wall, and the
interstitial region.  Furthermore, PEG hydrogels with vascular networks enhanced
hepatocyte function compared to monolithic gels. In an alternative approach to generating
vascular networks, a high-resolution uSLA apparatus capable of patterning biomaterials and
cells at resolutions <5 um was designed to 3D print photo-crosslinked hydrogels with
angiogenic patches.®® Encapsulation of fibroblasts in PEG hydrogels with 3D-printed 100-
pum channels enhanced the formation of neovasculature in a chick chorioallantoic membrane
(CAM) model. The ability of these 3D printing techniques to control the architecture of the
vascular network, as well as the types of cells and matrices used, may facilitate mechanistic
studies of the relationship between vascular structure and mass transfer in tissue, as well as

studies investigating disease progression and high-throughput drug screening.
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Both the physical and cellular tEN play a large role in cancer initiation, promotion, and
metastasis; therefore, mimicking the 3D context of the in vivo milieu is essential to modeling
the appropriate physical, chemical, and mechanical cues that contribute to tumorigenesis.!®

3D bioprinting has been used to enhance a previously established 3D ovarian cell
(OVCAR-5) model. In the original model, cells cultured on Matrigel spontaneously formed
micronodules (acini), a commonly assumed physiological morphology in vivo representative
of adherent micrometastatic disease.’’” To improve upon this model, a cell-patterning
platform was developed to print two cell types, fibroblasts (MRC-5) and OVCAR-5, onto
Matrigel to miniaturize the model, improve reproducibility, and make it amenable to high
throughput screening. Furthermore, 3D cell-printing allowed for spatial control of the cancer
and stromal cells to recapitulate their in vivo orientation.®® Cells were printed using a dual-
valve dispensing system and CAD program to independently and precisely deposit the MRC-
5 and OVCAR-5 cell suspensions onto a bed of Matrigel in a predefined pattern. The
patterning platform successfully produced a viable, cocultured system with reliable cell
droplet size, cell density, spatial distribution, and appropriate morphological behavior.

A more recent study used bioprinting to create a cervical cancer model and tested
chemoresistance of the cultured cervical cancer cells in 3D versus 2D.*> A 3D cell printer
was used to deposit HeLa cervical cancer cells encapsulated in a gelatin, alginate, and
fibrinogen hydrogel mixture into a gridded structure. The hydrogel was designed to mimic
the ECM in which HeLa cells are known to proliferate. The printing method was capable of
printing viable cells contained in the cross-linked matrix, and the cells showed greater
proliferation over a 5-day period compared to 2D culture. Furthermore, this study also
showed increased matrix metalloproteinase (MMP) expression on 3D culture versus 2D

culture, indicating a more metastatic phenotype in the HeLa cells cultured in 3D. Finally,
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this study compared treatment of a chemotherapeutic, Paclitaxel, between the 3D and 2D
culture. While considerable HeLa cell death was exhibited in both groups, the 3D culture
showed significant chemoresistance versus 2D.

Other studies have focused on cancer cell migration and motility utilizing AM techniques
to pattern hydrogels. One such study utilized a form of SLA discussed previously, DMD-PP,
to create honeycomb patterns in hydrogels that mimic vasculature to study migration of
cancer cells versus non-cancerous cells.”® Cancer cell migration speed increased with
decreasing diameter of the bioprinted vessels. A similar study used the same SLA method to
create PEG scaffolds to investigate how both cell morphology and substrate modulus affect
cell migration.”! Substrate modulus and cell morphology profoundly affected cell migration
in 3D, whereas differences in 2D were not as significant. These models for cancer cell
migration have the potential to provide insight into tumor behavior, progression, and

invasion.

2.1.6. Perspective

AM has profoundly impacted the field of tissue engineering despite its only recent
widespread use. While initial studies were motivated by the potential of organ printing for
implantation, AM has recently found a niche in creating TECs for in vitro models of
organogenesis, disease progression, and drug screening. 3D culture using conventional
fabrication techniques, such as microfluidics, electrospinning, and porogen leaching, has
underscored the need for 3D models that more accurately recapitulate the cellular and
physical properties of the tissue LEN compared to 2D cell culture. However, further research
has indicated that parameters such as the matrix architecture, spatial arrangement of cells,

hierarchical structure of tissues, and cellular cross-talk between adjacent tissues contribute
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substantially to cell behavior in vivo. AM techniques have the potential to bridge this gap
between 3D models and in vivo milieu due to their ability to precisely control scaffold
architecture and spatial arrangement of cells. Furthermore, progress in bioprinting has made
possible the deposition of multiple cell types into different hierarchical structures, allowing
for more sophisticated models capable of simulating the interaction between different tissue
types. As the significance of 3D versus 2D culture has been established, there is a new need
to transition high-throughput screening techniques to 3D. The continuously increasing speed
of AM machines in addition to its inherent reproducibility renders AM a valuable means of
creating scaffolds for high throughput drug screening. Other advantages of AM compared to
more conventional techniques include enhanced reproducibility, scalability from the tissue
culture well plate to the anatomic scale, and the ability to combine rapid prototyping and
biofunctionalization in a single step.

3D in vitro models based on AM techniques are still emerging, and thus a number of
challenges need to be addressed to fully realize the potential of AM for the design of TECs.
While in vivo validation of 3D in vitro TECs remains an ultimate long-term goal, more
achievable and modest shorter term objectives would make substantial contributions to the
field, such as the identification of physiological characteristics of the tissue HEN that must
be considered in the design of new therapies. Despite the fact that currently available 3D
printed TECs cannot recapitulate all the properties of the nEN, they still present a more
realistic and stringent LEN for drug screening compared to 2D culture. Consequently, 3D
printed TECs have the potential to reduce the need for preclinical testing by more stringently
screening drug candidates in vitro.

Advances in AM have realized the ability to create TECs with precisely controlled
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structures beyond the capabilities of conventional approaches, but additional barriers must
be overcome before these models can reliably predict drug efficacy or model disease
progression in humans. The use of patient-derived cells rather than cell lines could
potentially advance the development of personalized medicine, in which patient-specific
therapies are identified on the basis of high-throughput in vitro drug screening. In addition,
many current models rely on static culture, whereas the in vivo LEN often experiences fluid
flow that can affect cell behavior. Therefore, current models will need to support perfusion
culture to more closely mimic the shear forces experienced by cells in vivo. Even further,
maintaining a physiologic gradient of growth factors and other proteins within the tissues in
perfusion culture would more accurately mimic the tissue HEN. Bioprinting has made
progress in creating TECs from different cell types; however, scaffold architectures are
largely limited to simple constructs, such as grids. Therefore, bioprinting methods capable
of constructing more sophisticated architectures could expand complexity and thus more
accurately mimic the in vivo tEN. More efficient simultaneous bioprinting of cells and
biomaterials with tissue-specific mechanical properties could better recapitulate the
mechanical, topological, and cellular properties of the LEN, and significant progress is being
made in this area. Kang et al. have presented a bioprinting system, called ITOP, capable of
fabricating mechanically-stable, functional, human-scale constructs of the mandible,
calvarial bone, cartilage, and skeletal muscle by simultaneously plotting cell-laden material
with biodegradable structural polymers containing microchannels to allow for nutrient
transport.”? Finally, organs in the human body do not behave independently, but are
interconnected and communicate in a complex manner. Consequently, in vitro 3D models

should ideally capture the cross-talk not just between cells, but also between tissues and

32



organs. For instance, promoting angiogenesis and innervation into TECs in perfusion culture
would better replicate the biological forces experienced by the organ of interest.
Incorporation of multiple tissues and organs will also require scale-up of the models. This in
turn will further necessitate networks of vasculature and other means of nutrient transport
throughout the model, and this new complexity will need to be addressed. AM technology
has the potential to address many of these limitations, due to the rapid growth in new
technologies and approaches. Interdisciplinary research between tissue engineers, molecular
biologists, and mechanical and electrical engineers in conjunction with AM technology has
the potential to overcome the barriers that limit these models from becoming reliable tools

for drug screening and understanding the underlying mechanisms contributing to disease.

2.2. Engineering 3D Models of Tumors and Bone to Understand Tumor-Induced
Bone Disease and Improve Treatments
Adapted from:
Kwakwa, KA*, Vanderburgh, JP*, Guelcher, SA, Sterling, JA. “Engineering 3D Models
of Tumors and Bone to Understand Tumor-Induced Bone Disease and Improve
Treatments.” Curr Osteoporos Rep. 2017;15(4):247-254.
2.2.1. Abstract

Bone is a structurally unique microenvironment that presents many challenges for the
development of 3D models for studying bone physiology and diseases, including cancer. As
researchers continue to investigate the interactions within the bone microenvironment, the
development of 3D models of bone has become critical.

3D models have been developed that replicate some properties of bone, but have not fully

reproduced the complex structural and cellular composition of the bone microenvironment.
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This review will discuss 3D models including polyurethane, silk, and collagen scaffolds that
have been developed to study tumor-induced bone disease. In addition, we discuss 3D
printing techniques used to better replicate the structure of bone.

3D models that better replicate the bone microenvironment will help researchers better
understand the dynamic interactions between tumors and the bone microenvironment,

ultimately leading to better models for testing therapeutics and predicting patient outcomes.

2.2.2. Introduction

Tumor cells frequently reside in the bone microenvironment due to primary
(osteosarcomas), invasive (melanoma, myeloma), or metastatic disease (breast, prostate,
lung, and renal cancers). Once tumors establish in bone, they interact with the physical
microenvironment as well as the resident bone cells to cause bone destruction known as
tumor-induced bone disease. While these interactions have been well-established by in vitro
and in vivo studies, it has been challenging to investigate dynamic tumor-bone interactions
due to a lack of appropriate 3D models. Thus, many groups have developed new models for
studying tumor-induced bone disease that use both tumor cells and bone-resident cells
(osteoblasts, osteoclasts). The development of these models has relied heavily on
collaborations between biologists, clinicians, and engineers. These 3D models have allowed
scientists to better understand the signaling pathways that drive tumor-induced bone disease,
the interactions between different cell types, and the influence of the physical bone
microenvironment. Furthermore, these models can serve as valuable platforms for the
discovery and development of novel therapeutics to target tumors in bone. In this review, we
will briefly discuss common 3D culture methods used in cancer research (hydrogels,

spheroids) while focusing on current 3D models for studying bone and tumor metastasis to

34



bone, specifically tissue-engineered constructs (TECs).

2.2.3. Cancer Models

Since its development in the late 19th century, cell culture has remained an important
tool for both basic biology and medical research, including cancer research. Most adherent
tumor cells are cultured as a monolayer on two-dimensional (2D) substrates made of
polystyrene plastic or glass. Although 2D culture systems are widely used in cancer research,
an increasing body of evidence has shown that 2D cell culture does not adequately replicate
the complex interactions and spatial organization of cells in the three-dimensional (3D)
tumor microenvironment. Moreover, tumor cell behavior (proliferation, migration, gene
expression) and response to drug treatment can differ dramatically in conventional 2D
culture compared to in vivo cellular responses.”>> To address some of these limitations,
several 3D cell culture systems have been developed in the last few decades and the adoption
of these methods in cancer cell biology is rapidly increasing. Cancer cells grown in 3D more
closely resemble those in the tumor microenvironment and thus, have more physiologically
relevant responses. To date, the most common 3D cell culture methods in cancer research
include extracellular matrix (ECM)-based hydrogels and tumor spheroids.

Due to their soft tissue-like properties, hydrogels have been increasingly used to mimic
the 3D extracellular matrix (ECM) of solid tumors including breast, prostate, lung, and
colorectal cancers.”®* Hydrogels are comprised of crosslinked polymer networks derived
from natural or synthetic materials. Natural hydrogels are typically formed from ECM
proteins like collagen, laminin, and fibrin as well as other matrix components like hyaluronic
acid.!%191 Collagen type I is a commonly used natural hydrogel since it is the most abundant

ECM protein in tumor stroma and has been shown to support tumor growth and increase the
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expression of genes promoting malignant phenotypes.!9%103

The commercially available
Corning® Matrigel® matrix is perhaps the most widely used natural ECM-based hydrogel
for 3D culture of tumor cells in vitro. Matrigel® is a reconstituted basement membrane
isolated from murine Engelbreth-Holm-Swarm (EHS) sarcoma which contains various ECM
proteins (e.g. laminin, collagen IV, heparin sulfate proteoglycans) and endogenous growth
factors (e.g. TGF-B, EGF, IGF-1, PDGF).!* These gels are highly biocompatible and not
only modulate tumor cell viability, proliferation, adhesion, and motility, but also sensitivity
to therapeutic agents.!% However, the concentration of proteins and growth factors in natural
hydrogels can vary between batches and confounding factors such as undefined matrix
components can influence tumor cell behavior.!%

Alternatively, hydrogels made from synthetic materials such as poly(ethylene glycol)
(PEG), poly(lactic acid) (PLA), and poly(vinyl alcohol) (PVA) have relatively well-defined
structures with tunable chemical compositions and mechanical properties (e.g. stiffness).*!?7
Synthetic hydrogels also provide 3D architectural support for tumor cells and have been
shown to maintain cell viability even in the absence of endogenous matrix components;
however, these gels are usually supplemented with ECM proteins, growth factors, and other
bioactive molecules in order to optimize tumor cell growth and survival.!%-110 Both natural
and synthetic hydrogels can be used alone or in combination with other 3D culture methods
including tumor spheroids.

In contrast to 2D monolayers, adherent tumor cells cultured in 3D tend to self-assemble
into multicellular aggregates known as spheroids. Tumor spheroids are more mimetic of
solid tumors in vivo with respect to cellular heterogeneity, metabolic and proliferative

gradients, and gene expression. Specifically, spheroids typically contain a well-oxygenated

outer layer of proliferating cells, a hypoxic inner layer of quiescent cells, and a necrotic
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core. 1112 Multicellular spheroids may consist of tumor cells alone or as co-cultures with
stromal, endothelial, and immune cells. The 3D cell culture methods used to generate tumor
spheroids include both scaffold-based (e.g. hydrogels) and scaffold-free (e.g. forced floating,
hanging drop) platforms.

Scaffold-based methods for spheroid growth involve embedding or encapsulating tumor
cells within natural or synthetic hydrogels that mimic the ECM. As previously discussed, the
presence of endogenous matrix proteins and growth factors in these gel matrices not only
support the organization of tumor cells into 3D spheroids, but also promote the formation of
migratory and invasive structures, significantly alter gene expression patterns, and affect
cellular response to anti-tumor drugs.”®?

On the other hand, scaffold-free platforms do not use a gel matrix support. Tumor
spheroids produced by these methods are generated in suspension culture. One relatively
simple approach is the force floating method which utilizes an ultra-low attachment plate to
prevent tumor cell adhesion to the surface. Instead, cells aggregate to form multicellular
spheroids.!!*!1* Another scaffold-free approach is the hanging drop method during which
tumor cells in suspension aggregate into spheroids under gravity. Specifically, small aliquots
of cell suspension are dispensed onto a Petri dish lid that is subsequently inverted to allow
droplets to hang.!'> Various spheroid culture array plates have also been developed to better
stabilize hanging drops.!'®!'7 This 3D tumor culture model generates a large number of
spheroids with uniform size and morphology which is suitable for biochemical assays and

high-throughput screening of therapeutics.!!6-118:119

2.2.4. Limitations of 3D Cancer Models for Bone

Tumors originating in the breast, prostate, and lung frequently metastasize to other
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organs, including bone.!2%!2! In addition to interacting with bone-resident cells, tumor cells
also come into contact with the mineralized bone matrix , which is orders of magnitude more
rigid than soft tissues.!?>!2* Simple 3D models like hydrogels and tumor spheroids improve
upon 2D culture methods used to investigate soft tissue tumors and provide structural support
for 3D cell growth and adhesion that resembles that of cells in their native environment.
Moreover, hydrogels and other organic ECM components can be combined with more rigid
scaffolding materials like ceramics, polymers, and composites to better mimic the bone
microenvironment (discussed later in this review). However, used alone, these approaches
fail to recapitulate the mechanical and physical properties of bone which should be
considered when investigating tumor interactions in bone, especially mechanically
responsive genes. Tissue engineering and scaffolding approaches have been employed to

develop biomimetic 3D constructs in order to study metastatic tumors in bone.

2.2.5. 3D Bone Models

The field of bone tissue engineering has traditionally been focused on regenerating or
repairing bone through the development of bone tissue-engineered constructs (TECs).
However, advances toward creating TECs for in vivo applications have led to progress in
designing biomimetic in vitro models for studying bone biology, disease progression, and
drug screening in the bone microenvironment. 3D in vitro bone models have been proposed

to aid in bridging the gap between 2D culture and animal models for diseases and medical

125,126

conditions such as osteomyelitis,'?* bone fracture healing, and, as will be discussed in

this review, tumor metastases. In designing such TECs, studies investigating properties of

123,127 29,128

the constructs indicated that characteristics including rigidity, pore size, pore

9

shape,'? and curvature!®® all affect cell behavior. Tissue engineers have been working
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toward creating TECs with precisely controlled physicochemical, mechanical, and structural
properties that not only replicate human bone, but also allow for the systematic and
parametric study of how these factors influence disease progression and drug response.

The first step in engineering in vitro models is designing the appropriate construct
considering the in vivo microenvironment of interest. Bone stands apart from other non-
mineralized tissues in that the rigidity of bone (1.7-2.9 x 10'° Pa) is orders of magnitude
higher than soft tissues (10°~10° Pa).!?213! This unique rigidity necessitates TECs with high
mechanical properties not attainable by hydrogels and other ECM-mimicking materials. On
the other hand, materials used for cancer models vary widely depending on the origin of the
tumor, and would ideally exhibit an angiogenic capacity.>’” Thus, in designing TECs for bone
applications and 3D cancer models, engineers employ various materials and fabrication
methods to create biomimetic matrices on which appropriate cell populations may be
cultured.

First and foremost, materials must be biocompatible to avoid eliciting adverse cell
responses in vitro. Since cells can sense and respond to the matrix, these biocompatible
materials are carefully chosen for characteristics that will have the desired effect on the cell
populations to be introduced. Mechanical properties, bioactivity, biodegradability, and
chemical composition are characteristics that must be considered when choosing TEC
materials for cancer and bone modeling alike. The robust mechanical properties of materials
like ceramics, metals, polymers, and composites have rendered them the predominant
materials used in fabricating bone TECs. While 3D models for soft tissue tumors are not
necessarily subjected to the stringent rigidity restrictions, conferring ECM-like properties
and surface modifications with specific proteins and growth factors are desirable to mimic

the cancer microenvironment.>!
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Multiple poly(a-esters) have been used extensively in bone tissue engineering and for
cancer models including poly(caprolactone) (PCL),>*!132133 PLA, 134135 and poly(lactic-co-
glycolic acid) (PLGA).>!3¢ These are biocompatible and biodegradable polymers that have
other biomaterial applications such as drug delivery. They have also been combined with
hydroxyapatite and other ceramics to create composite materials that exhibit more bone-like
qualities.'*” However, these materials have drawbacks that can limit their effectiveness in
bone applications including slow degradation time (PCL), low mechanical properties
(PLGA), and low cell adhesion. Polyurethanes (PUR) are a good alternative due to their
tunable rigidity, biodegradability, and physicochemical properties.!*® Furthermore, the ease
of PUR processing, high mechanical properties, and biostability makes them attractive
materials for biomedical bone implants and other bone-mimicking materials. Poly(propylene
fumarate) (PPF) has also been incorporated into TECs due to their biocompatibility,
biodegradability, and high mechanical properties.!3:140

Natural materials have been employed for bone TEC applications as well. Collagen is a
versatile material that has obvious appeal for bone applications as it is the main protein
constituent of bone and comprises ~10% of bone matrix.!*! Collagen can be prepared into
cross-linked solids or gels with varying mechanical properties and is intrinsically resorbable
and bioactive. This makes collagen useful for a variety of applications including bone TECs,
skin grafts, hydrogels, and sponges for wound healing.!** Hydroxyapatite (HA) constitutes
50-70% of bone; therefore, HA and other calcium phosphate materials are also appealing for
bone applications. Since HA is a ceramic material and not easily formed into 3D structures
by conventional means, it is often combined with polymeric materials to create composites
that impart both the osteoinductive benefits of HA along with the malleability of polymers.

These main components of bone are enticing materials to use for bone TECs due to their
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physiologic relevance, however, other natural materials have been pursued as bone-like
substrates. Silk is another biomaterial used in several biomedical applications because of its
mechanical properties and versatility through its receptivity to chemical modifications.!#?
Silk can be molecularly engineered to confer specific properties onto the material such as
cellular recognition and mineralization, and multiple studies have utilized silk as a
biomaterial for studying bone metastases.!** Researchers have even used bone cells alone to
create TECs for studying cancer progression. In one such study, an osteoid matrix was
constructed by long-term culture of osteoblasts in a bioreactor system. Subsequent
introduction of breast cancer cells revealed important pathological events including
microtumor formation and cancer cell filing.®

In addition to substrate properties, it is important that biomaterials are able to be
manipulated into relevant structures and 3D morphologies. Traditional methods to fabricate

145,146

porous TECs from natural or synthetic polymers includes gas foaming, particulate

leaching,137’l47’148

or freeze-drying.!’!%° While these methods are effective in creating
porous scaffolds, they lack the control necessary to create specific architectures.

As the importance of structural properties on which cells are grown becomes more
evident, biologists and engineers have looked to new avenues for creating TECs with well-
defined architectures. Additive manufacturing (AM), also known as 3D printing, is perhaps
the most widely used new technology for creating TECs due to its unparalleled ability to
create precisely controlled geometries at increasingly fast speeds.!>® AM, defined as the

layer-by-layer fabrication of parts directed by digital information from a 3D computer-aided

design file, is an umbrella term that describes multiple methods for creating 3D constructs.

41,69 134,151

These methods include fused-deposition modeling, stereolithography, material

jetting (inkjetting),'>> and bioprinting.%°> Other AM methods such as selective laser
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sintering (SLS) have also been implicated for use in biomaterials applications.

In addition to creating TECs with the appropriate physicochemical, structural, and
mechanical properties, researchers are using bioreactors to more closely mimic physiologic
flow conditions experience by cells in vivo. To do this, media is perfused through the TECs
and circulated within the system, often using a peristaltic pump. Perfusion culture allows
cells to experience physiologic shear conditions which are known to affect cell behavior.!>3
Furthermore, perfusion culture allows for the flow of nutrients and other soluble factors that

can keep cells viable for longer durations.

2.2.6. 3D Bone-Tumor Models

Collaborations between biologists and engineers have fostered the combining of the
discussed biomaterials and fabrication methods to create 3D bone-tumor models using TECs.
These biomimetic models not only aim to confer the appropriate cell-cell interactions, but
also the appropriate cell-matrix interactions through the creation of TECs with precisely
controlled properties that more closely replicate the in vivo bone-tumor milieu.

One such study employed a 3D bioreactor culture system to first create a mineralized,
multi-layered tissue of osteoblasts and subsequently co-cultured with osteoclasts and
metastatic tumor cells to investigate tumor effect on matrix degradation.!>* To create the 3D
matrix, MC3T3-E1 murine osteoblasts were cultured for up to 10 months to create a 3D
osteoid matrix. Osteoclasts were then introduced to the 3D culture, and subsequent matrix
degradation was observed. After addition of fresh MC3T3-Els, the matrix was reformed,
thereby suggesting that bone remodeling was occurring. Finally, metastatic MDA-MB-231
breast cancer cells were added to the 3D co-culture system. By confocal microscopy, it was

observed that the cancer cells migrated towards sites of active remodeling which led to
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further degradation of the matrix. This study not only demonstrates the ability to study the
bone remodeling process in vitro but also how this process can be disrupted in a diseased
state. This system is also amenable to clinically-relevant drug screening since it has a
measurable physical outcome (matrix degradation).

In another high-impact study, porous silk fibroin scaffolds prepared directly from the silk
fibroin protein of silk worms, !> were used in a 3D culture system to investigate the response
of metastatic tumor cells to external stimuli in the presence of osteoblasts and mesenchymal
stem cells (MSC).!*® The silk fibroin scaffolds were hypothesized to be an ideal scaffold for
investigating metastatic breast cancer behavior due to its mechanical properties in the range
of adipose breast cancer in breast cancer patients, its inherent possession of Asp-Gly-Asp
(RGD) peptide sequences known to promote cytocompatibility and cell adhesion, and based
on the results of previous studies showing that MSCs undergo osteogenic differentiation on
the scaffolds. Co-culture of MG-63 human osteoblast-like cells and MDA-MB-231 human
breast cancer cells on the silk scaffolds resulted in a decrease in MG-63 population compared
to that of the MDA-MB-231 despite being seeded at a 1:1 ratio. This suggests that the breast
cancer cells were inhibiting growth of the osteoblasts, a finding that is supported by previous
studies.!>” To take these findings a step further, the effect of the breast cancer cells on matrix
mineralization was investigated using the same co-culture. Alizarin red staining and alkaline
phosphatase activity indicated that matrix mineralization was lower on the scaffolds
containing the breast cancer cells, further confirming the effect of tumor cells on osteoblast
viability and function. Further studies in this system indicated that the co-culture
significantly increases drug resistance, invasiveness, and angiogenicity.

In a more recent study from the same group, a similar 3D system utilizing silk fibroin

scaffolds was used to screen anticancer drugs to understand its effect on the cellular
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interactions of the co-culture of MDA-MD-231 breast cancer cells and MG-63 osteoblastic
cells.!>® A targeted nanoparticle (NP) formulation for the anticancer drug, doxorubicin, was
developed using a folate-conjugated silk fibroin polymer. This formulation was then
introduced into the 3D co-culture system to test the efficacy of the drug in vitro as well as
its targeting ability. After 14 days of co-culture, the viability of the cancer cells decreased
while osteoblast morphology and density was not much affected by the presence of
doxorubicin. Also noted was the ICso of the doxorubicin which was 10-fold higher in the 3D
system than 2D, thus illustrating that tumor cell response to drugs can be drastically different
in 3D compared to 2D. Further, they found that drug treatment reduced vascular endothelial
growth factor (VEGF) expression and glucose consumption, suggesting a down-regulation
of angiogenic factors and slowed proliferation of cancer cells, respectively. While the effect
of the targeted NP formulation did not necessarily produce notably improved results over
free doxorubicin, this study shows that the 3D co-culture system is capable of screening
anticancer drugs and outcomes in 3D are notably different than in 2D.

Other studies have incorporated mechanical loading into the model to test how
mechanical stress affects bone and cancer cell behavior. One such study employed HA-
containing PLGA scaffolds under cyclic compression to investigate the interactions between
MDA-MB-231 breast cancer cells and human bone marrow-derived mesenchymal stem cells
(hBM-MSCs) in the mechanically stressed environment.!>® Before investigating mechanical
loading, HA-containing scaffolds were seeded with hBM-MSCs and treated with tumor-
conditioned media to observe how tumor-derived soluble factors influence osteogenic
behavior. Interestingly, it was found that alkaline phosphatase (ALP) activity increased in
the presence of tumor-conditioned media. This finding runs contrary to previous findings

concluding that tumors tend to inhibit osteogenic differentiation. The authors suggest this
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could be a result of the early timing at which the hBM-MSCs were exposed to the
conditioned media. Upon cyclic compression of HA-containing scaffolds seeded with hBM-
MSCs and supplemented with conditioned media from mechanically loaded MDA-MD-231,
there was no notable effect on ALP activity as seen in the non-loaded case. However, gene
expression of the osteogenic marker osteopontin (OPN) significantly increased when the
hBM-MSCs and MDA-MB-231s were mechanically loaded, and these findings were
corroborated by measuring OPN protein levels. These data suggest that mechanical loading
influences the interaction between hBM-MSCs and tumor cells through modulation of OPN
levels. This study stresses the important role mechanical loading plays in bone-tumor
interactions, which emphasizes the need to further investigate the effects of dynamic
mechanical forces on tumor progression in bone.

As stated earlier, additive manufacturing has become a valuable tool for in vitro
modeling due to its ability to create precise 3D geometries. Considering that bone has a
complex and intricate structure, it is perhaps not surprising that 3D printing has started to
influence 3D bone-tumor modeling. A recent study utilized a stereolithography 3D printing
technique to create HA-composite scaffolds for modeling breast cancer bone metastases. '
First, a PEG-based ink was printed into several pore geometries including square and
hexagonal. After choosing the optimal geometry (small square pores) based on cell
proliferation of MDA-MB-231 cells, HA was incorporated into the PEG ink (10% HA) and
printed. The breast cancer cells grown on the HA-containing scaffolds proliferated
significantly faster than the non-HA scaffolds, suggesting the HA component of bone
promotes tumor proliferation. To study tumor cell migration on the HA-containing scaffolds,
a non-metastatic breast cancer cell line (MCF-7) was also introduced and compared to the

MDA-MB-231 cells. MDA-MB-231 cells cultured on the matrices migrated significantly
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farther than the MCF-7 in both the HA and non-HA scaffolds. They further tested the
efficacy of the chemotherapeutic 5-FU in both the 3D and 2D environment. While 5-FU
treatment did show efficacy in both environments, the efficacy was significantly less in 3D
culture than in 2D. This study highlights the potential impact that 3D printing can have in in
vitro modeling. It is evident from this study that curvature affects cell proliferation, therefore,
it can be conjectured that 3D architecture may play an important role in tumor progression

in bone.

2.2.7. Future of 3D Models

3D models have drastically improved over the past 5 years. However, existing 3D bone
models only focus on a few aspects of the bone microenvironment. As researchers continue
to study this niche, models will not only begin to incorporate more physical properties
(rigidity, fluid flow, compression, pore size) but also different cell types (osteoblasts,
osteoclasts, endothelial cells, fibroblasts, immune cells) (Figure 2.1). This will be an
exceedingly complex undertaking that will likely take many years to accomplish as well as
a variety of expertise from different groups. Additionally, researchers have begun modeling
dynamic cellular interactions and processes in bone using computational models in order to
develop a more complete understanding of the bone microenvironment and to predict

161,162 These dynamic 3D models will significantly improve our ability to screen

outcomes.
and develop new drugs to treat bone diseases including tumor-induced bone disease. One

important objective is to increase usage of patient-derived cells in these 3D models to help

predict patient outcomes to novel therapeutics.
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Figure 2.1. The incorporation of additional physical and cellular components in 3D bone models will
help increase our understanding of the dynamic interactions in the bone microenvironment.
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CHAPTER 3

III. FABRICATION OF TRABECULAR BONE-TEMPLATED TISSUE-ENGINEERED
CONSTRUCTS BY 3D INKJET PRINTING AND INCORPORATION INTO

PERFUSION BIOREACTOR MODEL OF TIBD

3.1. Fabrication of Trabecular Bone-Templated Tissue-Engineered Constructs by 3D
Inkjet Printing
Adapted from:
Vanderburgh, JP, Fernando, SJ, Merkel, AR, Sterling, JA, Guelcher, SA. “Fabrication of
Trabecular Bone-Templated Tissue-Engineered Constructs by 3D Inkjet Printing.” Adv
Healthc Mater. 2017;6(22):1700369.
3.1.1. Abstract

3D printing enables the creation of scaffolds with precisely controlled morphometric
properties for multiple tissue types, including musculoskeletal tissues such as cartilage and
bone. Computed tomography (CT) imaging has been combined with 3D printing to fabricate
anatomically scaled patient-specific scaffolds for bone regeneration. However, anatomically
scaled scaffolds typically lack sufficient resolution to recapitulate the <100 micrometer-scale
trabecular architecture essential for investigating the cellular response to the morphometric
properties of bone. In this study, it is hypothesized that the architecture of trabecular bone
regulates osteoblast differentiation and mineralization. To test this hypothesis, human bone-
templated 3D constructs are fabricated via a new micro-CT/3D inkjet printing process. It is
shown that this process reproducibly fabricates bone-templated constructs that recapitulate

the anatomic site-specific morphometric properties of trabecular bone. A significant
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correlation is observed between the structure model index (a morphometric parameter related
to surface curvature) and the degree of mineralization of human mesenchymal stem cells,
with more concave surfaces promoting more extensive osteoblast differentiation and
mineralization compared to predominately convex surfaces. These findings highlight the

significant effects of trabecular architecture on osteoblast function.

3.1.2. Introduction

The development of three-dimensional (3D) in vitro drug screening tools and disease
models offers the potential to significantly advance fundamental understanding of disease,
drug discovery, and patient-specific precision medicine.!” Recent advances in 3D
fabrication techniques have enabled studies on how properties such as matrix rigidity,
surface chemistry, porosity, and curvature contribute to molecular mechanisms involved in
disease progression.’ Additive manufacturing (AM), also known as 3D printing or rapid
prototyping, offers the advantage of creating 3D objects with precisely controlled geometries
and topological properties for multiple tissue types, including musculoskeletal tissues such
as cartilage and bone. Properties of the bone microenvironment, including matrix rigidity’,

610 regulate bone cell activity and the bone remodeling

surface curvature, and pore geometry
process that can be disrupted in a diseased state, which highlights the need to recapitulate
the physicochemical, mechanical, and morphometric properties of bone in tissue-engineered
models. In this work, we hypothesized that the anatomic site-specific architecture of
trabecular bone regulates osteoblast differentiation and mineralization. To test this
hypothesis, we fabricated human bone-templated 3D constructs via a new micro-computed
tomography (UCT)/3D inkjet printing process. We show that this process reproducibly

fabricates tissue-engineered bone constructs (TEBCs) that recapitulate the anatomic site-
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specific morphometric and mechanical properties of trabecular bone. A significant
correlation was observed between the Structure Model Index (SMI, a morphometric
parameter related to surface curvature) and the degree of mineralization of human
mesenchymal stem cells (hMSCs), with more concave surfaces promoting more extensive
osteoblast differentiation and mineralization compared to predominately convex surfaces.
Recent studies have combined CT imaging with AM to fabricate patient-specific bone
scaffolds at the anatomic scale. These studies highlight the potential of AM for fabricating
anatomically-scaled bone scaffolds with tissue-matched mechanical properties that
incorporate multiple cell types and integrate with host tissue in animal models.!'~'*
However, anatomically-scaled 3D-printed scaffolds typically lack sufficient resolution to
recapitulate the <100 micron-scale trabecular architecture essential for investigating the
cellular response to the morphometric properties of bone. A limited number of recent studies
utilizing 3D-printed scaffolds with controlled microstructure have reported that matrix
rigidity, pore size, and pore shape regulate angiogenesis and osteogenesis in vitro.”!>-1?
However, the effects of the anatomic site-specific morphometric properties of trabecular
bone on osteoblast activity have not been investigated. Bone-templated scaffolds must also
be fabricated from biomaterials that support bone cell function, which is challenging due to
the limited number of substrates that can be printed.?*?! In this study, we used a templating
approach in which 3D-printed wax molds were filled with a reactive, flowable, and settable
poly(ester urethane)-nanocrystalline hydroxyapatite (PUR-nHA) hybrid polymer with bone-
like strength. We have shown that this organic-inorganic hybrid polymer promotes
osteoblast differentiation and mineralization, supports osteoclast-mediated resorption, and

remodels to form new bone in vivo.>>?
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3.1.3. Materials and Methods

Fabrication of TEBCs from Micro-computed Tomography Images: Human cadaver
samples of the femoral head, proximal tibia, and vertebral body obtained from the Vanderbilt
Anatomical Donation Program were scanned in a Scanco® pCT50. Resulting image files
were then inverted and converted to STL files using Scanco® Image Processing Language
(IPL). STL files were subsequently converted to Solidscape® 3Z Analysis software-
compatible files and sent to a Solidscape® 3Z Studio Inkjet 3D printer to print a mold from
the build material wax, a proprietary blend of sulfonamide derivatives. The resulting wax
molds were submerged in leaching oil (Bioact VSO) to remove the support material, leaving
behind the finished trabecular bone molds. The bone molds were then filled with a PUR-
nHA hybrid composite material consisting of lysine diisocyanate (LDI)-grafted nHA and
poly(caprolactone) triol (300 g mol™!, Sigma) to yield a PUR-nHA network upon addition of
FeAA catalyst, mixing, and curing at 50°C overnight. The wax mold was then leached from
the PUR-nHA TEBCs by immersion in acetone. 2D PUR-nHA films with layer thicknesses
representative of the 3D inkjet printer were cast into printed flat molds, cured, and leached
in the same manner as previously described. TEBCs were soaked in ethanol overnight and
placed under UV light for 30 minutes to sterilize prior to cell culture.

Contact Angle: Static water contact angle of 2D PUR-nHA films with characteristic 3D-
printed surface roughness were compared to that of dentin using a contact angle goniometer.
Contact angle was measured in 4 different locations on each film, and average values were
calculated and compared between groups.

Mechanical Testing: TEBCs were tested in uniaxial compression mode using an Instron

DynaMight 8800 Servohydraulic Test System (Norwood, MA) and operated in accordance
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with ASTM standard D695. The displacement rate was kept at a constant 1.3 mm/min, and
compression was continued until failure.

Cell Culture: hMSCs (Extem Biosciences) were maintained in Mesenchymal Stem Cell
Growth Medium 2 (PromoCell). Cells were detached at confluency by trypsin EDTA
(Ethylenediaminetetraacetic acid, 0.25%) and resuspended at 1.67x10° cells mL™! in same
medium and seeded on TEBCs (30 uL scaffold™!) pre-soaked in fibronectin solution (4 pg
mL") at 4°C for 24 h. After seeding, TEBCs were incubated for 3 h (5% CO- and 37 °C) in
96-well plates before moving to new wells and adding 200 uL complete medium to facilitate
cell attachment to the surface. Cell metabolism was measured by MTS Tetrazolium assay
(CellTiter 96 Aqueous Non-Radioactive Cell Proliferation Assay, Promega). Absorbance
values measured at optical density (OD) 490 nm were normalized to values measured for the
t-FDM scaffolds on day 1 and reported as fold-change.

Osteogenic Gene Expression: hMSCs were seeded on TEBCs as described previously
and cultured in Mesenchymal Stem Cell Growth Medium 2 (PromoCell) for 3 days, at which
time the media was changed to osteogenic differentiation media (PromoCell). TEBCs were
removed and immersed in 1 mL TRIzol (ThermoFisher) at D3, D5, and DS after transfer to
differentiation medium. RNA was isolated from TRIzol reagent by phase separation by
addition of chloroform and subsequent RNA precipitation via addition of isopropanol. The
resulting RNA pellet was washed in 70% ethanol, air-dried, and re-suspended in RNAse-
free water. cDNA was synthesized from purified total RNA via iScript Reverse Transcription
Supermix (Biorad). gPCR (Quant Studio 5, ThermoFisher) was used to assess expression of
the osteogenic genes ALP and OPN. ALP (Hs01029144 m1) and OPN (Hs00959010 m1)

primers were purchased from ThermoFisher. All reactions were run in triplicate and
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expression levels of ALP and OPN were normalized to 18s (ThermoFisher).

Mineralization: TEBCs seeded with hMSCs as described previously were cultured in
osteogenic media for up to 10 days. They were then washed with phosphate-buffered saline
(PBS, Thermofisher), fixed in 10% formalin for 45 min, and stained with 20 mM Alizarin
Red S for 5 min. After staining, TEBCs were washed ten times with DI water, and Alizarin
Red S was extracted with 5% sodium dodecyl sulfate (SDS) for 1 hr. Absorbance of the
extracted dye was read on a plate reader (OD, optical density = 540 nm), and dye extracted
from cell-free TEBCs served as blank controls. For SEM, TEBCs were fixed in 5%
glutaraldehyde, washed with DI water, fixed in 2% osmium tetraoxide, and subsequently
dried in increasing concentrations of ethanol and vacuum dried overnight. Samples were then
cut to expose a variety of surfaces and mounted on a stub covered with carbon tape. Samples
were gold sputter-coated (108 Auto Sputter Coater; TedPella, Redding, CA) and imaged
using scanning electron microscopy (Carl Zeiss Inc, Thornwood, NY). Mineral nodule
clusters were counted (> 50 clusters from > 20 SEM images) and characterized for average
diameter using ImagelJ software.

Statistical Analysis: The statistical analysis was performed by a one- or two-way analysis
of variance (ANOVA). Graphs report the mean and standard deviation unless indicated
otherwise. P < 0.05 is considered statistically significant with n > 3 for all experiments. All

statistical analysis was performed using Prism 7 software.

3.1.4. Results and Discussion
TEBCs were fabricated by a process utilizing pCT technology in tandem with a

Solidscape® 3Z Studio inkjet 3D printer (Figure 3.1A). Human cadaver samples of the
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femoral head (FH), proximal tibia (PT), and vertebral body (VB) were scanned by nCT and
the images inverted and converted to the STL file format compatible with the 3D printer.
These three anatomic sites exhibit different morphometric properties, thereby enabling
testing of the hypothesis that the surface curvature of trabecular bone regulates hMSC
proliferation, differentiation, and mineralization. Specific sites within the cadaver specimens
were chosen such that the morphometric parameters were within the range of previously
established literature values for each anatomic site.>* A reactive polyurethane-
hydroxyapatite (PUR-nHA) hybrid composite composed of lysine methyl ester diisocyanate
(LDI), nanocrystalline hydroxyapatite (nHA), polycaprolactone triol (PCL 300), and iron
catalyst (5% iron acetylacetonate (FeAA) in g-caprolactone), was poured into and drawn
through the 3D wax templates under vacuum. The resulting hybrid polymer consisted of 52
wt% nHA, which falls in the range of the hydroxyapatite component of bone (50-70 wt%).?
After curing overnight at 50°C, the wax was leached from the TEBCs by immersion in
acetone and the resulting PUR-nHA scaffolds scanned by nCT to assess their similarity to
the host bone template (Figure 3.1B-C). The bone morphometric parameters Bone
Volume/Total Volume (BV/TV), Trabecular Separation (Tb.Sp.), Trabecular Number
(Tb.N.), and Structure Model Index (SMI) were calculated for the host bone templates and
the printed TEBCs (Figure 3.1C). Structure model index is a measure of the relative
prevalence of plates (SMI = 0) versus rods (SMI = 3)?¢ and is thus a measure of surface
convexity, since regions of bone containing enclosed cavities can have negative SMI values.
Bone morphometric parameters for the host bone and TEBCs followed similar trends.
Furthermore, TEBCs printed from different anatomic sites showed significant differences (p

< 0.0001) in morphometric parameters as determined by one-way ANOVA.
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Figure 3.1. Bone-templated constructs recapitulate the morphometric properties of human bone. (A)
Micro-computed tomography (LCT) images of human bone samples from three anatomical sites were
inverted, segmented, converted to .stl files, and printed by a Solidscape® 3Z Studio inkjet printer to create
wax template of human trabecular bone. Lysine methyl ester diisocyanate (LDI) was mixed with
hydroxyapatite nanoparticles (nHA) and iron acetylacetonate (FeAA) catalyst to form an nHA-LDI
dispersion that was subsequently mixed with a polyester triol and poured into the wax templates. After
curing overnight, the wax templates were dissolved in acetone and the resulting constructs were washed
in ethanol and subsequently DI water prior to characterization and cell culture. (B) nCT images of the
femoral head (FH), proximal tibia (PT), and vertebral body (VB) human bone templates (top row) and the
TEBCs (bottom row). Scale bar represents 1 mm. (C) The morphometric parameters bone volume density
(BV/TV), structure model index (SMI), trabecular separation (Tb. Sp.), and trabecular number (Tb. N.)
were measured for host bone and TEBCs by uCT. **** denotes statistical significance (p < 0.0001)
measured by one-way ANOVA (n = 8).

Scanning electron microscopy (SEM) was used to image trabecular interconnectivity and
surface roughness of the TEBCs (Figure 3.2A). SEM images revealed the presence of curved
and interconnected trabeculae. Parallel ridges ~25 um apart were also observed, which were

conjectured to result from the layer-by-layer fabrication of the wax templates. Optical
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profilometry was used to measure surface roughness compared to a dentin control (Figure
3.2B). Dentin was chosen as a control due to its frequent use as a bone-like substrate for in
vitro cell culture as well as its more reproducible surface properties compared to cortical
bone.?’2° Flat molds were created using CAD software to allow for the printing of 2D PUR-
nHA discs with layer thickness (and therefore surface roughness) comparable to that of the
3D TEBCs. The average surface roughness and water contact angle of the PUR-nHA films
did not significantly differ from those of dentin, suggesting that the surface properties of the
TEBC:s are similar to those of bone (Fig. 2C). Fibronectin adsorption was significantly (two-
fold) higher on dentin compared to the PUR-nHA film (Figure 3.2C), which may be due to
the absence of a collagen component in PUR-nHA..*>° Bulk modulus, compressive strength,
and yield strain of the TEBCs were measured by quasi-static mechanical testing in
compression mode using an Instron® Testing System. Force-displacement curves were
obtained from quasi-static compression testing of FH-, PT-, and VB-TEBCs and converted
to stress-strain curves to determine bulk modulus, compressive strength, and yield strain
(Figure 3.2D). The bulk modulus of FH-TEBCs was within the range of values reported for
trabecular bone from the proximal femur (21 — 965 MPa?®!) and significantly higher that of
PT- and VB-TEBCs (Figure 3.2E). The bulk moduli of PT- and VB-TEBCs were
comparable to trabecular bone from the proximal tibia (5 — 552 MPa) and vertebral bodies
(1.1 — 428 MPa).*! Since substrate modulus (Es) could not be directly measured, it was
calculated from the bulk modulus of each TEBC (K), polymer density (ps= 1.76 g cm™), and

TEBC bulk density (p):*
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Figure 3.2. TEBCs recapitulate the surface and mechanical properties of human bone. (A) Representative
SEM images of the TEBC trabecular structure at increasing magnification from left to right. (B) Optical
profilometer topographical maps of dentin and TEBC surface (axes in um) and comparison of surface
roughness between dentin and TEBC. Arithmetic average roughness (Ra), quadratic average roughness (Rq)
and max roughness height (R:) were calculated from the optical profilometry data. (C) Water contact angle
(measured by contact angle goniometer) and fibronectin adsorption on TEBCs compared to dentin control.
(D) Example stress-strain curve of TEBCs under quasi-static compression testing. Elastic modulus,
compressive strength, and yield strain were calculated as indicated. (E) Bulk (left y-axis) and substrate
(right y-axis) moduli of TEBCs measured for each anatomic site. (F) Compressive strength and (G) yield
strain of TEBCs templated from trabecular bone from different sites. ** (p < 0.01) and * (p < 0.05) denote
statistical significance determined by one-way ANOVA (n=4).

The calculated substrate moduli exhibited no significant differences between anatomic
sites (Figure 3.2E) and exceeded values measured for trabecular bone by nanoindentation
(365+223 MPa).3!*3 This result suggests that the templating process does not adversely
affect the microstructure of the PUR-nHA hybrid polymer, since the substrate modulus is
independent of morphometric properties. Compressive strength (Figure 3.2F) showed

similar trends to that of the bulk modulus, with the femoral head exhibiting the highest
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compressive strength (~3 MPa), and all TEBCs falling within the range of reported
compressive strength of trabecular bone (0.2 - 15 MPa). While yield strain followed similar
trends (Figure 3.2G), statistical significance was only observed between FH- and VB-
TEBCs. Yield strains also fell within reported measurements of human bone and the specific
anatomic sites (0.3-3%).3*

Cell culture experiments were performed to assess the ability of the TEBCs to support
hMSC proliferation and osteogenic differentiation and determine the effects of
morphometric properties on cell behavior. hMSCs were suspended in growth medium
(PromoCell), seeded on scaffolds in 30 uL droplets (5x10* cells per TEBC), allowed to
adhere for 3 hours prior to immersion in media, and cultured at 37°C for 24 h. Adherent cells
were fixed and imaged by SEM, which showed cells attached and spread on all three
anatomic sites. The MTS metabolic assay was conducted to compare cell proliferation and
activity on the different TEBCs as well as 3D t-FDM scaffolds (Figure 3.3A), which were
used as a control due to their controlled pore size and geometry (Figure 3.3H). Metabolic
activity increased across all groups over a 5-day period; however, there were significant
differences in activity between the groups. Metabolic activity was higher for anatomic sites
with lower BV/TV, higher SMI, and higher Tb.Sp. (PT- and VB-TEBCs), with the PT-
TEBCs showing significantly higher activity compared to FH-TEBCs and t-FDM scaffolds
at all three time points. These findings suggest that the morphometric properties of trabecular
bone regulate proliferation of osteoprogenitor cells.

Osteogenic differentiation of hMSCs was assessed by measuring expression of
osteogenic genes using quantitative real-time PCR (polymerase chain reaction). Gene

expression was assessed on D3, D5, and D8 after transfer to osteogenic differentiation
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medium (PromoCell) for the early marker of osteoblast differentiation alkaline phosphatase
(ALP) and late-stage marker osteopontin (OPN) to investigate how morphometric properties
regulate osteogenic differentiation. 4LP expression significantly increased on D8 for hMSCs
seeded on the more rod-like (more convex) PT- and VB-TEBCs, while those cultured on the
more plate-like (less convex) FH-TEBCs and t-FDM scaffold showed decreasing ALP
expression from D5 to D8 (Figure 3.3B). The late increase in ALP expression on the more
rod-like PT- and VB-TEBCs compared to the more plate-like FH-TEBCs suggests that
osteogenic differentiation is delayed for cells seeded on scaffolds with more convex surfaces.
The late-stage marker OPN peaked at D8 for all constructs, indicating that the cells are
approaching osteoblast maturation (Figure 3.3C).% Furthermore, the largest fold change
was observed for the t-FDM scaffolds. Concentrations of secreted osteocalcin (OCN),
another late-stage osteoblast marker, were measured by ELISA (enzyme-linked
immunosorbent assay) to further assess differences in osteogenic differentiation between
anatomic sites (Figure 3.3D). A significant increase in OCN concentration was observed for
VB-TEBCs on D8, while the other groups showed a decreasing trend by DS8. This
observation is in agreement with the ALP expression data suggesting that hMSCs cultured
on the more convex VB-TEBCs exhibit delayed osteogenic differentiation compared to the
less convex t-FDM scaffolds and FH-TEBCs.

Matrix mineralization was assessed to investigate how morphometric properties regulate
osteoblast activity. Matrix mineralization after 7 and 10 days of culture in osteogenic
medium was assessed by SEM (Figure 3.3E). D7 images indicate that cells are depositing
matrix, but mineral nodules were observed only on t-FDM scaffolds and not the TEBCs. By
D10, the SEM images exhibited extensive mineral nodules on t-FDM scaffolds and TEBCs.

A representative high-magnification image of a nodule is shown in Figure 3.3F, from which
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the average diameter was measured and compared to literature values. The average nodule
size was found to be 8.7 £ 6.4 um, which is within the reported range of nodule sizes (~10
um) at the early stages of mineralization.’® To provide further evidence of mineralization,
TEBCs were stained on D7 and D10 by Alizarin Red, which reacts with calcium to form an
Alizarin Red S-calcium complex. Cells were fixed in 10% formalin, stained, and extracted
with 5% SDS (sodium dodecyl sulfate) detergent to recover the stain. Absorbance of the
extract was measured at 540 nm. As indicated by Alizarin Red absorbance, mineralization
of t-FDM scaffolds on D7 was significantly higher (p < 0.0001) compared to the other
groups, which showed minimal absorbance (Figure 3.3G). On D10, significant differences
in mineralization were observed over time and between anatomic sites. From D7 to D10,
significant increases in absorbance were observed for all groups except the VB-TEBCs, and
the D10 absorbance was significantly different between each of the groups except the PT-
TEBCs and VB-TEBCs (p = 0.069). These observations suggest that mineralization occurred
between D7 and D10 for the TEBCs and that the degree of mineralization by D10 is
dependent on scaffold architecture. Thus, the Alizarin Red staining data are consistent with
the SEM images. Interestingly, mineralization on D10 (assessed by Alizarin Red absorbance)
decreased significantly (p < 0.01) with increasing SMI (Figure 3.3H). SEM images of t-
FDM scaffolds revealed the presence of completely enclosed concave pores (Figure 3.31).
Consequently, the SMI of t-FDM scaffolds is close to zero as anticipated for structures with
enclosed cavities.?637 The observed increases in osteoblast differentiation and mineralization
with decreasing surface convexity is consistent with previous studies reporting that the rate
of new tissue formation on concave surfaces is significantly larger compared to convex or

planar surfaces.’®*° While earlier studies have shown that surface curvature regulates
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osteogenesis in vitro*' and in vivo*?, the effects of the anatomic site-specific morphometric
properties of human trabecular bone on osteogenic differentiation have not been previously

reported.
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Figure 3.3. Human bone marrow-derived stem cells (hMSCs) attach, proliferate, and differentiate toward
an osteoblastic phenotype on TEBCs. (A) hMSCs were cultured on TEBCs for up to 5 days and metabolic
activity determined by the MTS assay. Data are plotted as fold-change in absorbance at an optical density
(OD) of 490 nm. (B-C) Expression of (B) ALP (early osteoblast marker) and (C) OPN (late osteogenic
marker) measured by qRT-PCR for hMSCs cultured on TEBCs for up to 8 days. (D) Concentration of
secreted osteocalcin (measured by ELISA) for hMSCs cultured on TEBCs for up to 8 days. (E) SEM images
of hMSCs cultured in osteogenic medium for 7 days (top row) show adherent cells and mineral nodules (red
arrows) on t-FDM constructs, but no mineral nodules were observed on the TEBCs. At day 10 (bottom row),
all scaffolds showed evidence of mineralization. (F) Representative SEM image of mineral nodule on t-
FDM scaffolds on day 10. (G) Absorbance of the Alizarin Red dye extracted from the mineralizing matrix
on days 7 and 10. (H) Correlation of the degree of mineralization (assessed by Alizarin Red absorbance on
day 10) with structure model index (SMI) of the TEBCs (Pearson’s correlation coefficient; r = -0.9916, p <
0.01). (I) Low-magnification images of t-FDM scaffolds reveal the presence of enclosed cavities. All graphs
show mean and SEM. * (p < 0.05), ** (p < 0.01), *** (p <0.001), **** (p < 0.0001) determined by two-
way ANOVA (n = 3).
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3.1.5. Conclusion

In summary, we report a new 3D inkjet printing process to fabricate anatomic site-
specific TEBCs that recapitulate the morphometric and mechanical properties of human
trabecular bone. Similar to bone, TEBCs comprised > 50% nanocrystalline hydroxyapatite.
The morphometric parameters BV/TV, Tb.Sp., Tb.N. and SMI of TEBCs were comparable
to the bone templates from which they were fabricated. Bulk modulus, compressive strength,
and yield strain of the TEBCs were within the range of human bone, and the surface
roughness was comparable to that of dentin. hMSCs cultured on TEBCs exhibited
significantly different metabolic activities, osteogenic differentiation, and mineralization
depending on the anatomic site. Proliferation increased with decreasing BV/TV and
increasing Tb.Sp., while differentiation and mineralization increased with increasing BV/TV
and decreasing Tb.Sp. The SMI, a measure of surface convexity, was identified as an
important predictor of osteoblast mineralization. Taken together, these findings highlight the
relative contribution of anatomic site-specific properties to osteoblast differentiation and
mineralization, thereby supporting the need for anatomically relevant in vitro models. By
recapitulating the morphometric properties of trabecular bone at specific anatomic sites in
individual patients, bone-templated TEBCs will potentially provide a new platform

technology for precision medicine approaches to treating diseases of the skeleton.

3.2. Incorporation of TEBCs into Perfusion Bioreactor Model
3.2.1. Introduction

Many cancer patients experience tumor-induced bone disease (TIBD). When cancer
metastasizes to bone, patients experience an increased risk of pathologic fracture, a reduction

in mobility, and severe bone pain.* Unfortunately, it is not currently possible to predict
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which tumors will metastasize nor how these tumors will respond to therapeutics.
Conventional two-dimensional (2D) well-plate cell culture and animal models have been
critical in understanding the underlying mechanisms that contribute to human disease,
including TIBD. However, traditional 2D cell culture techniques are often unable to capture
the complex 3D tissue microenvironment that is known to interact with cells and affect
disease progression.!> Animal models, on the other hand, are able to better recapitulate
human tissue, however genetic and phenotypic differences between animal and human tissue
thwart efficient clinical translatability. Therefore, there remains a compelling need for 3D in
vitro models that can bridge the gap between traditional 2D cell culture and animal models.

In this work, we incorporate the TEBCs into a perfusion bioreactor with a coculture of
human osteoblasts, osteoclasts, and tumor cells to recapitulate the human bone-tumor
microenvironment and tumor-induced bone resorption in vitro. After establishing proof-of-
concept trials on 2D discs comprising the composite nHA-PUR material used in the TEBCs,
relevant cell populations were seeded on TEBCs and incorporated into a perfusion bioreactor
for 30 days. We hypothesized that a coculture with bone cells and tumor would lead to
significant TEBC resorption after 30 days of perfusion culture compared to TEBCs cultured

with only bone cells.

3.2.2. Materials and Methods

Cell lines and reagents: Bone-metastatic variants of the human breast cancer cell line
MDA-MB-231 were generated in our laboratory as previously published.**® RAW264.7
and MC3T3-El cells were purchased from ATCC. MDA-MB-231-bone clones and
RAW264.7 cells were maintained in DMEM (Cellgro) and MC3T3-E1 cells maintained in

a-MEM (Cellgro), supplemented with 10% fetal bovine serum (FBS; Hyclone Laboratories)
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and 1% penicillin/streptomycin (P/S; Mediatech). Human mesenchymal stem cells (hMSCs;
Extem Biosciences) were maintained in Mesenchymal Stem Cell Growth Medium 2
(PromoCell). All other reagents were purchased from Sigma Aldrich (St. Louis, MO, USA)
unless otherwise specified.

Synthesis of PUR-nHA discs: PUR-nHA hybrid composite material consisting of lysine
diisocyanate (LDI)-grafted nHA and poly(caprolactone) triol (300 g mol™!, Sigma) were
poured into cylindrical mixing cups to yield a PUR-nHA network upon addition of FeAA
catalyst, mixing, and curing at 50°C overnight. The cylinder was then cut on a low speed
saw (Buehler IsoMet) to create discs of PUR-nHA material.

2D PUR-nHA coculture: PUR-nHA discs were sterilized by soaking in 70% ethanol
overnight and exposure to UV light for 30 min. Discs were then soaked in fibronectin (5
png/mL) for 4 hours prior to cell seeding. MC3T3-E1 cells were seeded onto PUR-nHA discs
at 50,000 cells/disc in a-MEM supplemented with ascorbic acid (50 pg/mL), dexamethasone
(10 nM) and B-glycerophosphate (10 mM) for one week to allow for osteoblast
differentiation. RAW?264.7 cells were then seeded onto discs at 50,000 cells/disc in same
osteogenic differentiation media. 48 hr after RAW?264.7 introduction, MDA-MB-231 cells
were added to one cohort of discs at 10,000 cells/disc. The cells were then cultured for 28
days with media changes once every 3 days. At the end of the experiment, discs were
removed from culture and sonicated for 2 min in 0.25 M ammonium hydroxide to remove
cells.

Resorption pitting analysis: Resorption pitting was observed by toluidine blue staining
and scanning electron microscopy (SEM). For toluidine blue stain, discs were stained for 5

min in 0.05% toluidine blue in 40% methanol and air-dried. Discs were then observed on a
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stereoscope (Leica) for dark blue stains indicating pits. For SEM, discs were dehydrated in
increasing concentrations of ethanol and allowed to air dry overnight. Discs were then gold
sputter-coated (108 Auto Sputter Coater; TedPella, Redding, CA) and imaged using scanning
electron microscopy (Carl Zeiss Inc, Thornwood, NY).

Gravimetric resorption analysis: Discs were weighed after vacuum drying overnight on
an analytical balance prior to cell-seeding and the initial disc mass was recorded. After cell
culture and subsequent cell-removal, discs were vacuum-dried and weighed again on an
analytical balance. The mass difference before and after cell culture was then calculated.

Generation of human osteoclasts from peripheral blood: Human osteoclasts (hOC) were
generated from discarded, de-identified blood samples as previously described.*” Briefly,
peripheral blood mononuclear cells (PBMCs) were separated from peripheral blood via
Ficoll-Paque (GE Healthcare) separation per manufacturer instructions. PBMCs were then
cultured in o-MEM supplemented with M-CSF (25 ng/mL) for 6 days to allow for
macrophage expansion. RANKL (50 ng/mL) was then added to the expanded macrophages
along with M-CSF to promote hOC formation. hOCs were counted via tartrate-resistant acid
phosphatase (TRAP) staining at prescribed time points using TRAP kit (Sigma) and
counterstained with hematoxylin. TRAP positive cells containing 3 or more nuclei were
counted as OCs.

3D TEBC coculture: Femoral head TEBCs (FH-TEBCs) were sterilized by soaking in
70% ethanol overnight and exposure to UV light for 30 min. FH-TEBCs were then soaked
in fibronectin (5 pg/mL) for 4 hours prior to cell seeding. hMSCs were seeded onto FH-
TEBCs at 100,000 cells/TEBC in a-MEM supplemented with ascorbic acid (50 pg/mL),
dexamethasone (10 nM), B-glycerophosphate (10 mM) and vitamin D (10 nM) for one week

in static (well-plate) culture to allow for osteoblast differentiation. hOCs were then seeded
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onto TEBC:s in static culture at 100,000 cells/TEBC in same osteogenic differentiation media
with added RANKL and M-CSF. 48 hr after hOC introduction, MDA-MB-231 cells were
added to TEBCs in static culture at 100,000 cells/sTEBC. After 24 hr, TEBCs were then
transferred into a perfusion bioreactor (Biodynamic TA Electroforce, TA Instruments) and
cultured for 28 days in same media. Three experimental groups were compared in order to
measure resorption: TEBCs seeded with all three cell types (OB+OC+T), TEBCs seeded
with just bone cells (OB+OC), and a no cell control (No Cell). Cells remaining in the well
plate were also cultured for the duration of the study with media changes every 3 days. At
the end of the experiment, TEBC were removed from culture and either fixed with 10%
neutral buffered formalin or sonicated for 2 min in 0.25 M ammonium hydroxide to remove
cells. Tartrate-resistant acid phosphatase (TRAP) staining was conducted on cocultures
remaining in the well-plate after 28 days culture using a TRAP kit (Sigma) per the
manufacturer instructions and counterstained with hematoxylin.

Scanning Electron Microscopy (SEM): FH-TEBCs after 28-days culture in perfusion
bioreactor were fixed in 5% glutaraldehyde solution for 2 hr. FH-TEBCs were then washed
and fixed with 2% osmium tetroxide for 1 h, after which they were dehydrated in increasing
concentrations of ethanol, and dried overnight. Samples were then cut to expose a variety of
surfaces and mounted on a stub covered with carbon tape. Samples were gold sputter-coated
(108 Auto Sputter Coater; TedPella, Redding, CA) and imaged using scanning electron
microscopy (Carl Zeiss Inc, Thornwood, NY).

Resorption Analysis: FH-TEBC samples were vacuum-dried prior to cell seeding and
weighed on an analytical balance. Samples were then scanned by micro-computed
tomography (LCT). Tomographic images were acquired at 70 kVp with an isotropic voxel

size of 10 um and at an integration time of 300 ms. pCT images were reconstructed, filtered
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(o = 0.2, support = 1.0) and thresholded at 110. Samples were then contoured using the
Scanco software algorithm to encompass the entire TEBC. Images were then reconstructed
using the Scanco Medical Imaging software. After perfusion culture, samples were again
vacuum-dried after cell removal, weighed, and again scanned by puCT. Before and after uCT
renderings were then overlaid using Scanco ® Image Processing Language (IPL). First, the
uCT files were co-registered in order to save them in the same orientation. The files were
then transformed and concatenated to create a linked, overlaid image with the “before”
rendering labeled in green, and the “after” rendering labeled in red, and the sections with no

change labeled in purple.

3.2.3. Results and Discussion

In order to confirm PUR-nHA material supported bone and tumor cell coculture and
osteoclast-mediated resorption, preliminary 2D PUR-nHA disc studies were conducted.
MDA-MB-231 human breast cancer cells were co-cultured with MC3T3 pre-osteoblasts and
RAW 264.7 macrophages on 2D PUR-nHA discs. At 28 days, substrates were stained with
toluidine blue, which revealed the presence of resorption pits (Fig. 3.4A). Resorption pitting
was further confirmed by SEM analysis (Figure 3.4B). PUR-nHA discs cultured with tumor
cells showed a net mass loss compared to discs cultured without tumor cells (Fig. 3.4C),

indicating that the tumor cells stimulated PUR-nHA resorption.
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Figure 3.4. 2D osteoblast/osteoclast/tumor cell culture assay. (A) Resorption pits stained with toluidine
blue. (B) SEM of resorption pit on PUR-nHA substrate (outlined in yellow). (C) Substrates showed mass loss
in the presence of tumors.

In order to humanize the model, a method for generating hOCs from human peripheral
blood was optimized based on a previously established method.*” Human PBMCs were
isolated from peripheral blood and differentiated toward macrophages by stimulation with
M-CSF. hOCs are a transient cell population that are only active for approximately 2
weeks.*® In order to observe the time-course of hOC differentiation to inform subsequent
coculture studies, expanded macrophages were seeded in well-plates and stimulated with
RANKL to promote hOC maturation. TRAP stain at predetermined time points indicated
that number of osteoclasts (N.Oc.) steadily increased over 21-day period (Figure 3.5A-B).
Expanded macrophages were then seeded on PUR-nHA discs to confirm PUR-nHA material
supports hOC maturation and activity. TRAP stain on PUR-nHA discs demonstrates
significant hOC formation on material (Figure 3.5C) and SEM further confirmed the hOCs

are able to resorb PUR-nHA, as indicated by hOC pitting (Figure 3.5D).
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Figure 3.5. Generation of hOCs and culture on PUR-nHA. (A) TRAP stain of human peripheral blood
mononuclear cells (PBMCs) supplemented with M-CSF and RANKL after 21 days culture. (B) Time-course
hOC counts over 21-day period. (C) TRAP stain of PBMC-derived macrophages seeded on PUR-nHA discs
after 14-day culture. (D) Representative SEM image of hOC (red arrow) creating resorption pit (yellow arrow)
on PUR-nHA material.

A 3D in vitro resorption assay was developed utilizing TEBCs cocultured with human
osteoblast (OB) and OC precursors and tumor cells (T) in a perfusion bioreactor to closely
mimic the in vivo milieu of the bone-tumor microenvironment (Figure 3.6A). Human
mesenchymal stem cells (hMSCs) were seeded on TEBCs in static culture and allowed to
differentiate toward OBs for 7 days in osteogenic media. At day 7, hOCs were introduced
onto the TEBCs cultured for 2 additional days in static culture with RANKL and M-CSF.
MDA-MB-231 tumor cells were then introduced to the TEBCs and TEBCs were
subsequently placed into a perfusion bioreactor. Perfusion culture was then allowed to
proceed for 28 days. After bioreactor shutdown, a cohort of cells were fixed and observed

by SEM (Figure 3.6B). SEM images showed that TEBC surfaces were covered in cells and

ECM, suggesting that bone and tumor cells adhere, proliferate, and survive extended
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perfusion bioreactor culture. TRAP stain of cells remaining in well-plate culture also
demonstrated significant TRAP staining in the OB+OC+T group, suggesting tumor cells are
driving osteoclastogenesis (Figure 3.6C). Previous hOC studies demonstrated that hOCs
behave similarly on PUR-nHA material as they do on tissue-culture plastic, thus we
hypothesized that hOCs were viable and active in perfusion culture on the TEBCs.
Decellularized TEBCs were weighed before and after perfusion culture in order to measure
mass loss attributed to OC-mediated resorption (Figure 3.6D). TEBCs cultured with
OB+OCHT demonstrated a significant 1% mass loss compared to the OB+OC and no cell
control groups, suggesting tumor cells are driving resorption. TEBCs were also scanned by
uUCT before and after perfusion culture in order to observe changes to TEBC structure
(Figure 3.6E). uCT reconstructions of the TEBCs before and after perfusion culture were
overlaid using Scanco imaging processing software. Reconstructions were assigned different
colors in order to distinguish between before and after scans (red: before, green: after, purple:
no change). Red areas in the overlaid reconstruction indicate areas of resorption, green
indicate areas of new mineralization, and purple areas indicate where there was no net
change. These renderings are hypothesized to be informative in observing spatial
heterogeneity in cellular activity within the TEBCs. With further optimization of the image
registration process in order to minimize image manipulation during concatenation, we
hypothesize the pCT measurements could also be a second readout for resorption by bone

volume loss.
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Figure 3.6. 3D perfusion bioreactor resorption model. (A) Timeline for cell seeding and bioreactor
culture. (B) Representative SEM images of OB+OC and OB+OC+T cohorts on TEBCs after 28 days
culture. Scale bar: 20 um. (C) TRAP stain of OB+OC and OB+OC+T cohorts after 28 days culture. (D)
Percent mass change of TEBCs before and after perfusion bioreactor culture. (E) Representative overlaid
puCT image of TEBCs before (red) and after (green) cell culture. Purple color indicates area of no change.

Taken together, these findings support that we have developed a viable method for
mimicking key cell types and their behavior in TIBD in vitro. Others have reported 3D in
vitro models for studying cancer in bone.*-° These models, however, utilize either animal-
derived scaffolds*® or 3D-printed scaffolds®® with lattice-type architectures that do not
recapitulate trabecular bone. Our TEBC model, on the other hand, recapitulates human
trabecular bone and the key cell types and is reproducible such that different trabecular bone
architectures may be studied systematically. Further, the PUR-nHA material is resorbable

and thus provides a functional output beyond traditional cellular outputs such as gene
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expression and histological analysis.

3.2.4. Conclusion

In summary, a fully-humanized 3D in vitro model of TIBD was developed that mimics
the key cell types and bone-specific features of the in vivo TIBD milieu. 2D resorption assays
demonstrated that the PUR-nHA supports coculture of bone and tumor cells and subsequent
osteoclast-mediated resorption. In order to humanize the model, hOCs were isolated from
peripheral blood and preliminary differentiation studies demonstrated these PBMC-derived
hOCs exhibit hOC behavior on both tissue-culture plastic and PUR-nHA. TEBCs were then
incorporated into a perfusion bioreactor after sequential seeding of hMSCs, hOC precursors,
and MDA-MB-231 tumor cells. After 28 days perfusion culture, SEM analysis demonstrated
cells spread over TEBC surface and remained viable over 28-day period. TRAP histological
analysis and resorption analysis further demonstrated there was osteoclast-mediated
resorption of TEBCs in the presence of tumor. Further in-depth analyses of gene expression,
flow cytometry, and other functional assays such as Alizarin Red staining for mineralization
could make this model a powerful tool for studying TIBD disease progression. Incorporation
of patient tumor cells into the model could also provide a means to assess patients’ risk of

developing TIBD.
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CHAPTER 4

IV. SYSTEMIC DELIVERY OF A GLI INHIBITOR VIA POLYMERIC

NANOCARRIERS BLOCKS TUMOR-INDUCED BONE DISEASE

Adapted from:
Vanderburgh, JP* Kwakwa, KA*, Werfel, TA, Merkel, AR, Gupta, MK, Johnson, RW,
Guelcher, SA, Duvall, CL, Rhoades Sterling, JA. “Systemic Delivery of a Gli Inhibitor via
Polymeric Nanocarriers Blocks Tumor-Induced Bone Disease.”
4.1. Abstract

Solid tumors frequently metastasize to bone and induce bone destruction leading to
severe pain, fractures, and other skeletal-related events (SREs). Osteoclast inhibitors such as
bisphosphonates delay SREs but do not prevent skeletal complications or improve overall
survival. Because bisphosphonates can cause adverse side effects and are contraindicated
for some patients, we sought an alternative therapy to reduce tumor-associated bone
destruction. Our previous studies identified the transcription factor Gli2 as a key regulator
of parathyroid hormone-related protein (PTHrP), which is produced by bone metastatic
tumor cells to promote osteoclast-mediated bone destruction. In this study, we focused on
testing the promising Gli antagonist GANTS58, which inhibits Gli2 nuclear translocation and
PTHrP expression in tumor cells in vitro. In initial testing, GANTS58 did not have efficacy in
vivo due to its low water solubility and poor bioavailability. We therefore developed a
micellar nanoparticle (NP) to encapsulate and colloidally stabilize GANTSS, providing a
fully aqueous, intravenously injectable formulation based on the polymer poly(propylene
sulfide)13s-b-poly[(oligoethylene glycol)s methyl ether acrylate]i7 (PPSi35-b-POEGA17).

POEGA forms the hydrophilic NP surface while PPS forms the hydrophobic NP core that
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sequesters GANTSS. In response to reactive oxygen species (ROS), PPS becomes
hydrophilic and degrades to enable drug release. In an intratibial model of breast cancer bone
metastasis, treatment with GANTS58-NPs decreased bone lesion area by 49% (p < 0.01) and
lesion number by 38% (p < 0.05) and resulted in a 2.5-fold increase in trabecular bone
volume (p < 0.001). Similar results were observed in intracardiac and intratibial models of
breast and lung cancer bone metastasis, respectively. Importantly, GANTS58-NPs reduced
tumor cell proliferation but did not alter mesenchymal stem cell proliferation or osteoblast
mineralization in vitro, nor was there evidence of cytotoxicity after repeated in vivo
treatment. Thus, inhibition of Gli2 using GANTS58-NPs is a potential therapy to reduce bone

destruction while limiting bone toxicity in patients with tumor-induced bone disease (TIBD).

4.2. Introduction

Despite advances in early screening and adjuvant therapy, metastatic disease remains a
leading cause of cancer patient morbidity and mortality. One of the most common metastatic
sites is the skeleton. Approximately 70—80% of patients with breast or prostate cancer and
30-40% of patients with lung or renal cancer who die from disease develop bone
metastases.!? Patients with bone metastases experience complications including severe bone
pain, pathological fractures, and other skeletal-related events (SREs) that significantly
reduce their quality of life.>?

Once established in bone, cancer cells disrupt normal bone remodeling to initiate a
vicious cycle of tumor-induced bone disease (TIBD).* Specifically, tumor cells in the bone
microenvironment secrete parathyroid hormone-related protein (PTHrP), which increases
osteoblast expression of receptor activator of nuclear factor kappa-B ligand (RANKL) and

subsequent osteoclast-mediated bone resorption.>® Current treatment strategies for TIBD
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include the antiresorptive therapies denosumab (RANKL inhibitor) and bisphosphonates
(osteoclast inhibitor).!%7 However, these drugs are associated with increased risk of atypical
femoral fractures and osteonecrosis of the jaw.® 12 Conventional chemotherapy and radiation
therapies suppress bone marrow cells, resulting in adverse hematologic events and poor bone
quality.!>!* Tumor-targeted therapies that reduce SREs while minimizing damage to the
bone are currently unavailable.

The Hedgehog (Hh) signaling pathway is a key regulator of embryonic development with
essential roles in cell differentiation and proliferation, tissue polarity, and stem cell
maintenance!>!6 but has limited activity in the healthy adult skeleton. Aberrant Hh signaling
in adults has been implicated in the development and progression of breast, prostate, and
lung cancer.!”-2* However, pharmacological inhibitors of the Hh receptor Smoothened (Smo)
failed to show significant clinical benefit in patients with advanced solid tumors?!~2* due to
acquired mutations in Smo and/or non-canonical Hh pathway activation.?*2” Small molecule
inhibitors that target the Hh transcription factor Gli2 downstream of Smo circumvent these
resistance mechanisms.?®?° Our previous studies demonstrated that Gli2 stimulates PTHrP
expression in bone-destructive tumor cells*®*! and that genetic inhibition of Gli2 attenuates
the ability of cancer cells to colonize bone and induce osteolysis in vivo.? The small
molecule Gli-antagonists GANTS58 and GANT61 have shown promising anti-tumor effects
in vitro and in xenograft models,?®32* but their low water solubility and poor
pharmacokinetics (PK) has limited their testing to less translationally-relevant studies using
direct injection into subcutaneous tumors. Thus, while Gli2 is a promising therapeutic target
for TIBD, small molecule Gli inhibitors have not been tested using systemic delivery nor in
models of bone metastasis.

Nanoparticle (NP) drug delivery systems have emerged in recent years as a promising
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approach to overcome PK and toxicity limitations of otherwise promising drug candidates.
Cancer nanomedicines have been widely reported as carriers for chemotherapeutics.?>-3
However, molecularly targeted agents (MTAs) offer multiple benefits over conventional
chemotherapies.?’° Most notably, their selectivity reduces normal tissue toxicity, thereby
improving the therapeutic index.** GANTS58 is a therapeutically promising MTA with
limited bioavailability, and thus is an excellent candidate for development in a nanoparticle
formulation to improve its PK in vivo. Polymer-based micellar nanoparticles have been
shown to enhance the solubility and systemic PK of hydrophobic compounds in vivo and
have also seen clinical success in cancer treatment.*'~#¢ Further, advances in polymer science
toward environmentally-responsive, “smart" polymer formulations have improved target-
specific drug delivery.’->0

Herein, we employ polymeric nanoparticles to encapsulate GANTS8 (GANTS58-NPs) to
enable systemic delivery with distribution to breast and lung cancer bone metastases.
Following NP characterization, evaluation of in vitro toxicity, and in vivo biodistribution and
PK studies, we tested GANTS58-NPs in mouse models of bone metastasis in order to
investigate its therapeutic efficacy and safety. We hypothesized that GANTS58-NPs delivered

intravenously (i.v.) in a fully-aqueous formulation would reduce tumor-induced bone

destruction with minimal effects on bone marrow progenitors.

4.3. Materials and Methods

Cell lines and reagents: Bone-metastatic variants of the human breast cancer cell line
MDA-MB-231 and human squamous non-small cell lung carcinoma cell line RWGT2 were
generated in our laboratory as previously published.?%?73%51 MDA-MB-231-bone and

RWGT2-bone clones were maintained in DMEM (Cellgro) and o-MEM (Cellgro)
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respectively, supplemented with 10% fetal bovine serum (FBS; Hyclone Laboratories) and
1% penicillin/streptomycin (P/S; Mediatech). Human mesenchymal stem cells (hMSCs;
Extem Biosciences) were maintained in Mesenchymal Stem Cell Growth Medium 2
(PromoCell). GANTS8 was purchased from Santa Cruz Biotechnology (Dallas, TX, USA).
All other reagents were purchased from Sigma Aldrich (St. Louis, MO, USA) unless
otherwise specified.

Immunohistologic staining of patient tumor samples: Bone metastatic (n = 17) and soft
tissue (n = 3) tumor biopsies were obtained from the Cooperative Human Tissue Network
(CHTN) Western Division in accordance with our Institutional Review Board (IRB
#151700)-approved protocol and upon informed consent from patients undergoing surgical
resection. All patient information was deidentified prior to receipt by investigators to protect
subject privacy. The clinical features of the patient samples are summarized in Table S1.
Briefly, fresh tissue samples were fixed in 10% formalin (Fisher Scientific) for 48 hr and
stored in 70% ethanol at 4°C before being processed and embedded in paraffin. Serial
sections (5-um thickness) were placed on slides, deparaffinized in xylene, and rehydrated
with graded alcohol solutions, followed by antigen retrieval in 10 mM sodium citrate buffer
at 80°C for 30 min. Sections were then blocked with 5% goat serum in phosphate-buffered
saline (PBS)/0.1% Tween-20 for 30 min and incubated with rabbit polyclonal anti-Gli2
primary antibody (1:500, Novus Biologicals) overnight at 4°C. The VECTASTAIN Elite
ABC HRP Kit (Vector Laboratories) with biotinylated goat anti-rabbit secondary antibody
and the ImmPACT NovaRED Peroxidase Substrate Kit (Vector Laboratories) were both
used according to the manufacturer's protocol. After counterstaining with hematoxylin,
tumor sections were mounted with Cytoseal XYL (Thermo Scientific) and imaged using an

Olympus BX41 microscope equipped with an Olympus DP71 camera. Gli2-positive staining
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was quantified using Metamorph software (Molecular Devices, Inc.).

In silico analyses of patient tumors: The Gene Expression Omnibus (GEO) database was
queried on 11 October 2018 for the GEO accession number GSE14017 to obtain the gene
expression profiling dataset of 29 human breast cancer metastases in different organs, which
was generated by X.H. Zhang, et al.>? For the purposes of their study, the authors used the
Affymetrix Human Genome U133 Plus 2.0 Array

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE14017).52 To determine Gli2

expression in bone, brain, and lung cancer metastases of breast cancer patients, the identifiers
corresponding to Gli2 (207034 s_at, 228537 at, 208057 _s_at) were located on the platform
record, and gene expression values across dataset samples were retrieved. One brain
metastasis (GSM352120) and one lung metastasis (GSM352127) sample from the
microarray dataset were omitted from final statistical analyses after performing the Grubb’s
test for outliers (GraphPad Software, Inc.).

Polymer synthesis and characterization: The diblock copolymer poly(propylene
sulfide)13s-b-poly[(oligoethylene glycol)e methyl ether acrylate]i7 (PPSi35-b-POEGA17) was
synthesized via a combination of anionic and reversible addition-fragmentation chain
transfer (RAFT) polymerization as previously published.*!*? Briefly, the PPS block was
synthesized via anionic polymerization to a degree of polymerization of approximately 135
(10 kDa), conjugated to the RAFT macro-chain transfer agent, and chain-extended with
POEGA to a degree of polymerization of approximately 17 (8 kDa). Polymer structure was
confirmed by 'H-NMR. Fluorophore-grafted polymers were synthesized by adding a small
amount of the amine-reactive intermediate pentafluorophenyl acrylate (PFPA) into the
reaction mixture with POEGA at a 1:1 mole ratio (PFPA:PPS-ECT). The reaction was

allowed to proceed for 24 h at 70°C. The reaction was dialyzed against methanol and dried
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under vacuum. The resulting polymer (0.021 mmol) was reacted with Cy7-amine or Cy5-
amine fluorophores (0.042 mmol) in DMSO for 24 hr at 50°C. The reaction mixture was
again dialyzed against methanol and dried under vacuum.

GANT58-NP preparation and characterization: GANTS58-loaded PPSi35-6-POEGA 17
micellar nanoparticles (GANTS58-NPs) were formed by the bulk solvent evaporation method.
PPS135-b-POEGA 17 (10 mg) was co-dissolved with GANTS8 (2.5 mg) in chloroform (0.1
mL) and added dropwise to a vial containing vigorously-stirring PBS (1 mL). The oil-in-
water biphasic solution was left stirring overnight to evaporate the chloroform and allow for
micelle formation. The resulting micelle solution was passed through a 0.45 um syringe filter
producing the final GANTS8-NP formulation. The same technique, excluding addition of
GANTSS, was used to create empty PPSi35-b-POEGA 17 micellar nanoparticles (Empty-
NPs). Dynamic light scattering (DLS) was used to measure the hydrodynamic diameter (Dy)
and zeta potential (§) of the GANTS58-NPs and Empty-NPs via a Malvern Zetasizer Nano-
ZS (Malvern Instruments Ltd., Worcestershire, UK) equipped with a 4 mW He-Ne laser
operating at A = 632.8 nm. Transmission electron microscopy (TEM) samples were prepared
as previously described.*? Briefly, 5 uL of GANT58-NPs were added to a pure carbon TEM
grid (Ted Pella, Inc., Redding, CA, USA), blotted dry after 60 s, and counterstained with 3%
uranyl acetate for 20 s. After vacuum drying, the grids were imaged on an FEI Tecnai Osiris
microscope operating at 200 kV for TEM. GANTS58 loading was quantified utilizing the
fluorescence properties of GANTS8. Aliquots of GANTS58-NPs in PBS (50 pL) were added
in triplicate to a 96-well plate and dissolved by adding an equal volume of DMF. On the
same plate, a standard of GANTS5S8 in the same solvent (1:1 DMF:PBS) was prepared.

Fluorescence intensity of GANTSS8 (ex. 485 nm, em. 590 nm) was measured on a micro-
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plate reader (Tecan Infinite 500, Tecan Group Ltd., Mannedorf, Switzerland) and GANTS58
concentration was calculated from the standard curve.

Critical micelle concentration (CMC) determination: The CMC was determined as
previously described.*!**> Nile Red (NR) was substituted for GANT3S as the loaded species
due to its unique fluorescence properties and its similar molecular weight to GANTS58. NR
is highly fluorescent in hydrophobic environments yet non-fluorescent in polar, aqueous
environments, making it ideal for characterizing self-assembly properties. Briefly, NR-
loaded PPSi35-b-POEGA 17 micelles (NR-NPs) were prepared by the described bulk solvent
evaporation method. NR loading was measured as described for GANTSS. Different
dilutions of the NR-NPs were prepared in PBS, and NR fluorescence (ex. 535 nm, em. 612
nm) was read on a micro-plate reader (Tecan Infinite 500, Tecan Group Ltd., Mannedorf,
Switzerland). The CMC was defined as the intersection point on the plot of NR fluorescence
versus polymer concentration as previously described.*!#?

Hydrogen peroxide (H>0;)-dependent drug release: The ROS-responsive behavior of the
PPS135-b-POEGA 7 NPs was assessed as described previously, using H>O; as the ROS-
species.** Briefly, NR-NPs prepared as described were exposed to a range of concentrations
(0-1.5 M) of H20-. Fluorescence intensity of NR was monitored in a 96-well plate using a
micro plate reader (Tecan Infinite 500, Tecan Group Ltd., Mannedorf, Switzerland). Release
of the NR due to NP oxidation and destabilization was assessed over time based on
disappearance of NR fluorescence. The loss of fluorescence for each sample at each time
point was determined by subtracting the fluorescent value from that of the sample prior to
H>O> addition, and the percent fluorescence remaining was determined by normalization to
the same value (before addition of H20»). This value for percent fluorescence remaining was

subtracted from 100% and expressed as a percent release for each sample at each time point.
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Quantitative real-time polymerase chain reaction (qPCR): Total RNA was extracted
from MDA-MB-231 bone cells after 48 hr GANTS8 (0-20 uM) treatment with the RNeasy
Mini Kit (Qiagen) as per manufacturer’s instructions. Complimentary DNA (cDNA) was
synthesized from 1 pg RNA using the qScript cDNA SuperMix (Quanta Biosciences) and
serially diluted to create a standard curve. qPCR was performed on a 7500 Real-Time PCR
System (Applied Biosciences) using TagMan Universal PCR Master Mix (Applied
Biosystems) and the TagMan primers for eukaryotic 18S rRNA (4352930E, Applied
Biosystems) or human PTHLH (Hs00174969 ml, Thermo Fisher) under the following
conditions: 10 min at 95°C, (15 s at 95°C, 1 min at 60°C) x 40 cycles. Three technical
replicates were run for each biological replicate. Quantification was performed using the
absolute quantitative method using 18S as an internal control.

Western blotting: Nuclear and cytoplasmic protein lysates were isolated from MDA-MB-
231 bone cells after 72 hr treatment with GANTS58 (0-20 uM) using NE-PER Nuclear and
Cytoplasmic Extraction Reagents (Thermo Scientific) supplemented with Halt Protease and
Phosphatase Inhibitor Cocktail (Thermo Scientific). Protein concentrations were quantified
using the Pierce BCA Protein Assay Kit (Thermo Scientific). Protein samples (20 pg/well)
were separated on a 4-20% Mini-PROTEAN TGX polyacrylamide gel (Bio-Rad) by SDS-
PAGE prior to being transferred to a nitrocellulose membrane (Bio-Rad) with the Trans-Blot
Turbo Transfer System (Bio-Rad). Membranes were then blocked for 1 hr in 1X TBS
containing 0.1% Tween-20 and 5% w/v BSA and incubated with the following primary
antibodies at 4°C overnight: anti-Gli2 (1:500, Novus Biologicals), anti-TATA binding
protein (TBP) (1:1000, Cell Signaling), or anti-Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (1:5000, Cell Signaling). Following incubation with anti-rabbit [gG HRP-linked

secondary antibody (Cell Signaling) at room temperature for 1 hr, protein bands were
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developed by Western Lightning Plus-ECL (Perkin Elmer) and imaged on a ChemiDoc MP
Imaging System (Bio-Rad). The intensity of each band was determined by densitometry
using ImageJ software.

Tumor cell proliferation assay: MDA-MB-231-bone cells were seeded in a 96-well plate
at 2,000 cells/well in quadruplicate. Vehicle (DMSO), free GANTSS8, Empty-NPs, or
GANTS58-NPs were introduced to wells after 24 hr and media was replenished every other
day for 7 days. Cell proliferation was determined by 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay using the CellTiter
96 Aqueous Non-Radioactive Cell Proliferation Assay kit (Promega) per the manufacturer’s
instructions. Absorbance values were measured on a plate reader at optical density (OD) 450
nm.

hMSC proliferation assay: hMSCs were seeded in a 96-well plate at 50,000 cells/mL
(5,000 cells/well). Vehicle (DMSO), free GANTSS, Empty-NPs, or GANT58-NPs were
introduced to the wells after 24 hr. As described, cell proliferation was determined using the
CellTiter 96 Aqueous Non-Radioactive Cell Proliferation Assay kit (Promega) per
manufacturer’s instructions. Absorbance values were measured at OD 490 nm.

Fluorescence microscopy: MDA-MB-231-bone cells were seeded in a 4-chamber well
slide at 20,000 cells/well. After 24 hr, media was replaced with media containing treatments.
For NP uptake experiments, GANTS58-CySNPs were added and incubated for 12 hr after
treatment. Cells were then stained with DAPI and viewed on a Nikon Eclipse TI confocal
microscope for Cy5 and DAPI fluorescence. For Gli2 immunofluorescence, cells were
incubated with 20 uM GANTSS, 20 uM GANTS8-NP, Empty-NP, or DMSO control for 72
hr, fixed with 4% neutral-buffered formalin, and washed with Tris-buffered saline (TBS).

The cells were then blocked and permeabilized with TBS containing 2.5% BSA, 0.1%
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Tween, and 0.2% Triton-X for 5 min. Gli2 antibody (1:500, Novus Biologicals) was then
incubated in permeabilization buffer overnight at 4°C. Cells were then washed again with
TBS and incubated with secondary Alexa-488 anti-rabbit antibody (1:2000, Thermo Fisher)
for 90 min. The cells were then stained with DAPI for 10 min, washed, and mounted with a
cover slip. Cells were imaged using an Olympus BX60 fluorescence microscope for DAPI
and Alexa-488 fluorescence. Image] was used to calculate the Manders coefficient to
quantify Gli2 nuclear colocalization.

Cell viability, cytotoxicity, and apoptosis: MDA-MB-231 bone cells were seeded in a
96-well plate (5,000 cells/well) and treated with GANTS8 (0-80 uM) for 24 hr and viability,
cytotoxicity, and apoptosis were measured using the ApoTox-Glo Triplex Assay (Promega)
according to the manufacturer’s instructions. Briefly, 20 pL of Viability/Cytotoxicity
Reagent was added to 100 pL of media in each well and incubated for 30 min at 37°C.
Fluorescence intensity was then measured for viability (ex. 400 nm, em. 505 nm) and
cytotoxicity (ex. 485 nm, em. 520 nm). Luminescence was measured for apoptosis (caspase
3/7 activation) following the addition of 100 puL of Caspase-Glo 3/7 Reagent and 30 min
incubation at room temperature.

Mineralization assay: hMSCs were seeded at 25,000 cells/mL (50,000 cells/well) in a
24-well plate and allowed to grow to confluency for 48 hr in MSC Growth Medium 2
(PromoCell) as we have described previously.>® Cells were then induced with MSC
Osteogenic Differentiation Medium (PromoCell) treated with vehicle (DMSO), free
GANTS8, Empty-NPs, or GANTS58-NPs. Cells were cultured for 14 days and media was
changed every third day. A cohort of wells remained in MSC Growth Media and served as a
control. Cells were then washed with PBS and fixed in 10% formalin for 45 min, and stained

with Alizarin Red S (80 mM) for 30 min. After staining, cells were washed five times with
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deionized (DI) water and imaged under an inverted microscope. Alizarin dye was then
extracted with 5% SDS for 1 hr. Absorbance of the extracted dye was read on a plate reader
at OD 405 nm.

Osteoclastogenesis assay: Mouse bone marrow-derived stromal cells were obtained from
C57BL/6] mice and used in an osteoclastogenesis coculture assay as previously
described.**>° Briefly, femora and tibiae were dissected, and both ends cut off. Bone marrow
cells were flushed out and collected via centrifugation, suspended in a-MEM with 10% FBS,
and plated in 100 mm culture dishes. After 2 hr, nonadherent cells were harvested and
pelleted. The non-adherent bone marrow cells (500,000 cells/well) and MDA-MB-231-bone
cells supplemented with 10 ng/mL TGF-f (1000 cells/well) were plated in 48-well plates in
300 uL o-MEM (day 1). Treatments with Free GANTS58, Empty-NPs, and GANTS58-NPs
started on day 1. On day 2, 300 puL of fresh a-MEM supplemented with treatments was
added to each well, and 300 pL was replaced with fresh, treatment supplemented media each
subsequent day until fixation. On day 6, cells were fixed and stained for TRAP using a TRAP
kit (Sigma) and counterstained with hematoxylin. TRAP-positive cells with 3 or more nuclei
were counted as osteoclasts. Vitamin D; was used as a positive control for osteoclast
formation, whereas absence of MDA-MB-231-bone cells and vitamin D3 was used as a
negative control.

NP cargo biodistribution: Athymic female nude mice (4-6 weeks old, Envigo) were
intratibially inoculated with GFP-expressing MDA-MB-231-bone tumor cells and given 14
days to progress into tumors. Two independent experiments were performed to assess the
biodistribution of the NP cargo and of the NP polymer. For biodistribution of the NP cargo,

the near-IR fluorophore Cy7 was loaded into the NP formulation via the bulk solvent
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evaporation method to serve as the surrogate fluorescent loading species. Cy7-loaded NPs
were then injected via tail vein injection (1 mg/kg Cy7). Mice were then imaged on a Pearl
Near-IR imager (Licor) immediately, 2 hr, 6 hr, and 24 hr after injection and the images
analyzed using region of interest (ROI) analysis in the Licor software. For biodistribution
of the NP polymer, Cy7-grafted GANTS58-NPs were injected via tail vein injection (8 mg/kg
GANTS8). Mice were then sacrificed at 1, 4, and 24 hr post NP-injection. Organs and long
bones were imaged on a Pearl Near-IR imager (Licor) and the images analyzed using ROI
analysis in the Licor software.

Pharmacokinetics: Rag 2-/- mice were injected with Cy5-grafted GANTS8-NPs via
retroorbital injection (8 mg/kg GANTSS, 100 pL injection) under isoflurane anesthesia.
Immediately post-injection, 15 min, 30 min, 1 hr, 2 hr, 4 hr, 12 hr, and 24 hr, a small volume
of blood (< 5 puL) was drawn via tail-nick into a heparinized capillary tube and deposited
into PCR tubes. PCR tubes containing whole blood samples were then frozen until analysis.
Blood samples were thawed at time of analysis and diluted 40x in PBS. Samples were then
read on a Take3 microvolume plate (Biotek) and a Synergy H1 fluorescence plate reader
(Biotek) and background fluorescence was subtracted. NP concentration was calculated via
a standard curve made by doping Cy5-grafted NPs into fresh mouse blood that was then
frozen until time of analysis, at which time it was also diluted 40x.%¢

Free GANTSS intratibial mouse model of late bone metastasis: Athymic female nude
mice (4-6 weeks old, Harlan) were injected with 2.5 x 10° GFP-expressing MDA-MB-231-
bone cells in 10 pL PBS into the left tibia under isoflurane anesthesia as previously
described.>” As a control, the contralateral limb was injected with 10 uL PBS. GANT58 was
reconstituted in a 4:1 Cremophor EL:ethanol solution to solubilize the drug. GANTS8

treatments started 4 days post-tumor inoculation to allow for tumor establishment (n = 8§,
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GANTS8; n = 8, vehicle). Mice were then treated 3 days/week with 50 mg/kg GANTSS via
subcutaneous, 100 pL injection. Mice were imaged weekly to track tumor progression and
sacrificed at 4 weeks.

GANT58-NP intratibial mouse model of late bone metastasis: Athymic female nude mice
(4-6 weeks old, Envigo) were injected with 2.5 x 10> GFP-expressing MDA-MB-231-bone
or RWGT2-bone cells in 10 pL. PBS into the left tibia under isoflurane anesthesia as
previously described.’” As a control, the contralateral limb was injected with 10 uL PBS.
GANTS8-NP and Empty-NP treatment started 4 days post-tumor inoculation to allow for
tumor establishment (n = 12, GANTS58-NP; n = 12, Empty-NP). Mice were then treated 5
days/week with 8 mg/kg GANTS58 in the GANTS8-NP formulation or an equivalent polymer
dose of Empty-NPs in 100 pL of PBS via tail vein injection. Mice were imaged weekly to
track tumor progression and sacrificed at 4 weeks or 6 weeks post-tumor injection for the
MDA-MB-231 and RWGT2 experiments respectively.

GANT58-NP intracardiac mouse model of early bone metastasis: Athymic female nude
mice (4-6 weeks old, Envigo) were anesthetized by continuous isoflurane and inoculated
with 1 x 103 GFP-expressing MDA-MB-231-bone cells resuspended in PBS via intracardiac
injection into the left cardiac ventricle using a 27-gauge needle, as previously
described.?6%57 Mice were then divided into two cohorts: one group which was treated
immediately post-tumor inoculation with GANTS58-NPs (8 mg/kg, n = 12) or Empty-NPs
(equivalent polymer dose, n = 12), and the remaining group started the same treatment 7
days post-tumor inoculation. Mice were imaged weekly to track tumor progression and
sacrificed at 4 weeks.

Radiographic imaging: Mice were radiographically imaged weekly beginning 1-week

post-tumor cell inoculation using a Faxitron LX-60. Specifically, mice were anesthetized
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with isoflurane and laid in a prone position on the imaging platform. Images were acquired
at 35 kVp for 8 seconds. Using a freehand selection tool, osteolytic lesions in each image
were manually outlined and total lesion area and number were measured using the
quantitative image analysis software Metamorph (Molecular Devices, Inc.). All data are
represented as mean lesion area and number per mouse.

Micro-computed tomography (uCT): Tibiae and femora were analyzed using a high-
resolution benchtop pCT 40 system (Scanco Medical). Tomographic images were acquired
at 70 kVp with an isotropic voxel size of 12 um and at an integration time of 300 ms. Scans
were acquired with hindlimbs in 70% ethanol. pCT images were reconstructed, filtered (c =
0.2, support = 1.0) and thresholded at 230. Tibiae and femora were then contoured using the
Scanco software algorithm starting 10 slices below the growth plate and continued 100 slices
in the distal direction. Images were then reconstructed using the Scanco Medical Imaging
software. The software was also used to calculate the bone morphometric parameters bone
volume/total volume (BV/TV, ratio of segmented bone volume to the total volume of
interest), trabecular separation (Tb.Sp., mean distance between trabeculae), trabecular
thickness (Tb.Th., mean thickness of trabeculae), and trabecular number (Tb.N., measure of
the average number of trabeculae per unit length) of the segmented bone.

Histology/histomorphometry: Tibiae and femora were removed during autopsy and fixed
in 10% neutral-buffered formalin (Fisher Scientific) for 48 hr at room temperature after
which they were stored at 4°C in 70% ethanol. Bone specimens were decalcified in 10%
EDTA for 2 weeks at 4°C and embedded in paraffin wax. Bone sections (5-um thickness)
were stained with hematoxylin & eosin (H&E), orange G, and phloxine. Tumor burden was
examined under a microscope and quantified using Metamorph software (Molecular

Devices, Inc.). Specifically, tumors were manually outlined as ROIs using a freehand
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selection tool and the total tumor area was measured as a percentage of the total bone marrow
area.

Ethics statement: All animal protocols were approved by Vanderbilt University
Institutional Animal Care and Use Committee (IACUC) and were conducted according to
National Institutes of Health (NIH) guidelines for care and use of laboratory animals.

Statistical analyses: All statistical analyses were performed using Prism version 7
(GraphPad Software, Inc.). Values are presented as mean + SEM and p-values determined
using one-way ANOVA unless otherwise specified where *p < 0.05, **p < 0.01, ***p <

0.001, and ****p <0.0001.

4.4. Results and Discussion

Our previous data have established that Gli2 regulates PTHrP expression and is strongly
correlated with bone-destructive tumor cells.?®*% To test our hypothesis that Gli2 is
overexpressed in patients with bone metastases, we collected 20 human biopsies through the
CHTN (Table S1) and evaluated Gli2 expression in bone-metastatic tumors from a mix of
primary origins. Three of the 20 biopsies were from non-metastatic soft tissue sarcomas and
were tested as controls. Patient bone metastases expressed significantly higher levels of Gli2
by IHC compared to soft tissue sarcomas (6-fold increase) (Figure 4.1A-B). To further show
that Gli2 is overexpressed in bone metastases, we queried the GEO database to obtain Gli2
expression values among 29 human breast cancer metastases in different organs.>? Gli2 gene
expression was significantly higher in bone metastases compared to brain and lung
metastases from breast cancer patients (Figure 4.1C). Together, these observations suggest
that overexpression of Gli2 is a characteristic of bone metastases and therefore represents a

promising therapeutic target for TIBD.
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Figure 4.1. Gli2 is overexpressed in patient bone-metastatic tumors. (A) Representative images of Gli2
IHC for patient soft tissue sarcomas (n = 3) and bone-metastatic tumors (n = 17) from different primary
origins. Scale bar: 50 um. (B) Quantification of Gli2-stained patient tumor samples. Groups were
statistically compared using student’s unpaired t-test. (C) Gli2 gene expression in human breast cancer
metastases from bone (n = 10), brain (n = 14), and lung (n = 3) [52]. Minima = 25th percentile, maxima
= 75th percentile, centers = median.

To evaluate GANTSS as a therapeutic for TIBD, mice were treated with GANTSS8 (4:1
Cremophor EL:ethanol). Cremophor EL was chosen due to its widespread use for various
poorly-water soluble drugs such as paclitaxel.’® Athymic nude mice were inoculated with
MDA-MB-231 cells into the left tibiae and were then treated 3 days/week with 50 mg/kg
GANTS8 or vehicle control via subcutaneous injection (Figure 4.2A).

Radiographic imaging of the mice over the time course of the study showed that by week
3 both the GANTS58 and vehicle-treated groups exhibited severe osteolytic lesions, which
significantly worsened by week 4, at which time the mice were sacrificed. Further, the mice
showed an adverse response to the injections, presenting with scabs and chemical burns as
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early as week 2. Radiographic analysis showed that there was no significant difference
between GANTS8 and control mice in lesion area or lesion number, with both groups
exhibiting numerous lesions in the tumor-bearing tibia (Figure 4.2B-D). To further
investigate the bone outcomes in these mice, pnCT was conducted on the tibiae after sacrifice
(Figure 4.2E). BV/TV was significantly reduced in all tumor bearing animals and was
comparable for vehicle- and GANTS58-treated tumor-bearing tibiae (Figure 4.2F).
Similarly, Tb.Sp. was comparable for vehicle-and GANT58-treated tumor-bearing tibiae and
both were significantly higher than the non-tumor controls (Figure 4.2G). Histological
analysis showed that in both treated and control mice, the average tumor area (%) measured
by histomorphometry was 60-70%, indicating that tumor had effectively invaded the entire
marrow space of the tibia (Figure 4.2H-I). These findings demonstrate that delivery of free
GANTS8 at high doses using standard clinical formulation techniques is not effective in
blocking TIBD, highlighting the need for delivery strategies that solubilize the drug and

improve its PK profile to enable bone tumor delivery.
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Figure 4.2. GANTS5S treatment does not block tumor-induced osteolysis when delivered via Cremophor
EL wvehicle. (A) Tumor inoculation and subcutaneous treatment scheme for intratibial model of bone
metastasis. (B) Representative radiographic images of vehicle (control) and GANTSS treated mice at 4-
weeks post-tumor (MDA-MB-231) inoculation. Arrows indicate osteolytic bone lesions. (C) Lesion area
and (D) lesion number as assessed by radiographic analysis exhibit no significant difference between
vehicle and treatment groups. (E & F) uCT analysis of tibiae bone volume fraction (BV/TV) and trabecular
separation (Tb. Sp.) showed no significant difference in mice treated with GANTS8 versus those treated
with Cremophor EL vehicle. (G) Representative pCT reconstructions of vehicle-treated, GANT58-treated,
and contralateral, non-tumor bearing tibiae. (H) Representative H&E stained sections and (I)
histomorphometric analysis of tumor area in vehicle-treated and GANTS58-treated mice inoculated with
MDA-MB-231 cells. Scale bar: 200 pm.

Control

A diblock copolymer comprising PPS and POEGA was synthesized via RAFT
polymerization (Figure 4.3A, Figure S4.1A-B). PPS was chosen as the core-forming
hydrophobic block primarily due to its promise from other studies in our lab that showed
excellent encapsulation and retention of hydrophobic small molecules.*?*%>° Furthermore,
the sulfide group in PPS reacts with oxygen radicals to create sulfoxides and sulfones. This
reaction causes a hydrophobic to hydrophilic phase transition in the polymer which

potentially contributes to both drug release at sites of oxidative stress and ultimate systemic
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clearance of the polymer. Previous studies have also reported that PPS is a potent ROS-
scavenger, which is hypothesized to impart beneficial antioxidant properties to the GANTS8-
NPs.6%6! The POEGA hydrophilic block forms a brush-like conformation of 9 repeating units
of ethylene glycol pendant to the hydrocarbon backbone. POEGA was chosen as the NP
surface-forming block because this graft polymer architecture has been shown to improve
circulation time over linear PEG.6*64

Nanoparticles were formed by the bulk solvent evaporation method to create either
GANTS58-loaded PPSi35-b-POEGA 17 nanoparticles (GANTS58-NPs) or unloaded PPSi35-b-
POEGA |7 nanoparticles (Empty-NP) (Figure 4.3B). GANTS58 (Figure S4.1C) was
introduced into the organic phase resulting in an average loading content of 11.4% (mg
drug/mg polymer) and an encapsulation efficiency of 51.8%. The hydrodynamic diameter of
both the GANT58-NPs and Empty-NPs were assessed by DLS. The GANTS58-NPs have an
average hydrodynamic diameter of 93.3 £+ 4.1 nm, while the Empty-NPs have a slightly
smaller diameter of 73.5 £ 3.4 nm. TEM shows the NPs exhibit a spherical morphology
(Figure 4.3C). Both the GANT58-NPs and Empty-NPs were monodispersed with an average
PDI of 0.22 and 0.18, respectively, and a relatively low C-potential (-1.33 mV and -1.20 mV,
respectively). The critical micelle concentration (CMC) of the GANTS58-NPs was 0.079
mg/mL as determined by the Nile Red (NR) method (Figure 4.3D).*' This CMC is almost
an order of magnitude lower than the initial NP concentration after i.v. administration (~0.5
mg/mL) and remains lower than the NP blood concentration after 12 hr of circulation (~0.15
mg/mL) as indicated by circulation time measurements. The ROS-responsive behavior of
the NPs was investigated in vitro using H>O; as the model ROS species and NR-loaded NPs

(Figure S4.2). Incubation of Cy5-labeled GANTS58-NPs with MDA-MB-231-bone cells
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revealed that cells readily uptake the NPs into the cytoplasm. The Cy5-labeled NPs (red)
exhibit close proximity to DAPI-stained nuclei (blue), indicating uptake of the NPs within
the cells (Figure 4.3E).

The authors of the manuscript on the original drug screen that identified GANTSS8

hypothesized that it primarily acts at the nuclear level,?® but the molecular mechanism has
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Figure 4.3. GANTS58-NP fabrication and characterization. (A) Synthesis of PPS135-b-POEGA17 polymer
and nanoparticle fabrication. (B) GANT58-NPs (2 mg/mL GANTS8) are dispersed in PBS while insoluble
free GANTSS8 (2 mg/mL) precipitates from solution. (C) Particle size distribution of GANTS58-NPs and
Empty-NPs measured by dynamic light scattering (DLS) indicate that both loaded and unloaded
formulations have an average diameter < 100 nm. A TEM image (inset) reveals the spherical morphology
of GANTS58-NPs. Scale bar: 500 nm. (D) Critical micelle concentration (CMC) determined by Nile red
assay. (E) Fluorescence microscopy image of MDA-MB-231-bone cells after 3 hr treatment with Cy5-
labeled GANTS8-NPs indicating significant NP uptake into cytoplasm of tumor cells.

not been reported. To test the hypothesis that GANTS8 inhibits nuclear translocation of Gli2,
MDA-MB-231-bone cells were treated with 20 pM GANTS58 or GANTS8-NP for 72 hr.
Immunofluorescent analyses revealed significantly reduced colocalization of Gli2 with

DAPI-stained nuclei in cells treated with GANTS58 or GANTS58-NPs compared to the Empty-

108



NP control (Figure 4.4A). Additionally, MDA-MB-231-bone cells treated with increasing
concentrations of free GANTS8 or GANTS58-NPs showed reduced nuclear Gli2 protein
levels as shown by immunoblotting (Figure 4.4B). Nuclear protein levels of Gli2 in cells
treated with 20 uM GANTS8 or GANTS8-NP was 48% and 57% of the control, respectively.
Inhibition of Gli2 nuclear translocation by GANTS5S significantly reduced PTHrP mRNA
levels (Figure 4.4C). In contrast, Gli2 protein levels in the cytoplasm did not decrease in a
dose-dependent manner following treatment with GANTS58 or GANTS8-NP, but
cytoplasmic Gli2 protein levels were reduced (67 - 69% of the control) at the highest
GANTS5S8 dose tested (20 uM) (Figure S4.3). These findings show that GANTSS8 blocks
translocation of Gli2 into the nucleus and consequent transcription of PTHrP.

To determine the effect of GANTS58-NPs on tumor cell proliferation and viability, MDA-
MB-231-bone cells treated with increasing drug concentrations were cultured up to 7 days.
Cell proliferation assessed by MTS assay demonstrated that treatment with GANTS58 or
GANTS58-NP significantly reduced tumor cell growth rate in vitro (Figure 4.4D). GANTS58
and GANTS58-NP also reduced cell viability and increased activation of caspase 3/7 (which
is indicative of apoptosis) compared to vehicle-treated cells in the ApoTox-Glo assay

(Figure 4.4E).
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Figure 4.4. GANTS58-NP treatment inhibits nuclear translocation of Gli2 and tumor cell proliferation. (A)
Representative immunofluorescent images of Gli2 nuclear translocation (left) with quantification as
measured by the Manders coefficient (right) after treatment with 20 pM GANTS8 or GANTS8-NP for 72
hr. Scale bar: 50 um. (B) Nuclear Gli2 protein levels in MDA-MB-231-bone cells at 72 hr. (C) Expression
of PTHrP mRNA for MDA-MB-231-bone cells treated with varying concentrations of free GANTS5S (red),
Empty-NP (blue), or GANTS8-NP (green) for 48 hr. Gradient colors indicate varying doses: 1 uM
(transparent), 5 uM, 10 uM, to 20 pM (opaque). (D) Tumor cell proliferation as assessed by MTS assay
after treatment with free GANTS8 or GANTS58-NPs for 7 d. Gradient colors detailed above. (E) Viability,
cytotoxicity, and apoptosis of MDA-MB-231-bone cells treated with free GANTS58 or GANTS58-NPs for 24
hr measured by ApoTox-Glo assay.

The effect of GANTS58-NPs on hMSC proliferation and osteoblast differentiation was
assessed to ensure that GANTS8-NPs do not negatively impact osteoblast function and
behavior. Proliferation (assessed by MTS assay) was not significantly affected by free
GANTSS8, Empty-NPs, or GANTS58-NPs at concentrations up to 20 uM (Figure 4.5A).

Deposition of mineralized matrix by osteoblasts was assessed via Alizarin Red stain after 14
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d culture in osteogenic media. Neither the DMSO vehicle nor free GANTSS significantly
reduced Alizarin red staining compared to no treatment, and NP treatment had no negative
effects on osteoblast mineralization (Figure 4.5B). Representative images of the Alizarin
Red-stained cells show the deposition of mineralized matrix by the NP-treated osteoblasts
(Figure 4.5C).

While GANTS58 is an antagonist of Gli2 within tumor cells, its functional effect is to
reduce secretion of PTHrP protein, which stimulates osteoblasts to express RANKL, a
transmembrane protein that stimulates osteoclast differentiation. In order to investigate the
effect of GANTS58-NPs on osteoclast differentiation, an osteoclastogenesis assay utilizing a
coculture of mouse bone marrow-derived stromal cells and MDA-MB-231s was performed.
Osteoclast number was counted after 7 d culture in the presence of free GANTS8, Empty-
NP, and GANTS58-NP via TRAP stain (Figure 4.5D). Osteoclasts were counted at 40x
magnification and identified as TRAP+ (red/pink stain), multinucleated (> 3 nuclei) cells
(Figure 4.5E). Osteoclast number showed a GANTS58 dose-dependent decrease in
osteoclasts for both the free GANTS58 and GANTS58-NP, while the Empty-NP had no effect
on osteoclastogenesis. Representative 10x magnification images of the coculture show very
few osteoclasts in the (-) vitamin D negative control and 20 pM GANTS58-NP group, whereas

the untreated tumor group exhibited extensive osteoclast maturation (Figure 4.5F).
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Figure 4.5. GANTS58-NP treatment does not inhibit osteoblast function but reduces tumor-mediated
osteoclastogenesis in vitro. (A) hMSCs treated with varying concentrations of free GANTS8 (red), Empty-
NP (blue), or GANTS8-NP (green) were cultured for 1, 3, and 5 days (D1, D3, DS) and proliferation assessed
by MTS assay. Gradient colors indicate varying doses: 1 uM (transparent), 5 uM, 10 uM, to 20 uM (opaque).
(B) hMSCs were cultured in osteogenic medium treated with same dosage scheme described in (A).
Deposition of mineralized matrix by osteoblasts was determined by absorbance of extracted Alizarin Red
stain after 14 d of culture in osteogenic media. (C) Representative images of Alizarin Red staining of treated
osteoblasts after 14 d culture in osteogenic media. Inset image shows hMSCs cultured in non-osteogenic
media. Scale bar: 200 um. (D) Number of osteoclasts (OC)/well in coculture treated with varying doses of
GANTSS, Empty-NP, and GANT58-NP after 6 days culture with MDA-MB-231 cells. (E) Multinucleated (3
or more nuclei) and TRAP positive cells were counted as OCs. Red arrows: OCs. (F) Representative images
of negative control group (no tumor, -vitD), no treatment group, and 20 uM GANTS58-NP treatment group.
Red arrows: OCs.
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After validation of in vitro efficacy, the biodistribution and pharmacokinetics (PK) of the
PPS135-b-POEGA 17 NPs and its cargo was evaluated via near-IR fluorescent dye grafting
and loading (for NP and cargo tracking, respectively) of the micelles. First, Cy7 fluorophore-
loaded PPSi35-b-POEGA 7 NPs (Cy7-NPs) were administered via i.v. tail vein injection to
tibial tumor-bearing athymic nude mice to evaluate NP cargo biodistribution and PK of in
tumor and organs of interest. Cy7 was chosen as the surrogate compound for GANTS5S8 due
to its strong near-IR fluorescence and solubility properties similar to that of GANTSS. In
vivo biodistribution was assessed in mice over time to observe Cy7 cargo localization in the
tumor-bearing tibia site versus control tibia (Figure 4.6A). Near-IR in vivo imaging and
Pearl image analysis software were used to quantify Cy7 fluorescence intensity in both the
tumor and control ROI. Cy7 fluorescence intensity was significantly higher in the tumor-
bearing tibia at each time point, indicating that the Cy7 cargo was preferentially localizing
in the tumor bearing site.

Next, Cy7-grafted GANTS58-NPs (GANTS58-Cy7NPs) were administered via tail vein
injection to track GANTS58-Cy7NP biodistribution over time. Mice were sacrificed at
predetermined time points and Cy7 fluorescence was measured in organs of interest ex vivo.
At 24 hr post-injection, the tumor-bearing left hindlimb (LHL) had significantly increased
uptake over the other long bones, while the liver and kidneys had the highest intensity as
expected due to clearance by the mononuclear phagocyte system (MPS) (Figure 4.6B). Cy7
fluorescence steadily decreased over time in all long bones aside from the tumor-bearing
hindlimb, indicating stable accumulation only in the bone-tumor site (Figure 4.6C).
Similarly, there was a steady decrease in Cy7 fluorescence in all soft tissues aside from liver
and kidney, whereas there was an increase in intensity as expected as the NPs were cleared

from circulation (Figure 4.6D). To further validate the findings that the NPs are
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preferentially accumulating in the tumor, GFP intensity from the MDA-MB-231 cells was
measured and spatially compared to the Cy7 fluorescence (Figure 4.6E). A strong
colocalization was observed, suggesting the NP accumulation is primarily within the tumor
site.

The PK profile of the GANTS58-NPs was next investigated by measuring the blood
circulation time of Cy5-grafted GANTS58-NPs (GANT58-Cy5NPs). The findings from the
biodistribution study suggested a significant concentration of NPs are still in circulation after
12 hr due to the increased NP accumulation in tumor, liver, and kidneys at the 24 hr time
point. We designed the circulation time experiment to encompass both short (< 30 min) and
long (> 12 hr) time periods for accurate measurement of the o and 3 phase circulation half-
lives. After retroorbital injection of the GANTS58-Cy5NPs, a tail nick method was used to
draw small volumes (< 5 pL) of blood immediately post-injection (t=0) and at subsequent
predetermined intervals up to 24 hr. These small blood volumes were then measured for Cy5
fluorescence intensity on a micro-volume plate using a fluorescence plate reader and NP
concentration calculated from a standard curve. A rapid a-phase distributive half-life of 12.3
min was observed, after which there was a more gradual B-phase with a 28 hr half-life
(Figure 4.6F). Even after 24 hr, roughly 15% of the initial NP dose was still in circulation,
which supports the biodistribution findings showing increased uptake in tumor and clearance
organs at 24 hr.

The promising in vitro results and preferential uptake in the tumor site presented
compelling evidence that GANTS58-NPs would successfully block tumor-induced bone
destruction in vivo and possibly reduce tumor burden. To test this hypothesis, MDA-MB-

231-bone cells were inoculated into the left tibiae of female athymic nude mice. After 4 days
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to allow tumor establishment, mice were treated daily with GANTS58-NPs (8 mg/kg
GANTS8) or Empty-NPs via tail vein injection (Figure 4.7A). Empty-NPs were chosen as
the control due to the in vitro results suggesting the positive effect the Empty-NPs may have
on osteoblast differentiation.

Substantial osteolytic lesions were observed radiographically in the mice treated only
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Figure 4.6. GANT58-NPs accumulate in tumor and demonstrate prolonged blood circulation. (A) Cy7-
loaded NPs (Cy7-NPs) time course biodistribution in tumor-bearing mice. Cy7 fluorescence is significantly
higher in the tumor-bearing tibia (red arrow) compared to the contralateral control. (B) Cy7-grafted
GANTS58-NPs biodistribution ex vivo analysis at 24 hr shows significantly higher Cy7 fluorescence in the
tumor-bearing hindlimb compared to other long bones. L(R)HL = left (right) hindlimb; L(R)FL = left (right)
forelimb. (C) Time-course ex vivo analysis of Cy7-grafted GANTS58-NPs shows that NPs slowly accumulate
in tumor over 24 hr period. (D) Representative soft tissue Cy7 fluorescence at 24 hr post-NP injection. (E)
GFP imaging (tumor) and Cy7 fluorescence (NP) confirm colocalization of NPs within the tumor site. (F)
Circulation time of Cy5-grafted GANTS58-NPs as assessed by tail nick method.

with the Empty-NPs after 4 weeks, while smaller and fewer lesions were visible in mice

treated with GANTS8-NP (Figure 4.7B). Quantitative assessment of both lesion area and

115



number confirmed that the osteolytic lesions in the GANTS58-NP-treated mice were
significantly smaller and fewer (Figure 4.7C-D).

After sacrifice, mouse tibiae were examined by pnCT to assess the effects of the drug on
bone morphometric properties. Mice treated with the GANTS58-NPs had 2.5-fold higher (p
<0.001) BV/TV than those treated with Empty-NPs and 22% lower (p < 0.05) BV/TV than
the untreated control (Figure 4.7E). Tb.Sp. in the GANT58-NP group was 34% lower (p <
0.05) than the Empty-NP group and 48% higher (p < 0.05) than the untreated control (Figure
4.7F). Similarly, trabecular number (Tb.N.) in the GANTS58-NP group trended higher than
the Empty-NP group and was 28% lower than the untreated control (Figure 4.7G). 3D pCT
renderings of representative tibiae from each group further demonstrate the significant
tumor-induced bone destruction in the mice treated with Empty-NPs compared to those
treated with GANTS58-NPs (Figure 4.7H). Histomorphometric analysis of the tibiae showed
no significant differences in tumor burden between groups (Figure 4.71-J).

In order to establish the rigor of these findings, another human osteolytic cancer cell line
was tested in the same intratibial model. In this experiment, a bone-metastatic variant of a
squamous non-small cell lung carcinoma line, RWGT2-bone, was used and the same bone
outcomes were assessed. Again, BV/TV was significantly higher in the mice treated with
GANTS58-NPs than those treated with Empty-NPs (Figure 4.7K). Radiograph analysis also
showed significant reduction in lesion area and number in GANTS58-NP-treated mice
(Figure S4.4A). Further, there was no significant difference in BV/TV in GANTS58-NP-
treated mice and the non-tumor-bearing control tibiae (Figure 4.7K). Other morphometric
parameters, however, were not significantly different between the GANTS58-NP and Empty-
NP groups (Figure S4.4B). 3D uCT renderings of representative tibiae from each group

again demonstrate the tumor-induced bone destruction in the mice treated with Empty-NPs

116



compared to those treated with GANTS58-NPs (Figure 4.7L). It is important to note that the
RWGT2-bone cell line was not as aggressive as the MDA-MB-231-bone line, as indicated
by the higher BV/TV in the RWGT2-bone Empty-NP group compared to the same group in
the MDA-MB-231-bone experiment. This lower tumor burden could explain the diminished
significance in pCT outcomes for the GANTS8-NP treatment group relative to controls for

this study relative to the MDA-MB-231 study.
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Figure 4.7. GANTS58-NP treatment reduces tumor-induced osteolysis in mouse model of late bone
metastasis in multiple tumor cell lines. (A) Tumor-inoculation and treatment scheme for intratibial model
of bone metastasis. (B) Representative radiographic images of control (Empty-NP) and GANTS58-NP
treated mice at 4-weeks post-tumor (MDA-MB-231) inoculation. Arrows indicate osteolytic bone lesions.
(C) Lesion area and (D) lesion number as assessed by radiographic analysis are significantly reduced in
GANTS58-NP treated mice. (E-G) uCT analysis of tibiae bone volume fraction (BV/TV), trabecular
separation (Tb. Sp.), and trabecular number (Tb. N.) showed significantly improved bone quality in mice
treated with GANTS58-NPs. (H) Representative pCT reconstructions of GANTS8-NP-treated, Empty-NP-
treated, and contralateral, non-tumor bearing tibiae. (I) Representative H&E stained sections and (J)
histomorphometric analysis of tumor area (indicated by T) in Empty-NP-treated and GANTS58-NP-treated
in mice inoculated with MDA-MB-231 cells. Scale bar: 200 um. (K) Intratibial model repeated with
RWGT?2 cell line, and BV/TV again showed improved bone quality in GANTS58-NP treated mice. (L)
Representative pCT reconstructions of GANTS8-NP-treated, Empty-NP-treated, and contralateral, non-
tumor bearing tibiae.

The intratibial model of bone metastasis was informative in showing that GANTS5S is
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effective in blocking bone destruction induced by established tumors, but its effect on tumor
metastasis could not be elucidated using this model. Therefore, an intracardiac model of bone
metastasis was used in order to investigate the effect of GANTS58-NPs on blocking tumor
metastasis in addition to bone destruction. In this experiment, mice were injected with MDA -
MB-231 cells via intracardiac injection and were subsequently divided into two cohorts. The
first cohort, denoted the “immediate” group, was then divided into treatment and control
subgroups and immediately treated via tail vein injection with either GANTS58-NPs
(treatment) or Empty-NPs (control). The second cohort of mice, denoted the “delayed”
group, was also divided into treatment and control subgroups, but was allowed 7 days for
tumor establishment before starting treatment (Figure 4.8A).

Tibiae and femurs were scanned by pCT after sacrifice, and subsequent observation of
histological sections showed that tumor presence was more substantial in the femur than in
the tibia. Thus, the femur was chosen for thorough pCT and histological analysis. pnCT
analysis revealed that there was significantly higher BV/TV and Tb. Th. in the mice that
were treated with GANTS58-NPs, indicating reduced bone destruction and improved bone
quality in GANT58-NP-treated mice. However, there was no significant difference between
the mice treated immediately and the mice that received delayed treatment (Figure 4.8B).
Histological analysis, however, showed no significant reduction in tumor burden across all
groups (Figure 4.8C). Taken together, these findings are consistent with those of the
intratibial model where GANTS58-NP treatment significantly improved bone outcomes, but
tumor burden was not significantly affected. While more studies are needed to further
characterize potential effects on tumor growth, these studies strongly demonstrate that
GANTS58-NPs reduce tumor-induced bone destruction in two mouse models of bone

metastasis.
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In addition to efficacy, successful clinical translation of the GANTS58-NPs hinges upon
safety of the treatment at therapeutic doses. To test the safety profile of the GANTS58-NPs,
blood was drawn at time of sacrifice for the cohort of mice in the intratibial study after having
received GANTS8-NP or Empty-NP treatment daily at 8 mg/kg GANTS8 (or equivalent dose
of Empty-NP) for 4 weeks. Biochemical analysis of blood serum markers for liver and
kidney toxicity was performed. There was no significant increase in aspartate
aminotransferase (AST), alanine aminotransferase (ALT), or blood urea nitrogen (BUN)
levels above two standard deviations from average levels reported by the animal supplier
(Envigo) (Figure S4.5A). Further, histological sections of the liver and kidney of the same
mice were observed by a blinded, board certified pathologist and there was no evident
toxicity in either group (Figure S4.5B). Metastatic disease accounts for over 90% of
cancer-related deaths and therefore remains a major clinical concern.®® In patients with bone
metastases, standard-of-care RANKL and osteoclast inhibitors improve quality of life but do
not target tumor-specific aberrations in signaling that cause TIBD. We identified Gli2 as a

promising therapeutic target for bone metastases based on our previous studies establishing
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its overexpression in bone-destructive cell lines.?*° While free GANT58 did not inhibit bone
resorption in vivo due to its poor solubility and PK, GANTS58-NPs significantly reduced bone
resorption in intracardiac and intratibial injection models of TIBD using bone-metastatic
breast and lung cancer cell lines.

Since RANKL and osteoclast inhibitors target osteoclast function throughout the body,
osteoblast activity, which is tightly coupled with and triggered by bone resorption, is also
decreased, which severely impairs bone remodeling and fracture healing.5¢” Consistent with
these findings, other studies have reported dose-dependent inhibitory effects of
bisphosphonates on osteoblast proliferation, differentiation, and mineralization.%®% In
contrast, the tumor-targeted MTA GANTS58 did not inhibit osteoblast hMSC proliferation or
deposition of mineralized matrix by osteoblasts (Fig. SA-C). GANTS8 blocked nuclear
translocation of Gli2 and consequent PTHrP expression (Fig. 4A-C). Considering that
PTHrP stimulates expression of RANKL (a stimulator of osteoclast formation) by
osteoblasts, we investigated the effects of GANTS8 treatment on osteoclastogenesis in vitro.
GANTS8 treatment of mouse bone marrow-derived cells co-cultured with MDA-MB-231-
bone tumor cells significantly inhibited osteoclastogenesis (Fig. SD-F). These findings
suggest that GANTS58 blocks tumor-induced stimulation of osteoclastogenesis without
impairing osteoblast differentiation.

While the current study establishes the therapeutic potential of Gli2 inhibition to block
tumor-mediated bone destruction, other studies have previously utilized nanomedicine
strategies for delivery of Hh pathway inhibitors to tumors. Delivery of Hedgehog Pathway
Inhibitor-1 (HPI-1) has been investigated for treatment of medulloblastoma and
hepatocellular carcinoma.*>’® While these studies showed that HPI-1 nanoparticles inhibited

systemic metastases in an orthotopic model of human hepatocellular carcinoma, the effects
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of Hh inhibition on bone metastases were not investigated.**-’ Nanomedicine strategies have
also been applied to inhibit bone metastases by delivering conventional chemotherapies to

7172 These studies found that

reduce bone tumor burden in the bone marrow.
nanoencapsulated docetaxel and paclitaxel reduced tumor burden, but the effects of the drugs
on bone were not investigated extensively in vivo. Other studies have reported that
conventional chemotherapies cause DNA damage and apoptotic cell death in human bone
marrow cells, and that these treatments negatively affect trabecular bone microarchitecture
and mechanical properties.”>’* Thus, targeted delivery of chemotherapies to tumors in bone
is anticipated to have adverse effects on the bone microenvironment and warrants further
investigation. In contrast, nanoencapsulated GANTS58 blocked tumor-induced bone
destruction in tumor-bearing bones, but the drug did not inhibit mineralization (Fig. SB-C).

GANTS58-NPs inhibited tumor proliferation (Fig. 4D) and viability (Fig. 4E) in vitro, but
cytotoxicity showed only modest changes with increasing GANTS8 dose (Fig. 4E). These
data suggest that GANTS8 inhibits tumor growth but is not cytotoxic to tumor cells, which
is consistent with previous studies reporting that GANTS58 and GANT61 inhibit tumor
proliferation by inducing cytostasis (cell cycle arrest) and early phase apoptosis rather than
direct cytotoxic killing.?83%7> Qur previous study showed that genetic inhibition of Gli2
using an Engrailed repressor construct significantly attenuated the ability of cancer cells to
colonize bone (only micrometastases were observed) and induce osteolysis in vivo.?
However, GANT58-NPs did not significantly reduce tumor burden in either the intratibial
or intracardiac models. Micellar nanoparticles are passively targeted to tumor sites via the
enhanced permeability and retention (EPR) effect, which requires the tumor vasculature to
be permeable or “leaky” in order for nanoparticles to accumulate within the tumoral

interstitial space.”® Thus, GANT58-NPs likely do not sufficiently accumulate at bone-tumor
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sites until larger, vascularized tumors are established. In future studies, we will evaluate the
nanoparticle carrier to determine if conferring bone-binding affinity to the polymer
chemistry will improve targeted delivery to bone and block initial bone tumor establishment.

There may also be spatial variation in the tumor cell responsiveness to GANTS58 within
the bone and bone marrow. Matrix rigidity in the bone microenvironment is a key mediator
of Gli2 expression in bone-metastatic tumor cells. Gli2 expression was significantly
increased in patient bone-metastatic tumors but not soft tissue tumors (Fig. 1A-B) or brain
and lung metastases (Fig. 1C). Furthermore, Gli2 is not expressed on collagen-like (30 MPa)
substrates but is overexpressed on bone-like (>100 MPa) substrates in vitro.”” Considering
the relatively low elastic modulus of bone marrow (0.25-24.7 kPa),’® tumor cells growing
in the marrow space are anticipated to express low levels of Gli2 and are therefore likely to
be less sensitive to GANTS8. However, as tumor cells approach bony trabeculae, they
overexpress Gli2 and PTHrP in response to the rigid (>100 MPa) mineralized bone
matrix.”””® Thus, GANTS3S is anticipated to inhibit tumor cell proliferation, expression of
PTHrP, and the transition to the bone-destructive phenotype in tumor cells within close
proximity of bone but potentially have less direct impact on tumor cells in the marrow space.

Previous studies have also implied the importance of tumor-stromal interactions in
promoting bone metastasis.® Recent work has elucidated new molecular mechanisms and
therapeutic targets for prevention of bone metastasis and/or halting the vicious cycle of bone
destruction. In addition to Hh signaling, Notch signaling has been implicated in bone
metastasis, and the Notch ligand Jagged1 drives tumor progression in bone.?® A subsequent
study developed a Jaggedl antibody that not only reduced incidence of bone metastasis, but
also sensitized the tumor to chemotherapy and reduced tumor recurrence.®' Another recent

study showed that crosstalk between ROR1-HER3 and the Hippo-YAP pathway promotes
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breast cancer bone metastasis and identified multiple new therapeutic targets for inhibition.3?
While these tumor-targeted approaches offer the potential of reducing tumor burden in bone,
inter-patient heterogeneity may limit their ability to benefit all bone-metastatic cancer
patients.®? In patients with metastatic cancer, PTHrP is expressed in > 90% of bone-residing
tumors compared to < 20% at non-bony sites.®* Similarly, we show that Gli2 is also
overexpressed in bone-metastatic tumors from various primary sites (Fig. 1A-B). The
prevalence of Gli2 and PTHrP expression in bone suggests that GANTS8 treatment is likely
to be effective in a broad spectrum of patients suffering from bone metastases, which is
supported by our observations of bone protection by GANTS58-NPs across both breast and
lung cancer models. Thus, combined delivery of GANTSS, which blocks the transition to the
bone-destructive phenotype, with targeted therapies or conventional chemotherapeutics that
block tumor growth in the bone marrow could potentially slow the progress of TIBD and

improve patient quality of life.

4.5. Conclusion

Polymeric NP encapsulation of GANTS58 provided an injectable aqueous dispersion that
significantly decreased bone lesions and increased trabecular bone volume in two breast
cancer models of bone metastasis (intratibial and intracardiac). Importantly, GANTS58-NPs
did not alter hMSC proliferation or osteoblast mineralization, essential processes for bone
remodeling and fracture repair in cancer patients. Pharmacokinetic and biodistribution
analysis showed the GANTS58-NPs exhibit an extensive circulation time, preferentially
localize at the tumor site, and show no evidence of cytotoxicity in the liver or kidneys, the
major organs through which the GANTS58-NPs are cleared. Thus, the efficacy and safety

profile of GANTS58-NPs highlight its potential as a new therapy for patients with TIBD.

123



4.6. Supplementary Information

Table S4.1. Clinical features of patient tumor samples.

Patient Age Primary . . - Chemo- Radio- Pathologic
ID (vears) Gender Site Histological Type Metastatic Site therapy therapy Fracture
45478 38 F Soft Tissue Myxoid sarcoma - Y N N
45479 69 M Soft Tissue Myxoid sarcoma - N N N
52086 22 M Soft Tissue Synovial sarcoma - Y N N
50892 58 F Bone Ewing's sarcoma Kidney Y Y N
48233 59 F Breast Carcinoma* Humerus N Y Y
48538 80 F Breast Carcinomat Femur N Y Y
51392 69 F Breast Carcinomai Femur Y Y Y
48081 55 M Kidney Renal cell carcinoma Femur Y Y Y
48459 73 M Kidney Renal cell carcinoma Humerus N N N
48640 77 M Kidney Renal cell carcinoma Femur N N N
48641 77 M Kidney Renal cell carcinoma Tibia N N N
48909 50 M Kidney Renal cell carcinoma Femur N N Y
Non-small cell
49652 63 F Lung carcinoma Humerus Y Y Y
Non-small cell
53159 77 M Lung carcinoma Humerus Y Y N
Squamous cell
52963 69 M Lung carcinoma Humerus N N Y
Squamous cell
53107 67 M Lung carcinoma Femur Y Y Y
50080 80 M Prostate Adenocarcinoma Femur Y N N
48089 54 F Thyroid Follicular carcinoma Pelvis Y Y N
52766 69 M Thyroid Follicular carcinoma Pelvis N N Y
Squamous cell
49224 29 F Unknown carcinoma Fibula Y Y Y

ER: estrogen receptor; PR: progesterone receptor; HER2: human epidermal growth factor receptor 2

*Receptor status unknown; tER+/PR+; {ER+/PR-/HER2+
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Figure S4.2. H20: concentration-dependent release of Nile red (NR) from NPs. H20: concentrations were

chosen to include physiologically relevant ROS concentrations (~100-400 mM) based on calculations from
published values for macrophage ROS generation rates.
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Figure S4.3. Western blots of Gli2 cytoplasmic protein after 72 hr treatment with (A) free GANTSS8 and
(BY GANT58-NPs.
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CHAPTER 5

V. BONE-TARGETED POLYMERIC NANOCARRIERS IMPROVE EFFICACY OF GLI-

INHIBITOR IN BLOCKING TUMOR-INDUCED BONE DESTRUCTION

Adapted from:
Vanderburgh, JP, Gupta, MK, Wang, SK, Moyer, KE, Merkel, AR, Guelcher, SA, Rhoades, JA,
Duvall, CL. “Bone-Targeted Polymeric Nanocarriers Improve Efficacy of Gli-Inhibitor in
Combatting Tumor-Induced Bone Disease.”
5.1. Abstract

Breast cancer patients are often at high risk for bone metastasis. Metastatic bone disease is a
major clinical problem that leads to a reduction in mobility, increased risk of pathologic fracture,
severe bone pain, and other skeletal-related events (SREs). Our previous studies have demonstrated
that the small molecule Gli-antagonist GANTS58 is a potent inhibitor of parathyroid hormone-related
protein (PTHrP) — a major driver of osteoclast-mediated bone destruction — and systemic delivery in
a nanoparticle formulation significantly reduced tumor-induced bone destruction in mouse models
of bone metastasis. In vitro studies suggested GANTS58 would also reduce tumor burden in vivo,
however no effect on tumor burden was observed. In this study, we designed a bone-targeted
nanoparticle formulation (BTNP) comprising an amphiphilic diblock copolymer of poly(propylene
sulfide)-b-poly(alendronate-co-dimethylacrylamide) (PPS-b-P(Aln-co-DMA) to encapsulate and
preferentially deliver GANTS8 to bone. Development of a GANTS58-BTNP combinatorial library
yielded a lead candidate formulation with optimal bone-binding in vivo, with the lead candidate
formulation exhibiting a 2-fold increase in bone localization over the non-targeted formulation. In an
intracardiac model of breast cancer bone metastasis, GANT58-BTNPs treatment led to a 3-fold
decrease in lesion area and 2.5-fold increase in bone volume fraction in the tibiae of mice.
Histological analysis revealed spatial heterogeneity in Gli2 expression in the bone-tumor

microenvironment, with significantly higher Gli2 expression in tumor near the epiphyseal plate over
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tumor in the distal tibia. These findings suggest GANTS58-BTNPs act as a potent tumor-mediated
osteoclast inhibitor; however spatial heterogeneity limits its efficacy as an antitumor treatment. Thus,
GANTS58-BTNP is a potential therapy for blocking tumor-induced bone destruction in bone-

metastatic patients.

5.2. Introduction

Breast cancer remains the second leading cause of cancer-related deaths among female
cancer patients.! Despite advances in early screening and adjuvant therapy, many breast
cancer subtypes remain elusive and currently lack any targeted therapies. Metastasis is the
major prognostic factor for breast cancer patient survival, and breast tumors have a striking
propensity for metastasis to bone with over 70% of patients presenting with bone metastases
at post-mortem.? Patients presenting with bone metastases often experience significant
skeletal complications including bone pain, increased risk of pathological fracture, and a
reduction in mobility that significantly reduce quality of life, and thus treating tumor-induced
bone disease (TIBD) remains a large clinical challenge.> Current treatment strategies for
TIBD include antiresorptives such as bisphosphonates and the RANKL inhibitor,
denosumab. While these agents inhibit osteoclast activity and subsequent bone resorption,
they have no effect on tumor burden nor do they selectively obstruct the vicious cycle, and
thus do not improve overall survival.*® Therefore, there remains a compelling need for
treatments that target the tumor directly to reduce tumor burden and tumor-induced bone
destruction while limiting off-target effects.

Once established in bone, breast cancer cells disrupt normal bone remodeling to initiate
a vicious cycle of TIBD.” Specifically, tumor cells in the bone microenvironment secrete

parathyroid hormone-related protein (PTHrP) which increases osteoblast expression of
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receptor activator of nuclear factor kappa-B ligand (RANKL) and drives subsequent
osteoclast-mediated resorption of the bone matrix. Consequently, the release of matrix-
bound growth factors like transforming growth factor beta (TGF-B) further stimulate tumor
growth and osteolytic bone destruction, thus propagating the cycle.?

Multifunctional polymeric nanoparticles (NPs) have emerged as effective carriers that
improve the pharmacokinetic (PK) profile of small molecule drugs over conventional
formulations. Polymeric carriers have seen clinical success in cancer therapy due to their
ability improve circulation time and more recently, the ability to selectively target tumors.’
Advances in polymer science toward environmentally-responsive and tunable polymer
formulations have improved target-specific drug delivery and broadened the frontiers of
nanomedicine applications. Cancer nanomedicines have been widely reported in literature
as carriers for chemotherapeutics, however more recent research has demonstrated their
potential as delivery vehicles for molecularly targeted agents (MTAs) and RNA interference
(RNAI) therapies.!"!® These targeted therapies offer multiple benefits over traditional
cytotoxic agents. Most notably, their selectivity for inhibiting tumor-associated molecular
entities, or genetic sequences in the case of RNAI, often leads to minimal normal tissue
toxicity, thus improving the therapeutic index (TI), the ratio of the amount of agent that
causes therapeutic effect to the amount that causes toxicity.!” Efficient bone-targeting of

nanomedicines has also been successfully implemented using myriad chemistries including

18-21 22-24

bisphosphonates'®2!, anionic peptides?*?4, carboxylic acids?’, and other phosphate-
containing moieties.®

Previous work from our lab demonstrated that encapsulation of the small molecule Gli-
inhibitor GANTS58 — which blocks PTHrP expression and obstructs the vicious cycle of

TIBD — in an NP formulation improved protection from tumor-induced bone destruction
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upon systemic administration in mouse models of bone metastasis. Further, GANT58 was
found to obstruct tumor proliferation in vitro, however these findings did not translate in
Vivo.

In this work, we hypothesized that conferring bone-affinity to the NP corona could
improve therapeutic efficiency of GANTS8 by localizing GANTSS to the bone-tumor site.
We further hypothesized that if GANTS58 was present in sufficient concentration at the bone
site prior to tumor establishment, GANTS58 could prevent tumor establishment and
subsequent growth in vivo. To this end, we developed and characterized a bone-targeted
nanoparticle (BTNP) chemistry and tested the new formulation in a mouse model of bone

metastasis for its ability to block both bone destruction and tumor burden.

5.3. Materials and Methods

Cell Lines and Reagents: The human breast cancer cell line MDA-MB-231 was obtained
from ATCC and a bone metastatic variant generated in our lab was used for all in vitro and
in vivo experiments, as previously published.>**° Human mesenchymal stem cells (hMSCs,
Extem Biosciences) were maintained in Mesenchymal Stem Cell Growth Medium 2
(PromoCell). MDA-MB-231 cells were maintained in DMEM (Cell-gro) plus 10% Fetal
Bovine Serum (FBS; Hyclone Laboratories) and 1% penicillin/streptomycin (P/S;
Mediatech). All cell lines are routinely tested for changes in cell growth and gene expression.
GANTS58 was purchased from Santa Cruz Biotechnology (Dallas, TX, USA), all other
reagents were purchased from Sigma Aldrich (St. Louis, MO, USA) unless otherwise
specified.

Synthesis of hydroxyl end-functionalized poly(propylene sulfide) (PPSi3s-OH): A

terminal hydroxyl end functional poly(propylene sulfide) polymer was synthesized by
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anionic ring polymerization of three membered cyclic propylene sulfide monomer using
DBU/1-buthane thiol followed by an end-functionalization with 2-iodoethanol. In brief, 1,8-
diazabicyclo[5.4.0Jundec 7-ene (DBU) (3 mmol, 0.46 g, 0.45 mL) in dry THF (15 mL) was
transferred to a heat dried and nitrogen flushed 100 mL round bottomed flask and degassed
for 30 min. The flask was submerged into an ice bath, and a degassed solution of 1-butane
thiol (1 mmol, 0.122 g, 0.138 mL) in THF (10 mL) was added drop wise at 0 °C. After 30
min, freshly dried, distilled, and degassed propylene sulfide (135 mmol, 9.99 g, 10.56 mL)
monomer was added to the reaction mixture, and temperature was maintained at 0 °C for
another 30 min. The polymerization was carried for another 150 min, quenched by addition
of degassed 2-iodoethanol (4 mmol, 0.68 g, 0.311 mL), and stirred overnight at RT. The next
day, the polymer mixture was filtered to remove precipitated salt, and the filtered solution
was concentrated under vacuum. The crude polymer was purified by three precipitations into
cold methanol (100 mL) from dichloromethane (10 mL) before being vacuum-dried to yield
a colorless viscous polymer. The formation of polymer with a terminal hydroxyl
functionality was characterized by IH NMR and GPC. '"H NMR (400 MHz; CDCls): 8(ppm)
1.3-1.4 (s, CH3), 2.5-2.8 (s, -CH), 2.8-3.1 (s, CH»), 3.72 (q, CH2-OH). (PPS135-OH, Mn =
9,700 g/mol, PDI =1.32).

Synthesis of  poly(propylene sulfide)-4-cyano-4-(ethylsulfanylthiocarbonyl)
sulfanylpentanoic acid (PPS;35-ECT): The PPS-based reversible addition—fragmentation
chain-transfer (RAFT) macro chain transfer agent (CTA) was prepared using a Steglich
esterification reaction between carboxyl-terminated ECT (RAFT agent) and the terminal
hydroxyl groups of the PPSi35-OH. To a dried flask, PPS;35-OH (6.0 g, 0.6 mmol), ECT
(0.628 g, 2.4 mmol), and 4-dimethylaminopyridine (DMAP, 0.021 g, 0.18 mmol) were

transferred and dissolved in DCM and degassed for 15 min. To this flask, N,N'-
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dicyclohexylcarbodiimide (DCC, 0.495 g, 2.4 mmol) was added and stirred at RT for 24h.
The polymer mixture was filtered to remove precipitated dicyclohexyl urea and concentrated
under vacuum. The crude polymer mixture was diluted with DCM (10 mL) and subsequently
purified by three precipitations into 250 mL of cold methanol. 'H NMR (400 MHz; CDCl3):
d(ppm) 1.35 (t, 3H, —S—CH>—CH3), 1.3-1.4 (s, 3H, CHs), 1.88 (s,~C(CN)—CH3), 2.4-2.67
(m, 4H, —CH>—CH>—S), 2.5-2.8 (broad s, S-CH), 2.8- 3.1 (broad s, 2H, CH»), 3.34 (q,
—S—CH,—CHs), 4.2 (t, -OCH2-CHz). (PPS135-ECT, Magpc = 9,900 g/mol, PDI =1.32).

Synthesis  of  poly(propylene  sulfide)-b-poly(pentafluorophenyl  acrylate-co-
dimethylacrylamide) PPS;35-b-P(PFPA.-co-DMA,);s50: The diblock copolymer PPSi3s-b-
P(PFPAx-co-DMAy)150 was synthesized via RAFT polymerization using AIBN as the
initiator at a 5:1 molar ratio of PPS135-ECT to AIBN. In a 10 mL round-bottom reaction
flask, PPSi35-ECT (0.3 g, 0.03 mmol) was co-dissolved with stoichiometric amounts of
pentafluorophenyl acrylate (PFPA) and dimethylacrylamide (DMA) in 1:1 DMF to 1,4-
dioxane (4 mL) to achieve a final second block chain length of 150, where the PFPA amount
was varied from 0 to 100% PFPA in the 150-unit second block with the balance DMA. A
solution of AIBN (0.98 mg, 0.006 mmol) in 1,4-dioxane was added to the reaction mixture
and degassed for 15 min by bubbling ultrahigh purity nitrogen through the reaction mixture.
The reaction flask was then submerged in a 70°C oil bath and polymerization was allowed
to proceed for 24 h. The final polymerization mixture was precipitated twice in cold diethyl
ether and dried under vacuum overnight to yield a light-yellow polymer.

Synthesis of PPSi35-b-P(Alnx-co-DMA,)150 and  fluorescent PPS;3s5-b-P(Alny-co-
DMA,)150: The amine-reactive PFPA group of PPS135-b-P(PFPAx-co-DMAy)150 was used to
graft alendronate (Aln), an amine-terminated bisphosphonate, to the polymer backbone.

PPS135-b-P(PFPAx-co-DMAy)150 (0.013 mmol, 0.3 g), triethylamine (0.013 mmol, 1.8 pL),

140



Aln (10% excess of PFPA molar content) were added to a dry round-bottom flask and
dissolved in DMSO (4 mL) and submerged in a 50°C oil bath. The amine-conjugation was
allowed to proceed for 24 h at 50°C. The reaction contents were then dialyzed against
deionized water for 48 h followed by lyophilization. For fluorescent-labeling of polymers,
Cy7-amine or Cy5-amine (0.013 mmol) was added to the reaction flask prior to Aln addition
and reaction allowed to proceed 24 h. To the same reaction flask, Aln was then added and
reaction proceeded as described. The resulting polymer was then dialyzed first against
methanol for 48 h until disappearance of fluorophore color and then against deionized water
for 48 h.

GANTS58-BTNP  synthesis and characterization: GANTS58-loaded nanoparticles
(GANTS58-BTNPs) were formed by either the bulk solvent evaporation method or
nanoprecipitation method. PPS135-b-P(Alnx-co-DMAy)150 was co-dissolved with GANTS8
in chloroform (solvent evaporation) or methanol (nanoprecipitation) and added dropwise to
a vial containing vigorously-stirring phosphate-buffered saline (PBS, 1 mL). For the solvent
evaporation method, the oil-in-water biphasic solution was left stirring overnight to
evaporate the chloroform and allow for micelle formation. For nanoprecipitation, the
solution was allowed to stir for 1 h, after which the methanol was removed from the solution
via rotary evaporation. The resulting micelle solution was passed through a 0.45 pm syringe
filter producing the final GANTS58-BTNP formulation. The same technique, excluding
addition of GANTSS, was used to create empty PPSi35-b-P(Alnx-co-DMAy)150 micellar
nanoparticles (Empty-BTNPs). Dynamic light scattering (DLS) was used to measure the
hydrodynamic diameter (Dn) and zeta potential (£) of the GANTS58-BTNPs and Empty-
BTNPs via a Malvern Zetasizer Nano-ZS (Malvern Instruments Ltd., Worcestershire, UK)
equipped with a 4 mW He-Ne laser operating at A = 632.8 nm. Transmission electron
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microscopy (TEM) samples were prepared as previously described.?® Briefly, 5 puL of
GANT58-NPs were added to a pure carbon TEM grid (Ted Pella, Inc., Redding, CA, USA),
blotted dry after 60 s, and counterstained with 1% uranyl acetate for 20 s. After vacuum
drying, the grids were imaged on an FEI Tecnai Osiris microscope operating at 200 kV for
TEM and Scanning Transmission Electron Microscopy Energy Dispersive X-ray
Spectroscopy (STEM-EDS).

GANTS58 loading and encapsulation was quantified utilizing the fluorescence properties
of GANTS58. Aliquots of GANTS58-BTNPs in PBS (50 uL) were added in triplicate to a 96-
well plate and dissolved by adding an equal volume of DMF. On the same plate, a standard
of GANTS58 in the same solvent (1:1 DMF:PBS) was prepared. Fluorescence intensity of
GANTS8 (ex. 485 nm, em. 590 nm) was measured on a micro plate reader (Synergy H1,
Biotek, Winooski, VT) and GANTS58 concentration was calculated from the standard curve.

Critical micelle concentration (CMC) determination: The critical micelle concentration
was determined as previously described.?’° Nile Red (NR) was substituted for GANT3S as
the loaded species due to its lipophilic fluorescence properties and its similar molecular
weight to GANTSS8. NR is ideal for identifying intact micelles due to its fluorescence in
hydrophobic environments and minimal fluorescence in aqueous environments. Nile Red
(NR)-loaded PPSi35-b-P(Alns-co-DMAy)i150 micelles (NR-BTNPs) were prepared by the
described bulk solvent evaporation method. Serial dilutions of the NR-NPs were prepared in
PBS and NR fluorescence (ex. 535 nm, em. 612 nm) was read on a micro plate reader
(Synergy H1, Biotek, Winooski, VT). The CMC was defined as the intersection point on the
semi-log plot of NR fluorescence versus polymer concentration as previously described.*

BTNP Stability Measurements: BTNP stability was tracked by measuring BTNP

hydrodynamic diameter in salt and serum using DLS. BTNPs were incubated at a
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concentration of 100 pg/mL in solutions of NaCl (0.5M) or fetal bovine serum (FBS, 50%
in PBS) and incubated for 2 h prior to DLS measurements. Hydrodynamic diameters were
compared to control BTNP solutions prepared in PBS. Serum stability was further
investigated using a Forster resonance energy transfer (FRET) based assay described
previously.?>! Briefly, BTNPs were co-loaded with the FRET pair Dil and DiO and
incubated in 50% FBS. Fluorescence measurements were taken at emission wavelengths of
517 nm and 573 nm after excitation at 480 nm over an 8 h time period on a fluorescence
micro plate reader. FRET efficiency was calculated as

I
% FRET = — 0

x 100
Is73+1s515

Macrophage Uptake: RAW 264.7 macrophages were seeded at 25,000 cells/well in a 24-
well plate. After 24 h, cells were incubated with DMEM containing 1 mg/mL Cy5-grafted
GANTS58-BTNPs for 4 h. Cells were then washed 3x with PBS containing 1% bovine serum
albumin (BSA), harvested using a cell scraper, and pelleted. Cell pellets were resuspended
in PBS containing 0.04% trypan blue and run through a flow cytometer (BD LSR Fortessa,
BD Biosciences, Franklin Lakes, NJ, USA). Cy5 fluorescence (ex. 640 em. 670) was
monitored and 1,000 cells collected for each measurement and mean CyS5 fluorescence was
normalized to original BTNP solution fluorescence. Untreated RAW 264.7 cells were used
as negative controls.

Hydrogen peroxide- (H>0:-) dependent drug release: The ROS-responsive behavior of
the BTNPs was assessed as described previously, using H>O» as the ROS-species.?’ Briefly,
NR-BTNPs prepared as described were exposed to a range of concentrations (1-2000 mM)
of H2O:. Fluorescence intensity of NR was monitored in a 96 well plate using a micro plate

reader (Synergy H1, Biotek, Winooski, VT). Release of the NR due to NP oxidation and
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destabilization was assessed over time based on disappearance of NR fluorescence. The loss
of fluorescence for each sample at each time point was determined by subtracting the
fluorescent value from that of the sample prior to H>O: addition, and the percent fluorescence
remaining was determined by normalization to the same value (before addition of H20»).
This value for percent fluorescence remaining was subtracted from 100% and expressed as
a percent release for each sample at each time point.

Biodistribution: Athymic female nude mice (4-6 weeks old, Envigo) were injected with
GANTS58-loaded Cy7-grafted PPSi135-b-P(Alnis-co-DMA135) (GANTS58-Cy7BTNPs) via tail
vein injection (8 mg/kg GANTSS). Mice were then sacrificed at 8h post NP-injection. Organs
and long bones (forelimbs, hindlimbs, and spine) were imaged on a Pearl Near-IR imager
(Licor) and the images were analyzed using ROI analysis in the Licor software.

Orthotopic Mouse Model of Late Bone Metastasis: Athymic female nude mice (4-6
weeks old, Envigo) were anesthetized by continuous isoflurane and inoculated with 1x10°
GFP-expressing MDA-MB-231 cells resuspended in PBS via intracardiac injection into the
left cardiac ventricle using a 27-gauge needle, as previously described.®? Mice were then
treated 5x per week via 100 pL tail vein injections with GANTS8-BTNPs (10% Aln
formulation, 8 mg/kg, n=12), GANTS58-NPs (0% Aln formulation, 8 mg/kg, n=12), unloaded
BTNPs of the same formulations (10% Aln and 0% Aln, n=12 per group), or PBS (control).
Mice were imaged weekly to track tumor progression and sacrificed at 4 weeks.

Radiographic Imaging: Mice were radiographically imaged weekly beginning 1-week
post-tumor cell inoculation using a Faxitron LX-60. Specifically, mice were anesthetized
with isoflurane laid in a prone position on the imaging platform. Images were acquired at 35

kVp for 8 seconds. Lesion area and number were measured using quantitative image analysis
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software (Metamorph, Molecular Devices, Inc.) by region of interest analysis. All data are
represented as mean lesion area and number per mouse.

Micro-Computed Tomography: Tibiae were analyzed using a high-resolution uCT 50
system (Scanco Medical). Tomographic images were acquired at 70 kVp with an isotropic
voxel size of 12 pm and at an integration time of 300 ms. Scans were acquired with hindlimbs
in 70% ethanol. pCT images were reconstructed, filtered (¢ = 0.2, support = 1.0) and
thresholded at 230. Tibiae and femur were contoured using the Scanco software algorithm
starting 10 slices below the growth plate and continued 100 slices in the distal direction.
Images were analyzed using the Scanco Medical Imaging software to determine the
morphometric parameters.

Bone Histomorphometry: Tibiae were removed during autopsy and fixed in 10% neutral-
buffered formalin (Fisher Scientific) for 48 hours at room temperature, after which they were
stored at 4°C in 70% ethanol. Bone specimens were decalcified in 10% EDTA for 2 weeks
at 4°C and embedded in paraffin. Bone sections (5-um thickness) were stained with
hematoxylin & eosin (H&E), orange G, and phloxine. Tumor burden in the tibiae was
examined under a microscope and quantified using Metamorph software (Molecular
Devices, Inc.) and region of interest analysis. For osteoclast analysis, bone sections were
stained for Tartrate-Resistant Acid Phosphatase (TRAP) utilizing a substrate incubation step
(0.2 mg/mL Napthol AS-BI) followed by a color reaction (25 mg/mL Pararosaniline dye) to
form a bright red stain in TRAP-positive cells. Sections were then counterstained with
hematoxylin, coverslipped, and examined under a microscope and quantified using
OsteoMeasure software (OsteoMetrics, Decatur, GA, USA).

Immunohistochemistry: Bone sections (5-um thickness) were deparaffinized in xylene

and rehydrated with graded alcohol solutions, followed by antigen retrieval in 10 mM
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sodium citrate buffer at 80°C for 30 min. Sections were then blocked with VECTASTAIN
Elite ABC blocking buffer (Vector Laboratories) in phosphate-buffered saline (PBS)/0.1%
Tween-20 for 1 hr and incubated with rabbit polyclonal anti-Gli2 primary antibody (1:500,
Novus Biologicals) overnight at 4°C. The VECTASTAIN Elite ABC HRP Kit with
biotinylated goat anti-rabbit secondary antibody and the ImmPACT NovaRED Peroxidase
Substrate Kit (Vector Laboratories) were both used according to the manufacturer's protocol.
After counterstaining with hematoxylin, tumor sections were mounted with Cytoseal XYL
(Thermo Scientific) and imaged using an Olympus BX41 microscope equipped with an
Olympus DP71 camera. Gli2-positive staining was quantified using Metamorph software
(Molecular Devices, Inc.). Ki67 immunohistochemical staining was performed by the
Vanderbilt Translational Pathology Shared Resource (TPSR) per established protocols.
Proliferation Assay: MDA-MB-231-bone cells were seeded in a 96-well plate at 2,000 cells/well
in triplicate. Half of wells were pre-coated with 0.5 mm GelMA as a compliant substrate. Vehicle
(DMSO) or GANTS5S (40 uM) were introduced to wells after 24 hr. Cell proliferation was determined
by MTS assay using the CellTiter 96 Aqueous Non-Radioactive Cell Proliferation Assay kit
(Promega) per the manufacturer’s instructions. Absorbance values were measured on a plate reader

at optical density (OD) 490 nm and normalized to no cell controls in the respective GeIMA coated

and uncoated wells.

5.4. Results and Discussion

Five diblock copolymers were synthesized comprising a core-forming block of
polypropylene sulfide (PPS) to a degree of polymerization of approximately 135 (10 kDa).
PPS has previously been shown to efficiently encapsulate hydrophobic small molecules and

elicit minimal toxicity upon systemic administration, and was thus chosen as the
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hydrophobic block.?’-*° Further, PPS is responsive to reactive oxygen species (ROS), which
is prevalent in inflamed tissues such as tumor.*'? The sulfide in PPS reacts with radical
oxygen provided by ROS to create sulfoxides and sulfones. This causes a phase transition of
the polymer from hydrophobic to hydrophilic, resulting in disassembly of the micelle and
subsequent cargo release. The PPS block was synthesized via anionic polymerization and
conjugated to the RAFT chain transfer agent (CTA) 4-cyano-4-(ethylsulfanylthiocarbonyl)
sulfanylpentanoic acid (ECT) as previously described to create the RAFT macro-CTA

PPS135-ECT.2830
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Figure 5.1. GANTS58-BTNP synthesis, fabrication and TEM characterization. (A) Synthesis of PPSi3s-
b-P(Aln-co-DMA )50 polymer and subsequent BTNP micelle fabrication. (B) Aln (X, magenta):DMA (Y,
green) content in polymer formulations synthesized for analysis. Resulting formulations denoted by their
%Aln in the coronal block (0%Aln, 2%Aln, 5%Aln, 10%Aln, 100%Aln) (C) STEM-EDS characterization
of 10%AlIn formulation using chemical mapping and EDS line scan over length of single micelle (yellow
arrow, analysis on bottom left). Sulfur (blue), oxygen (green), phosphorus (magenta) used as signatures for
PPS, DMA, and Aln, respectively. (D) EDS spectra of 10%Aln and 0%Aln formulation and respective

sulfur (S) and phosphorus (P) characteristic peaks.
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The PPSi35-ECT was then employed for the RAFT polymerization of a second,
hydrophilic block consisting of a random copolymer of dimethylacrylamide (DMA) and
pentafluorophenyl acrylate (PFPA) intermediate which was subsequently reacted with the
bone-binding bisphosphonate, alendronate (Aln), resulting in PPS135-b-P(Alnx-co-DMAy)1s0
(Figure 5.1A). DMA was chosen due to its hydrophilicity, low toxicity, and its short pendant
chain length so as to not sterically hinder the activity of the bone-targeting ligand.** PFPA
was incorporated into the hydrophilic block to act as a reactive intermediate for grafting the
bone-targeting ligand due to its highly amine-reactive pentafluorophenyl group. This second
block consisting of DMA and PFPA was chain-extended to the PPS block to a total degree
of polymerization of approximately 150 (14 kDa). The stoichiometric ratio of DMA:PFPA
in the coronal block was varied to create five diblock copolymer formulations: 150:0 (0%
PFPA), 49:1 (2% PFPA), 19:1 (5% PFPA), 9:1 (10% PFPA), and 0:150 (100% PFPA). The
Aln was then grafted to the coronal block via the amine-reactive PFPA intermediate and the
primary amine of Aln. Aln was chosen as the bone-targeting moiety due to its well-
documented bone-binding affinity and its accessible terminal primary amine for reactivity
with the PFPA group.!®!93435 While it was not chosen for its therapeutic activity, it is
important to note that alendronate is a clinically-approved osteoclast inhibitor.>® The final
Aln content was dependent on the PFPA content in the polymer precursor, and resulted in
the five final polymer formulations denoted by the Aln content in the coronal block: 0%, 2%,
5%, 10%, and 100%Aln (Figure 5.1B). For fluorescently-labeled BTNPs, a 1:1 mol ratio
(dye:polymer) of Cy5-amine or Cy7-amine fluorescent dyes were grafted to the PFPA block
prior to addition of Aln.

Nanoparticles were formed by a bulk solvent evaporation method or a nanoprecipitation

method to create GANTS58-loaded PPS135-b-P(Aln-co-DMA )50 bone-targeted nanoparticles
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(GANTS58-BTNPs). The GANTS8-BTNPs were observed via transmission electron
microscope (TEM) in order to confirm the GANTS58-BTNPs assume the hypothesized
micellar morphology. TEM images indicate the GANTS58-BTNPs have a spherical
morphology and a diameter of approximately 60 nm in their dehydrated form, and
approximately 100 nm in hydrodynamic diameter as measured by dynamic light scattering
(DLS) (Figure S5.1). Chemical mapping using Energy Dispersive X-Ray Spectroscopy
(EDS) in scanning TEM (STEM) was used to assess chemical content of the BTNPs. Sulfur
(blue) was used as the chemical signature for PPS, oxygen (green) for DMA and Aln, and
phosphorus (magenta) for Aln. Using these chemical signatures, the BTNP morphology of
the 10%AlIn formulation was shown to have a sulfur-rich core, and a corona rich in oxygen
and sparsely-decorated with phosphorus, suggesting the Aln is randomly interspersed
throughout the coronal block (Figure 5.1C). Further, the EDS spectra demonstrates that the
10%Aln formulation has a significant phosphorus peak, whereas the 0%Aln formulation
(Figure S5.2A) lacks a significant phosphorus peak (Figure 5.1D, Figure S5.2B). This
suggests the phosphorus signature is indicative of Aln and that it is only present in
formulations consisting Aln.

Using the five polymer formulations, the two fabrication methods and varying
drug:polymer ratios, a BTNP library was created to identify an optimal formulation based
on size, zeta potential, and drug loading (Figure 5.2). The hydrodynamic diameter and zeta
potential of the BTNPs were assessed by DLS and GANTS58 loading was measured by
GANTSS8 fluorescence (ex. 485 nm em. 590 nm) and calculated via a standard curve.
GANTS8-BTNPs of all polymer formulations exhibited hydrodynamic diameters of
approximately 100 nm aside from the 100%Aln formulation which exhibited diameters of

approximately 200 nm (Figure 5.2A). As expected, BTNPs formed by the nanoprecipitation
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method exhibited, on average, smaller diameters (96.9 + 23.5 nm) than the solvent
evaporation method (115.1 £ 21.6 nm) and drug loading had no significant effect on particle
size. The surface charge of the BTNPs, as measured by zeta potential, was Aln content-
dependent, with increasing Aln content leading to more negative surface charge due to the
electronegativity of the constituent phosphate groups in Aln (Figure 5.2B). GANTS58 was
loaded at drug:polymer ratios of 1:2 (high), 1:4, and 1:10 (low) into the organic phase during
micelle fabrication, and GANTS58 loading and encapsulation efficiency was measured by
GANTS5S fluorescence (ex. 485 nm em. 590 nm) and calculated via a standard curve (Figure
5.2C&D). The average loading and encapsulation efficiency were significantly higher in
BTNPs synthesized via the solvent evaporation method across all drug:polymer ratios. We
surmised that despite the marginally smaller size of the nanoprecipitation-prepared BTNPs,
the increased loading achieved in the BTNPs prepared by solvent evaporation rendered it the
optimal fabrication method. Thus, we prepared BTNPs via the solvent evaporation method

for all subsequent experiments.
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Figure 5.2. BTNP combinatorial library comparing BTNPs with varying Aln content, fabrication
methods, and drug:polymer ratios. (A) BTNP hydrodynamic diameter and (B) zeta potential as measured
by DLS. (C) BTNP GANTS8 loading and (D) encapsulation efficiency as measured by GANTSS8
fluorescence.

Nanoparticle stability in vivo is essential to maximizing nanoparticle circulation time and
subsequent accumulation in the bone. Dilution of the nanoparticles upon systemic
administration can lead to nanoparticle disassembly due to NP concentration dropping below

the critical micelle concentration (CMC).3”-*® To confirm the CMC of the BTNPs was lower
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than the initial NP blood concentration, the CMC was determined by the Nile Red (NR)
method (Figure 5.3A).3° The BTNPs were determined to be approximately 0.07 mg/mL for
all BTNP formulations which is almost an order of magnitude lower than the initial NP
concentration after i.v. administration (~0.5 mg/mL). Each BTNP formulation was also
stable in high salt concentrations (0.5M NaCl) as measured by DLS, suggesting that the
combination of electrostatic and steric repulsions in the P(Aln-co-DMA) corona is resistant
to salt destabilization (Figure 5.3B).

Nanoparticle stability is also affected in vivo by opsonization of serum proteins leading
to rapid macrophage clearance.’** Thus, BTNP serum stability was investigated by
measuring both NP size and drug retention when challenged with high serum (50% fetal
bovine serum, FBS) conditions. DLS measurements showed that BTNP size was largely
unaffected by serum incubation in all Aln contents aside from 100%Aln, where the average
size increased from ~210 nm to ~330 nm (Figure 5.3C). We hypothesize that this is due to
opsonization of serum proteins to the negatively charged surface (-35 mV) of the 100%Aln
corona. To measure drug retention in the presence of serum, the FRET pair Dil and DiO
were co-loaded into BTNPs and incubated in 50% FBS (Figure 5.3D). We found that drug
retention was dependent on Aln content in the coronal block, with the 100%Aln formulation
exhibiting the fastest loss of encapsulated species, further demonstrating its instability in
serum conditions. Incubation of BTNPs in lower FBS concentrations (0, 10, 25% FBS)
resulted in similar yet less pronounced trends, with the BTNPs exhibiting high stability in
saline (0% FBS) conditions (Figure S5.3). Notably, the 10%Aln formulation exhibited the

highest stability amongst all formulations.
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Figure 5.3. GANTS8-BTNP stability and macrophage uptake. (A) Critical micelle concentration of
each BTNP formulation as measured by Nile Red method. (B) Salt stability of BTNPs in high salt
concentrations (0.5M NaCl) as measured by DLS. (C) Serum stability of BTNPs in high serum
concentrations (50% FBS) as measured by DLS and (D) FRET efficiency for drug retention in high serum
conditions. (E) Macrophage uptake assay performed using Cy5-labeled BTNPs incubated with RAW
264.7 macrophages for three hours and analyzed for cell uptake by flow cytometry.
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Nanoparticle clearance is often initiated in vivo by uptake into the mononuclear
phagocytic system (MPS).*? Thus, macrophage uptake has been implicated as a preliminary
indication of nanoparticle pharmacokinetics (PK) in vivo.**** In vitro macrophage uptake
experiments showed that the 100%Aln formulation BTNPs exhibit significantly higher
macrophage uptake than the lower Aln content formulations, suggesting significant
opsonization occurs on the 100%Aln formulation, leading to increased uptake (Figure 5.3E).
Interestingly, the 10%Aln formulation exhibits significantly less uptake than the 5%Aln and
100%AlIn formulations. This result aligns with the drug retention findings that showed the
10%Aln is more stable in serum than the other Aln formulations. We hypothesize that the
combination of steric and electrostatic repulsion in the 10%Aln formulation leads to
improved drug retention and shielding from macrophage uptake. Other studies have shown
that slightly anionic micelles avoid non-specific organ uptake and a surface charge < 15 mV
leads to minimal macrophage uptake and longer circulation times, #0434

The bone-binding kinetics of the BTNPs were assessed in vitro using nanocrystalline
hydroxyapatite (nHA) as a bone substitute. An Aln-dependent binding of BTNPs to nHA
was observed, with increasing Aln content leading to higher equilibrium nHA binding
(Figure 5.4A). Notably, the 10% Aln formulation exhibited similar binding kinetics to the
100% Aln formulation, suggesting there is a saturation concentration of Aln in the coronal
block that leads to optimal BTNP bone binding. This finding, along with the results from the
combinatorial NP library and the stability studies, led us to choose the 10% Aln formulation
as our lead candidate for in vivo studies. After incubation with nHA, 10%Aln and 0%Aln
formulations were further investigated for nHA affinity using chemical mapping in EDS-

STEM. Sulfur (blue) and calcium (white) were used as the chemical signatures for BTNPs
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and nHA respectively. 10% Aln BTNPs exhibited significant binding to nHA whereas the

0%AIn BTNPs showed no specificity or binding to nHA (Figure 5.4B, Figure S5.4).
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Figure 5.4. GANT58-BTNPs demonstrate high binding affinity to hydroxyapatite. (A) BTNP nHA
binding kinetics. Nile Red-loaded BTNPs were incubated with nHA and % nHA bound was measured by
loss in Nile Red fluorescence over time. (B) Chemical mapping in STEM-EDS demonstrates 10%Aln
BTNPs physically binds to nHA using sulfur (blue) as a chemical signature for BTNPs and calcium (white)
as signature for nHA. 0%Aln formulation demonstrates minimal nHA binding.

The ROS-responsive behavior of the NPs was investigated in vitro using H,O» as the
model ROS species and Nile Red (NR)-loaded BTNPs. The NR cargo was released in an
H>O> concentration-dependent manner with minimal cargo release at low H>O»
concentrations (Figure S5.5). Interestingly, the ROS-release was also dependent on Aln
content, with higher Aln content in the corona leading to slower drug release. We
hypothesize this is due to the electronegative Aln repelling radical oxygens that would

normally penetrate and react with the core sulfide groups.
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Figure 5.5. GANTS58-BTNP Pharmacokinetics and Biodistribution. Near-IR imaging and
quantification of Cy7 fluorescence in forelimbs, spine, hindlimbs, and soft tissue of mice treated with Cy7-
grafted BTNPs via i.v. injection after 8h circulation.

The biodistribution of the GANTS58-BTNPs for the 10% and 0% Aln formulations was
first evaluated via fluorescently labeled BTNPs. Cy7-grafted GANTS58-BTNPs were
administered via intravenous (i.v.) tail vein injection to Rag2 -/- mice. After 8 h, mice were
sacrificed and long bones (forelimbs, spine, and hindlimbs) were imaged using a near-IR
Pearl imager (Figure 5.5). Pearl image analysis software was used to quantify Cy7
fluorescence intensity in the long bones normalized to soft tissue. Cy7 fluorescence intensity
in the forelimbs, spine, and hindlimbs was > 2 fold higher in mice treated with the 10% Aln

formulation over the 0% Aln formulation.
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Based on the biodistribution studies, it was hypothesized that GANTS58-BTNPs could
provide a pretreatment platform for not only blocking bone destruction, but also tumor
establishment by localizing GANTS58 to bone prior to tumor metastasis. To test this
hypothesis, female athymic nude mice were treated via tail vein injection with either
GANTS8-BTNPs (10%AIn-GANTSS8, 8 mg/kg GANTSS), unloaded BTNPs (10%Aln),
non-targeted GANTS8-BTNPs (0%AIn-GANTS8, 8 mg/kg GANTSS), non-targeted
unloaded BTNPs (0%Aln), or no treatment control (Control) starting 3 days prior to tumor
inoculation. MDA-MB-231-bone cells were then inoculated via intracardiac injection at day

0 and treatments continued 5 times/week for 4 weeks (Figure 5.6A).
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Figure 5.6. GANTS8-BTNP treatment reduces tumor-induced osteolysis in mouse model of early
bone metastasis. (A) Tumor-inoculation and treatment timeline for intracardiac model of bone metastasis.
(B) Lesion area as assessed by radiographic analysis is significantly reduced in GANTS58-BTNP treated
mice. Yellow arrows indicate osteolytic lesions (C) pCT analysis of tibiae bone volume fraction (BV/TV)
showed significantly improved bone quality in mice treated with GANTS8-BTNPs. (D) Tartrate-resistant
acid phosphatase (TRAP) histomorphometric analysis of osteoclast (OC) number shows significantly
decreased OC number per bone perimeter in GANTS58-BTNP treated mice. Yellow arrows indicate OCs.
Scale bar: 100 pm.
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Radiographic imaging was used to track tumor progression in the hindlimbs of mice by
visualization of osteolytic lesions. Radiographic analysis prior to sacrifice at week 4 showed
the 10%AIn-GANTS5S treated mice exhibited smaller and fewer lesions compared to the
0%Aln treated and control mice (Figure 5.6B, Figure S5.6). To further assess the bone
quality in these mice, micro-computed tomography (LCT) was conducted on the tibiae after
sacrifice (Figure 5.6C). Mice treated with 10%AIn-GANTSS, 10%Aln, and 0%Aln-
GANTS58 had significantly higher bone volume fraction (BV/TV) than the 0%Aln and
control mice. These findings demonstrate that the 10%Aln BTNPs alone have a therapeutic
effect, hypothesized to be due to the osteoclast-inhibiting bisphosphonate, Aln, in the corona.
Notably, the 10%AIn-GANTSS treated mice exhibited significantly higher BV/TV than
10%AlIn and 0%AIn-GANTS5S treated mice, suggesting the effects of the of the GANTSS8
and Aln are additive. Measurement of other morphometric parameters including connectivity
density (Conn.D), trabecular number (Tb.N), trabecular separation (Tb.Sp), and trabecular
thickness (Tb.Th) also demonstrated that 10%AIn-GANTSS8 treatment significantly
improved bone quality (Figure S5.7) The functional effect of both GANTS58 and Aln
treatment is to reduce osteoclastogenesis. To determine whether the improved bone
outcomes are due to a reduction in osteoclasts, tartrate-resistant acid phosphatase (TRAP)
histological staining was conducted on the tibia samples after uCT analysis (Figure 5.6D).
TRAP staining showed that the 10%AIn-GANTS8, 10%Aln, and 0%AIn-GANTS8 treated
mice exhibited significantly fewer osteoclasts per bone perimeter (N.Oc/B.Pm) than 0%AlIn-
treated and control mice.

Previous studies have shown that Gli2-inhibition blocks tumor growth in vitro and even
in vivo when Gli2 is molecularly repressed in bone metastatic cancer cells lines. This led to

the hypothesis that blocking Gli-activity in metastatic breast tumors could obstruct their
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potential to establish in bone and adopt a bone-destructive phenotype. However,
histomorphometric analysis of the tibiae showed no significant decrease in tumor burden in
10%AIn-GANTS8 treated mice, whereas bone area quantification followed the same trends
observed in uCT (Figure 5.7A, Figure S5.8). It is important to note the large variability in
tumor burden inherent to the intracardiac model as evidenced by the large standard error.
Even with this variability in consideration, there is significant tumor burden in the 10%Aln-
GANTS8 treated mice despite high BV/TV. Based on a previous study from our lab that
demonstrated that increased matrix rigidity drives Gli2 expression in bone metastatic cancer
cell lines, we hypothesized that GANTS58-BTNP treatment is having a significant effect at
the bone interface, yet minimal effect on tumor cells in the marrow space due to a gradient
in Gli2 expression as tumor cells approach the rigid bone matrix. To test this hypothesis,
immunohistochemistry (IHC) was used to spatially investigate Gli2 protein expression in the
tibiae (Figure 5.7B). Gli2 expression significantly decreased as distance from the growth
plate increased, suggesting the trabecular bone-rich microenvironment in the metaphysis
near epiphyseal plate is driving Gli2 expression. This finding further led us to hypothesize
that GANTS58-BTNP treatment could be reducing proliferation in cells that have adopted a
bone-destructive phenotype and increased Gli2 expression. To this end, we conducted IHC
for the proliferation marker Ki67 to investigate spatial heterogeneity in tumor cell
proliferation (Figure 5.7C). It was observed that Ki67 expression was significantly lower at
the bone interface compared to the marrow space in the 10%AIn-GANTS5S treated mice,
whereas there was no observed gradient in the control mice. To further investigate these
findings, an in vitro proliferation assay was conducted on MDA-MB-231 cells cultured on
rigid, tissue culture plastic and compliant gelatin methacrylate (GelMA) gels and treated

with GANTS8 (Figure 5.7D). The proliferation assay supported the in vivo findings showing
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that GANTS8 was effective in slowing proliferation of cells on rigid substrates, yet was
ineffective on compliant substrates. Taken together, these findings support the hypothesis
that the GANTS58-BTNP treatment has minimal effects on tumor burden due to the spatial
heterogeneity of Gli2 expression within the bone-tumor microenvironment. However,
effects at the bone interface, including reduction of both osteoclast number and tumor cell
proliferation, are significant due to the high Gli2 expression near bone and high

concentration of GANTS8 due to the bone-affinity of the treatment.
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metastasis. (A) Hematoxylin and Eosin (H&E) histomorphometry demonstrates there is no significant
change in tumor burden in GANTS58-BTNP treated mice over control. Scale bar: 500 pm. (B) Gli2
immunohistochemistry shows there is a gradient in Gli2 expression as the distance from the growth plate
increases. Yellow box denotes tumor region of interest (ROI) analyzed and binned distances from growth
plate. Scale bar: 500 um. (C) Spatial quantification of Ki67 immunohistochemistry shows there is a
decrease in % Ki67 positive cells at the bone interface when treated with GANTS58-BTNPs. Shaded and
outlined regions denote bone. Scale bar: 200 pum. (D) /n vitro MTS proliferation assay at day 3 after drug
treatment shows GANTS5S treatment is effective on cells grown on rigid substrates but not on compliant
substrates.
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Toxicological safety of the GANTS58-BTNPs after treatment at therapeutic doses is key
to clinical translatability. To test the toxicological profile of the GANTS58-BTNPs, blood was
drawn at time of sacrifice for the cohort of mice in the intracardiac model study after having
received 10%AIn-GANTSS, 10%Aln, 0%AIn-GANTSS8, 0%Aln treatment or no treatment
control daily at 8 mg/kg GANTS5S8 (or equivalent dose of unloaded-BTNPs) for 4 weeks.
Biochemical analysis of blood serum markers for liver (ALT and AST) and kidney (BUN)
toxicity was performed. There was no significant increase in AST, ALT, or BUN levels
above two standard deviations from average levels reported by the animal supplier (Envigo)
(Figure S5.9).

This study built on previous findings that showed encapsulation of GANTS8 into
polymeric nanoparticles enabled its efficacy in blocking tumor-induced bone destruction in
vivo, however there was no observed effect on tumor burden. Based on conclusions drawn
from the aforementioned study, it was hypothesized that conferring bone-binding affinity to
the nanoparticle chemistry could improve site-specific delivery of GANTS58 to bone prior to
tumor establishment to enable GANTS58 to block both bone destruction and tumor
proliferation. However, the combined results from the bone and tumor outcomes of the
intracardiac model study in this work indicate that GANTS58-BTNPs serve as an effective
tumor-mediated antiresorptive therapy, but with negligible antitumor activity in vivo.

Tissues — including tumor — are known to respond to the stiffness of their
microenvironment.*’ These responses in tumor can result in phenotypic changes that alter
gene expression and cell behavior causing spatial heterogeneity within the tumor site.
Intratumor spatial heterogeneity causes complications in therapeutic targeting and has
precluded advances in personalized medicine due to unrepresentative single-tumor biopsies

in the clinic.*® Previous research in our lab has demonstrated that Gli2 expression in bone
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metastatic cell lines is regulated by matrix rigidity, and thus we hypothesized that Gli2
expression in the bone metastatic tumors could be spatially heterogeneous, with most Gli2
expression being localized near trabecular bone.*>** Indeed, Gli2 IHC demonstrated there is
a gradient of Gli2 expression within the metaphysis of the tibia (Figure 7B). The spatial
gradient suggests that, in addition to rigidity effects, there is an additional component
involved in driving Gli2 expression, considering the gradient is a function of distance from
the growth plate, not distance from bone. We hypothesize the high concentration of
trabecular bone and active bone cells — which cause release of growth factors including TGF-
B that is known to drive Gli2 expression — near the epiphysis combine to create a fertile
environment for tumor cells to adopt a bone-destructive phenotype. Further, Ki67 staining
demonstrated that GANTS58-BTNP treatment has an effect on blocking proliferation at the
bone-interface, yet no effect on cells in the marrow space (Figure 7C). Collectively, these
findings suggest the lack of GANTS58-BTNP antitumor activity in vivo is driven by
intratumor heterogeneity in Gli2 expression.

Developing a GANTS58 formulation that was highly stable in circulation and promoted
aggregation in bone in the absence of tumor were two key elements to the design of the
BTNP platform. Most polymer chemistries used in NP drug delivery systems are inherently
tunable and myriad design parameters including size, shape, surface charge and
functionalization are known to play a role in NP behavior in vivo.’! Previous studies have
demonstrated the utility of developing combinatorial NP libraries using NP characterization
techniques and in vitro screening to identify optimal NP formulations for use in vivo.*->
Here, the development of a combinatorial BTNP library was critical to identifying an optimal
formulation for in vivo studies based on BTNP size, surface charge and drug loading in

addition to bone-binding affinity in vitro. The lead 10%Aln formulation overcomes sole
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reliance on the enhanced permeation and retention (EPR) effect — the debated phenomenon
in which established, vascularized tumors allow for nanoparticle extravasation through leaky
tumor vessels®>® — for NP accumulation in the bone-tumor microenvironment through its
bone-affinity. Conferring bone-binding affinity to nanoparticle chemistries is an area of
active research with many successful examples that has been reviewed extensively.!3%4
Much of this work, however, has focused on the delivery of traditional chemotherapeutics —
such as doxorubicin, paclitaxel, and cisplatin — to bone.2!3>3 The bone marrow
microenvironment is extremely sensitive to chemotherapeutics, so targeting these
chemotherapies specifically to bone with the goal of minimizing off-target effects can lead
to significant toxicity to healthy bone cells and bone itself.’’*> GANT58-BTNPs, on the
other hand, are designed to inhibit the aberrantly activated Gli2 protein that is known to drive
bone destruction. The specificity of GANTSS8 for Gli2 had a two-fold impact: the treatment
selectively targeted a major driver of the vicious cycle to block bone destruction, and this
selectivity mitigated the systemic toxicity that is common among chemotherapies. Further,
we show the added bone-affinity of the BTNPs led to improved protection from tumor-
induced bone destruction over the non-targeted GANTS58-loaded formulation. These
findings make GANTS58-BTNPs a strong candidate for clinical translation as an alternative

to pan-osteoclast inhibitors, or as a combination therapy with other antitumor therapeutics to

improve bone quality and patient quality of life.

5.5. Conclusion
Synthesis of BTNP polymers and development of a combinatorial NP library yielded a GANTS58-
loaded lead candidate formulation that significantly reduced bone destruction in an intracardiac

mouse model of bone metastasis. The lead candidate 10%Aln formulation BTNPs demonstrated
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significant bone-binding in vivo and elicited minimal systemic toxicity upon i.v. administration with
an aggressive treatment schedule. Histological analysis elucidated spatial heterogeneity in Gli2
expression and GANT58-BTNP effect on tumor cell proliferation, and thus provided insight into the
role the bone microenvironment plays in driving tumor progression. Collectively, these findings
suggest GANTS58-BTNP is a potential therapy for TIBD patients, however combination therapy with

antitumor agents should be investigated to improve both patient quality of life and survival.

5.6. Supplementary Information
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Figure S5.1. GANTS8-BTNP size characterization. (A) Representative TEM image demonstrates the
10%Aln micelles exhibit a spherical morphology. (B) Dynamic light scattering (DLS) of 10%Aln
micelles shows the micelles have an average hydrodynamic diameter of ~100 nm.
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Figure S5.2. BTNP STEM-EDS characterization. (A) 0%Aln formulation chemical mapping using
sulfur (blue) and oxygen (green) as signatures for PPS and DMA shows a sulfur-rich core and oxygen-
rich corona. Scale bar: 40 nm. (B) Full EDS spectra of both the 10%Aln and 0% Aln formulations. Other
characteristic EDS peaks of relevant elements (from TEM grid and buffer) labeled in red.
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Figure S5.3. GANTS8-BTNP cargo retention in serum. FRET pair Dil-DiO were loaded into BTNPs and
FRET efficiency was measured at prescribed times after incubation in (A) 0% fetal bovine serum (FBS), (B)
10% FBS, and (C) 25% FBS.
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Figure S5.4. STEM-EDS characterization of in vitro nHA binding of BTNPs. (A) 10%Aln formulation
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Figure S5.5. GANTS8-BTNP ROS-mediated release characterization. H>O: concentration-dependent
release of encapsulated species from BTNPs as measured by Nile Red method.
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Figure S5.6. GANTS8-BTNPs reduced osteolytic lesion number in mouse model of early bone

metastasis. Radiographic analysis at 4 weeks post-tumor inoculation indicates mice treated with GANTS58-
BTNPs have significantly reduced number of osteolytic lesions.
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Figure S5.7. GANTS8-BTNPs reduced bone destruction in mouse model of early bone metastasis. Ex
vivo nCT analysis at 4 weeks post-tumor inoculation indicates mice treated with GANTS58-BTNPs have (A)

significantly increased connectivity density (Conn.D), (B) trabecular number (Tb.N), (C) trabecular thickness
(Tb.Th), and (D) significantly decreased trabecular spacing (Tb.Sp).
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Figure S5.8. GANT58-BTNPs treatment reduces bone destruction as measured by histomorphometric
analysis in mouse model of early bone metastasis. Hematoxylin and Eosin (H&E) histomorphometric

analysis of bone area supports uCT findings that GANTS8-BTNP treatment significantly increases
trabecular bone volume in tumor-bearing mice.
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Figure S5.9. GANTS8-BTNPs elicit minimal systemic toxicity. Biochemical analysis of serum markers of
liver toxicity (A) ALT and (B) AST, and kidney toxicity (C) BUN after 8 mg/kg GANTS58-BTNP treatment

S5x/week for 4 weeks.
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CHAPTER 6

VI. SUMMARY AND CONCLUSIONS

In this work, a trabecular-bone templated tissue-engineered bone construct (TEBC) in vitro
model was developed and polymeric nanoparticles were designed and synthesized to encapsulate and
enable systemic efficacy of the small molecule Gli2-inhibitor GANTS8 in blocking tumor-induced
bone destruction. The results from the TEBC studies demonstrate that bone microstructure affects
bone cell behavior and perfusion culture of bone and tumor cells on TEBCs can mimic dysregulated
bone remodeling in the presence of tumor. Results from in vivo testing of GANTS58-loaded polymer
nanoparticles (GANT58-NPs) and bone-targeted nanoparticles (GANT58-BTNPs) showed that Gli-
inhibition in the bone-tumor microenvironment can block tumor-induced bone destruction, however
intratumor spatial heterogeneity in Gli2 expression thwarts the antitumor effects of GANTS5S. The
findings from the in vitro model and drug delivery studies converge to demonstrate how matrix
properties (e.g. rigidity and microstructure) can alter cellular behavior and subsequent response to
therapeutics. These conclusions give impetus to further investigation into how spatial heterogeneity
drives tumor progression in bone, and the tools developed in this dissertation provide a platform to
facilitate this future work.

Development of TEBCs via a tandem pCT-3D printing method was crucial to mimicking human
trabecular bone in vitro in order to investigate how bone microarchitecture affects cell behavior as
described in Chapter 3. pCT analysis showed the TEBCs recapitulate the host bone from three
anatomic sites with high fidelity. Assessment of surface and mechanical properties indicated the
TEBCs had surface properties similar to dentin and mechanical properties within the reported range
of human trabecular bone. Human mesenchymal stem cells (hMSCs) seeded on TEBCs differentiated
toward osteoblasts (OBs) in an anatomic site-dependent manner, with more plate-like architectures

promoting faster osteogenic differentiation than rod-like architectures. These findings underscored
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the importance of recapitulating trabecular structure in in vifro models. Incorporation of the TEBCs
into a perfusion bioreactor demonstrated that the polyurethane-nanocrystalline hydroxyapatite (PUR-
nHA) material was resorbable by osteoclasts (OCs) and extended coculture of OBs, OCs, and tumor
cells resulted in measurable resorption of TEBCs. These studies lay the groundwork for using this
TEBC model to investigate how patient tumors behave in the bone microenvironment and respond
to therapeutics.

In Chapter 4, encapsulation of the small molecule Gli-inhibitor GANTS58 in a polymeric
nanocarrier (GANTS58-NP) significantly improved its bioavailability and efficacy in blocking tumor-
induced bone destruction in mouse models of bone metastasis. Characterization of the GANT58-NPs
showed the micelles exhibit an ideal size for systemic delivery of approximately 100 nm in diameter
and the GANTS58-NPs were readily taken up by tumor cells. The reactive oxygen species (ROS)-
responsive nature of the polypropylene sulfide (PPS) core was hypothesized to promote a tumor site-
specific release of GANTS58. GANTS8-NPs significantly reduced PTHrP expression and
proliferation in MDA-MB-231 cancer cells in vitro, yet had no negative effect on osteoblast activity.
GANTS58-NPs were then tested in intracardiac and intratibial models of bone metastasis. GANT58-
NP treatment significantly reduced bone destruction in both models and in both breast (MDA-MB-
231) and lung (RWGT2) cell lines, suggesting Gli-inhibition is efficacious in multiple metastatic
solid tumor types. Importantly, GANTS58-NPs elicited minimal systemic toxicity, further
strengthening its potential for clinical translation.

Results from Chapter 4 led to the hypothesis that bone-targeting of GANTS58 could enable
GANTSS to block both bone destruction and tumor burden in vivo. In Chapter 5, GANTS58-BTNPs
were synthesized using the bisphosphonate alendronate (Aln) as the bone-targeting agent. A
combinatorial NP library was developed to identify a lead candidate BTNP formulation based on
BTNP size, surface charge, and GANTS58 loading. Lead candidate BTNPs exhibited significant bone-
binding in vitro and in vivo in addition to ROS-responsivity characteristic of the core-forming PPS.

In an intracardiac model of bone metastasis, GANT58-BTNPs significantly reduced lesion area and
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improved bone volume fraction compared to non-targeted GANT58-loaded NPs and untreated mice
suggesting the bone-targeting significantly improves GANTS58 efficacy. Further, BTNPs elicited
minimal systemic toxicity even after an aggressive treatment schedule. Bone-targeted GANTS5S
treatment was hypothesized to reduce tumor burden in addition to bone destruction, however no
reduction in tumor burden was observed in vivo. Further immunohistochemical analysis
demonstrated that Gli2 expression varied spatially within the tumor, with higher Gli2 expression near
the epiphyseal plate. The high Gli2 expression near the epiphyseal plate was hypothesized to be due
to the high concentration of rigid bone matrix and growth factors such as TGF-p that are known to
drive Gli2 expression in that region. Ki67 immunohistochemical staining further showed that
GANTS58-BTNP treatment reduced tumor cell proliferation near the bone interface, suggesting Gli-
inhibition was successfully blocking proliferation at sites of high Gli2 expression. Collectively, the
results from Chapters 4 and 5 highlight that use of GANTS8-BTNP as a tumor-targeted osteoclast

inhibitor that has potential clinical translatability.
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CHAPTER 7

VII. FUTURE DIRECTIONS

The work conducted in this dissertation not only provides tools that will facilitate future work
toward understanding tumor progression in bone, but also provides valuable findings and insights
that will guide such work. This chapter will first focus on future directions toward a more thorough
and robust in vitro model using TEBCs as outlined in Chapter 3. In addition to building on the
capabilities and outcomes of the current in vitro model, incorporation of the TEBCs into a mammary
fat pad in vivo model and addition of a bone marrow component will be discussed to allow for study
of immune cell populations and their interplay with bone cells. Next, enhancements to the bone-
targeted nanoparticle chemistry will be proposed to improve the drug loading and retention and
suggestions for alternative bone-targeting agents will be provided. Finally, future uses beyond TIBD

for the BTNPs will be discussed.

7.1. TEBC In Vitro Model

Perfusion bioreactor culture of osteoblasts, osteoclasts, and tumor cells on TEBCs demonstrated
TEBCs could support coculture of these three cell types and bone resorption could be measured
gravimetrically. Future work will aim to enhance cell-mediated resorption of TEBCs by utilizing
more actively cell-degradable biomaterials in the PUR composite. While a measurable mass loss was
detected using the current PUR-nHA composite, we hypothesize that resorption greater than 2% of
the original TEBC mass will improve reliability of the resorption measurement and will also facilitate
using pCT as a secondary resorption outcome. pCT was implemented to qualitatively observe areas
of bone resorption versus new matrix mineralization, however use as a quantitative measurement was
precluded by uCT resolution and inconsistencies attributed to noise in the before and after pCT scan.

We hypothesize that more significant TEBC resorption will overcome this obstacle, although
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optimization of scanning resolution and TEBC orientation during scanning will also be critical to
realizing the use of uCT as a quantitative outcome of the in vitro model. ROS-responsive
poly(thioketal urethanes) (PTKUR) and alternative pH-responsive poly(ester urethane) (PEUR)
chemistries are hypothesized to enhance osteoclast-mediated resorption due to the high levels of ROS
and produced by mature osteoclasts and the acidic environment promoted by resorbing osteoclasts,
respectively.'™

The resorption outcomes will also be coupled with other outcomes including gene expression via
gqRT-PCR, flow cytometry, and quantification of matrix mineralization via Alizarin Red staining to
augment the utility of the model. qRT-PCR will be used to measure gene expression including
tartrate-resistant acid phosphatase (TRAP) and cathepsin-K for osteoclast activity, alkaline
phosphatase (ALP) and osteocalcin (OCN) for osteoblast activity, and G/i2 and PTHrP as bone-
destructive tumor markers. Flow cytometry will be used to sort cell types and allow for cell
population analysis including tumor burden and osteoclast number after extended culture. Alizarin
Red staining will allow for measurement of mineralization formed by osteoblasts which can be
compared between tumor-bearing and non-tumor bearing groups.

Ultimately, after augmentation of the in vifro model outcomes, patient tumors will be introduced
into the in vitro model. Tumor cells isolated from biopsies will be cultured and expanded prior to
seeding in the TEBC coculture model. We hypothesize that by culturing primary tumors from patient
biopsies in the model, some patient tumors will adopt a bone-destructive phenotype in the presence
of the bone microenvironment which will be measured by gene and resorption outcomes. Thus, this
model could be used as a diagnostic tool for assessing patient risk for developing bone metastases,

and results could guide therapeutic strategies.
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In vitro coculture on TEBCs captures the properties of trabecular bone and the behavior of
osteoblasts, osteoclasts, and tumor cells in the vicious cycle of TIBD. However, the bone marrow
component and other relevant cell populations — namely the immune populations — are omitted in the
model. The bone marrow component is distinct from the rigid trabecular bone, and tumor cell
phenotype can differ between the two, as demonstrated in Chapter 5. Further, the immune cell
populations that localize in the marrow space are known to crosstalk with bone and tumor cells.””’
Therefore, future work will aim to incorporate these important components of the bone-tumor
microenvironment by putting the TEBC model in vivo. TEBCs containing Matrigel as a marrow-like
component have been successfully implanted in the mammary fat pad of immune-competent mice
and Von Kossa staining demonstrated cells mineralizing matrix on the perimeter of the TEBCs after

30 days culture (Figure 7.1).

Von Kossa

H&E

astn

Bone Cells

T

Matrigel
Figure 7.1. TEBC mammary fat pad in vivo model. (A) Mouse-derived bone marrow stromal cells were
isolated from healthy mice and seeded onto TEBCs. Matrigel was added to the pores of the TEBCs to
introduce a marrow-like component. Cell and Matrigel-seeded TEBCs were then implanted into the

mammary fat pad. (B) Histological staining demonstrate osteoblast activity (Von Kossa) and cellular
infiltration into the TEBCs. Image provided by David Florian with permission.

Future work will aim to assess cell populations that are infiltrating into the TEBCs after in vivo

infiltration to confirm relevant immune cell populations are present. TEBCs are also hypothesized to
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resorb faster in vivo since osteoclast number is not restricted by seeding density. We therefore
hypothesize that pCT scans of TEBCs before and after implantation could be a viable way to measure
resorption. Finally, tumor cells will be locally injected into the TEBC site and assessment of tumor

behavior and response to drugs will be assessed via immunohistochemistry, qRT-PCR, and flow

cytometry.

7.2. Bone-Targeted Nanoparticles

An optimal BTNP formulation was identified in Chapter 5 via development of a combinatorial
NP library. While the combinatorial library was crucial to identifying a lead candidate formulation
based on the current chemistry, future work will aim to enhance the nanoparticle chemistry to
improve drug loading and retention. Also, since alendronate, the bone-targeting agent used in this
work, is a clinically approved bisphosphonate with known activity on osteoclasts, future work will
also investigate new, inactive bone-targeting agents as alternatives to alendronate.

Two new core polymer additives are currently being investigated to improve GANTS8 loading
and retention (Figure 7.2A). Poly(benzoyloxypropyl methacrylamide) (PHPMA-Bz) is a
biocompatible and biodegradable polymer that has been shown to promote n-n stacking with drug
that contain aromatic rings that improves drug loading (Figure 7.2B).* Therefore, it was hypothesized
that addition of PHPMA-Bz into the PPS core could improve GANTS58 drug loading and retention
due to the presence of thiophene rings in the structure of GANTS8. B-cyclodextrin (CD) has also
been used in drug delivery to improve drug retention by forming a drug-cyclodextrin inclusion
complex (Figure 7.2C).”'° We have synthesized a dimethylacrylamide-co-CD (DMA-co-CD) that is
hypothesized to improve drug retention of GANTS58 and other hydrophobic small molecules.
Preliminary drug retention studies have demonstrated that addition of up to 1:4 bone-targeted
polymer:HPMA-Bz significantly improves drug retention in serum conditions (Figure 7.2D-E).

Future studies will compare PHPMA-Bz and P(DMA-co-CD) for GANTS8 drug loading and
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retention in vitro, as well as circulation time in vivo.
Alendronate is a potent bone-binding agent and was thus chosen in the current BTNP

formulation. However, its therapeutic activity could possibly cause complications for further clinical
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Figure 7.2. BTNP core additives. (A) Structure of GANTS58 and the proposed core polymer additives
PHPMA-Bz and P(DMA-co-CD). (B) n-n stacking of PHPMA-Bz with GANTS5S8. (C) Inclusion complex
formed with P(DMA-co-CD) and GANTSS. (D) FRET-based drug retention studies demonstrate BTNPs with
HPMA-Bz additive improve drug retention in presence of various serum concentrations. (E) FRET-based
kinetic studies demonstrate HPMA-Bz additive improve retention over short time course in high serum
conditions.

translation. Therefore, future work will aim to identify other inactive bone-targeting agents for use
in the BTNPs. The lead candidate for investigation is poly(aspartic acid) (Asp), due to previous
studies showing its significant bone-binding affinity.'"'*> We hypothesize that a similar chemistry
could be used to graft an amine-terminated Asp to the current BTNP formulation (Figure 7.3). These
Asp-based BTNPs will then be compared to Aln-BTNPs in vitro and in vivo to compare both bone-

binding affinity and efficacy in GANTS58 delivery to the bone-tumor microenvironment.
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Figure 7.3. Proposed reaction scheme for poly(aspartic acid) (Asp)-based BTNPs.

GANTS58 was an ideal candidate for encapsulation in a nanoparticle formulation due to its
hydrophobic properties and low molecular weight. Hydrophobicity is a common property of small
molecules that hinders their systemic bioavailability. We hypothesize that BTNPs could be a
powerful platform for solubilization and bone-specific delivery of other hydrophobic small molecule
therapeutics. Indeed, BTNPs are actively being utilized for delivery of therapeutics against
osteomyelitis and cancer immunotherapy. The anionic properties of the BTNP corona are also
hypothesized to give affinity to other cationic surfaces including the peptidoglycan in bacterial cell
walls."® Thus, I believe there are abundant and varied potential new uses for BTNPs as carriers that

can improve efficacy of hydrophobic small molecule therapeutic candidates.
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APPENDIX

EXPERIMENTAL PROTOCOLS
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Guelcher Lab Standard Operating Procedure
Oil-in-water (O/W) Single Emulsion Microsphere Synthesis

Before starting: Read and understand the MSDS of the reagents listed below

Personal Protective and Safety Equipment required:
o Disposable nitrile gloves
Prep rotovap
o Add liquid N to cold trap and start cooling tower

Reagents:

Polymer

Drug/encapsulated species

Organic solvent: CHCl3 or DCM (not DMSO - slightly soluble in water)
Aqueous solvent: 1% Polyvinyl alcohol (PVA) in H,O

diH,O

Materials and Equipment:

2 mL microcentrifuge tubes

50 mL conical tubes

200 mL round-bottom flask
Probe sonicator or homogenizer
Rotovap

Glass Pasteur pipettes
Auto-pipetters

Procedure:
Organic/Aqueous Phase Prep

1. Weigh out approximately 20 mg of polymer into glass vial or 2mL microcentrifuge tube
2. Weigh out appropriate amount of drug (often 1:10 drug:polymer ratio) in separate vial
3. Add I mL organic solvent to polymer vial
a. Vortex/sonicate to dissolve thoroughly
4. Add contents of polymer vial to vial containing drug
a. Vortex to dissolve drug and polymer thoroughly and set aside
5. Add 6 mL 1% PVA to 50 mL conical tube
Emulsion
1. Set up probe sonicator/homogenizer with appropriate settings for desired emulsion
2. Add organic phase dropwise into 1% PV A aqueous phase conical tube using Pasteur
pipette
3. Sonicate/homogenize for ~ 1 min to create oil-in-water emulsion
a. Alter homogenization time/speed to control microparticle size
4. Transfer contents to 200 mL round-bottom flask and rotovap contents for 1 hr
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Guelcher Lab Standard Operating Procedure
Oil-in-water (O/W) Single Emulsion Microsphere Synthesis

Washing/Purification
1. Distribute resulting emulsion evenly between 6 microcentrifuge tubes (1 mL solution/tube)

Centrifuge @ 10000 rpm for 10 min

Extract and discard supernatant

Resuspend microparticle pellet in DI water (vortex/sonicate)
Repeat steps 2-4 twice

whkwbd

6. Freeze suspended particles in -80 for 20 min and lyophilize overnight
Clean-up:
1. Collect all glass waste (pipettes, vials, or broken glass) and dispose in the broken glass
container (box)
2. Collect all sharps and dispose in the sharps waste container (red box)

W

Collect all solid waste and dispose in the solid waste container

4. Collect all liquid waste and dispose in the appropriate liquid waste container (acetone or
halogenated)

5. Clean glassware:

a. Wash with soap and water

b. Rinse with acetone and dry in the oven

187



Guelcher Lab Standard Operating Procedure
PPS Microsphere ROS-Dependent Drug Release

Before starting: Read and understand the MSDS of the reagents listed below
e Personal Protective and Safety Equipment required:
o Disposable nitrile gloves

Reagents:
e 1x PBS solution
o 30 wt% H»0; solution in water
e Ethanol (or other solvent able to dissolve drug)'

Materials and Equipment:
e polypropylene sulfide (PPS) microspheres loaded with drug of interest
e 24-well plates (Fisher)
e 0.4 um pore transwell inserts for 24-well plates (Fisher)
e 50 mL centrifuge tubes
e 2 mL microcentrifuge tubes
e Incubator (37°) and shaker (30 rpm)
e Absorbance or Fluorescence Plate Reader (or HPLC)

Procedure:
6. Prepare absorbance/fluorescence standard curve

a. Prepare solutions at appropriate drug concentrations in same buffer used for
experiment (Appropriate H,O» weight percent in PBS and Ethanol)
7. Prepare release buffer solutions
a. Prepare ROS release buffers by mixing appropriate amounts of 30% H>O; solution
and 1x PBS to desired weight percent of H,O,. Make enough for entire study.
b. Make initial release buffer solution based on amount of PBS used to resuspend
microspheres (Need 0.6 mL initial release buffer/well total?)
c. Store release buffers in incubator for duration of study to ensure constant
temperature
8. Well-plate preparation
a. Weigh out lyophilized microspheres in 2 mL microcentrifuge tube
b. Resuspend microspheres in 1x PBS solution by vortex and sonication (amount of
PBS and time to resuspend will depend on mass of microspheres)
c. Add 0.6 mL of initial release buffer to each of the appropriate wells
d. Add transwell inserts into wells now containing initial release buffer

@

Distribute microsphere/PBS solution evenly to each of the inserts, ideally 0.1 mL
solution/insert
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Guelcher Lab Standard Operating Procedure
PPS Microsphere ROS-Dependent Drug Release Study

f.  Cover plate with parafilm and place in incubator at 37°under constant shaking at
30 rpm
9. Sample collection
a. At desired time points, remove release buffer in each bottom chamber and add to
individual 2 mL microcentrifuge tubes
i. There will still be solution in the transwell insert at this point!
b. Centrifuge the 24-well plate with transwell inserts still installed for 3 minutes at
2000 rpm on the plate centrifuge
i. All solution should be in bottom chamber after centrifuge. If not, repeat
centrifugation
c. Remove remaining release buffer from bottom chamber and collect in same 2 mL
microcentrifuge tubes as above
10. Solvent Wash
a. Add 0.1 mL ethanol to each transwell insert, repeat centrifugation, and remove
from bottom chamber. Add this solution to same 2 mL microcentrifuge tubes
b. Move empty (except for microspheres) transwell inserts into unused wells and add
0.2 mL ethanol to each bottom chamber and place on shaker briefly (or shake
gently by hand) to dissolve any remaining drug. Remove solution into same 2 mL
microcentrifuge tubes
i. At this point, each microcentrifuge tube should contain 1 mL of solution
11. Place transwell inserts back into appropriate wells and add 0.7 mL release buffer into each
well
a. 0.6 mL into bottom chamber, install inserts, then 0.1 mL into inserts
12. Cover with parafilm and place 24-well plate back into incubator
13. Prepare 96 well plate and run samples in triplicate on plate reader to determine drug
concentration based on standard curve
14. Repeat sample collection at regular time intervals until desired drug release is evident

Notes:

1. Solvent should ideally dissolve drug and not the PPS polymer. If the solvent dissolves both,
must refrain from step 5a and only add 0.3 mL to bottom chamber for the ethanol wash to
ensure PPS remains in tact

2. Transwell insert manufacturer recommends these volumes (0.1 mL for insert and 0.6 mL
for well) because the solution levels are equal in the well at these volumes, however this is
not required since all release buffer will be removed at sample collection
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Guelcher Lab Standard Operating Procedure
PPS Microsphere ROS-Dependent Drug Release Study

Clean-up:
1. Collect all glass waste (pipettes, vials, or broken glass) and dispose in the broken glass
container (box)
2. Collect all sharps and dispose in the sharps waste container (red box)
Collect all solid waste and dispose in the solid waste container

W

4. Collect all liquid waste and dispose in the appropriate liquid waste container (acetone or
halogenated)
5. Clean glassware:
a. Wash with soap and water
b. Rinse with acetone and dry in the oven
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Guelcher Lab

Standard Operating Procedure

3D Printing of Bone-Templated Molds

Before starting: Read and understand the MSDS of the reagents listed below
e Personal Protective and Safety Equipment required:
o Disposable nitrile gloves

Reagents:

e 37 Build Material
e 3z Support Material

Materials and Equipment:
e uCT40 oruCT50
e Scanco IPL
e 3Z studio inkjet 3D printer
e 3Z Works/3Z Analyzer Software
e MeshLab and Netfabb Software (VA computer)

Procedure:

uCT Trabecular Image Selection — at VUIIS uCT room computers
15. Go to “SCAN” menu and select desired .isq file (raw image file)

16. Use left-hand toolbar to select circular area of interest

a.
b.
C.

Want large, interconnected trabeculae, likely near cortical wall
For small scaffold size, create 200x200 pixel circle for 5 mm diameter
*Note: computer mouse: left button = move circle, middle button = adjust size

17. Once circle of interest is in desired location

a.
b.

Copy current circle (from edit tool bar)
Paste circle 200 slices later (200 diam x 200 height)

18. Press C... (contour) button

a.

Select “All” then “Morph” to get cylinder through selected slices

19. Press T... (threshold) button

a.

b.

Select appropriate script (Bone Templated Scaffolds, can also type 485)
Settings: Gauss Sig: 0.8; Gauss Support: 2; Low Threshold: 375; High Threshold:
2718
Units: mg HA/cecm
VOI (volume of interest)
i.  Shows x and y locations of circle and dimensions
ii. Create 25 pixel support wall around VOI
1. Subtract 25 pixels from x and y
2. Add 50 to each dimension
Dilation script (optional) — enter Dilate, then select Shanik Dilate
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Guelcher Lab Standard Operating Procedure
3D Printing of Bone-Templated Molds

i. 3 islarge, 5 makes solid block, normally stick with 1 or 2
20. Save file as GOBJ file
a. Record seg aim and associated GOBJ file with time, date, SMI, and Tb. Th.
21. Open Command Prompt (DECTERM) window
a. Enter “que” to see job status
b. Will show when saving of GOBJ file is complete
22. microCT => DATA folder
a. Check file name in scan mode
b. *Note: File types seen in the DATA folder
i. seg.aim: where thresholding has determined what is bone
ii. .txt: shows bone morphometric parameters
iii. sp.aim: map of trabecular spacing and thickness
23. At this point, can enter 3D menu (3D button in operator toolbar)
a. Can open any of the created files to view structure

Scanco IPL Image Processing and Conversion to .stl
24. Type “ipl” in DECTERM

25. Type “read” into next prompt

a. [in]=a
b. [file name] = press middle button of mouse to copy seg.aim file & paste with same
button
26. Type “cl rank extract” into prompt (this removes free-hanging trabeculae)

a. [in]=a

b. [cl]=b

c. first[1]=1

d. last[l]=1

e. enter through rest
27. Type “set_val” into prompt (this inverts the file)

a. [in]=Db

b. [127]=0

c. [0]=127
28. Type “stl”

a. [in]=Db

b. [tri]=c¢

c. output file: paste file name (using middle button on mouse), delete old name to
bracket and rename with initials, sample #, version, and end with .stl

Image Processing on VA computer (bootcamped with Mac and Windows) *password is bone
**Hold “option” at startup to switch between the two
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Guelcher Lab Standard Operating Procedure
3D Printing of Bone-Templated Molds

1. In Windows bootcamp
a. microCT FTP program
i. username: microct50
ii. password: madelin2ch
iii. Find sample # with .stl file
b. Download and save to Google drive or flash drive
c. Restart computer and open Mac operating system
2. In Mac Bootcamp
a. 2 image software apps
i. Meshlab
1. Open file in meshlab
2. Filters => cleaning and repairing => remove isolated pieces by
diam
a. standard = 10% and apply
3. Save project
a. file => export mesh as => .stl and indicate it as meshlab

edit
ii. Netfabb
1. Open file (with meshlab edits)
2. “I” within a triangle indicates an issue

3. Press “analysis” button (next to “+” symbol in toolbar) => will
indicate many shells
4. Press “+” symbol => automatic repair and execute => apply repair
and remove old parts
5. Part => export part => as .stl => indicate as netfabb edit =>
“optimize” in dialog box => export
b. Upload new file back to google drive/zip drive

*** At this point, .stl file is ready for printing***
3. In Windows Bootcamp

a. Move file from Google drive to designated folder for finished .stl files
i. Guelcher 3D => my documents => JPV
b. Open 3Z Works app
i. Open file from designated folder
ii. Go to “move XYZ” and enter (this will automatically move it onto the
platform)
iii. Place object at desired location (i.e. X: 60 Y: 60) on platform using move
object icon
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Guelcher Lab Standard Operating Procedure
3D Printing of Bone-Templated Molds

iv. Tools => fill model => select configurations
1. Print 25 pm slices
2. Extra cooling time: 5 sec
3. Support perimeter: over entire part
4. Support fill option: 0 cells support (can choose 1)
5. Platform: 2 layers
v. Output file => rename and enter, will calculate # of slices
vi. Save in appropriate run folder
c. Open 3Z Analyzer App
i. *Will automatically open when done in 3z Works
ii. Scroll through individual slices to find errors (look for overlapping colored
lines)
iii. If error is found:
1. edit => fix up layer => options to use previous, next or delete layer
Save fix up (indicate as fixup)
Close out of old and open fix up
Print using 4™ button from left (copy destination)
Select Network transfer => Print

vk v
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Guelcher Lab Standard Operating Procedure
Polymer Micelle Synthesis

Before starting: Read and understand the MSDS of the reagents listed below
e Personal Protective and Safety Equipment required:
o Disposable nitrile gloves
e Prep rotovap
o Add liquid N to cold trap and start cooling tower
Reagents:
e Polymer
e Drug/encapsulated species
e Organic solvent
o Solvent evaporation: water-immiscible solvent (CHCI3;, DCM)
o Nanoprecipitation: water-miscible solvent: (methanol, THF, acetone)
e Aqueous solvent: PBS

Materials and Equipment:
e 1.5 mL microcentrifuge tubes
e 4 mL glass vial (w/ cap)
e Small (0.5”) stir bar
e Rotovap (if nanoprecipitation used)
e Glass Pasteur pipettes
e Auto-pipettors
e 1 mL syringes
e 0.4 um syringe filter

Procedure:
Organic/Aqueous Phase Prep
29. Weigh out approximately 10 mg of polymer into 1.5mL microcentrifuge tube

30. Weigh out appropriate amount of drug (often >1:10 drug:polymer ratio) in separate tube
31. Add 0.1 mL organic solvent to polymer tube
a. Vortex/sonicate to dissolve thoroughly
32. Add contents of polymer tube to tube containing drug
a. Vortex to dissolve drug and polymer thoroughly and set aside
33. Add 1 mL PBS to glass vial (can scale up, but keep 1:10 organic:aqueous solvent ratio, and
10 mg polymer/mL aqueous solvent)
Micelle Formation
5. Add organic phase dropwise to vigorously-stirring vial of PBS
6. Micelle formation:
a. Solvent Evaporation: allow to stir overnight (>8h) to allow organic solvent to
evaporate
b. Nanoprecipitation: stir > 10 min, put glass vial on rotovap to remove organic
solvent. If volatile solvent is used (e.g. acetone), same technique as solvent
evaporation may be used
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Guelcher Lab Standard Operating Procedure
Polymer Micelle Synthesis

Filtration

7.

Resulting solution should be just PBS + micelles. Although not required, it is
recommended that the solution is filtered to remove unencapsulated drug and aggregates
prior to use.

8. Take up solution with 1 mL syringe and pass through 0.4 um syringe filter

9. If planning on long-term storage, freeze NP solution in -80 for 20 min and lyophilize
overnight. Otherwise, fresh NPs are ready for use or may be stored in fridge for ~2 weeks.

Clean-up:

6. Collect all glass waste (pipettes, vials, or broken glass) and dispose in the broken glass
container (box)

7. Collect all sharps and dispose in the sharps waste container (red box)

8. Collect all solid waste and dispose in the solid waste container

9. Collect all liquid waste and dispose in the appropriate liquid waste container (acetone or

halogenated)

10. Clean glassware:

a. Wash with soap and water
b. Rinse with acetone and dry in the oven
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Guelcher Lab Standard Operating Procedure
TEBC Mineralization — Alizarin Staining

Before starting: Read and understand the MSDS of the reagents listed below

Personal Protective and Safety Equipment required:
o Disposable nitrile gloves

Reagents:

hMSCs

MSC Growth Medium 2

MSC Differentiation Medium

PBS

20 mM Alizarin Red solution (pH: 4.1-4.3)
10% formalin

5% sodium dodecyl sulfate (SDS)

5 nug/mL fibronectin solution

Materials and Equipment:

Plate Reader (absorbance) — 540 nm (or 405 nm)
96-well plate

Procedure:
TEBC Preparation

34.

35.
36.
37.
38.

NOTE: Prepare enough TEBCs for cell-free controls — perform all the following
procedures on the cell-free TEBCs and the resulting absorbance reading will be used as a
background

Sterilize TEBCs by soaking in 70% EtOH for > 1h

Dry and place under UV light in cell culture hood 20 min

Soak in 5 pg/mL fibronectin solution at 4°C overnight (or 3h in incubator)

Aspirate fibronectin solution and move scaffolds to new wells

Cell Seeding/Culture

39.

40.

41.

42.

Seed cells by applying 50,000 cells/scaffold in 30 pL growth medium (1.67x10° cells/mL)
to center of the scaffolds

a. Controls: Add same amount of media containing no cells to the control scaffolds
Place plate in incubator for 2h to facilitate cell attachment, then add remaining 170 pL of
growth medium to wells
After 3 days of culture in growth medium to allow for sufficient proliferation, change to
differentiation medium
Culture for appropriate amount of days (seen mineralization as early as 7d on TEBCs),
changing media every 3d
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Guelcher Lab Standard Operating Procedure
TEBC Mineralization — Alizarin Staining

Alizarin Staining

43.
44.
45.
46.

47.
48.

49.
50.

51.

52.

Wash wells containing TEBCs with PBS
Fix cells in 10% formalin for 45 min
Aspirate formalin and rinse with DI H,O
Stain TEBCs with 20 mM Alizarin Red S solution (prepared in DI H,O, pH: 4.1-4.3) for 5
min on orbital shaker. Cover plate with aluminum foil to protect from light.
Wash 10x with DI H>O (until washes run clear)
Extract Alizarin dye bound to mineralized nodules by adding 200 uL of 5% SDS to wells.
Cover with aluminum foil and place on orbital shaker for 1h
Remove Alizarin-containing SDS solution from wells using micropipette and dispense in to
new wells of 96-well plate.

a. NOTE: Be careful not to introduce bubbles into the new well — this will obstruct

absorbance reading

Read absorbance of Alizarin-containing SDS solution on plate reader at OD 540 nm (405
nm also works)
Subtract cell-free control absorbance readings to account for ceramic component of TEBCs
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Guelcher Lab Standard Operating Procedure
GANTSS8 PK Quantification: Liquid-liquid Extraction/HPLC Method

Before starting: Read and understand the MSDS of the reagents listed below
e Personal Protective and Safety Equipment required:
o Disposable nitrile gloves
e (Clean homogenizer in 1% SDS solution, 70% ethanol, and 3 rinses in DI H,O
e Prepare HPLC with mobile phase of 65/35 Acetonitrile/0.5 M Sodium Acetate Buffer

Reagents:
e  GANTS58-loaded NPs/Empty NPs
e PBS

e DCM/CHCIl;
e Acetonitrile
e (.01 M Sodium Acetate buffer

Materials and Equipment:
e Tail-vein injection supplies: apparatus, insulin syringes, gauze, sterile wipes
e Tissue homogenizer and/or cryomill
e 5 mL polystyrene round-bottom tubes or cryomill tubes
e 0.45 pm PTFE syringe filter
e HPLC (Cis column)

Procedure:
NP injections and Tissue Harvest
53. Inject mice with appropriate dose(s) of GANTS58-loaded NPs

54. At designated time point(s), sacrifice mouse by cervical separation after isoflurane or
ketamine anesthesia

55. Harvest and weigh hindlimbs, forelimbs, spine, liver, and kidney and proceed to Step 4a for

homogenizer procedure or Step 4b for cryomill procedure
56. Prepare tissue samples for homogenization
a. Homogenizer
i. Place tissues in 5 mL polystyrene round-bottom tube with 1 mL PBS
b. Cryomill
i. Immerse tissues in liquid nitrogen and keep frozen until processing

57. At this point, dope in known amount of GANTS58 (dissolved in DCM) into tubes containing

limbs of control mice (no treatment) for standard curve

Tissue homogenization
10. Homogenizer

a. Start homogenizer at 30,000 RPM and immerse into PBS+tissue sample in bottom

of round-bottom tube
b. Continue until bone/tissue solution looks completely homogeneous
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Guelcher Lab Standard Operating Procedure
GANTSS8 PK Quantification: Liquid-liquid Extraction/HPLC Method

¢. Move solution to 15 mL conical and put on ice
11. Cryomill

a. Fill cryomill with liquid nitrogen

b. Place frozen samples in polycarbonate cryomill tube

¢. Run mill for 3 min at low speed (to avoid breaking tube)

d. Collect homogenized tissue into 15 mL conical tube immediately after removal
from cryomill (to minimize condensation which will wet samples and make
recovery difficult)

e. Weigh homogenized tissue prior to extraction

Liquid-liquid extraction

Add 6 mL DCM to 50 mL conical containing tissue homogenate

Vortex 2 min

Centrifuge tissue homogenates for 10 min @ 4000 rpm

Collect bottom (DCM) layer and pass through PTFE 0.45 um syringe filter
Allow DCM to evaporate and for samples to dry O/N

Reconstitute samples in HPLC mobile phase (65/35 acetonitrile/acetate buffer)

=
w
N I o

Inject 100 pL of reconstituted sample into HPLC (C18 column)
GANTS5S peak at 7.97 min in mobile phase of 65/35 acetonitrile/acetate buffer
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