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General introduction



Chapter 1

Preface

Since the 1990s, bone tissue engineering has traditionally been focusing on developing
grafts for patients with large bone defects, making use of scaffolds, progenitor cells,
biochemical and biomechanical stimuli. By tuning these parameters, researchers have
created bone-like tissues for transplantation. Before these grafts can be transplanted
into humans, their ability to induce bone regeneration is routinely studied in animal
experiments. Besides ethical concerns regarding the use of animal models, clinical
translation of in animal experiments developed treatments is with a success rate of
~10% poor.

While engineered bone-like tissues proved of limited success for human bone
regeneration, their development has advanced our ability to manipulate cells and
engineer materials. To improve preclinical treatment development and to replace,
reduce, and refine animal experiments, bone tissue engineering strategies are
increasingly applied for the creation of 7 vitro models to study human bone in health
and disease. This change in focus; from bone regeneration to 7 vitro models, has brought
new challenges for researchers of which some are addressed in this thesis.

1.1 Bonein health and disease

As building blocks of the skeleton, bones have multiple mechanical and metabolic
functions, that include providing structural support, maintaining mineral homeostasis
and acid-base balance, serve as a reservoir for growth factors, and provide an
environment for hematopoiesis (1). Within bones, two distinct structures can be
identified: cortical or compact bone and trabecular or cancellous bone (Figure 1.1A).
Although they have the same matrix composition, they differ in their porosity, three-
dimensional (3D) structure, and metabolic activity (2,3). Cortical bone has a low
porosity of 5% to 10% and is organized into cylindrical elements called osteons,
providing resistance against compression, bending and torsion (2). Trabecular bone has
a porosity of 50% to 90% and is organized into a network of trabeculae aligned to
mechanical loads (2,4). Within these structures, bone tissue is composed of organic (z.e.,
mainly collagen type I and a small portion of non-collagenous proteins), and inorganic
(z.e., carbonated hydroxyapatite) matrix organized at multiple hierarchical levels (5).
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Figure 1.1. An overview of a long bone comprising of (A) cortical bone and trabecular bone. Trabecular
bone has a high turnover rate; each year, 20% of the trabecular bone volume is remodeled. (B) Bone
remodeling follows a specific sequence of events, starting with activation followed by resorption, transition,
formation, and mineralization. Osteoclasts and osteoblasts and their progenitors are involved in this
process which is regulated by osteocytes. The figure was created with Servier Medical Art, licensed under
a Creative Common Attribution 3.0 Generic License (http://smart.servier.com, accessed on 15 July 2022).

Bone’s mechanical and metabolic functions are maintained by the process of bone
remodeling. A continuous process in which osteoclasts resorb bone and osteoblasts
form bone, which is mainly regulated by osteocytes. It is believed that in the bone
remodeling cycle, progenitor cells are typically attracted and activated by biomechanical
or biochemical stimuli after which resorption of bone matrix by monocyte-derived
osteoclasts starts. This phase is followed by a transition phase in which osteoclasts leave
the bone surface, macrophages clean the surface, and osteoprogenitors or mesenchymal
stromal cells are attracted. These osteoprogenitors subsequently differentiate into
osteoblasts which produce new bone matrix, embed themselves in this matrix over time,
and once this matrix mineralizes these osteoblasts differentiate towards osteocytes and
obtain a more regulatory function in the remodeling process (6,7) (Figure 1.1B). As
such, 20% of the trabecular bone volume is renewed each year (8). In the healthy
situation, bone resorption and formation are coupled temporally and spatially, meaning
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that resorbed bone volume is replaced by an equal volume of new bone. Uncoupling
between resorption and formation can disturb their balance, leading to an absolute
increase in bone mass in osteopetrosis and an absolute decrease in bone mass in
osteopenia and osteoporosis (9). Osteoporosis is with a global prevalence of ~18% the
most common bone remodeling pathology (10). Especially post-menopausal women
are often affected with osteoporosis due to estrogen deficiency. The low bone mineral
density associated with osteoporosis leads to fragile bones and therefore an increased
fracture risk (11). Although osteoporosis itself is not lethal, mortality is a major risk
following osteoporosis related hip fractures (12).

1.2 Boneregeneration

Bone tissue repair relies on a sequence of biological events, including inflammation,
intramembranous and endochondral bone formation and coupled remodeling.
Inflammation starts with the formation of a hematoma and the attraction of immune
cells and progenitor cells (13). Subsequently, mesenchymal cells condensate and
differentiate towards osteoblasts for intramembranous bone formation or towards
chondrocytes to form a callus for endochondral bone formation. In parallel, cells that
will form the new blood vessels are recruited and differentiated. As chondrocytes are
further differentiated and/or undergo apoptosis, the cartilaginous callus undergoes
mineralization. The newly formed bone and mineralized callus are over time remodeled
into vascularized bone tissue by osteoclasts and osteoblasts (13). Due to bone’s intrinsic
capacity to remodel and regenerate, the majority of bone injuries or fractures heal
without the formation of scar tissue (14). Nevertheless, in 2% — 5% of the defects, bone
fails to bridge the gap resulting in a non-union, requiring intervention (15,16). In
addition, intervention is also required for large bone defects caused by eg, tumor
resection, infection or trauma, or in fractures where the regenerative process is impaired
as for example in osteoporosis (14).

1.3 Bonetissue engineering

To facilitate bone regeneration of large osseous defects, bone tissue engineering has
emerged since the 1990s (17). Traditionally, bone tissue engineering has been focusing
on developing grafts making use of autologous or allogenic progenitor cells,
biomaterials to facilitate 3D growth, and biochemical and biomechanical factors to
stimulate osteogenic differentiation and bone-like tissue growth (Figure 1.2). To ensure
successful regeneration, developed grafts should be biocompatible (.¢, it should have
the ability to perform with an appropriate host response) (17,18), bioactive, and
mechanically stable while allowing for degradation and coupled remodeling (17). To
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date, these bone-like tissues have proved to be of limited success for human bone
regeneration. Nevertheless, their development has advanced our ability to manipulate
cells and grow bone-like tissues in 3D. Bone tissue engineering is therefore increasingly
also applied for the creation of 3D in vitro human bone models to enable the
investigation of human bone physiology and pathology (19,20).

Figure 1.2. Traditional tissue engineering approach in which human autologous or allogenic cells are
isolated and used to generate bone grafts using biomaterials, biochemical, and biomechanical stimuli. These
stimuli typically lead to osteogenic differentiation and the creation of a bone-like extracellular matrix.
Requirements for successful regeneration are biocompatibility, mechanical stability, degradative properties,
and bioactivity. The figure was created with Servier Medical Art, licensed under a Creative Common
Attribution 3.0 Generic License (http://smart.servier.com, accessed on 15 July 2022).

1.4 The need for in vitro bone models

Currently, bone grafts and drugs for bone diseases like osteoporosis are, after simple
two-dimensional (2D) 7 vitro cytocompatibility tests, routinely studied using animal

(2]
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experiments (21). Despite animal studies being a crucial step in treatment safety and
effectivity testing, the translation from 7z vitro to in vive experiments has been poor (22).
Moreover, with a success rate of around 8-10%, the subsequent clinical translation of i
vivo animal studies is also poor (23,24). This poor translation is likely caused by their
insufficient representation of the human physiology (25). Thus, both the translation
from én vitro assessments to iz vivo models and the translation from 7» vivo animal models
to the human clinic need to be improved. To address these translational issues and
improve preclinical treatment testing, advanced human iz »itro bone models could be
integrated into the preclinical graft testing routine (20,21,20).

From an ethical point of view, the use of animal experiments for medical research also
is a frequent topic for debate (27,28). The current pace at which biomedical
technologies, including bone grafts for regeneration, are being developed causes a
significant burden on animal experiments (22). In 1959, guidelines for the use of animal
experiments were published by Russel and Burch (29), introducing the principle of
replacement, reduction and refinement of animal experiments (3Rs). As a consequence,
many strategies to replace, reduce and refine animal experiments have been explored,
including i silico (i.e, computational simulations) bone remodeling or regeneration
experiments (30,31), improved efficiency of iz vivo animal experiments to study bone
regeneration (32), human explant or ex »iwo bone cultures to study bone regeneration
(33), and the use of iz vitro models or organoids for bone regeneration and remodeling

(34,35).

1.5 Tissue engineering of in vitro bone models

In vitro bone models could thus facilitate the investigation of human bone physiology
and pathology while addressing the principle of 3Rs. To create these 7 vitro models, the
use of tissue engineering techniques has been proposed (19,20). This change in focus;
from tissue engineering for bone regeneration to 7z vitro models, has brought new
challenges for researchers (Figure 1.3). In terms of cells, often multiple cell types are
required to model certain aspects of bone. For example, an iz vitro model for bone
remodeling would require at least a co-culture of osteoclasts and osteoblasts to allow
for studying their cross-talk and coupling (36). Moreover, these cells need to be seeded
in physiologically relevant seeding densities and ratios to enable this cross-talk through
cell-cell contact and soluble factors (37). Thereby, as healthy human bone tissue for cell
isolation is scarce, the use of primary progenitor cells is often needed since cell-lines are
not able to capture all physiological aspects of primary cells (38). However, the use of
primary cells also requires tight control over cell differentiation while the use of
differentiation factors might disturb the natural cell cross-talk (7).

6
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Figure 1.3. Tissue engineering approach to create 3D 7 vitro bone models. The use of cells, biomaterials,
biochemical and biomechanical stimuli need to be reconsidered in terms of physiological relevance. In
addition, model functionality is the most important outcome which should ideally be monitored over time
non-invasively. Model functionality can be validated with the use of 7# vivo data or knowledge to enable
translation. The figure was created with Servier Medical Art, licensed under a Creative Common Attribution
3.0 Generic License (http://smart.setvier.com, accessed on 15 July 2022).

In terms of biomaterials and the engineered extracellular matrix (ECM), for 7# vitro bone
models they should resemble the physiological bone ECM. For bone regeneration, this
was often not imperative because of the bone’s innate capacity to regenerate and
remodel upon implantation. However, as changes in the bone ECM structure are often
a hallmark of bone pathology (39—41), in vitro bone models that aim at studying the bone
ECM under influence of treatments should be able to capture aspects of the
physiological bone ECM in addition to the interactions of the cells with the ECM.
Whether this improved biomimicry can be reached by using bioinspired materials or by
letting the cells organize their niche, is yet to be investigated.
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The use of biochemical and biomechanical stimuli should also be reconsidered for 7
vitro bone models (42). Tissue engineering for bone regeneration often involved
optimization towards maximalization of collagen formation and mineralization by
osteogenically differentiated mesenchymal stromal cells. As such, differentiation factor
concentrations and mechanical loading conditions are optimized to support specific cell
types, while in co-culture biochemical and biomechanical conditions need to be
supportive for all cultured cell-types (43). Ideally, external biochemical stimulation is
minimized to allow for the physiological cross-talk of the co-cultured cells (7).

While for bone regeneration purposes, tissue engineered constructs were often analyzed
at the end-point of a culture to study bone-like ECM formation and osteogenesis, 7
vitro bone models require the monitoring of their functionality over time (42).
Preferably, non-invasive methods are used to enable the evaluation of multiple time-
points while reducing the culture burden and thereby facilitating high throughput
analysis (7). Model functionality should subsequently be compared with human or
animal 7z vivo knowledge and/or data for model validation and potentially result
translation or extrapolation (44).

Taken together, the change in focus from tissue engineering for bone regeneration to
in vitro models requires a major change in conception. More specifically, tissue
engineering methods for the use of cells, biomaterials, biochemical, and biomechanical
stimuli need to be refined, as well as the engineered construct analyses. Some of these
challenges are addressed in this thesis.

1.6 Thesis outline

This introduction (Chapter 1) provides a general overview of the role of tissue
engineering for bone regeneration and the potential of tissue engineering for in vitro
models to study bone physiology and pathology. As the tissue engineering strategy is
highly dependent on the to be modeled aspects of bone physiology and pathology, this
thesis is divided into two parts. Part I focusses on tissue engineering of 7 vitro models
to evaluate human bone formation and regeneration and part II focusses on tissue
engineering of i» vitro models to evaluate human bone remodeling.

Part I: Towards tissue engineered in vitro models to evaluate human bone
formation and regeneration

One challenge for the development of 7z vitro models for bone formation is the creation
of a bone-like tissue that resembles the physiological bone ECM. In Chapter 2, we (i)

give recommendations on the ECM requirements for iz vitro bone models, (i) review
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what has been achieved thus far, and (iii) suggest how this can be improved in future.
One of these suggestions is the application of mechanical loading like directional fluid
flow, which has been demonstrated to induce osteoblast alignment on 2D substrates.
In vivo, cells and collagen are however aligned in 3D and often with surface concavities.
In Chapter 3, we therefore aimed at characterizing cell and tissue growth and
orientation in a 3D concave “critically sized” channel with and without the application
of directional fluid flow. As full regeneration of the channel was indeed not
accomplished in both static and dynamic cultures, we chose to use this critically sized
defect model to enable the 7z vitro investigation of material-driven bone regeneration in
Chapter 4. Graft vascularization is one the major challenges for successful bone
regeneration iz vivo. We therefore combined the 7# vitro bone defect model with a co-
culture of mesenchymal stromal cells and endothelial cells. The engineered platform
enabled to study the materials’ potential to induce migration, vascularization, and
osteoinduction, which are crucial processes of bone regeneration.

Part II: Advancing tissue engineering of in vitro human bone remodeling
models

To study healthy and pathological bone remodeling, 7z vitro models should at least
include a co-culture of osteoclasts and osteoblasts. To perform these co-cultures, each
lab develops their own protocol for the cell-culture and analyses methodology. As a
consequence, current 7z vitro remodeling models face reproducibility and translational
issues. To address this problem, we identified all co-cultures that have been described
in literature before 2020 in Chapter 5. From these studies, differences in cell-culture
methods (culture substrate, mechanical loading, cell sources, culture medium, seeding
density and cell-ratio) and resorption/formation analyses methods were mapped
systematically. For example, we identified the controversial fetal bovine serum (FBS) as
common standard for these co-cultures. In Chapter 6, we therefore investigated
whether FBS could be replaced by human platelet lysate (hPL) as a more physiologically
relevant and xenogeneic-free medium supplement for iz vifro human bone remodeling
models. Another limitation of current 7z vitro bone remodeling models identified in
Chapter 5 is the lack of functional (.e., resorption and formation) outcome measures,
and their spatiotemporal organization, which might be facilitated by the used of
bioinspired materials. Inspired by collagen mineralization techniques, we developed a
mineralized silk fibroin scaffold in Chapter 7. As a remodeling template, this scaffold
facilitated the spatiotemporal investigation of both resorption by osteoclasts and
formation by osteoblasts. In Chapter 8, we utilized the model described in Chapter 7
to address the reproducibility and translational issues identified in Chapter 5. A design
of experiments set-up was used to study the influence of tissue engineering parameters
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including base medium, cell-ratio, hPL. concentration, mechanical loading, osteogenic
medium supplements, osteoclast medium supplements, and vitamin D3 on osteoclast-
osteoblast co-cultures. With this study, we characterized the effect of these culture
conditions on the remodeling balance and therefore also identified an optimal protocol
for healthy balanced 7 vitro bone remodeling, using a tissue engineering approach.

In Chapter 9, the main findings of this thesis are presented and discussed, and potential
future directions are described.
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Chapter 2

Abstract

Traditionally, bone tissue engineering has been used for creating implants for bone
regeneration, but recently it is increasingly applied to create 3D iz vitro bone models to
study bone physiology and pathology. For 3D 7 vitro bone models, the engineered
extracellular matrix organization should resemble the iz vivo physiological bone structure
as this is often the hallmark in skeletal pathologies - an issue that has not been achieved
yet. In this review paper, we define the extracellular matrix requirements for an optimal
3D in vitro model based on the most recent advances on bone structure. To meet these
requirements, osteoclasts, osteocytes and mature osteoblasts should work together
under physiological conditions, and the formed extracellular matrix should be analyzed
and optimized at multiple length scales.
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2.1 Introduction

Bones have remarkable mechanical properties thanks to their extraordinary extracellular
matrix (ECM) composition and organization (45). To attain these mechanical
properties, organic and inorganic matrix components are highly organized at multiple
hierarchical levels (5), and continuously remodeled by osteoclasts (bone- resorbing
cells), osteoblasts (bone-forming cells), and osteocytes (regulating cells) (46,47). During
the last decades, researchers have attempted to mimic bone using a tissue engineering
approach.

Traditionally, bone tissue engineering has been comprised of developing grafts for
patients with large osseous defects, making use of scaffolds, progenitor cells, mechanical
stimuli, and soluble factors. For bone regeneration, this approach was used in order to
achieve constructs with osteogenic, osteoconductive, and osteoinductive properties
(48). As such, tissue-engineered bone-like constructs can be able to induce regeneration,
even if they fail to resemble the complex ECM structure of real human bone, thanks to
bone's innate capacity to regenerate and remodel. Over the last years, bone tissue
engineering is increasingly applied to develop 3D ## vitro human bone models for drug
testing, addressing the principle of 3Rs (reduction, refinement, replacement) (7,20). For
3D in vitro bone models, the engineered ECM structure should resemble the complex
ECM structure of physiological human bone. This is particularly important for models
aiming at mimicking bone pathologies where remodeling is affected, as in these
situations the bone’s ECM composition and organization, and thus its mechanical
competence, is often changed (39). For example in osteogenesis imperfecta, the collagen
network is more loosely woven and minerals appear smaller and disorganized, resulting
in brittle bones (40). Another example is osteoporosis, where collagen fibrils were found
to be less aligned and only partly mineralized in a mouse model, leading to fragile bones
(41). To be able to mimic the ECM structure of these pathologies and to distinguish it
from the healthy situation, the iz vitro recreation of the healthy bone ECM structure
should be accomplished first.

With this review paper, we attempt to define what to aim for in bone tissue engineering
when creating 3D 7 vitro models representing healthy bone physiology. In this regard,
we (i) characterize the physiological human iz wivo bone structure, (i) give
recommendations on criteria for an 7z vztro model for physiological human bone, (iii)
discuss what has been achieved thus far in meeting these criteria making use of bone
tissue engineering, (iv) suggest how we might optimize the ECM structure for i vitro
bone models to meet the proposed criteria in future, and (v) propose how these criteria
should be assessed.
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2.2 The organic matrix; a template for mineralization

Bone ECM consists for ~30 to 40% of organic matrix that provides bone with
toughness and elastic properties (46). The organic matrix is mainly composed of
collagen type I molecules, produced by osteoblasts (46). These molecules form triple
helices that can assemble into collagen microfibrils in a twisted and staggered
arrangement, with a gap region between two consecutive molecules (49). Multiple
collagen microfibrils can bundle into collagen fibrils, and in turn, multiple of these
collagen fibrils can form a collagen fiber (Figure 2.1A). The orientation of these
collagen fibers contributes to the mechanical competence of bone (50). More
specifically, collagen networks that are aligned parallel to the load are better resistant to
tension whereas collagen networks aligned perpendicular to the load are better resistant
to compression (51,52). Collagen network density and fibril organization are important
determinants for successful subsequent mineralization (53,54) (Section 2.3). Based on
the organization of collagen, we can describe two extremes of bone structure
organization (although more gradations can be made (5)): (i) the more immature woven
bone with a disordered collagen fiber structure and loosely packed poorly oriented
collagen fibrils, and (ii) the more mature lamellar bone with a dense network of parallel
aligned collagen fibers within a lamella but with alternating orientation between lamellae
(55). In vivo, woven bone is thought to be the primary formed bone by osteoblasts that
rapidly secrete collagen which assembles into fibril bundles with little or no preferred
orientation (5,56). Lamellar bone is formed upon bone remodeling; it is believed that
osteoblasts array themselves in a polarized fashion along a surface, and secrete collagen
fibrils onto the surface in a parallel orientation (56). A small portion of the organic
matrix is composed of non-collagenous proteins (NCPs) (46), they are believed to play
an important role in collagen fibril assembly and subsequent mineralization of these
collagen fibrils (57,58). Together, the collagen network, individual collagen fibril
organization, and NCPs form a template for mineralization and are thus a major
determinant for the eventual ECM structure. Therefore, to resemble physiological bone
in 3D 7n vitro bone models, the organic matrix should comprise of a highly dense and
aligned collagen network at the micrometer scale and highly organized collagen fibrils
at the nanometer scale (Figure 2.1). NCPs are instrumental in the collagen organization
and facilitate its mineralization.

16
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Figure 2.1. The organic matrix should comprise of organized collagen fibrils on the nanometer scale and
a highly dense and aligned collagen fiber network on the micrometer scale. (A) Simplified representation
of the collagen structure at multiple hierarchical levels. (B) Electron microscopy image of rat cortical bone
collagen fibrils in vivo showing a high level of organization (reprinted from Bone, 26:4, Kafantari et al,,
Structural alterations in rat skin and bone collagen fibrils induced by ovariectomy, 349-353, Copyright
(2000), with permission from Elsevier). (C) Second harmonic generation image of human femoral cortical
bone showing a dense and aligned collagen fiber network (reprinted from Sci. Rep., 7:3419, Genthial et al.,
Label-free imaging of bone multiscale porosity and interfaces using third-harmonic generation microscopy,
Copyright (2017), open access).

For 7n vitro bone tissue engineering, collagen network density and orientation are not
common outcome parameters. When visualized with conventional light microscopy, the
collagen networks seen in 7 vitro engineered constructs are often at a low level of
organization, which can in the best cases be characterized as similar to the immature
woven bone. In addition, as these collagen networks are often only assessed at the
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micrometer scale, it is unclear whether the individual collagen fibrils exhibit uniformly
a high level of organization. Anatomic-level evaluation of collagen produced by
osteoblasts 7 witro and in vivo showed misfolded collagen proteins in the 2D 7n witro
situation (59). It was suggested that collagen protein folding could be improved by
optimization of the culture conditions (59), emphasizing the importance of multiscale
analysis when optimizing protocols that aim for the resemblance of 7z vivo bone
structures. Moreover, although important for collagen fibril assembly and subsequent
mineralization, the function of NCPs is often neglected in bone tissue engineering.
When studies report expression and/or synthesis of NCPs such as osteocalcin and
alkaline phosphatase, they often use it to demonstrate the differentiation of the
progenitor cells towards the osteogenic lineage instead of reporting on their distribution
in the matrix and functions.

In recent years, researchers have attempted to create lamellar-like collagen networks
with and without the use of cells. These studies are based on the concept that collagen
alighment can be induced by either collagen-producing cells, self-assembling collagen
molecules, or selective collagen degradation (60). More specifically, osteoblasts may
influence collagen orientation by: (i) exerting traction forces on their ECM (61), or (ii)
by producing collagen parallel to their orientation, which can be guided by an oriented
substrate (62,63), curvature (64,65), or mechanical stimuli like stretch and fluid flow
(66,67) where cells align to the surface or the direction of the applied mechanical
stimulus. Thus far, these techniques have led to orientation of collagen in only one
direction instead of an alternating orientation between collagen layers as present in
lamellar bone ## wivo. To create acellular dense collagen networks with alternating
orientations between different collagen layers, collagen densification techniques were
used (53,68-70). These techniques are based on liquid crystal phasing of collagen; a
physiological state between liquid and solid in which highly concentrated collagen
molecules can arrange and assemble (71). In turn, such a dense and aligned collagen
film can increase osteoblast proliferation and differentiation, and guide the cells to align
in the direction of the substrate collagen (72). Under more physiological collagen
concentrations, it has been demonstrated that collagen fibrils in solution can already
align with the direction of flow in absence of cells (73). These aligned collagen fibrils
were subsequently stabilized under physiological relevant strain (z¢., mimicking the
traction forces of fibroblasts on ECM) to form a highly oriented collagen fiber (73).
ECM strain is not only important for the formation of oriented collagen fibers, it can
also protect already existing fibrils against degradation that are oriented in the direction
of the strain (74).
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Although the above-mentioned studies provide insight into the mechanisms of collagen
alighment in bone, translation to 3D 7 vitro tissue engineering remains challenging.
Studies that made use of substrates were all performed in 2D and investigated cellular
behavior over a short period of time, thus lacking spatial and temporal complexity. In
addition, the use of collagen substrates to induce cell and collagen alignment in 3D is
challenging, and degradation of these templates can result in collagen reorganization
over time (75). Therefore, future studies should investigate the optimal parameters to
create a dense aligned, possibly even lamellar-like, collagen network in 3D in witro
engineered constructs. For the assessment of collagen network density and alignment,
micrometer scale imaging is appropriate, as these parameters require a relatively wide
field of view. To investigate whether engineered collagen networks exhibit highly
organized collagen fibrils, collagen networks should not only be assessed at the
micrometer scale, but also at the nanometer scale. Furthermore, as NCPs play an
important role in collagen fibril assembly and subsequent mineralization, they should
be considered when aiming for improving these two aspects of bone ECM formation.

2.3 Theinorganic matrix; controlling extrafibrillar and intrafibrillar
mineralization

The inorganic matrix of bone comprises ~60 to 70% of the total bone ECM and
contains mainly carbonated hydroxyapatite (46). I vivo, collagen mineralization appears
inside and outside collagen fibrils, known as intrafibrillar and extrafibrillar
mineralization, respectively (76,77). Mineralization starts when mineral precursors enter
the collagen gap regions where hydroxyapatite crystals nucleate and orientate with their
c-axes parallel to the long axis of collagen fibrils. As recently investigated, these minerals
grow outside the dimensions of the single collagen fibril, forming a continuous pattern
of intrafibrillar and extrafibrillar minerals (Figure 2.2A) (78). Together these minerals
form /n vivo an interconnected network (79), providing bone with mechanical rigidity
and compressive strength (80). Therefore, to resemble physiological human bone in 3D
in vitro bone models, the inorganic matrix should comprise of a highly mineralized
collagen network with interconnected intrafibrillar and extrafibrillar minerals (Figure
2.2).

Mineral organization is thus highly complex, but unfortunately often not considered in
bone tissue engineering. Instead, in bone tissue engineering, mineral deposition is often
evaluated using calcium assays, calcium staining, or micro computed tomography. These
techniques say something about mineral content, but not their specific size and location
within the tissue, which are important for bone’s mechanical functionality (45). It
remains therefore unreported whether bone tissue-engineered construct really comprise
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of a mineralized collagen network, and if so, whether these minerals are located within
the collagen fibrils, aligned on the outside, or only precipitated within the extrafibrillar
spaces.

Figure 2.2. The inorganic matrix should comprise of a highly mineralized collagen network on the
micrometer scale, and interconnected intra and extrafibrillar minerals on the nanometer scale. (A)
Simplified representation of the mineral structure, location of nucleation, and mineral growth. (B)
Transmission electron microscopy image of mineralized collagen fibril showing a high level of alignment
of intrafibrillar and extrafibrillar minerals (reprinted from Biomacromolecules, 12:8, A.S. Deshpande et al.,
Primary Structure and Phosphorylation of Dentin Matrix Protein 1 (DMP1) and Dentin Phosphoprotein
(DPP) Uniquely Determine Their Role in Biomineralization, 2933-2945, Copyright (2011), with permission
from American Chemical Society). (C) Scanning electron microscopy image of rat long bone showing
mineralized aligned lamellae (reprinted from Acta Biomater., 10, Reznikov et al., Bone hierarchical structure
in three dimensions, 3815-3826, Copyright (2014), with permission from Elsevier).
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To improve zn vitro mineralization of collagen, it is important to know what factors can
influence mineralization and how we can apply them in bone tissue engineering.
Biochemically, citrate infiltration of collagen fibrils might promote intrafibrillar
mineralization (81). In addition, it is believed that citrate plays an important role in
connecting individual mineral particles (82). Citrate might be provided by osteoblasts
that attain the ability to produce it during differentiation from mesenchymal stromal
cells (MSCs) (83,84). In addition, NCPs such as osteocalcin and osteopontin are
believed to play an essential role in intrafibrillar crystal growth and crystal morphology
(85). Of importance, iz vitro mineralization might be influenced by fetal bovine serum
(FBS), a nutritional serum supplement often used for bone tissue engineering. The
chemical composition of FBS is often not provided and varies from batch to batch and
among different brands. Some FBS types even induce mineralization in the absence of
cells (86). In this way, mineral may already form before differentiating cells can take
charge over their formation, which might lead to uncontrolled mineral precipitation. To
enable cell-controlled mineralization, medium composition needs to be optimized.
Although the actual FBS components that influence mineralization are not known,
alkaline phosphatase and fetuin likely play a role (57). Both proteins are not only
produced by osteoblasts but may also be present in FBS. More specifically, alkaline
phosphatase can induce mineralization in the presence of calcium and the osteogenic
culture supplement glycerophosphate (87), possibly leading to uncontrolled mineral
precipitation in the extrafibrillar spaces.

The collagen network is likely important for mineralization. It not only functions as a
passive template; collagen fibril organization can improve mineralization by providing
confined spaces at gap regions. These spaces might guide the minerals into the collagen
fibrils (54). Biomechanically, fluid shear stress can influence NCP expression/synthesis
by osteoblasts (88), which will likely influence mineralization as well. As such, the
magnitude of fluid flow induced shear stresses has been shown to be predictive of
mineral formation and might direct MSCs to proliferate or become osteoblasts,
associated with increased mineralization (89,90). These studies typically focus on
mineral quantity instead of quality, thus whether these fluid shear forces only affect the
amount of mineralization, or also mineral location with respect to the collagen fibrils as
characterized by Reznikov et al., (2018) (78), should be investigated. To investigate
whether engineered mineralized bone ECM exhibits a highly mineralized collagen
network with interconnected intrafibrillar and extrafibrillar minerals, tissue engineered
constructs and its individual mineralized collagen fibrils should be visualized at the
nanometer scale.
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2.4 The cells; arole for osteoclasts, mature osteoblasts, and osteocytes?

In vivo, organized bone matrices as characterized by Reznikov et al., 2014 (5) ate only
observed after remodeling which includes: (i) activation or recruitment of progenitor
cells, (ii) resorption of mineralized matrix by osteoclasts, (iii) surface preparation for
bone formation, and (iv) ECM deposition by osteoblasts, regulated by osteocytes (91).
In contrast, the iz vitro approach usually starts with the differentiation of progenitor cells
(mostly MSCs) towards matrix-producing osteoblasts, ignoring the contribution of
osteocytes and osteoclasts. These progenitor cells start producing collagen and alkaline
phosphatase during the initial stages of osteogenic differentiation (92). This may lead to
uncontrolled fibrillogenesis if no sufficient NCPs are produced at this stage, and, in the
presence of serum supplemented medium, uncontrolled mineralization. Osteoblasts
produce NCPs important for collagen fibril assembly and mineralization and develop
the ability to produce citrate as they mature (83,92,93). In addition, it has been
demonstrated that undifferentiated MSC-like cells exert less traction forces on their
substrate than mature osteoblast-like cells (61), indicating that mature osteoblasts have
a superior ability to organize their ECM. Therefore, osteoblast maturation will likely
improve ECM formation and organization as well.

When osteoblasts get embedded in their matrix, they can become osteocytes.
Osteocytes are thought to guide bone formation and resorption by regulating the
activities of osteoclasts and osteoblasts and are therefore important for overall bone
structure (47). Besides this regulation function, these cells produce proteins that are
important for mineralization of collagen, for example the NCP dentin matrix protein 1
(DMP1) (47,94). Accordingly, osteocytes not only regulate overall bone structure, but
they might also influence the ECM organization at the nanometer scale, and they should
therefore be included in 3D 7 vitro models for bone.

Recently, several osteoclast derived factors were identified that may influence osteoblast
differentiation and subsequent matrix formation (95,96). In addition, as osteoclasts
appear to deposit osteopontin in their resorption pits i vitro (97), they might have an
active role in guiding mineralization. Moreover, synthesis of osteomodulin, important
for fibrillogenesis, seems to be coupled to osteoclasts ## vivo, as its expression was
reduced in osteoclast-deficient mice (93). Thus, integration of osteoclasts may not only
be important for resorption of the initially formed poortly organized ECM, but it might
also improve ECM production by osteoblasts. Although iz vitro bone remodeling by
(mature) osteoblasts, osteocytes, and osteoclasts is still in its infancy (as reviewed by
Owen and Reilly, 2018 (7)), it might be the only way to achieve the formation of
physiological bone ECM.
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Cells play thus an important role in regulating the ECM organization by the factors they
secrete. In turn, the ECM organization can influence the cellular behavior (Figure 2.3).
For example, osteoclasts need a mineralized surface to form a proper actin ring to create
a resorption pit. In addition, it is believed that osteoblasts iz vive only produce lamellar-
like bone when they are in full contact with the solid substrate surface (56,98).
Accordingly, tissue engineering of 3D highly organized ECM is complex as the most
effective starting point, ze., use an organized scaffold (as described by Liu et al., 2016
(99)) or let the cells organize their niche, is yet to be investigated.

Figure 2.3. Organic bone matrix forms a template for the inorganic bone matrix. As such, osteoblasts,
osteoclasts and osteocytes can control both organic and inorganic extracellular matrix organization via
several pathways. However, they are in this process influenced by their own substrates. This complicates
engineering of a 3D highly organized extracellular matrix as the most effective starting point is yet to be
investigated.

Researchers have also attempted to improve osteogenesis by chondrogenic priming of
progenitor cells (100). This strategy is based on endochondral ossification: the
mechanism by which long bones develop 77 vivo where a cartilage template is formed,
mineralized and subsequently replaced by woven bone. Endochondral ossification
based bone tissue engineering could benefit bone regeneration as it may improve
angiogenesis and remodeling iz vivo (100). In vitro, chondrogenic priming might increase
mineral content after subsequent osteogenic differentiation (101). Whether this method
could improve bone remodeling 7 vitro, and thus potentially improve physiological bone
formation is yet to be investigated.

2.5 Assessment of in vitro engineered bone-like structures

In bone tissue engineering, bone ECM components such as collagen, alkaline
phosphatase, and minerals are often quantified and visualized at the micrometer scale
to demonstrate osteogenesis. This might be enough for regeneration purposes, where,
after implantation, the patient's own cells can contribute to remodeling. However, with
the goal to develop 7 vitro bone models that resemble the complex ECM of 7 vivo bone,
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additional structural assessments on both micrometer and nanometer scale are essential
as explained in Section 2.2 and 2.3. In this regard, a multidisciplinary approach, in
which bone biologists, material scientists, (bio)chemists and mechanical engineers work
together, should be taken to improve the formation and assessment of 3D i vitro
engineered bone models. Based on the discussed topics in previous sections, we suggest

assessing the following outcome parameters and propose techniques to assess them
(Table 2.1).

Table 2.1. Proposed outcome parameters and techniques to assess extracellular matrix organization.

Micrometer scale Nanometer scale
Outcome Techniques Outcome Technigues
Collagen network PLM (102) Collagen fibril AFM (102)
otientation PRS (102) organization TEM (102)
g pFTIR (102) FIB-SEM (102)
g pSHG (102) SEM (102)
g FM with DO
§n algorithm (103)
© | Collagen network LM or FM and
density quantitative analysis
Mineral content wCT Mineral properties XRD (105)
LM or FM and
g quantitative analysis
g EDS (104)
é Mineral location with | Correlated LM or Mineral location with | AFM (102)
8p | respect to collagen FM and SEM respect to collagen TEM (102)
g | network (106,107) fibril
- Correlated LM and
(SR) #CT (108)

Abbreviations: extracellular matrix (ECM), polarized light microscopy (PLM), polarized raman
spectroscopy (PRS), polarized fourier transform infrared spectroscopy (pFTIR), polarized second
harmonic generation (pSHG), fluorescence microscopy (FM), degree of orientation (DO), light microscopy
(LM), micro-computed tomography (#CT), energy dispersive X-ray spectroscopy (EDS), synchrotron
micro-computed tomography (SR #CT), atomic force microscopy (AFM), transmission electron
microscopy (TEM), focused ion beam scanning electron microscopy (FIB-SEM), X- ray diffraction (XRD).

Especially the localization of minerals at the micrometer scale, and the collagen fibril,
mineral property and location at the nanometer scale will require advanced techniques.
Evaluation of collagen network orientation remains challenging, as techniques based on
polarization require a dense collagen network which is not always achieved in bone
tissue engineering, and which should be improved. As an alternative, fluorescent light
microscopy images can be used in combination with a degree of orientation algorithm
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(103). To assess whether the 3D 77 vitro bone model resembles physiological bone, these
parameters should also be assessed in, and compared to 'teal' physiological bone.

2.6 Conclusion

Taken together, with the purpose to create 3D i vitro bone models for studying bone
related diseases and drug testing, tissue engineered ECM organization should resemble
the iz vivo physiological bone structure as this is often changed in pathological situations.
We define the resemblance to the 7z vivo situation as a mineralized oriented dense
collagen network with highly organized collagen fibrils and NCPs, allowing for
intrafibrillar and organized extrafibrillar mineralization with interconnected mineral
crystals. To compare the eventual ECM organization with the 7z ziwo situation,
researchers should consider assessing their 7z wifro bone models not only at the
micrometer scale, but also on the nanometer scale. To recreate the complex # vivo
situation, the initially formed disorganized ECM might need to be resorbed and
osteocytes/mature osteoblasts should be allowed to take control of collagen
fibrillogenesis and mineralization under conditions that simulate the physiological
biochemical and biomechanical environment of bone.
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Abstract

The transition in the field of bone tissue engineering from bone regeneration to three-
dimensional 7z vitro models has come with the challenge of recreating a dense and
anisotropic bone-like extracellular matrix with cell culture. The creation of such an
organized bone-like extracellular matrix has received little attention thus far. Although
the mechanism by which bone extracellular matrix gains its structure is not fully
understood, curvature (especially concavities), mechanical loading due to deformations
or directional fluid flow, and osteocyte signaling have been identified as potential
contributors. Here, guided by computational simulations, we evaluated three-
dimensional cell and bone-like tissue growth and organization in a concave channel with
and without directional fluid flow stimulation. Human bone marrow-derived
mesenchymal stromal cells were seeded on donut-shaped silk fibroin scaffolds and
stimulated to undergo osteogenic differentiation for 42 days statically or in a flow
perfusion bioreactor. Constructs were investigated for cell distribution, and tissue
growth and organization on day 14, 28, and 42. As a result, directional fluid flow was
able to improve bone-like tissue growth but not organization. After 28 days of culture,
when osteogenic differentiation was likely accomplished, cells tended to have a small
preference for orientation in the tangential (ie, circumferential) direction of the
channel. Based on our results supported by existing literature, we suggest that three-
dimensional bone-like tissue anisotropy might be guided by curvature, while
extracellular matrix production can be increased through the application of fluid shear
stress. With this study, an initial attempt in three-dimensions was made to improve the
resemblance of 7 vitro produced bone-like extracellular matrix to the physiological bone
extracellular matrix.
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3.1 Introduction

Bones have remarkable mechanical properties due to their extracellular matrix (ECM)
composition and organization. To attain these properties, organic and inorganic matrix
components are highly organized (109). In addition, bone structure is maintained and
adapted through lifelong remodeling by osteoclasts (bone-resorbing cells), osteoblasts
(bone-forming cells), and osteocytes (regulating cells) (46,47). Traditionally, bone tissue
engineering methods (7.e., making use of cells, scaffolds, biochemical and biomechanical
stimuli) have been applied to recreate bone-like tissue iz vitro for implantation and
subsequent regeneration of large osseous defects. Because of bone’s innate remodeling
capacity, these implants may successfully induce regeneration, even if they fail to mimic
the complex bone ECM structure. The recapitulation of the physiological bone ECM
in vitro has received too little attention from researchers (110).

Tissue engineering strategies are nowadays increasingly applied for the creation of i
vitro models of healthy or pathological bone, aiming at improving preclinical treatment
development while addressing the principle of reduction, refinement, and replacement
of animal experiments (3Rs) (7,19,20,111). Changes in bone’s ECM composition and
organization are characteristic for bone pathologies like osteoporosis, osteogenesis
imperfecta, and bone metastasis (39-41,112). Therefore, iz vitro models that aim at
studying changes in bone ECM under the influence of treatments would benefit from
improved control over organic matrix formation and subsequent mineralization
(110,113). As the organic bone ECM with mainly collagen type I functions as a
mineralization template (53), the improvement of collagen network organization and
density may enhance the biomimicry of 7 vitro produced bone ECM. However, the
mechanism by which collagen forms a dense anisotropic or lamellar network iz vivo is
pootly understood. It is well accepted that 7z »iwvo bone morphology and mass is
regulated by osteocytes which sense interstitial fluid flow through their lacuna-
canalicular networks (114). Recently, the anisotropy of the osteocyte lacuna-canalicular
network has been correlated with the degree of apatite orientation in bone ECM,
indicating a role for osteocytes in regulating ECM anisotropy (115). The preferred
orientation of collagen producing osteoblasts could also be manipulated to stimulate
anisotropic collagen formation. This might be accomplished by mechanical loading like
cyclic stretch or directional fluid flow (66,67). These studies are however mainly
performed in a controlled but simplified two-dimensional (2D) environment for a short
period of time, not representative for the 7 vivo situation and ignoring tissue formation
outcomes. In three-dimensional (3D) systems, fluid flow has been demonstrated to
stimulate bone-like tissue growth including collagen formation (90,116,117). One
challenge in these 3D environments is that both increased mass transport and wall shear
stress (WSS) as a result of fluid flow could have an effect (88,113).
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In addition to the application of external mechanical loading, substrate curvature could
also induce cell organization (64), subsequent anisotropic collagen formation (65), and
bone-like tissue growth (117-119). Bone-like tissue growth is especially stimulated in
concavities with high curvatures (120). Cell and tissue anisotropy is then often observed
in the tangential or circumferential direction of a pore (65). Thus, to promote 7 vitro
bone-like tissue growth and anisotropy, fluid flow and curvature are likely two
important factors. However, to our knowledge these two factors have not been
evaluated together and therefore it is unclear which of the two factors dominates bone-
like tissue growth and anisotropy.

Accordingly, in this study bone-like tissue growth and anisotropy were evaluated in a
concave channel in a 3D silk fibroin (SF) scaffold statically or under influence of
directional fluid flow. Osteogenically stimulated human bone marrow-derived
mesenchymal stromal cells (hBMSCs) were used because of their ability to proliferate
and differentiate into osteoblasts and osteocytes (116), making them an appropriate
candidate for (personalized) 7z vitro bone models (121). As the cell response to fluid flow
or curvature might change during osteogenic differentiation from mesenchymal stromal
cell to osteocyte (88,120), tissue growth and organization were studied over a period of
42 days with intermediate time points at day 14 and day 28 (Figure 3.1). In addition,
prior to experiments computational simulations were performed. Fluid flow patterns
and fluid shear stress magnitude at the channel wall were simulated with a
computational fluid dynamics (CFD) model to (i) determine the optimal bioreactor
settings for osteogenesis and bone-like tissue formation, and (ii) ensure only fluid flow
at the channel wall in the longitudinal direction (ze., direction of the flow) to minimize
an effect of mass transport and flow in the radial (e, into the scaffold) direction.

3.2 Materials and Methods

3.2.1 Scaffold fabrication

Bombyx mori L. silkworm cocoons were degummed by boiling them in 0.2 M Na,COs
(8-7795, Sigma-Aldrich, Zwijndrecht, The Netherlands) for 1 h. Silk was dried and
subsequently dissolved in 9 M LiBr (199870025, Acros, Thermo Fisher Scientific, Breda,
The Netherlands), filtered, and dialyzed against ultra-pure water (UPW) for 36 h using
SnakeSkin Dialysis Tubing (molecular weight cut-off: 3.5 K, 11532541, Thermo Fisher
Scientific). Dialyzed SF solution was frozen at -80° C and subsequently lyophilized for
6 days. Lyophilized SF was dissolved in hexafluoro-2-propanol (003409, Fluorochem,
Hadfield, UK) at a concentration of 17% (w/v) and casted in cylindrical scaffold molds
filled with NaCl granules with a size of <200 um as templates for the pores. Molds were
covered and after 3 h, covers were removed from molds, and hexafluoro-2-propanol
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was allowed to evaporate for 7 days whereafter f-sheets were induced by submerging
SF-salt blocks in 90% MeOH for 30 min. SF-salt blocks were cut into discs of 3 mm
height with a Accutom-5 (04946133, Struer, Cleveland, OH, USA). NaCl was dissolved
from the scaffolds in ultra-pure water, resulting in porous sponges. These sponges were
punched with a 9 mm diameter biopsy punch for the outer dimensions and a 3 mm
diameter biopsy punch for the central channel with a fixed curvature of -0.67 mm-!. The
dimensions of the channel are based on previous research in which a 3 mm channel
remained open over a period of 42 days (117), which is essential to enable studying the
influence of directional fluid flow. Scaffolds were sterilized by autoclaving in phosphate
buffered saline (PBS) at 121° C for 20 min.

Figure 3.1. Experimental set-up of the study. hBMSCs were seeded on silk fibroin scaffolds with a central
concave channel. Fluid flow was applied in longitudinal direction of the channel with a flow perfusion
bioreactor of which the settings were determined with a computational fluid dynamics model. Cells were
stimulated to undergo osteogenic differentiation over a period of 42 days with intermediate time points at
day 14 and 28 to study cell distribution, and tissue growth and organization. Mineralization was checked
weekly from day 14 onwards with non-destructive micro-computed tomography scanning. Abbreviations:
human bone marrow derived stomal cells (hBMSCs), day (D). Cell images were modified from Servier
Medical ~ Art, licensed under a Creative Common Attribution 3.0 Generic License

(http:/ /smart.servier.com/, accessed on 8 July 2021).
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3.2.2 Scaffold geometry

To obtain the detailed geometry of the scaffold, a micro-computed tomography scan
(uCT) was acquired with a uCT100 imaging system (Scanco Medical, Briittisellen,
Switzerland). Scanning was performed for air-dried scaffolds with an isotropic voxel
size of 3.9 um, energy level of 45 kVp, intensity of 200 A, integration time of 300 ms,
and with twofold frame averaging. To reduce part of the noise, a constrained Gaussian
filter was applied with a filter support of 1 and a filter width sigma of 0.8 voxel. Filtered
images were segmented at a global threshold of 55% of the maximum grayscale value.
Unconnected objects smaller than 50 voxels were removed through component
labeling. A distance transformation function was used to determine the pore size
distribution at four regions of interest (location S1, S3, S5, and S7 of Figure 3.2A).

3.2.3  Multi-scale computational fluid dynamics (CFD) model

Micro-scale: scaffold permeability calculation
As the region of interest was the scaffold’s central channel, the porous region around

the channel was homogenized using the permeability that was determined based on the
reconstructed geometry from the uCT scan as previously described (122). This was done
to reduce the excessively high computational cost caused in modeling the irregular
micro-struts of the porous SF scaffold. The homogenized scaffold permeability was
determined based on the geometry of 8 representative volumetric elements (RVEs) with
a diameter of 500 um (> 4 times average pore size) and a height equal to the height of
the scaffold (Figure 3.2A). The RVEs were selected from the total scaffold geometry
that was reconstructed using Seg3D software (University of Utah, UT, USA). The fluid
domain of RVEs was meshed using the same strategy as in (122) with global maximum
and minimum element sizes if 20 um and 0.2 um, respectively.

The RVEs’ permeability was determined from Darcy’s law (Equation 3.1):

Q _ k4 bp 3.1)

u H

Whete Ap is the pressure drop over the scaffold height H determined by solving the
CFD model for each RVE; Q is the prescribed flow rate, 4 the cross-sectional area to
the flow, u the dynamic viscosity of the culture medium (¢ =1.09 mPa-s for cell culture

medium (123)), and k the permeability.

In the CFD model, the medium flow was defined as incompressible Newtonian and
described by the Navier-Stokes equation that was solved using the finite volume method
(FVM). As a convergence criterion it was required that the root-mean-square residual
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of the mass and momentum was smaller than a fixed threshold set at 10=4. Calculations
were done using ANSYS CFX (ANSYS, Inc., PA, USA).

Macro-scale: wall shear stress calculation

The macro-scale model representing the full scaffold and perfusion bioreactor domain
was used for the fluid shear stress calculations on the scaffold channel wall (Figure
3.2C). In this macro-structural model, the scaffold region was homogenized and
assigned a permeability calculated from the eight RVE micro-scale models. The region
of the porous media (scaffold and newly formed tissue) was defined as a homogeneous
porous media (Figure 3.2C), and described by Darcy’s equation (Equation 3.2):

V-q=0
{%q+Vp —0 (3.2)

where q is the Darcy velocity and p the pressure.

The remaining central bioreactor channel without tissue formation was defined as free
fluid (incompressible, Newtonian laminar flow), and described by the Navier—Stokes
equations (Equation 3.3):

V-v=0
{%+v-Vv= —Vp + uv?v (3.3)

where v is the fluid velocity vector.

The top and bottom surfaces of the porous media domain were defined as boundaries
with continuity of mass flux, and the scaffold internal channel wall was defined as a
non-slip wall boundary as it is assumed that there will be only minor flued following
across the wall. At the inlet of the CFD model, a constant flow rate of 1.5 mL/min was
prescribed according to the experimental condition. At the outlet, a relative pressure of
0 Pa was applied. The macro-scale CFD model was meshed with 1,720,090 tetrahedral
elements, solved by FVM using ANSYS CFX (ANSYS, Inc., PA, USA) and the same
convergence criteria as for micro-scale model.

To check the assumption that only little fluid flows through the interface between the
channel and the scaffold, a CFD model in which a scaffold with idealized cubic pore
shape and uniform pore size, was utilized. As this model only served to support the
assumptions made for the main macro-model as described above, details on this model
can be found in the supplementary information (Section Regularized element CFD
model).
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Figure 3.2. Multi-scale CFD model parameters. (A) Scaffold geometry was obtained with £CT scanning
whereafter the reconstructed scaffold was discretized into eight RVEs for permeability determination using
the micro-model. (B) Calculated permeability of each scaffold RVE. (C) Geometry and boundary
conditions of the CFD model. Abbreviations: computational fluid dynamics (CFD), representative
volumetric element (RVE), micro-computed tomography (uCT).

3.2.4  Cell experiment

hBMSC isolation, expansion and seeding
hBMSCs were isolated from human bone marrow (Lonza, Walkersville, MD, USA) and

characterized for surface markers and multilineage differentiation, as previously
described (124). hBMSCs were frozen at passage 4 with 5¥106 cells/ml in freezing
medium containing fetal bovine serum (FBS, BCBV7611, Sigma-Aldrich) with 10%
DMSO and stored in liquid nitrogen until further use. Before experiments, hBMSCs
were thawed, collected in high glucose DMEM (hg-DMEM, 41966, Thermo Fisher
Scientific), seeded at a density of 2.5%103 cells/cm? and expanded in expansion medium
containing hg-DMEM, 10% FBS (BCBV7611, Sigma-Aldrich), 1% Antibiotic
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Antimycotic (anti-anti, 15240, Thermo Fisher Scientific), 1% Non-Essential Amino
Acids (11140, Thermo Fisher Scientific), and 1 ng/ml basic fibroblastic growth factor
(bFGF, 100-18B, PeproTech, London, UK) at 37 °C and 5% CO,. After 7 days, cells
were detached using 0.25% trypsin-EDTA (25200, Thermo Fisher Scientific) and
seeded onto scaffolds at passage 5. Cells were seeded at a density of 5¥106 cells per
scaffold and seeding was performed dynamically for 6 hours in 50 ml tubes on an orbital
shaker at 150 RPM in osteogenic control medium (Ilg-DMEM (22320, Thermo Fisher
Scientific), 10% FBS (SFBS, Bovogen, East Keilor, Australia and 1% anti-anti) (125).
After seeding, scaffolds were kept in wells plates overnight to ensure proper attachment
before flow was applied.

Bioreactor culture
hBMSC-loaded scatfolds were cultured in custom-made flow perfusion bioreactors as

previously described (89). Scaffolds were cultured statically and dynamically for which
a flow of 1.5 ml/min was applied, based on pre-simulations. Cells were stimulated to
undergo osteogenic differentiation by providing osteogenic differentiation medium
(osteogenic control medium with osteogenic supplements 10 mM B-glycerophosphate
(G9422, Sigma-Aldrich), 50 pg/ml ascorbic acid-2-phosphate (A8960, Sigma Aldrich),
and 100 nM Dexamethasone (D4902, Sigma-Aldrich)). For static bioreactors, 6 ml
medium was supplied which was completely changed 3 times a week. For dynamic
bioreactors, 12 ml medium was supplied of which only half of the volume could be
replaced 3 times a week with double concentrated osteogenic supplements (z.¢., 20 mM
B-glycerophosphate, 100 ug/ml ascotbic acid-2-phosphate, and 200 nM
Dexamethasone) to keep the initial concentration of supplements constant. The
bioreactor culture was maintained for 14, 28 or 42 days at 37 °C and 5% CO..

3.2.5 Cell construct analyses

Cell attachment
As cell attachment can be influenced by the cell experienced mechanical load (126), cell

attachment was assessed at day O for a small subset of the samples (IN = 4). These
samples were cut in half and fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate
buffer (CB) for 4 h and then washed in CB. Samples were stained with 0.04% osmium
tetroxide (75632, Sigma-Aldrich) in CB for 90 min and dehydrated with graded ethanol
series (37%, 67%, 96%, 3 x 100%, 15 min each) followed by lyophilization. Samples
were subsequently coated with 20 nm gold and imaging was performed in high vacuum,
at 10 mm working distance, with a 10 kV electron beam (Quanta 600F, FEI, Eindhoven,
The Netherlands).

(O8]
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Cell distribution visualization
Day 0, 14, 28 and 42 scaffolds (IN = 4 scaffolds per condition per time point) were cut

in half and soaked for 15 minutes in each 5% (w/v) sucrose and 35% (w/v) sucrose in
PBS. Samples were embedded in Tissue Tek® (Sakura, Alphen aan den Rijn, The
Netherlands) and quickly frozen with liquid Na. Cryosections were sliced in the vertical
plane with a thickness of 5 #m. Upon staining, sections were fixed for 10 minutes in
3.7% neutral buffered formaldehyde and washed twice with PBS. Sections were
subsequently stained with 1 ug/ml DAPI (D9542, Sigma-Aldrich) for 10 min and
washed twice with PBS. Coverslips were mounted with Mowiol, tile scans were made
with an epi-fluorescence microscope (Zeiss Axio Observer 7, 10x/0.3 EC Plan-
Neofluor), and tile scans were stitched with Zen Blue software (version 3.3, Zeiss,
Breda, The Netherlands).

Organic matrix growth visualization and quantification
To visualize collagen deposition, cryosections were prepared in two different planes (ze.,

the horizontal and vertical place, N = 4 scaffolds per condition, time point, and plane)
and stained with Picrosirius Red. Sections were soaked in Weigert’s Iron Hematoxylin
(HT1079, Sigma-Aldrich) solution for 10 minutes, washed in running tap water for 10
minutes, and stained in 1% w/v Sirius Red (36,554-8, Sigma-Aldrich) in picric acid
solution (36011, Sigma-Aldrich) for one hour. Subsequently, sections were washed in
two changes of 0.5% acetic acid and dehydrated in one change of 70% and 96% EtOH,
three changes of 100% EtOH, and two changes of xylene. Sections were mounted with
Entellan (107961 Sigma-Aldrich). To capture the entire section, tile scans were made
with a bright field microscope (Zeiss Axio Obsetrver Z1, 10x/0.45 Plan-Apochromat
objective). Tile scans were stitched with Zen Blue software (version 3.1, Zeiss). Tissue
growth was quantified in the vertical plane and horizontal plane measuring the distance
from outer scaffold boarder to outer cell/tissue boarder at 10 different locations in each
plane using Fiji (127). The measured distances in the two planes were averaged for the
average channel tissue ingrowth per sample.

To check whether the produced ECM was of a bone-like nature, cryosections (IN = 4
scaffolds per condition per time point) were prepared and fixed as described above and
stained with the bone ECM markers osteopontin and collagen type I (128,129). Briefly,
sections were permeabilized in 0.5% Triton X-100 in PBS for 5 min and blocked in
10% normal goat serum in PBS for 30 min. Primary antibodies (osteopontin: 1:200, 14-
9096-82, Thermo Fisher Scientific; collagen type I: 1:200, ab34710, Abcam, Cambridge,
UK) were incubated overnight at 4 °C, secondary antibodies (osteopontin: Alexa 546,
1:200, A21123, Invitrogen Molecular Probes; collagen type I: Alexa 647, 1:200, A21246,
Invitrogen Molecular Probes) were incubated with 0.1 ug/ml DAPI for 1 h at room
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temperature. Coverslips were mounted with Mowiol, and images were acquired with a
laser scanning microscope (Leica TCS SP8X, 40x/0.95 HC PL Apo objective).

Biochemical content analyses
To quantify the biochemical content, lyophilized scaffolds (IN = 4 per condition per

time point) were weighted and digested overnight in papain digestion buffer (containing
100 mmol phosphate buffer, 5 mmol L-cysteine, 5 mmol EDTA and 140 ug/ml papain
(P4762, Sigma-Aldrich)) at 60 °C. DNA was quantified using the Qubit Quantification
Platform (Invitrogen) with the high sensitivity assay, according to the manufacturer’s
instructions. Hydroxyproline content as a measure for collagen was quantified using a
chloramine-T assay (130) with trans-4-hydroxyproline (H54409, Sigma-Aldrich) as
reference. Absorbance values were measured at 550 nm using a plate reader (Synergy™
HTX, Biotek) and standard curve absorbance values were used to determine
hydroxyproline content in the samples.

Matrix mineralization
Bioreactors were scanned and analyzed with a uCT100 imaging system weekly from day

14 to day 42. Scanning was performed at an isotropic nominal resolution of 17.2 um,
energy level of 45 kVp, intensity of 200 nA, integration time of 300 ms and with twofold
frame averaging. To reduce part of the noise, a constrained Gaussian filter was applied
with a filter support of 1 and a filter width sigma of 0.8 voxel. Filtered images were
segmented to detect mineralization at a global threshold of 24% of the maximum
grayscale value. Unconnected objects smaller than 30 voxels were removed through
component labeling. Mineralized volume was computed for the total scaffold and the
channel region using the scanner manufacturer’s image processing language (IPL) (131).

Cell and tissue organization
A quarter of each scaffold (IN = 4 per condition per time point) was fixed in 3.7%

neutral buffered formaldehyde. Samples were washed in PBS, permeabilized for 30 min
in 0.5% Triton X-100 in PBS and stained for 1 h with 0.1 xg/ml DAPI, 100 pmol Atto
647-conjugated Phalloidin and 1 zmol/mL CNA35-mCherry (132) to visualize cell
nuclei, F-actin and collagen, respectively. Samples were subsequently washed and
imaged in PBS. Z-stacks of the channel wall were acquired with a confocal laser
scanning microscope (Leica TCS SP8X, 20x/0.40 HC PL Fluotar L objective). Z-stacks
were deconvolved using the CLME deconvolution algorithm with the Batch Express
function of Huygens Professional (version 20.04, Scientific Volume Imaging, The
Netherlands). Cell nuclei at the channel wall were subsequently quantified after
segmentation using the Huygens Object Analyzer tool (Scientific Volume Imaging) and
normalized for the tissue volume. Z-stacks were converted to maximum intensity
projections for presentation using FiJi (127). In addition, phalloidin maximum intensity
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projections were used for cell orientation analyses using a previously described
algorithm (103) in MATLAB (version 2019b, The MathWorks Inc., Natrick, MA, USA).
In short, the principal direction of each pixel with an actin fiber was derived after
eigenvector decomposition of the Hessian matrix. A two-term Gaussian distribution
(for bimodal distributions present in the data) was subsequently fitted to the derived
actin fiber distribution per sample.

3.2.6  Statistical analyses

Statistical analyses were performed, and graphs were prepared in GraphPad Prism
(version 9.3.0, GraphPad, La Jolla, CA, USA) and R (version 4.1.2) (133). Data were
tested for normality in distributions and equal variances using Shapiro-Wilk tests and
Levene’s tests, respectively. When these assumptions were met, mean I standard
deviation are presented, and to test for differences, a two-way ANOVA was performed
followed by Tukey’s post hoc tests with adjusted p-value for multiple comparisons.
Other data are presented as median T interquartile range and were tested for a
difference between static and dynamic with non-parametric Mann—Whitney U test for
each time point with adjusted p-value for multiple comparisons. A p-value of <0.05 was
considered statistically significant.

3.3 Results

3.3.1 Computational fluid dynamics simulation

From the uCT analyses, a similar pore size distribution for four regions of interest was
found with an average pore size of 103 £ 40 um (Figure S3.1). Based on the CFD
model for the eight RVEs at the micro-scale, the average permeability of the whole
scaffold was 4.92x10-19 m? (Figure 3.2B). According to the macro-scale CFD model,
the fluid shear stress at the channel wall was uniformly distributed along the longitudinal
direction of the channel (i.¢, from top to bottom) with an average value of 10.62 mPa
(maximum WSS = 20.67 mPa, minimum WSS = 9.33 mPa) (Figure 3.3). Moreover,
from the CFD model with idealized cubic pore shape elements the average velocity
along the channel was 1.2 mm/s, while the average velocity in the radial direction (ze.,
across the channel) was 2.3x10° mm/s (supplementary information, Section
Regularized element CFD model). Thus, the fluid velocity along the channel was >
520 times higher than the fluid velocity in the radial direction, confirming the
assumption that fluid flow through the interface can be neglected. Furthermore, the
majority of the fluid flow went through the channel rather than through the scaffold
region: the average z-component (ze., in longitudinal direction) of the fluid velocity
vector was 1.20 mm/s in the channel compared to 0.16 mm/s in the scaffold region

(Figure S3.2).
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Figure 3.3. (A) Wall shear stress distribution on the inner channel wall of the scaffold. (B) The direction
of the shear vector was uniform and in the longitudinal direction of the channel.

3.3.2 Cell attachment and distribution

After seeding, cells were found within the pores of the scaffold, in the scaffold and at
the channel wall (Figure 3.4A). SEM revealed that cells at the channel wall bridged the
scaffold pores (Figure 3.4B). The cells collectively covered the channel pores (Figure
$3.3). Then, the influence of fluid flow on cell distribution and potentially on cell
proliferation at the channel wall was evaluated. After 42 days, dynamically cultured
samples seemed to have formed a thicker cell layer at the channel wall (Figure
3.4C+D). DNA content quantification of the entire scaffold revealed a time dependent
decrease in DNA which was different for statically and dynamically cultured scaffolds
(Figure 3.4E). When comparing the two culture conditions per time point, DNA
content at day 28 was higher in statically cultured scaffolds than dynamically cultured
samples (Figure 3.4E). Interestingly, DNA content tended to increase from day 0 to
day 14 for both conditions, after which it decreased again to values of day O for
dynamically cultured scaffolds after 28 days and for statically cultured scaffolds after 42
days. To check whether there was a difference in cell number at the scaffold channel
wall between statically and dynamically cultured scatfolds, cell nuclei were counted from
Z-stacks of the scaffold channel wall (Figure 3.4F). At the channel wall, no differences
between statically and dynamically cultured scaffolds were found. This suggests that the
observed thickening in cell layer is the result of ECM production by cells at the channel
wall, rather than cell proliferation.

3.3.3  Organic matrix growth and mineralization

Collagen deposition was visualized in the horizontal and vertical plane (Figure S3.4).
Vertical plane images revealed collagen formation after picrosirius red staining through
the entire scaffold for both statically cultured and dynamically cultured scaffolds
(Figure 3.5A and Figure S3.4 for more representative images).
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Figure 3.4. Cell distribution within the scaffold and attachment at the channel wall. (A) Scaffold vertical
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plane sections in which cells and scaffold are visualized with nuclei (DAPI) staining and scaffold
autofluorescence (triangular-like structures, indicated with an asterisk) of day 0 samples. (B) Cell attachment
at day 0 visualized with scanning electron microscopy. (C) Cell layer at channel wall for statically cultured
scaffolds and (D) dynamically cultured scaffolds. (E) Total DNA quantification, p<0.05 for factor time and
time x group interaction (Two-way ANOVA and Tukey’s post hoc tests within each time point), and (F)
cell count at the channel wall, #s (Two-way ANOVA). Asterisks in graphs represent results of post hoc
analyses (*»<0.05)

Collagen content tended to increase with time, with most collagen visible at day 42 of
culture for both groups. This was quantified by measuring the hydroxyproline content.
Indeed, a time-dependent increase in hydroxyproline content was found (Figure 3.5C).
This increase over time was however similar for statically and dynamically cultured
constructs. When zooming in at the channel wall, dynamically cultured scaffolds tended
to have a thicker layer of formed tissue than statically cultured scaffolds (Figure 3.5B).
By measuring the thickness of this newly formed tissue in the vertical and horizontal
plane, tissue growth at the channel wall could be quantified. Again, a time-dependent
increase in tissue thickness was found (Figure 3.5D). At the channel wall, this time-
dependent increase was different for statically and dynamically cultured scaffolds.
Dynamically cultured scaffolds had a statistically significant thicker layer of tissue on
day 42 at the channel wall than statically cultured scaffolds.

A positive immunohistochemical staining for collagen type 1 and osteopontin revealed
that the formed ECM at the channel wall was of a bone-like character (Figure S3.5).
On day 14, collagen type I and osteopontin were mostly present around the cells while
on day 42 they were more distributed through the ECM for both statically and
dynamically cultured scaffolds. Dynamically cultured scatfolds seemed to have a higher
collagen density at the channel wall than statically cultured scaffolds (Figure S3.5).

Longitudinal xCT monitoring allowed for visualization and quantification of matrix
mineralization. From the 3D scans and their quantification, a clear increase in
mineralization over time was observed for both groups (Figure 3.6A+B). Although
non-significant, more mineralization seemed present in statically cultured scaffolds. As
we were mostly interested in the scaffold channel wall, the scaffold channel volume was
also analyzed for the presence of mineralization. Interestingly, at the channel wall
differences between statically and dynamically cultured scaffolds could not be observed.

3.3.4 Cell and tissue organization

Over the culture period progression, no clear trend in cell and tissue organization was
observed for statically and dynamically cultured scaffolds (Figure 3.7A+C). From the
actin fiber distributions, no consistent influence of directional fluid flow was observed
(Figure 3.7B+D). On day 28, cells tended to alignh more in the tangential or
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circumferential direction of the channel for both statically and dynamically cultured
scaffolds. This was however not consistent for all scaffolds in the dynamically cultured

group.

Figure 3.5. Visualization and quantification of organic matrix growth. (A) Micrographs of vertical plane
sections stained for collagen (picrosirius red). (B) Micrographs of the channel wall of vertical plane sections
stained for collagen. Scaffold is indicated with an asterisk (C) Hydroxyproline content quantification of the
scaffold, p<0.05 for factor time (Two-way ANOVA and Tukey’s post hoc tests within each time point) (D)
Tissue growth quantification at the channel wall, p<<0.05 for factor time, group, and time x group interaction
(Two-way ANOVA and Tukey’s post hoc tests within each time point). Asterisks in graphs represent results
of post hoc analyses (****<0.0001).

3.4 Discussion

With the transition in the application of bone tissue engineering strategies from bone
regeneration to 3D 7 vitro models, the challenge to create an organized bone ECM has
been identified (110). The creation of an anisotropic and dense bone-like ECM has
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received little attention and currently available studies were mainly (i) performed on 2D
substrates over a short period of time, or (ii) did not include anisotropy as an outcome.
Although the mechanism by which bone ECM gains its dense and organized structure
is not fully understood, curvature (especially concavities), mechanical loading like
directional fluid flow, and osteocyte signaling have been identified as potential
contributors.

Figure 3.6. Mineralization over time obtained with uCT=-scanning. (A) Segmented uCT scans of statically
and dynamically cultured scaffolds from day 14 to day 42. (B) Mineralized volume of the entire scaffold
obtained from uCT scans, #s (Mann-Whitney U tests per time point with Bonferroni correction for multiple
comparisons). (C) Mineralized volume around the channel volume obtained from uCT scans, #s (Mann-
Whitney U tests per time point with Bonferroni correction for multiple comparisons). Area highlighted
with dashed line was analyzed to obtain mineralization at the channel wall. Abbreviations: micro-computed
tomography (uCT).

In this study, we aimed at evaluating 3D cell and tissue growth and organization in a
concave channel with and without directional fluid flow stimulation over a period of 42
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days to include the contribution of cell differentiation. As a result, directional fluid flow
improved bone-like tissue growth but not organization. After 28 days of culture, when
osteogenic differentiation of the cells was likely accomplished, they tended to have a
small preference for orienting themselves in the tangential direction of the channel.
Even when fluid flow was applied in the perpendicular direction, most samples showed
cells with a preference for alignment in the tangential (Ze., circumferential) direction of
the channel which might be an effect of its curvature (65).

In this study, a CFD model was used to calculate the WSS magnitude and direction.
The multiscale model allowed for the calculation of WSS magnitude over the entire
channel wall for the highly irregular scaffold used in this study. With an average WSS
of 10.62 mPa, mechanical stimulation was within the range of osteogenic and
mineralization stimulation for human cells in a 3D environment, based on previous
research (90,126). To enable this calculation, the assumption that fluid was only flowing
in the longitudinal channel direction had to be made. To check whether this assumption
was valid, a CFD model was applied on a simplified scaffold geometry comprising of
uniform cubical elements as pores. From this model, the made assumption that fluid
for generating mechanical stimulation only flows in the longitudinal channel direction
seemed valid. In addition, most fluid went through the channel, indicating that within
the scaffold culture conditions could be considered static (i.e., limited mass transport).
This might explain why the difference in collagen formation between statically and
dynamically cultured scaffolds were only observed at the channel wall. Another
assumption for determining the WSS on the cells was their attachment. Only if cells
have a flat attachment to the channel wall, WSS on cells is comparable to the calculated
WSS. When cells bridge pores, fluid flow not only induces sheat but also strain (120).
After seeding, cells indeed bridged the pores at the channel wall. As such, the calculated
WSS magnitude might have been an underestimation of the by the cells experienced
mechanical load. Cells also covered the channel wall already directly after seeding. It is
expected that once they produce ECM, the irregular channel wall gets covered with a
more homogeneous tissue layer in which cells experience less strain and are stimulated
by mostly WSS (113). However, substantial tissue growth in the channel will likely also
change the fluid flow induced shear stress (134). Thus, the fluid flow induced
mechanical load is expected to change over time which hinders the interpretation of the
obtained results and therefore is a limitation of the present study. In this study, tissue
growth and mineralization were already monitored over the entire culture period. Future
studies would benefit from including these tissue growth and mineralization parameters
in their models to get a more realistic estimation of the change in stress over time and
potentially adapt the input flow accordingly (113,135).
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Figure 3.7. Cell and tissue organization analysis. (A) Deconvolved maximum intensity projections of Z-
stacks obtained from the channel wall of statically cultured scaffolds. Tissues are stained for the nucleus
(gray), collagen (green), and F-Actin (magenta). Scaffold is indicated with an asterisk. (B) Gaussian fit (2nd
order) of actin fiber orientation distribution of statically cultured scaffolds relative to the tangential direction
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of the channel and fluid flow. (C) Deconvolved maximum intensity projections of Z-stacks obtained from
the channel wall of dynamically cultured scaffolds. Tissues are stained for the nucleus (gray), collagen
(green), and F-Actin (magenta). (B) Gaussian fit of actin fiber orientation distribution of dynamically
cultured scaffolds. Abbreviation: direction (dir.).

Interestingly, while other studies have reported increased mineralization under the
influence of WSS (90,116), in our study an opposite effect was observed. Studies with a
similar set-up have also found more mineralization in statically cultured scaffolds than
dynamically cultured scaffolds (89,117). In the used perfusion bioreactor set-up, only
half of the medium volume can be replaced whereas in statically cultured bioreactors all
medium can be replaced. To account for this, osteogenic supplements were added in a
double concentration under the assumption that they are either consumed or degraded
before the next medium change. However, this way of medium replacement might also
induce a difference between the groups in protein concentration derived from FBS or
in soluble factors produced by the cells (136). Recently, the impact of alkaline
phosphatase in FBS on mineralization has been shown (137). We therefore suggest that
the difference in mineralization is attributed to the bioreactor system and its practical
limitations, something that needs to be considered for future experiments using this
bioreactor system. At the channel wall, differences in mineralization between statically
and dynamically cultured constructs were absent. This suggests that in dynamically
cultured constructs, mechanically stimulated cells at the channel wall contributed more
to mineralization than cells within the scaffold that likely sensed no to limited shear
stress.

In our effort to improve cell and tissue organization in 3D, directional fluid flow was
applied in a concave channel. Fluid flow has been shown to stimulate cellular alignment
in 2D (67), while (mainly concave) curvature has been shown to induce anisotropic
collagen formation in 3D (65,120,138). By applying fluid flow in the longitudinal
direction of a concave channel in a 3D scaffold, we attempted to identify the main driver
of 3D cell and tissue organization. When cells were oriented in the longitudinal direction
of the channel, curvature was considered to be neglectable, while if cells aligned in the
tangential or circumferential direction, curvature was -0.67 mm-!. Over the entire culture
period, no clear influences of curvature nor directional fluid flow were observed. Only
a small preference for the tangential direction (i.e., the channel curvature) was observed
after 28 days for both statically and dynamically cultured scaffolds. Fluid flow does not
seem to have a consistent influence on cell and tissue organization in the presence of
curvature in 3D. Reasons why the influence of curvature was limited in this study could
be (i) the irregular channel wall, (ii) the differentiation state of the cells, and/or (iii) the
channel diameter and thus the curvature magnitude. First, while in this scaffold, the

smallest possible pores were produced to maximize the channel to pore size ratio,
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scaffold pores might still have induced small and local changes in curvature which could
have locally influenced initial cell orientation. This might also explain why after 28 days
a small influence of curvature was visible, as once cells have formed a monolayer and
produced their own ECM, curvature becomes a more dominant factor than scaffold
properties (139). However, one would then also expect to see cell alignment in
constructs cultured for 42 days which could not be detected in this study. Second,
previous research has demonstrated that undifferentiated hBMSCs prefer to avoid
curvature and would therefore align in the longitudinal direction of the channel (120).
Therefore, cells might have changed their orientation during their differentiation
process. Third, bone-like tissue growth is mainly stimulated with higher concavities
(117). However, to avoid closing of the channel, which would have induced
unpredictable flow patterns, a trade-off between curvature and channel diameter had to
be made.

Recently, prostaglandin E2 signaling by osteocytes was identified as a potential inducer
of osteoblast alignment (140). In this study, osteocytes might have been differentiated
from hBMSCs but most likely only under influence of mechanical stimulation and
towards the end of the culture period (116). The contribution of osteocytes to ECM
anisotropy in bone complicates the investigation of organized ECM formation 7z witro,
as in our approach it requires long-term experiments. Osteoblast-osteocyte co-cultures
might be performed to overcome this limitation. In addition, the field would benefit
from controlled experiments in which multiple cues (eg, strain, fluid flow, curvature,
presence of osteocytes) can be assessed in a high-throughput fashion. Such experiments
could lead to the identification of the driving cues for bone ECM growth and
anisotropy. Nevertheless, the here presented longitudinal characterization of cell and
tissue growth and organization under influence of curvature in the absence and presence
of directional fluid flow underlines the complexity of the 7 vitro creation of a dense and
anisotropic bone-like ECM, which is desired for iz vitro bone models (110).

3.5 Conclusion

In the present study, we presented a computationally informed 3D model for bone-like
tissue growth. In our attempt to improve ECM density and anisotropy, cell organization
and tissue growth were evaluated under influence of curvature with and without the
application of directional fluid flow. Based on the results obtained within this study
supported by existing literature, we believe that anisotropy in 3D might be guided by
curvature while ECM growth can be improved with the application of WSS. As such,
an attempt was made to improve the resemblance of 7z vitro produced bone-like ECM
to the physiological bone ECM.
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Supplementary information

Scaffold pore size analysis
To determine the pore size and pore size distribution, the image background was filled

with largest possible spheres of which the diameter was derived. From the micro-
computed tomography (uCT) analyses, a comparable pore size distribution for four
regions of interest was found with an average pore size of 103 * 40 um (Figure S3.1).
The average pore size was used for the regularized element computational fluid
dynamics (CFD) model (Figure S3.2).

Figure S3.1. (A) Gaussian fits of pore size distributions of four different regions of interest (ROI) in the
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scaffold. (B) Pore size distribution was obtained by filling the micro-computed tomography (uCT) scan
background with largest possible sphere per pore.

Regularized element CFD model
In the macro-scale model, the assumption was made that no fluid flows through the

interface of the channel and the scaffold. To check this assumption, a CFD model was
evaluated in which a scaffold with idealized cubic pore shape, a porosity of 90% and a
pore size of 103 um was used (Figure S3.2A). To save the computational costs,
representative volumetric elements (RVEs) were modelled with the side faces set as
petiodic boundaries (Figure S83.2A). A fluid velocity of 393 um/s (cotresponding to a
flow rate of 1.5 ml/min) and a relative pressure of 0 Pa were prescribed at the inlet and
outlet (Figure S3.2A). The other surfaces (i.e., struts surfaces) were defined as non-slip
walls. The physical properties of flow, mesh strategy and convergence criteria were kept
the same as those in the model described in Section 3.2.3.

It was found that average velocity along the channel (in Z direction in Figure S3.2B)
was 1.2 mm/s, while the average velocity in the radial direction (7.c., across the channel)
was 2.3x103 mm/s. Thus, the fluid velocity along the channel is > 520 times higher
than that the fluid velocity in the radial direction. Moreover, majority of the fluid flow
went through the channel rather than through the scaffold region (ic., average Z-
direction velocity magnitude = 1.20 mm/s in channel vs 0.16 mm/s in the scaffold
region) (Figure S3.2C).

Figure 83.2. (A) One representative volumetric element (RVE) of computational fluid dynamics (CFD)
model that is based on the scaffold assembled by repeating idealized cubic pore units. (B) Overall fluid
velocity distribution within the channel and porous scaffold area. (C) Z-direction fluid velocity within the
channel and porous scaffold (viewed from cross section A-A).
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Supporting information on biological experiment
Cell attachment at the channel wall was assessed at day 0 with scanning electron

microscopy. Cells at the channel wall seemed to bridge the scaffold pores and seemed
to collectively cover the channel pores (Figure S3.3).

Figure $3.3. Cell attachment at day 0 visualized with scanning electron microscopy. White arrow indicates
a cell bridging the scaffold pore.

To visualize collagen deposition, cryosections were prepared in two different planes (IN
= 4 scaffolds per condition, time point, and plane) and stained with Picrosirius Red. To
capture the entire section, tile scans were made with a bright field microscope (Figure

$3.4).
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Figure S3.4. Micrographs of vertical plane and horizontal plane scaffold sections stained for collagen
(picrosirius red). These images were used for tissue growth quantification.

To check whether the produced extracellular matrix was of a bone-like nature,
cryosections (IN = 4 scaffolds per condition per time point) were prepared and stained
with the bone ECM markers osteopontin and collagen type I. A positive
immunohistochemical staining for collagen type I and osteopontin revealed that the
formed ECM at the channel wall was indeed of a bone-like character (Figure S3.5). On
day 14, collagen type I and osteopontin were mostly present around the cells while on
day 42 they were more distributed through the ECM for both statically and dynamically
cultured scaffolds. Dynamically cultured scaffolds seem to have a higher collagen
density at the channel wall than statically cultured scaffolds (Figure S3.5C+F).
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Figure S3.5. Osteogenic differentiation of hBMCSs over time. (A-F) Immunohistochemical analysis of
sections for collagen type I (magenta), the nucleus (gray) and osteopontin (green). Asterisks indicate the
scaffold. Abbteviations: human bone matrow-detived mesenchymal stromal cells (hBMSCs).
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Abstract

Advanced iz vitro human bone defect models can contribute to the evaluation of
materials for 7z situ bone regeneration, addressing both translational and ethical
concerns regarding animal models. In this study, we attempted to develop such a model
to study material-driven regeneration, using a tissue engineering approach. By co-
culturing human umbilical vein endothelial cells (HUVECs) with human bone marrow-
derived mesenchymal stromal cells (hBMSCs) on silk fibroin scaffolds with zz vitro
critically sized defects, the growth of vascular-like networks and three-dimensional
bone-like tissue was facilitated. After a model build-up phase of 28 days, materials were
artificially implanted and HUVEC and hBMSC migration, cell-material interactions, and
osteoinduction were evaluated 14 days after implantation. The materials physiologically
relevant for bone regeneration included a platelet gel as blood clot mimic, cartilage
spheres as soft callus mimics, and a fibrin gel as control. Although the 7 vitro model was
limited in the evaluation of immune responses, hallmarks of physiological bone
regeneration were observed 7z vitro. These included the endothelial cell chemotaxis
induced by the blood clot mimic and the mineralization of the soft callus mimic.
Therefore, the present 7z vitro model could contribute to an improved pre-clinical
evaluation of biomaterials while reducing the need for animal experiments.

Graphical abstract
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An zn vitro platform to evaluate material-driven bone regeneration

4.1 Introduction

Bone is a highly vascularized and dynamic tissue with the capacity to regenerate without
scar formation. Nevertheless, in 2% — 5% of the defects, the failure of bone to bridge
the gap results in a non-union (15,16). Bone tissue engineering has been focusing on
the development of implantable grafts to tackle such defects. While initially grafts were
grown prior to implantation z vitro by making use of biomaterials, progenitor cells, and
stimuli, current grafts are more often developed to be intelligent biomaterials for i situ
regeneration, making use of the bone’s innate capacity to regenerate upon implantation
(141,142). After successful iz vitro assessments, these grafts are routinely studied in
animal models (143-145). Despite animal studies being a crucial step in elucidating
material-host interactions, the translation from zz vitro to in vivo experiments has been
poor. The current pace at which materials are being developed causes a significant
burden on animal experiments (22). Moreover, with a success rate of less than 10%, the
subsequent clinical translation of zz viwo animal models is also poor (23,24), which is
likely caused by their insufficient representation of the human physiology (25). Thus,
both the translation from z vitro assessments to 7z vivo models and the translation from
in vivo animal models to the human clinic need to be improved. To address these
translational issues and improve preclinical graft testing, advanced human zz vitro bone
defect models should be developed and integrated into the preclinical graft testing
routine (20,21,26). For the creation of such 7z vitro models, traditional bone tissue
engineering strategies can be applied (19).

While bone tissue engineering strategies have already been successfully applied for the
creation of zx vitro models for bone marrow (146), bone metastasis (147), woven bone
(116) and bone remodeling (43), the development of human 7 vitro bone defect models
for biomaterial testing is rarely explored (19,26). A tissue engineered defect model has
previously been proposed, where authors created defects in silk fibroin (SF) scatfolds,
seeded scaffolds with human bone marrow-derived mesenchymal stromal cells
(hBMSCs), and studied tissue growth and mineralization in the defect area upon
osteogenic differentiation (117). In another study, the iz vitro evaluation of biomaterial-
induced bone regeneration was analyzed using a fibrin matrix that was sandwiched
between two human trabecular bone discs loaded with rabbit periosteal cells (35).
Constructs were subsequently mechanically stimulated and histologically evaluated after
14 days of culture (35). Although they observed osteogenic differentiation of the
petiosteal cells under influence of mechanical loading, cell migration into the defect site

was not detected.

Successful material-driven bone regeneration relies on a cascade of biological events,
including: (i) inflammation and immunomodulation, (i) progenitor cell migration and
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differentiation, (iii) vascularization, (iv) osteoinduction, (v) implant remodeling (142).
As such, models aiming at recapitulating material-driven bone regeneration # vitro
should be able to capture such events. Especially the materials' ability to stimulate
vasculatization is of interest as this is crucial for successful fracture healing (148), and it
is therefore the current major challenge in regenerative treatments of large bone defects

(149).

In this study, we attempted to develop an iz vifro human bone defect model to study
material-driven regeneration, using a tissue engineering approach (Figure 4.1A). To
enable the evaluation of a material’s potential to stimulate vascularization, cell migration
and osteoinduction, hBMSCs were co-cultured with human umbilical vein endothelial
cells (HUVECGs) to generate the bone compartment containing the defects (Figure
4.1A). In a three-dimensional (3D) microenvironment, HUVECs are capable of forming
vascular networks in co-culture with hBMSCs; where hBMSCs function as supporting
cells by surrounding vessel-like structures and providing angiogenic factors (150,151).
In turn, endothelial cells support osteogenic differentiation by the secretion of factors
like bone morphogenetic proteins (152). As a result, h(BMSCs can additionally undergo
osteogenic differentiation in the 3D space between the capillary-like network (153,154).
To facilitate 3D growth of these cells, a SF scaffold was used with two iz vitro critically
sized defects of 3 mm in diameter, as based on previous experiments (117) (Figure
4.1A). First, the bone defect model was created by 14 days of culture to stimulate
vasculatization, followed by 14 days of culture to stimulate osteogenic differentiation
and bone-like matrix formation (Figure 4.1B). At day 28, defects were filled with
physiologically relevant graft materials, aiming at mimicking physiological bone
regeneration for the validation of our model (Figure 4.1C). Implanted materials
included a human platelet lysate gel as blood clot mimic, devitalized cartilage spheres as
soft callus mimics (155), and a fibrin gel as control. By tracking the defect model with
non-destructive confocal microscopy, the materials’ potential to stimulate cell
migration, vascularization and osteoinduction were evaluated.

4.2 Materials and Methods

4.2.1 Scaffold fabrication

Bombyx mori L. silkworm cocoons were degummed by boiling them in 0.2 M NaCOs
(S-7795, Sigma-Aldrich, Zwijndrecht, The Netherlands) for 1 h. After drying, silk was
dissolved in 9 M LiBr (199870025, Acros, Thermo Fisher Scientific, Breda, The
Netherlands), filtered, and dialyzed against ultra-pure water (UPW) for 36 h using
SnakeSkin Dialysis Tubing (molecular weight cut-off: 3.5 K, 11532541, Thermo Fisher
Scientific). The dialyzed SF solution was frozen at -80° C and lyophilized for 7 days.
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Figure 4.1. Experimental set-up of the presented study. (A) A co-culture of hBMSCs and HUVECs was
performed on SF scaffolds with two critically sized defects. (B) To create the 7z vifro bone defect model,
cells were first stimulated to form vascular-like networks for 14 days. hBMSCs were subsequently
stimulated to undergo osteogenic differentiation and produce bone-like matrix for 14 days. After 28 days,
materials were implanted, and regeneration was studied after an additional 14 days of culture (day 42).
Fibrin gel, platelet gel as blood clot mimic, and cartilage spheres as soft callus mimics were implanted,
aiming at capturing physiological stages of bone regeneration (C). The figure was modified from Servier
Medical Art, licensed under a Creative Common Attribution 3.0 Generic License
(http:/ /smart.servier.com/, accessed on 20 May 2022). Abbreviations: human bone matrow-derived
mesenchymal stromal cells (hBMSCs), human umbilical vein endothelial cells (HUVECs), silk fibroin (SF),
day (D).
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Lyophilized SF was dissolved in hexafluoro-2-propanol (003409, Fluorochem,
Hadfield, UK) at a concentration of 17% (w/v) and casted in scaffold molds containing
NaCl granules with a size of 425-500 um as template for the pores. Molds were covered
to improve the SF blending with the granules. After 3 h, covers were removed from
molds, and hexafluoro-2-propanol was allowed to evaporate for 7 days whereafter -
sheets were induced by submerging SF-salt blocks in 90% MeOH for 30 min. SF-salt
blocks were cut into discs of 2 mm height with a Accutom-5 (04946133, Struer,
Cleveland, OH, USA). NaCl was dissolved for 48 h from the scaffolds in UPW, resulting
in porous sponges. These sponges were cut into scaffolds with a length of 12 mm and
a width of 6 mm and provided with two central defects with a 3 mm diameter biopsy
punch. The dimensions of the defects were based on previous research in which a 3
mm channel remained open over a period of 42 days (117). Scatfolds were sterilized by
autoclaving in phosphate buffered saline (PBS) at 121° C for 20 min.

4.2.2  Cell culture experiments

hBMSC isolation, expansion and seeding
Mesenchymal stromal cells were isolated from human bone marrow (1M-125, Lonza,

Walkersville, MD, USA, collected under their institutional guidelines and with informed
consent) and characterized for surface markers and multilineage differentiation, as
previously described (124). hBMSCs were frozen at passage 4 with 5*10¢ cells/ml in
freezing medium containing fetal bovine serum (FBS, BCBV7611, Sigma-Aldrich) with
10% DMSO and stored in liquid nitrogen until further use. Before experiments,
hBMSCs were thawed, collected in high glucose DMEM (hg-DMEM, 41966, Thermo
Fisher Scientific), seeded at a density of 2.5%10° cells/cm? and expanded in expansion
medium containing he-DMEM, 10% FBS (BCBV7611, Sigma-Aldrich), 1% Antibiotic
Antimycotic (anti-anti, 15240, Thermo Fisher Scientific), 1% Non-Essential Amino
Acids (11140, Thermo Fisher Scientific), and 1 ng/ml basic fibroblast growth factor
(bFGF, 100-18B, PeproTech, London, UK) at 37 °C and 5% COaz. After 10 days at
around 80% confluence, cells were detached using 0.25% trypsin-EDTA (25200,
Thermo Fisher Scientific) and seeded onto scaffolds at passage 5. Cells were seeded at
a density of 1¥10¢ cells per scaffold and seeding was performed dynamically (125) for 6
hours in 50 ml tubes on an orbital shaker at 150 RPM in osteogenic control medium
(low glucose-DMEM (Ig-DMEM, 22320, Thermo Fisher Scientific), 10% FBS (SFBS,
Bovogen, East Keilor, Australia) and 1% anti-anti). After seeding, scaffolds were
transferred to 24-wells plates and kept overnight in endothelial cell growth medium-2
(EGM-2, CC-3162, Lonza). HUVECs were seeded the next day.
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HUVEC expansion and seeding
Pooled primary green fluorescent protein (GFP) expressing HUVECs (GFP, Olaf

Pharmaceuticals, Worcester, MA, USA) were expanded in EGM-2 with 3% extra FBS
(FBS, BCBV7611, Sigma-Aldrich) to passage 8. After 5 days, HUVECs were detached
using 0.25% trypsin-EDTA. Just before seeding, EGM-2 was removed from hBMSC-
containing scaffolds. HUVECs were resuspended at a concentration of 1*106/50 pl,
and cells were seeded with a 50 ul drop onto the hBMSC-containing scaffolds. Scaffolds
were incubated at 37 °C for 20 min to allow for cell attachment, whereafter 2 ml EGM-
2 was added to the wells which is referred to as day 0 of the experiment.

hBMSC-HUVEC co-culture
Constructs (IN = 16) were incubated for 42 days at 37 °C and 5% CO; and initially

provided with EGM-2 to allow for the development of vascular-like networks. After 14
days, when vascular-like structures were formed, medium was switched to osteogenic
differentiation medium (osteogenic control medium with osteogenic supplements 10
mM f-glycerophosphate (G9422, Sigma-Aldrich), 50 ug/ml ascorbic acid-2-phosphate
(A8960, Sigma Aldrich), and 100 nM Dexamethasone (D4902, Sigma-Aldrich)) for the
remaining culture period. During the whole experiment, medium was changed 3 times
a week. On day 28, some scaffolds (IN = 4) were sacrificed to assess osteogenic
differentiation and mineralization. Other scaffolds were kept in culture for another 14
days.

Preparation of devitalized cartilage spheres
Cartilaginous spheres as soft callus mimics were grown from hBMSCs as previously

described (155). Briefly, 20¥10¢ hBMSCs were encapsulated in collagen type I gel
droplets (4 mg/ml) (354249, Corning, New York, USA), according to the
manufacturer’s instructions. After gelation, samples were cultured in chondrogenic
differentiation medium (hg-DMEM (31966, Thermo Fisher Scientific), 1% insulin-
transferrin-selenium + premix (354352, Corning), 100 nM dexamethasone (ID8893,
Sigma-Aldrich), 50 ug/ml ascorbic acid-2-phosphate, 100 units/ml of penicillin and 100
ug/ml streptomycin (15140, Thermo Fisher Scientific), and 10 ng/ml transforming
growth factor- §1 (Peprotech). Spheres were cultured for 28 days. For the first 4 days,
medium was refreshed daily and afterwards 3 times per week. After 28 days, spheres
were devitalized by a mild procedure and stored frozen until use.

Material implantation
After 28 days of culture, three different materials were artificially implanted: (i) a human

tibrin gel, (if) a human platelet lysate gel as blood clot mimic, and (iii) two devitalized
cartilage spheres as soft callus mimics. Just before implantation, medium was removed
of all scaffolds. For the fibrin gel, fibrinogen (341576-M, Sigma-Aldrich) was mixed
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with thrombin (T6884, Sigma-Aldrich) to a final concentration of 2.5 mg/ml fibrinogen
and 0.2 U/ml thrombin. In each defect (IN = 4 scaffolds and N = 8 defects), 50 pl fibrin
was pipetted, whereafter samples were incubated at 37 °C for 25 min to allow for
polymerization of the gel. For the platelet gel, ELAREM™ matrix kit (MA30311) was
used according to the manufacturer’s instructions. A 10% ELAREM™ matrix solution
was prepated in PBS to which 50 pg/ml ELAREM™ accelerator was added. In each
defect (IN = 4 scaffolds and N = 8 defects), 50 pl platelet gel was pipetted, whereafter
samples were placed in the incubator at 37 °C for 2 min to allow for gelation. For the
cartilage spheres, spheres were soaked for 5 min in lg-DMEM to allow for rehydration
of the spheres. Meanwhile, fibrin gels were prepared and 25 pl was implanted as
described above. Before polymerization of the gel, two spheres per defect (IN = 4
scaffolds and N = 8 defects) were dried with a sterile gauze and implanted. After
implantation, a small droplet of fibrin gel was added on top of the spheres to fill the
defect. Samples were incubated at 37 °C for 25 min to allow for polymerization of the
gel. After proper gelation in all conditions, osteogenic differentiation medium was
added, and defect regeneration was followed after an additional 14 days of culture.

4.2.3 Invitro model analyses

Live confocal microscopy
During the culture period, vascularization (day 4, 7, 11 and 14) (N = 16 scaffolds), bone-

like matrix production (day 28) (IN = 4 scaffolds), and cell migration (day 35 and 42) (IN
= 4 defects per condition) were visualized with microscopy. HUVECs were visualized
by their GFP-label. Collagen, hydroxyapatite and hBMSCs were visualized with viable
dyes from day 28 on. On day 27 (end-point samples), 34 and 41, samples were washed
in lg-DMEM and samples were stained overnight at 37 °C in osteogenic control medium
with 0.2 nmol/ml OsteoSense™ 680 (dissolved in PBS; NEV10020EX, PerkinElmer,
Waltham, MA, USA) to visualize hydroxyapatite, and 1 umol/ml in-house made
CNA35-mCherry (132) to visualize collagen. The next day, one droplet of NucBlue™
Hoechst 33342 (R37605, Thermo Fisher Scientific) was added per scaffold to visualize
all cell nuclei and samples were incubated at 37 °C for 20 min. Samples were washed
three times in lg-DMEM and provided with fresh osteogenic differentiation medium.
Data were acquired on a confocal laser scanning microscope equipped with a multi-
photon laser and incubation unit (Leica TCS SP8X, 10x/0.40 HC PL Apo CS2
objective). During imaging, samples were kept at 37 °C and 5% COa. To visualize cell
nuclei, the multiphoton laser was used at A = 740 nm to reduce cytotoxicity that can be
induced by using violet light (156). To study the influence of staining on cell death,
unstained and stained samples were additionally compared for their lactate
dehydrogenase (LDH) release in the supernatant.
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Micro-computed tomography (UCT)
After 42 days, scaffold halves (IN = 4 per condition) were fixed in 3.7% neutral buffered

formaldehyde overnight. Samples were scanned and analyzed with a ©CT100 imaging
system. Scanning was performed at an isotropic nominal resolution of 17.2 pm, energy
level of 45 kVp, intensity of 200 nA, integration time of 300 ms and with twofold frame
averaging. To reduce part of the noise, a constrained Gaussian filter was applied with
filter support 1 and filter width sigma 0.8 voxel. Filtered images were contoured for the
scaffold and its 3 mm diameter defect and segmented to detect mineralization at a global
threshold of 24% of the maximum grayscale value. To further reduce noise,
unconnected objects smaller than 30 voxels were removed through component labeling.
Mineralized volumes were computed for the total scaffold and the defect region using
the scanner manufacturer’s image processing language (IPL) (131).

Biochemical content analysis
To quantify the biochemical content, scaffolds were cut in halves (IN = 4 per condition)

and their defect content was collected by punching with a 3 mm biopsy punch. Scaffolds
and defects were lyophilized, dry weights of scaffolds were collected, and samples were
digested overnight in papain digestion buffer (containing 100 mmol phosphate buffer,
5 mmol L-cysteine, 5 mmol EDTA and 140 pg/ml papain (P4762, Sigma-Aldrich)) at
60 °C. DNA content of scaffolds and defects was quantified using the Qubit
Quantification Platform (Invitrogen) with the high sensitivity assay, according to the
manufacturer’s instructions. Hydroxyproline content as a measure for collagen was
quantified in scaffolds using a chloramine-T assay (130) with trans-4-hydroxyproline
(H54409, Sigma-Aldrich) as reference. Absorbance values were measured at 550 nm
using a plate reader (Synergy™ HTX, Biotek) and standard curve absorbance values
were used to determine hydroxyproline content in the samples. Glycosaminoglycan
(GAG) content of scaffolds was measured using a dimethyl methylene blue (DMMB)
assay (157) with shark cartilage chondroitin sulfate (C4284, Sigma-Aldrich) as a
reference. Absorbance was read at 540 nm and 595 nm using a plate reader. Absorbance
values were subtracted from each other (540-595) and converted to GAG content using
standard curve absorbance values.

(Immuno)histochemical analyses
Scaffolds halves (IN = 4 per condition) were prepared for cryosections by soaking them

for 15 minutes in each 5% (w/v) sucrose and 35% (w/v) sucrose in PBS. Samples were
embedded in Tissue Tek® (Sakura), quickly frozen with liquid N2 and cryosections were
prepared. Upon staining, sections were fixed in 3.7% neutral buffered formaldehyde
and washed twice with PBS. To visualize collagen deposition, 5 pm thick cryosections
(IN = 4 scaffolds per condition) were stained with Picrosirius Red. Sections were soaked
in Weigert’s Iron Hematoxylin (HT1079, Sigma-Aldrich) solution for 10 minutes,
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washed in running tap water for 10 minutes, and stained in 1% w/v Sirius Red (36,554~
8, Sigma-Aldrich) in picric acid solution (36011, Sigma-Aldrich) for one hour.
Subsequently, sections were washed in two changes of 0.5% acetic acid and dehydrated
in one change of 70% and 96% EtOH, three changes of 100% EtOH, and two changes
of xylene. Sections were mounted with Entellan (107961 Sigma-Aldrich). To capture
the entire sample, tile scans were made with a bright field microscope (Zeiss Axio
Obsetver Z1, 10x/0.45 Plan-Apochromat objective). Tile scans were stitched with Zen
Blue software (version 3.1, Zeiss).

To study osteogenic differentiation, 5 pm thick cryosections (IN = 2 scaffolds per
condition) were stained with 1 pg/ml DAPI and antibodies for runt-related
transcription factor-2 (RUNXZ2) and osteopontin. Collagen deposition was
characterized by staining 5 um thick cryosections (N = 2 scaffolds per condition) with
1 pug/ml DAPI and a collagen type I antibody. To study the cell-material interactions
and the supporting cell functionality of the h(BMSCs, 30 um thick cryosections (IN = 4
scaffolds of the cartilage spheres group) were stained with 1 ug/ml DAPI, 50 pmol Atto
488-conjugated Phalloidin (49409, Sigma-Aldrich) and antibodies for CD31 and a-
smooth muscle actin. Briefly, sections were permeabilized in 0.5% Triton X-100 in PBS
(5 min for 5 pm sections and 10 min for 30 um sections) and blocked in 10% normal
goat serum in PBS for 30 min. Primary antibodies were incubated overnight at 4 °C in
1% normal goat serum in PBS, secondary antibodies were incubated with DAPI and
Phalloidin (if applicable) for 1 h at room temperature. Antibodies are listed in Table
S4.1. Images of the osteogenic differentiation and collagen type I staining were acquired
with an epi-fluorescence microscope (Zeiss Axio Observer 7, 20x/0.4 LD Plan-
Neofluor objective), and tile scans were stitched with Zen Blue software (version 3.3,
Zeiss, Breda, The Netherlands). Z-stacks of 30 pm thick sections to visualize cell-
material interactions were acquired with a laser scanning microscope (Leica TCS SP8X,
40x/0.95 HC PL Apo objective). Z-stacks were converted to maximum intensity
projections using FiJi (127).

LDH activity
To evaluate potential cytotoxic effects of implanted materials, LDH activity was

measured in the culture medium supernatant on day 42 (IN = 4 per condition). A 100 pl
supernatant sample or NADH (10107735001, Sigma-Aldrich) standard was incubated
with 100 pl LDH reaction mixture (11644793001, Sigma-Aldrich) in 96-wells assay
plates. Absorbance was measured directly after the reaction mixture was added and after
30 min at 492 nm. LDH activity was calculated between the initial absorbance values
and the absorbance values after 30 min reaction, using standard curve absorbance

values.
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Multiplex immunoassays
To evaluate the protein content in the culture medium supernatant on day 42 (N = 4

per condition), a total of 21 proteins as markers for cell migration, vascularization,
remodeling and bone formation were quantified using multiplex immunoassays at the
Multiplex Core Facility (MCF) of the Laboratory for Translational Immunology of the
University Medical Center Utrecht, the Netherlands. Immunoassays were developed
and validated by the MCF and based on Luminex xMap technology (Luminex, Austin,
TX, USA) (158). Briefly, samples were incubated with MagPlex microspheres (Luminex)
for 1 h at room temperature with continuous shaking, followed by 1 h incubation with
biotinylated antibodies and 10 min incubation with phycoerythrin-conjugated
streptavidin in high performance ELISA buffer (HPE, Sanquin, Hamburg, Germany).
Data acquisition was performed with FLEXMAP 3D equipment in combination with
xPONENT software (version 4.3, Luminex), and analyzed by 5-parametric curve fitting
using Bio-Plex Manager software. Protein concentrations were normalized by
converting them into z-scores (Z.¢., the number of standard deviations from the overall
sample average) and presented using Heatmapper (159).

4.2.4 Statistical analyses

Statistical analyses were performed, and graphs were prepared in GraphPad Prism
(version 9.3.0, GraphPad, La Jolla, CA, USA) and R (version 4.1.2) (133). Data wete
tested for normality in distributions and equal variances using Shapiro-Wilk tests and
Levene’s tests, respectively. When these assumptions were met, mean t+ standard
deviation are presented, and to test for differences, a one-way ANOVA was performed
followed by Holm-Sidak's method with adjusted p-values for multiple comparisons.
Other data are presented as median T interquartile range and were tested for differences
with a non-parametric Kruskal-Wallis test followed by Dunn’s tests with adjusted p-
values for multiple comparisons. A p-value of <0.05 was considered statistically

significant.

4.3 Results

4.3.1 Creation of a tissue engineered human in vitro bone defect model

By microscopically evaluating GFP-labeled HUVECs in co-culture with hBMSCs
during the initial 14 days of culture, the development of vascular-like structures after 14
days under the influence of EGM-2 medium was confirmed (Figure 4.2). On day 4 and
7, HUVECs appeared more as single cells that attached to the scaffold wall concavities
where they started to form circular-like networks. From day 11 onwards, clear vascular-
like networks with a branched morphology were found which started forming tubular
structures (Figure 4.2, white arrows). HUVECs and vascular-like structures appeared
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throughout the whole scaffolds, which can be appreciated from the defect overview
images (Figure 4.2).

Figure 4.2. Microscopic evaluation of GFP-expressing HUVECs during the initial 14 days of culture to
evaluate vascular-like network development. In the top panel, defect overview images are presented. At the
bottom panel, close-up z-stack maximum intensity projection images are presented. White arrows indicate
tubular vascular networks. Abbreviations: green fluorescent protein (GFP), human umbilical vein
endothelial cells (HUVECs), day (D).

After 14 days, medium was switched to osteogenic differentiation medium to induce
bone-like matrix formation and osteogenic differentiation of hBMSCs. Indeed, after an
additional 14 days (ie, day 28 of culture) hBMSCs had produced a bone-like
extracellular matrix as observed from the collagen and hydroxyapatite stainings (Figure
4.3A), which are the two main components of the bone extracellular matrix (1006).
Staining of samples did not induce additional cell death (Figure S4.1). The defect of
the scaffolds remained unfilled, confirming its critical size for 7 vitro experiments. Both
single HUVECs and HUVECs organized in vascular-like networks were observed after
28 days (Figure 4.3A and Video $4.1). The presence of single HUVECs indicates that
some vascular-like networks might have regressed after the switch from endothelial
growth medium to osteogenic differentiation medium. Mineralization of the bone
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defect model was also confirmed by uCT imaging, showing mineralized matrix
throughout the whole scaffold (Figure 4.3B). By immunohistochemical analyses,
collagen type I production was confirmed (Figure 4.3C). Osteogenic differentiation of
hBMSCs was observed by the presence of the nuclear transcription factor RUNX2 and
the non-collagenous protein osteopontin in the proximity of RUNX2 positive cells, as
typical markers for osteogenesis (Figure 4.3D) (128). As a next step, materials were
implanted into this bone-like defect model possessing vascular-like networks.

Figure 4.3. Evaluation of the osteogenesis phase after 28 days of culture. (A) Defect overview image (left)
and close-up image (right) of viable construct containing GFP-expressing HUVECs (green) and stained for
nuclei (gray), collagen (red), and hydroxyapatite (cyan). (B) uCT reconstruction of scaffolds indicating
mineralization through the whole defect model. (C) Collagen type I (green), (D) osteopontin (red), and
RUNX2 (green) immunohistochemical analyses indicated osteogenic differentiation of the hBMSCs in the
model. Abbreviations: green fluorescent protein (GFP), human umbilical vein endothelial cells (HUVECs),
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day (D), micro-computed tomography (uCT), runt-related transcription factor-2 (RUNX2), human bone
marrow-derived mesenchymal stromal cells (hBMSCs).

4.3.2 Cell migration into the defect area upon material implantation

Upon material implantation, cell migration was microscopically evaluated on day 35 and
42. On day 35, defects implanted with fibrin gel or platelet gel showed little to no cell
migration (Figure 4.4A+B). Only defects implanted with cartilage spheres showed clear
migration of both HUVECs and (likely osteogenically differentiated) hBMSCs (Figure
4.4C), green cells and white nuclei, respectively) into the fibrin around the spheroids,
already at day 35. Interestingly, HUVECs appeared to have migrated to the defect wall
of defects implanted with platelet gel (Figure 4.4B). In contrast, this was not observed
in defects implanted with fibrin (Figure 4.4A), indicating that the HUVECs require a
chemical stimulus, likely present in the platelet gel, to migrate. These observations were
confirmed after 42 days of culture. h(BMSCs migrated to the implanted material in all
conditions, but in defects implanted with platelet gel and cartilage spheres, also
HUVECs migrated which was not observed in defects implanted with fibrin gel (Figure
4.4D-F, Video S$4.2-54.4 and Figure S4.2 for overview images). The migration of these
cells appeared only in distinct areas (Figure S4.2), which could indicate the degradation
or contraction of the implanted gels as observed before (33). Defects implanted with
cartilage spheres remained stable over time. Cell migration of both hBMSCs and
HUVECs was observed around the spheres and HUVECs even attached to the cartilage
spheres (Figure 4.4F and Video S4.4).

4.3.3 Cell-material interactions

To evaluate the interactions of the cells with the implanted materials, cell culture
medium supernatants of day 42 were analyzed for their protein content (after 2 days
incubation with the samples). Protein concentrations were converted to Z-scores (i.c.,
the normalized deviation from the average of all experimental groups) and color-coded
for presentation (Figure 4.5A). Of importance, these proteins can either be secreted by
the cells or be a product of material degradation. Interestingly, all 21 studied proteins
were detected in the culture medium supernatants at concentrations above the
concentration measured in control medium (Ze, fresh osteogenic differentiation
medium that has not been in contact with the cells) (Table $4.2). As such, proteins
important for physiological bone regeneration can be captured with the presented bone
defect model. Only sclerostin concentration in scaffolds implanted with platelet gel was
at a similar level as the control medium (Table S$4.2). In scaffolds implanted with fibrin
gel and cartilage spheres, significantly more sclerostin was measured when comparing
the concentrations of all experimental groups (Table S4.2). Sclerostin is known to
inhibit bone formation and promote bone resorption by stimulating secretion of
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receptor activator of nuclear factor kappa-f ligand (RANKL) by osteocytes (160).
Indeed, RANKL was also significantly higher in scaffolds implanted with cartilage
spheres than in scaffolds implanted with platelet gel (Table S4.2). Therefore, scaffolds
implanted with cartilage spheres might be the most potent inducer of material
degradation and remodeling. This was however not reflected in the ratio between

RANKL and its inhibitor osteoprotegerin (OPG), which was similar among groups
(Figure 4.5B).

Figure 4.4. Evaluation of the regeneration phase of viable constructs after 35 days and 42 days of culture.
Top panel presents defect overview images at day 35, bottom panel presents close-up z-stacks maximum
intensity projection images at day 42 of culture of construct containing GFP-expressing HUVECs (green)
and stained for nuclei (gray), collagen (red), and hydroxyapatite (cyan), implanted with (A+D) fibrin gel,
(B+E) platelet gel, or (C+F) two cartilage spheres. Abbreviations: green fluorescent protein (GFP), human
umbilical vein endothelial cells (HUVECsS), day (D).
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Other protein levels of interest were the concentrations of connective tissue growth
factor (CTGF), vascular endothelial growth factor (VEGE), matrix metalloproteinase
(MMP)-3 and MMP-9. The CTGF concentration, important for cell condensation
during regeneration (161), tended to be lowest in scaffolds of which the defects were
implanted with cartilage spheres where cell condensation might not be necessary
because of the implanted soft callus mimic. In contrary, for vascularization important
VEGT tended to have the highest concentration in scaffolds of which the defects were
implanted with cartilage spheres. However, in the same condition the concentrations of
other important factors for vascularization angiopoietin-1 and 2 tended to be relatively
low. MMP-3, which is involved in the degradation of cartilage (162), and MMP-9, the
in bone most abundant MMP also involved in endochondral ossification (163,164),
tended to be relatively high in scaffolds of which defects were implanted with cartilage
spheres. However, none of these concentrations differed significantly from the
concentrations measured in the other conditions. LDH activity in the culture medium
supernatant was measured as an indicator of material induced cytotoxicity. No
significant differences were observed between the different materials (Figure 4.5C).
Based on the attachment of HUVECs to the cartilage spheres, as observed in the cell
migration evaluation (Figure 4.4F), the cell-material interaction was evaluated
microscopically for this condition (Figure 4.5D). By staining for CD31 as an
endothelial marker and a-smooth muscle actin as a mural cell marker, the co-effort of
HUVECs and hBMSCs to induce cartilage sphere vascularization was studied. Both
inside the bone defect (Z.e., in the scaffold) as around the sphere, a-smooth muscle actin
was located around HUVECs, identified with CD31 (Figure 4.5D). However, a-
smooth muscle actin did not appear co-located with the actin cytoskeleton. As such,
hBMSCs might have lost their supporting cell functionality upon osteogenic
differentiation. Only around the defect, cells were found with typical a-smooth muscle
actin fibers, indicating that some hBMSCs were still capable of performing their
supporting cell or pericyte-like cell functionality. In addition, by the absence of the
endothelial marker CD31 around the spheres, also the attachment of hBMSCs to the
spheres was confirmed by the layer of actin around them, which was not observed in
non-implanted control spheres (Figure 4.5D). Infiltration of cells into the cartilage
spheres was not observed.

4.3.4 Materials’ osteoinductive properties

After 42 days of culture, scaffolds and defects were evaluated for their cell and
extracellular matrix content. In the scaffold, no clear differences between groups were
observed in the DNA, hydroxyproline (z.¢., a measure for collagen), and GAG content
(Figure 4.6A-C).
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Figure 4.5. Evaluation of cell-material interactions after 42 days of culture (14 days post-implantation). (A)
Multiplex immunoassays to measure proteins in cell supernatants, presented as z-scores (ze., the normalized
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deviation from the average of all experimental groups). Concentration values were used for statistical
compatisons, p<0.05 for RANKL and sclerostin (One-way ANOVA and Holm-Sidak's post hoc tests), 7s
for other factors (Kruskal-Wallis tests for MMP-10, PIGF, MMP-3 and MMP-7, One-way ANOVAs for
all other factors). (B) RANKL/OPG ratios in the culture medium supernatants, #s (One-way ANOVA).
(C) Cytotoxicity measured by LDH activity in the supernatant. Dashed line represents concentration
measured in control medium, 75 (One-way ANOVA). (D) Z-stack maximum intensity projection images
of sections stained for F-Actin (red), the nucleus (gray), endothelial cell marker CD31 (magenta) and
supporting cell marker g-smooth muscle actin (cyan). White arrows point at locations where a-smooth
muscle actin was co-localized with the actin cytoskeleton. Abbreviations: day (D), stromal derived factor
(SDF), platelet derived growth factor (PDGF), placental growth factor (PIGF), connective tissue growth
factor (CTGF), vascular endothelial growth factor (VEGF), matrix metalloproteinase (MMP), tissue
inhibitor of metalloproteinase (TIMP), receptor activator of nuclear factor kappa-§ ligand (RANKL),
osteoprotegerin (OPG), osteopontin (OPN), lactate dehydrogenase (LDH).

By measuring the DNA content in the defects, cell migration into the defect was
quantified. In defects implanted with fibrin and platelet gel, little DNA was measured
(Figure 4.6D). Especially in defects implanted with platelet gel, DNA contents were
low. In defects implanted with cartilage spheres, DNA content was much higher, likely
caused by the presence of dead cartilage cells in the devitalized spheres. Interestingly,
the measured DNA content in defects with implanted spheres tended to be lower than
the measured DNA content in non-implanted control spheres. This suggests some
degradation of implanted spheres. When visualizing collagen with picrosirius red,
migrated cells in the defects filled with fibrin gel produced collagen (Figure 4.6E),
which was characterized as collagen type I (Figure S4.3). This produced matrix did
however show almost no mineralization (Figure 4.6I+K). Matrix formation and
mineralization in the defect was not observed in defects implanted with platelet gel
(Figure 4.6F+I+K). In defects implanted with cartilage spheres, collagen formation
was observed around the spheres (Figure 4.6G). In addition, mineralization of the
cartilage spheres was observed (Figure 4.6I+K). When quantifying the overall
mineralization in the scaffold and the defects, no significant differences were observed.
However, outer scaffolds implanted with fibrin gel tended to have a higher mineralized
volume than outer scaffolds implanted with platelet gel or cartilage spheres, whereas
defects implanted with cartilage spheres tended to have a higher mineralized volume
compared to defects implanted with fibrin or platelet gel. This was caused by
mineralization of some cartilage spheres. For model validation, cartilage sphere
mineralization in our 7z vitro model was compared to cartilage sphere mineralization
vivo 14 days after ectopic implantation in a rat model. Iz vivo, cartilage spheres were also
partly mineralized on day 14 (Figure S4.4).
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Figure 4.6. Evaluation of osteoinduction at the defect site after 42 days of culture (14 days post-
implantation). (A) DNA quantification in scaffolds, #s (One-way ANOVA). (B) Hydroxyproline content
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quantification as a measure for collagen in scaffolds, s (One-way ANOVA). (C) GAG content in scaffolds,
ns (Kruskal-Wallis test). (D) DNA quantification in defects, p<0.05 (Kruskal-Wallis and Dunn’s post hoc
tests, *¥p<0.01). (E-G) Collagen visualized by picrosirius red. Asterisks mark the cartilage spheres. (H)
Quantified and (I) visualized mineralization of constructs using uCT, #s (One-way ANOVA). (J) Quantified
and (K) visualized mineralization of defects using uCT, #s (One-way ANOVA). Abbreviations: day (D),
glycosaminoglycan (GAG), micro-computed tomography (uCT).

4.4 Discussion

With the poor translation from zz vitro assessments to iz vivo models and clinical trials,
there is a need for advanced 7z vitro models. For evaluation of materials for in situ or
material-driven bone regeneration, where intelligent biomaterials make use of the bone’s
innate capacity to regenerate and remodel upon implantation, such 7 vifro models do
not currently exist (26). This not only hinders clinical translation, but also leaves a
significant burden on animal experiments (22). Novel bone defect models to evaluate
material-driven bone regeneration and to address the replacement, reduction and
refinement of animal experiments principle (3Rs) have been developed in the recent
years. This includes ex #z0 human bone explant cultures and multiple semi-orthotopic
implantations of bovine bone explants in mice (32,33). These models allow for the
evaluation of cell-material interactions of multiple cell types in their native environment.
However, the multicellular environment also complicates unraveling cell-material
interactions. Thereby, keeping bone explants viable over time outside the living body
remains a challenge (21,165). Cell death in explants transplanted in a different host as
desctibed above may trigger a non-physiological regeneration/remodeling response.
Instead, with the development of an 7 vitro bone defect model a bottom-up approach
can be adopted. As such, the complexity of models can be adapted, depending on which
cell-material interactions need to be elucidated. Here, we used a tissue engineering
approach to create an 7z vitro human bone defect model that enabled the 7z vitro
evaluation of the material’s potential to stimulate vascularization, cell migration and
osteoinduction.

A co-culture of HUVECs and hBMSCs was used to create a bone-like extracellular
matrix with vascular-like structures. By using a SF scaffold with two # vitro “critically
sized” defects (117), 3D tissue growth was facilitated around the defects. HUVECs were
stimulated to form wvascular-like structures in endothelial growth medium, using
hBMSCs as supporting and osteogenic cells. These vascular-like structures indeed
developed over a period of 14 days and showed a branching morphology towards the
end of the vascularization phase (ze., from day 0 to day 14). Vascular-like structures
were mostly maintained for an additional 14 days when osteogenic differentiation and
bone-like matrix formation of hBMSCs was induced. Although the main focus was on
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the defect during the regeneration phase (i.e., from day 28 to day 42), some HUVEC-
hBMSC networks had regressed at this stage, based on the fragmented o-smooth muscle
actin staining as a supporting cell marker. In addition, one limitation of the presented
study is the lack of quality assessment of the vascular network (166). Therefore, future
experiments might further investigate functional properties like network connectivity
and whether the vascular-like structures are indeed hollow and maybe even perfusable.
Additionally, vasculature in physiological bone has, based on its location and
presumably function, a distinct molecular identity (ie., a relative expression level of
CD31 and endomucin) (167). Bone-specific vasculature markers were not assessed in
our study. Moreover, during physiological bone regeneration, vascularization is also a
result of angiogenesis from existing vasculature (168), while in our 7 vitro model
HUVECs only migrated from likely immature networks in the scaffold. Nevertheless, a
primitive endothelial network, osteogenic differentiation and bone-like matrix
formation, including the formation of collagen type I, osteopontin, and hydroxyapatite,
was established prior to the implantation of the biomaterials.

To improve the translation from zz vitro assessments to zn vivo models and clinical trials,
standardized protocols for the analyses of treatments on all model levels should be
implemented (169). This would allow comparison and potential extrapolation of
experimental outcomes from different models (44). Established biomarkers could
facilitate in these comparisons (169—171). For bone regeneration, commonly assessed
biomarkers include e.g., alkaline phosphatase, RUNX2, bone morphogenetic protein 2
and 7, osteopontin, osteocalcin, collagen type I, and vascular markers VEGF and CD31
(172). As bone regeneration also involves callus and woven bone remodeling, the
regulators of bone turnover RANKL and OPG are relevant as well (172,173). In our
effort to improve and allow 7z vitro/in vivo translation, some of these markers were
evaluated. In addition to these markers, other factors that have been reported to be
involved in cell migration, vascularization, remodeling, and bone formation were
evaluated upon material implantation (Table $4.2). An apparent difference was found
in markers representative for the inhibition of bone formation and the stimulation of
bone resorption; sclerostin and RANKL, respectively (173). In scaffolds implanted with
cartilage spheres, a higher level of sclerostin and RANKL was measured when
compared to scaffolds implanted with platelet gel. Iz wivo, osteocytes can express
sclerostin and RANKL in the absence of mechanical stimulation to regulate bone
remodeling (174). Scaffolds that expressed sclerostin and RANKL might have been
more matured. In these scaffolds, hABMSCs might have been embedded in their matrix
and differentiated into osteocytes, which were stimulated to produce sclerostin and
RANKL in the absence of mechanical loading. However, this needs to be confirmed by
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the evaluation of morphological osteocyte characteristics and the localization of
osteocyte markers (110).

While no clear differences in other biomarkers were observed, the presence of all
markers in the culture medium supernatants allows for the evaluation of physiological
processes in bone regeneration with the presented z vitro model. Most likely, measured
protein concentrations represent the bulk expression from cells in the scaffold, rather
than the expression of the limited number of cells that interacted with the materials.
Nevertheless, our 7z vitro model was able to capture some physiological regeneration
events. First, the chemotaxis needed to attract vasculature to the defect site was reflected
by the model to some extent. While in the fibrin gel mostly hBMSCs migrated to the
defect site, in the platelet gel and cartilage spheres conditions, also HUVECs migrated
to the defect site. Second, 7 vive bone regeneration includes soft callus mineralization
(175), something that was also observed in our 7 vitro model. As such, the 71 vitro model
presented in this study shows resemblance to some stages of physiological bone
regeneration.

When comparing the obtained 7z vitro results to in vivo data, some similarities can be
observed. It is well accepted that for zz vivo bone defects, fibrin alone is incapable of
inducing full regeneration (176,177). This was also observed in the present 7z vitro model
which might be explained by its inability to attract vascularization. Further, recently,
blood clots were used to regenerate mouse cranial defects (178). It was found that 7
vivo these blood clots were completely degraded 15 days after implantation (178). In
parallel, after 14 days, blood clot mimics in the current study were mostly degraded even
though in our study a blood clot mimic was used instead of a physiological blood clot.
Furthermore, in this study, the implanted devitalized cartilage spheres showed initial
mineralization after 14 days, similar to when implanted 7z vivo for 14 days. Previously,
these devitalized cartilage spheres were already shown to stimulate subcutaneous
endochondral bone formation and bone regeneration in critically sized long bone
defects in rats (155). In these iz vivo defects, complete bridging of the gap was already
observed with uCT 4 weeks after implantation (155). The successful mineralization seen
in vivo and #n vitro might be attributed to the presence of alkaline phosphatase in the
spheres (155). However, cartilage spheres that were further differentiated into
hypertrophic cartilage spheres and subsequently devitalized, containing higher levels of
alkaline phosphatase, were less successful in defect regeneration # vivo (155). Thus,
while 7z vitro mineralization might be mainly caused by the presence of alkaline
phosphatase, iz vivo there are likely a multitude of factors regulating mineralization and
regeneration. While some similarities were observed, the major difference between
vivo and in vitro models is the lack of the initial inflammatory response in 7z vitro models.



An zn vitro platform to evaluate material-driven bone regeneration

Initial immune responses 7 vivo can be predictable for subsequent bone regeneration
(179), which underlines the importance of the immune cells in bone regeneration. The
immune system is highly complicated, featuring a multitude of cell types and
interactions. Therefore, future studies should investigate which immune responses are
predictive for bone regeneration and how these immune responses can be integrated
into the 7z vitro model. The addition of monocytes and their subsequent macrophage
and osteoclast differentiation might already allow for enhanced degradation of the
materials which may, in case of the spheres, improve growth factor release from the
spheres and vascular infiltration into the spheres.

Besides the lack of immune cells (e.g, monocytes, macrophages and osteoclasts),
vascular maturation and functionality in the presented 7 »itro model, the model also
lacks the presence of adjacent tissues that influence bone regeneration i vivo (e.g.,
petiosteum, bone marrow, muscle tissue (180,181). Animal experiments ate therefore
still inevitable. Other limitations are the absence of mechanical loading and the presence
of the xenogeneic FBS. Mechanical loading is a well-accepted regulator of bone
remodeling (4), and 7z vivo mechanical loading was also shown to influence bone
regeneration (182). Bioreactors could facilitate in this mechanical loading, which ideally
allows for longitudinal microscopic evaluation and in which samples are easily accessible
for staining and material implantation. To replace FBS, alternatives for HUVEC-
hBMSC co-cultures like human platelet lysate or defined serum-free media need to be
explored. Human platelet lysate was already demonstrated to support bone remodeling
(183), while serum-free medium proved efficient for HUVECs co-cultured with human
adipose tissue derived stromal cells (184).

45 Conclusion

Advanced 7 vitro human bone defect models could facilitate in the evaluation of
materials for 7z situ bone regeneration, addressing both translational and ethical
concerns regarding animal experiments. Here, we present such an 7z vitro model, which
was used to implant physiologically relevant materials for bone regeneration including
a fibrin gel, platelet gel as blood clot mimic, and cartilage spheres as soft callus mimics.
Within this model, important hallmarks of 7z sitn bone regeneration including cell
migration, vasculatization, and osteoinduction, were observer 7z vifro. These included
the endothelial cell chemotaxis induced by the blood clot mimic and the mineralization
of the soft callus mimic. As such, this 7z vitro model could contribute to improved pre-
clinical evaluation while aiding to reduce the need for animal experiments.
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The antibodies that were used for immunofluorescent stainings are listed in Table S4.1.
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Table S4.1. List of antibodies that were used in this study

Catal
Antigen Supplier Na alogue Conjugate Species Dilution
o.
RUNX2 Abcam ab23981 Rabbit 1:500
. Thermo
Osteopontin . 14-9096-82 Mouse 1:200
Fisher
Collagen type 1 Abcam Ab34710 Rabbit 1:200
CD31 Abcam Ab37259 Mouse 1:100
- h h
a-Smooth. Thermo MAS5-13188 Rabbit 1:500
muscle actin Fisher
Molecul
Anti-rabbit IgG | o A21246 Alexa-647 Goat 1:200
Probes
Anti-mouse Molecular A21127 Alexa-555 Goat 1:200
IgG1 Probes

Abbreviations: runt-related transcription factor 2 (RUNX2).

To study the influence of staining with OsteoSense™ 680, CNA35-mCherry and
NucBlue™ Hoechst 33342 on cell death, unstained and stained samples were compared

for their lactate dehydrogenase (LDH) release in the supernatant from day 40 to day 42

(Figure S1).

Figure S4.1. Potential staining-induced cell-death measured by LDH activity in the supernatant. Staining

of samples did not induce additional cell death, #s (independent t-test).
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On day 42 of the culture, cells had migrated to the implanted material in all conditions,
but in defects implanted with fibrin gel, only hBMSCs migrated while in defects
implanted with platelet gel both hBMSCs and HUVECs migrated (Figure S2). The
migration of these cells appeared only in distinct areas. Defects implanted with cartilage
spheres seemed to remain stable over time. In these defects, cell migration of both
hBMSCs and HUVECs was observed by the presence of both cells around the spheres
(Figure S2).

Figure S$4.2. Evaluation of the regeneration phase of viable constructs. Images present defect overview
images at day 42 of culture of constructs containing GFP-expressing HUVECs (green) and stained for

nuclei (gray), and hydroxyapatite (cyan).

To evaluate the interactions of the cells with the implanted materials, culture medium
supernatants of day 42 were analyzed for their protein content (Table $S4.2).
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Table S4.2. Evaluation of proteins relevant in for bone regeneration using multiplex immunoassays.

Contribution to bone

Concentration in

Concentration in

Analyte control medium
regeneration supernatant (pg/ml)
(pg/ml)
SDF-1a Important role in migration of 71.9 FG: 372 £ 46.4
MSCs, mainly in inflammation
(185). Could support osteogenic PG: 335 £ 74.0
differentiation and angiogenesis
(186,187). Hypothesized to rectuit CS: 370 £ 49.9
osteoclast precursors (188).
PDGF-BB Can enhance osteoclast 16.4 FG: 435+ 11.2
differentiation of macrophage-like
cells (189). PG: 37.6 £ 475
Overexpression of PDGF-BB in
MSCs can promote osteogenesis CS:35.8 £ 1.42
and angiogenesis (190).
PIGF® Can recruit hematopoietic cells and | 18.9 FG: 764 £ 117
stimulate the expression of pro-
angiogenesis factors upon a PG 78 * 161
fracture. Might influence
osteogenic differentiation of MSCs
and important for remodeling of CS: 787 £ 291
healed fracture (191).
CTGF Important for MSC condensation 14.0 FG: 181 £ 28.7
and chondrogenic differentiation PG 170+ 184
during endochondral bone
regeneration (161). C8:170 £23.5
VEGF Could enhance osteoclast survival 47.9 FG: 5.12%103 + 1.29*%103
and resorption (192,193). Could
also recruit chondroclasts, PG 485100 £ 544
osteoclasts and immune cells.
Promotes vasculatization and can
promote osteogenic differentiation CS: 5987107 1 482
(152).
Angiopoietin | Can promote vascular integrity in 979 FG: 10.5%103 £ 1.58*%103
-1 regenerating vasculature (194). PG: 10.5%10% £ 2.32*%103
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CS: 9.91*%103 + 1.21*103

(inhibition), important for
osteogenic lineage commitment of

MSCs (163).

Angiopoietin | Can improve mineralization and 1.22¥103 FG: 5.09103 = 1.01*103
-2 angiogenesis in bone regeneration PG: 5.72%103 = 1.08%103
(195). CS: 4.24%103 £ 1.17%103
MMP-1 Most abundant collagenase in ND FG: 785 481
tissues, cleaves collagen, but its
absence only leads to modest PG 802 % 401
abnormalities in bone remodeling
(163). CS: 655+ 99.5
MMP-3° Involved in degradation of cartilage | 96.3 FG:294 £ 178
and the invasion of vasculature in PG 424 £ 376
osteoarthritis (162). Can cleave
non-collagenous proteins (163). CS: 454 1591
MMP-7° Can promote RANKL availability 445 FG: 9.18%103 + 5.03%103
and cleave non-collagenous
PG: 10.4%103 £ 9.63*103
proteins. Might be crucial for
proper bone regeneration (163). CS: 7.62%103 + 1.15*103
MMP-8 Seems to be crucial for proper 41.9 FG: 155+ 175
bone regeneration (163). PG: 142 £ 19.6
CS: 133 £ 3.28
MMP-9 Most abundant MMP in bone, 228 FG: 1.04%103 £ 78.7
participates in osteoclast
recruitment and the release of PG 928 ¥ 125
growth factors from the
extracellular matrix (163). MMP9 is
also involved in endochondral CS: 1.08+10° £ 331
ossification (164).
MMP-10° Might promote (pathological) 91.3 FG: 529 £ 38.1
calcification (196,197). PG: 470 £ 222
CS: 558 = 81.2
TIMP-1 High affinity for MMP-9 101 FG: 18.9%103 £ 448

PG: 18.0%103 = 664

CS: 18.8%103 = 621
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RANKL Typically expressed by cells from ND FG: 19.6 £ 3.64
the osteogenic lineage, including
MSCs, osteoblasts and osteocytes. PG:13.3 £ 380
Required for osteoclast CS 24147
differentiation (198).

OPG Can prevent RANKL from binding | 1.41*¥103 FG: 14.2%103 + 3.56*103
to the RANK receptor on
preosteoclasts, theteby inhibiting PG: 14.57107 £ 2417107
osteoclast differentiation (198,199). CS: 16.97105 371710

Osteopontin | Instrumental for intrafibrillar 321 FG: 716 £ 96.7
mineralization and promotes
osteoclast activation (200). PG:713 151
Can promote osteoclast precursor CS 737 1457
migration (201).

Osteonectin | Can promote bone formation and 1.27%103 FG: 42.7%103 + 5.55%103
mineralization. Regulates collagen PG: 35.6%103 £ 5.69%103
fibrillogenesis (202). CS: 44.0¥103 £ 4.20%103

Sclerostin Inhibits bone formation and 414 FG: 503 £ 36.5 *
osteogenesis, could stimulate
RANKL sectetion by osteocytes, PG: 413 £ 4107
thereby promoting osteoclast CS. 496 5027
differentiation (160).

Periostin Upregulated in response to bone ND FG: 61.0¥103 £ 6.00%103
injury. Is crucial for callus, cartilage PG: 56.8%103 + 5.74*103
and bone formation (203). CS: 613105 + 5.34%10°

Fibronectin Could inhibit osteoclastogenesis 330*%103 FG: 4.42%100 = 621*103

(204,205), but could enhance
mature osteoclast activity and
resorption (204).

Could promote osteogenic
differentiation and bone-like

matrix formation of MSCs at low

PG

: 3.45%106 = 456*%103
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coating densities, and inhibit
differentiation but promote
proliferation at higher coating

densities (206).

CS: 3.92%106 £ 758*103

Values represent mean * standard deviation or °median % interquartile range. Significant differences are
indicated with: #*p<0.05. Abbreviations: stromal derived factor (SDF), platelet derived growth factor
(PDGF), placental growth factor (PIGF), connective tissue growth factor (CTGF), vascular endothelial
growth factor (VEGF), matrix metalloproteinase (MMP), tissue inhibitor of metalloproteinase (TIMP),
receptor activator of nuclear factor kappa-f ligand (RANKL), osteoprotegerin (OPG), osteopontin (OPN).

Collagen type I formation after 42 days was visualized in and around the defects using
immunohistochemistry (Figure S2). Collagen type I formation was mainly visible in
scaffolds implanted with fibrin gel or cartilage spheres (Figure S2).

Figure 84.3. Collagen type I (green) immunohistochemical analysis. Top panel presents defect overview

images, bottom panel present close-up images.
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For model validation, 7z vitro cartilage sphere mineralization was compared to i vivo
cartilage sphere mineralization 14 days after ectopic implantation in a rat model. I vivo,
cartilage spheres were partly mineralized after 14 days, which is comparable to our 7
vitro model where parts of cartilage spheres were mineralized 14 days after artificial
implantation.

Figure S4.4. Cartilage sphere mineralization 7z vivo, 14 days after ectopic implantation in a rat model. Arrow
points at implanted cartilage spheres, two spheres were implanted. Spheres were visualized with micro-
computed tomogtraphy (uCT).

Supporting media:

o Video S4.1. Three-dimensional visualization of wvascular-like structures,

collagen, hydroxyapatite and cell nuclei prior to implantation (day 28)

e Video S4.2. Three-dimensional visualization of cell migration in defect
implanted with fibrin gel (day 42).

e Video S$4.3. Three-dimensional visualization of cell migration in defect
implanted with platelet gel (day 42).

e Video S4.4. Three-dimensional visualization of cell migration in defect
implanted with cartilage spheres (day 42).
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Abstract

To enable the investigation of human healthy and pathological bone remodeling and to
address the principal of reduction, refinement and replacement of animal experiments,
in vitro bone remodeling models are increasingly being developed making use of an
osteoclast-osteoblast co-culture. For these co-cultures many different culture
parameters are used that could affect the cells’ responses in the co-culture, limiting
reproducibility and translation between experiments. Therefore, the aim of this study
was to generate a systematic map from a database of existing osteoclast-osteoblast co-
cultures representing an 7z vitro model for bone remodeling, published until January 0,
2020. Their methods and predetermined outcome measures (resorption, formation, and
tartrate-resistant acid phosphatase and alkaline phosphatase quantification as their
surrogate markers, respectively) were extracted. The systematic map derived from the
database, underlines the variability between currently available 7z vitro remodeling
models, which limits reproducibility and translation between them. Nevertheless, the
systematic map and its evaluation could be used as a guide to design iz vitro bone
remodeling experiments, towards improved understanding of human bone remodeling.



Systematic review and map of 7z vifro models for bone remodeling

5.1 Introduction

Bone is a highly dynamic tissue with mechanical and metabolic functions that are
maintained by the process of bone remodeling by bone forming osteoblasts, bone
resorbing osteoclasts, and regulating osteocytes. In healthy tissue, bone resorption and
formation atre in equilibrium. In diseases such as osteoporosis and osteopetrosis this
equilibrium is disturbed, leading to pathological changes in bone mass that adversely
affect the bone’s mechanical functionality (207). Studies on bone physiology, bone
disease and drugs for these diseases are routinely performed in animal models, which
are considered a fundamental part of preclinical research. However, their use in pre-
clinical studies often leads to poor translation of results to human clinical trials
(208,209), and subsequent failure of promising discoveries to enter routine clinical use
(23,25). These limitations and the desire to reduce, refine and replace animal
experiments gave rise to the development of 7 vitro models (7,20). Over the last four
decades, significant progress has been made in developing osteoclast-osteoblast co-
cultures towards 7z vitro bone remodeling models.

The development of zn vitro osteoclast-osteoblast co-cultures started with a publication
of T.J. Chambers in 1982 (210), where the author induced quiescence of isolated
tartrate-resistant acid phosphatase (TRAP)-positive rat osteoclasts with calcitonin and
reversed their quiescence by co-culturing them with isolated rat osteoblasts in direct
contact. At that time, studies involving osteoclasts resorted to the isolation of mature
osteoclasts by disaggregation from fragmented animal bones. The first account of
vitro osteoclastogenesis in co-culture was realized in 1988 when Takahashi and co-
authors (211) cultured mouse spleen cells and isolated mouse osteoblasts in the presence
of 1,25-dihydroxyvitamin D3 and found TRAP-positive dentine-resorbing cells. The
herein described methods were used and adapted to generate osteoclasts for the
following decade. Most of the studies published until this point in time used co-cultures
as a tool for achieving osteoclastogenesis, as opposed to a model for bone remodeling.
At that time, a co-culture of osteoblasts with spleen cells or monocytes was the only
way of generating functional osteoclasts 7z vitro. In 1999, Suda and co-authors (212)
discovered receptor activator of nuclear factor »B ligand (RANKL) and macrophage
colony stimulating factor (M-CSF) as the necessary and sufficient proteins required for
differentiating cells from the monocyte/macrophage lineage into functional osteoclasts.
This discovery marked the start of co-culture models developed for studying bone
remodeling (Figure 5.1).

In recent years, many research groups have developed osteoclast-osteoblast co-cultures
with the intent of studying both formation and resorption, but each group seems to be
individually developing the protocols resulting in many functionally related experiments
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that are methodologically different. In addition, the use of such methods is often not
cleatly stated within titles and abstracts. Simple title/abstract searches such as ‘osteoclast
+ osteoblast + co-culture’ show only a fraction of available studies using osteoclast-
osteoblast co-cultures. Moreover, due to the use of co-cultures for osteoclastic
differentiation, many osteoclast-osteoblast co-cultures have been performed that did
not study any formation outcomes. These studies cannot be used as z vitro remodeling
models, as this requires the evaluation of both resorption and formation. Finding and
comparing different co-culture approaches and their results is thus complicated.
Therefore, the aim of this study was to perform a systematic review, generate a database
of extracted study methodological information, and map the experimental details to
provide an overview of currently available iz wifro models for bone remodeling
employing osteoclast-osteoblast co-cultures.

Figure 5.1. Timeline of the progtession in osteoclast-osteoblast co-cultures. In 1988, osteoclasts were
generated for the first time 7# vifro under influence of osteoblastic communication. From then, many co-
cultures were performed in which osteoblastic formation was neglected. From 1999, RANKL and M-CSF
were applied as differentiation factors in the culture medium, avoiding the need for osteoblasts. From 2010,
osteoclast-osteoblast co-cultures are increasingly being employed to mimic bone remodeling 7 vitro.
Abbreviations: receptor activator of nuclear factor »B ligand (RANKL) and macrophage colony stimulating
factor (M-CSF). The figure was created with Servier Medical Art, licensed under a Creative Common
Attribution 3.0 Generic License (http://smart.servier.com, accessed on 2 July 2021).

5.2 Methods

For this systematic map, a structured search protocol was developed using the SYRCLE
protocol format (213). To ensure transparency of the publication, the protocol and

search strings were made publicly available before completion of study selection via
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Zenodo (214). In short, three online bibliographic literature sources were consulted with
a comprehensive search query and the resulting publications were combined and
screened using a three-step procedure: (i) identification of osteoclast-osteoblast co-
cultures, (ii) identification of relevant outcome measures, (iii) search for additional
articles in relevant reviews and the reference lists of studies included in the database.

5.2.1 Database Search

The online bibliographic literature sources Pubmed, Embase (via OvidSP) and Web of
Science were searched on January 6, 2020, with a predefined search query consisting of
the following components: (Josteoclasts] OR ([osteoclast precursors] AND [bone-
related terms])) AND (Josteoblasts] OR (Josteoblast precursors| AND [bone-related
terms])) AND [co-culture], where each component in square brackets represents a list
of related thesaurus and free-text search terms. The full search strings can be found via
Zenodo (214). The results of all three searches were combined. Conference abstracts
and duplicates were removed using the duplicate removal tools of Endnote X7 and
Rayyan web-based systematic review software (215). The entire screening and data
collection process was performed independently by two researchers.

5.2.2 Screening step 1: Identification of osteoclast-osteoblast co-cultures

This step was performed to identify and extract osteoclast-osteoblast co-cultures from
the complete list of studies identified from the three online bibliographic literature
sources after automatic removal of conference abstracts and duplicates. Using Rayyan
web-based systematic review software (215), the titles and abstracts were screened for
the presence of primary studies using osteoclast-osteoblast co-cultures. Reviews, theses,
chapters, and conference abstracts that were not automatically detected were excluded
at this point. Relevant reviews were saved separately to serve as an additional source of
studies that could have been missed by the systematic search (screening step 4).

In the selection process, co-culture was defined as the simultaneous (assumed) presence
of osteoclasts and osteoblasts (or osteoclast-like and/or osteoblast-like cells) within the
same culture system at any moment during the described experiment, such that the cells
were able to communicate either via soluble factors in the medium and/or directly
through cell contact (Figure 5.2). Both primary cells and cell lines of any origin were
admitted including heterogeneous cell populations if these were clearly defined and
expected to result in a biologically relevant number of the desired cell type. The presence
of progenitor cells (such as monocytes or mesenchymal stem/stromal cells) was allowed
only if these were either verified or expected to differentiate into osteoclasts and/or
osteoblasts. Studies using a single animal or human donor for both cell types were
allowed, but only if the two (progenitor) cell types were at one point separated, counted,
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and reintroduced in a controlled manner. Trans-well systems (no direct cell contact but
shared medium compartment with or without membrane), scaffolds (three-dimensional
(3D) porous structure of any material including decellularized matrix), and bioreactor
culture systems (culture exposed to physical stimuli such as strain, compression, fluid
flow) were included. Conditioned media experiments were excluded because these do
not allow real-time two-way exchange of cell signals. Explant-, organ- and other ex vivo
cultures were excluded. When the study used any type of osteoclast-osteoblast co-
culture as defined above, the study was included. When, based on the title and abstract,
it was possible that there was a co-culture, but this was not described as such, the full-
text publication was screened.

5.2.3 Screening step 2: Identification of relevant outcome measures

This step was used to identify co-cultures that specifically investigated relevant outcome
measures related to bone remodeling: formation or resorption (primary outcome
measures), or quantitative measurements of activity markers ALP or TRAP in a
dedicated assay (secondary outcome measures) (Figure 5.2). The primary outcome
measures of resorption and formation were chosen because these are the processes that
are directly affected in bone diseases. Formation/resorption measurement was defined
as any method that directly measures the area or volume of (tissue) mineralization by
OBs or resorption by OCs or any method that measures by-products or biochemical
markers that directly and exclusively correlate to formation/resorption respectively. The
secondary outcome measures of ALP and TRAP were included because these are
regarded as alternatives for the direct measurement of formation and resorption. The
measurement of ALP and TRAP was defined as the detection of either the enzymatic
activity or the direct quantification of these proteins present. Polymerase Chain
Reaction (PCR) and Immuno-histological stainings (with or without image analysis)
were not considered relevant outcome measures. The full texts of the studies identified
in screening step 1 were screened for experimental techniques and outcome measures.
Publications written in languages other than English with no translation available and
publications where the full text could not be found were excluded at this point. When
a relevant outcome measure was measured in both osteoclasts and osteoblasts in the
co-culture, data was extracted. Studies in which both cell types were studied, but
relevant outcome measures were only measured in either osteoclasts or osteoblasts,
were excluded as well as studies in which only osteoclasts or osteoblasts were studied
(Z.e., the other cell type was neglected for analysis).



Systematic review and map of 7z vifro models for bone remodeling

5.2.4  Screening step 3: Review and reference list screening

To find additional studies that may have been missed during bibliographic searches,
relevant review articles and studies labeled as category 1 were screened for additional
unique relevant publications. Identified publications were screened as before.

Figure 5.2. Schematic overview the used strategy. All identified studies were searched for osteoclast-
osteoblast co-cultures, where co-culture was defined as osteoclasts and osteoblasts being present
simultaneously and able to exchange biochemical signals. Osteoclast-osteoblast co-culture studies which
used relevant outcome measures for both resorption and formation were included into the database. From
these studies, methodological details on outcome measures and culture conditions were extracted.
Abbreviations: two-dimensional (2D), three-dimensional (3D), outcome measutes (OM), tartrate-resistant
acid phosphatase (TRAP), alkaline phosphatase (ALP). The figure was modified from Servier Medical Art,
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licensed undet a Creative Common Attribution 3.0 Genetric License (http://smart.setvier.com, accessed
on 2 July 2021).

5.2.5 Database generation and analysis

All information related to the culture conditions and relevant outcome measures was
collected and organized into a database. Cell species (216), origin (cell line or primary)
and type of both the osteoclasts and osteoblasts (7), seeding numbers, densities and
ratios were collected or calculated (217,218). The culture surface material (219), sample
size, culture duration, medium refreshing rate, environmental conditions and pre-
culture duration were collected if available (220). The medium components and
supplements were extracted (221), as well as medium components of any monoculture
prior to the co-culture. For resorption outcomes, additional information on the
resorbed substrate, the methodological procedure and quantification of results was
collected. For formation outcomes, additional information on the type of analysis, the
methodological procedure and quantification of results was collected. For both ALP
and TRAP, additional information on the mechanism of the biochemical assay, whether
it was conducted on lysed cells or supernatant, and information regarding the
quantification was collected. In addition, the following information was collected,
whether: the authors described their setup as a model specifically for remodeling, the
experiment was conducted in 3D, the experiment applied bioreactors, more than 2 cell
types were cultured simultaneously, the culture used a trans-well setup. Finally, the
tested genes of all studies applying additional PCR and any proteins studied with ELISA
or other supernatant analyses executed on the co-culture were noted.

5.2.6  Quality assessment and scripting

In the database, the culture conditions, cells and materials used are reported, and not
the data obtained from them, or the results described in the publication. Quality
assessment was thus limited to assessing the completeness of the necessary elements of
the collected methodological details, to the extent that the description of used methods
is complete enough to be propetly represented in the database and related figures and
tables. Publications in which information was missing are represented as ‘not reported’
(NR) if no information was provided, or ‘reference only’ if no information was provided
but another study was referenced. If studies were missing critical information to allow
for reproduction of the outcome measures (for example seeding ratio’s, culture surface
material, medium or supplement information, critical steps in analyses), a red label was
used to mark this missing information. If the missing information was not critical for
the outcome measures but necessary for replication of the study (for example sample

size, medium refresh rate, control conditions), an orange label was used.
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Three scripts were written using Excel Visual Basics programming language to analyze
and process the database. One script counts all instances of Excel cells labeled as
‘missing info’ and presents this number in two dedicated columns (missing critical or
non-critical info). One script counts the frequency of occurrence of all years of
publication. Finally, one script analyzes this database and extracts relevant descriptive
statistical data on the collected information. On sheet 2 “Data” of the database Excel
file, the statistical data and collected information are presented in the form of lists and
tables together with the buttons to re-run the analyses based on the reader's
requirements. The scripts are integrated within the excel file and can be used only when
the file is saved as a ‘macro-enabled’ file (xlsm) (Supplementary file 5.1).

5.3 Results

5.3.1 Search results

From three online bibliographic literature sources, 7687 studies were identified
(Pubmed: 1964, Embase via OvidSP: 2709, Web of Science: 3014). 6874 studies
remained after removing conference abstracts, and 3925 unique studies remained to be
screened after duplicate removal (Figure 5.3).

5.3.2  Study inclusion

After screening step 1, 694 studies remained as osteoclast-osteoblast co-cultures. A list
of these studies is available as a Supplementary file (Supplementary file 5.2). Screening
step 2 further excluded one study because of a missing full text, 35 studies because they
were in a language other than English, and 406 studies because no relevant outcome
measure was used. From the 252 remaining studies, 77 studies investigated both
osteoclasts and osteoblasts and in 39 of these studies, both osteoclasts and osteoblasts

were studied using relevant outcome measures. These 39 studies were included in the

database (Figure 5.3).

Screening step 4 identified 34 unique studies from the reference lists of the included 39
studies and identified another 25 unique studies from the 10 identified review
publications. These additional 59 studies were screened as described previously and
resulted in an additional three osteoclast-osteoblast co-cultures. However, these
publications only studied either resorption of formation. As such, they were not
included into the database. From the IN = 39 included studies, N = 45 different
experiments were identified. Experimental details from these studies have been
extracted into the database (Supplementary file 5.3).

97



Chapter 5

Figure 5.3. Flow diagram of systematic literature search and screening. Screening step 1: hits from 3 online
bibliographic literature sources were combined, primary studies were selected, and duplicates were
removed. Title and abstracts were screened for the presence of osteoclast-osteoblast co-cultures. Screening
step 2: osteoclast-osteoblast co-cultures were screened in full text for relevant outcome measures. Papers
in which both cell types were studied with relevant outcome measures were included in the database.
Screening step 3: papers included into the database and reviews were screened for potentially missing
relevant studies. Each selection step is marked with a colored header. Blue header: used as input for the
review. Grey header: selection step. Red header: excluded studies. Orange header: database as presented in
this systematic map. Abbreviations: outcome measures (OM), database (DB), osteoclast (OC), osteoblast
(OB).



Systematic review and map of 7z vifro models for bone remodeling

5.3.3 Publications per year

The publications included the database span the time between 1997 and 2019, with only
N = 8 publications before 2010 (Figure 5.4). This coincides with the progtress in
development of 7z vitro co-cultures of osteoclasts and osteoblasts, moving beyond co-
cultures with osteoblasts to generate osteoclasts, and moving towards co-cultures of
osteoclasts and osteoblasts to study for example cell-cell interactions (7).

Figure 5.4. Relevant publications per year. The 39 selected publications of the database counted by year
ranging from 1998 to 2019.

5.3.4 Osteoclasts

Cultures were all initiated with osteoclast progenitors: N = 16 studies introduced
monocytes, N = 11 introduced mononuclear cells, the other studies used other
precursors (Table 5.1).

The 6 oldest included studies used chicken and rat cells, all others used mouse or human
cells. With only one exception combining a mouse ST-2 cell line with human monocytes
(222), all studies used cells of exclusively a single species for the OB and OC soutce.
Only one study claimed to introduce OCs directly into co-culture but failed to provide
any information regarding the cell source and was therefore ignored from further

investigation.

The OC seeding density ranged from 5X103 cells/cm? to 15X10¢ cells/cm? with a mean
of 190x103 cells/cm? (N = 25) in two-dimensions (2D) (Figure 5.5A) and from 20X103
cells/cm? to 70%106 cells/cm?3 with a mean of 17X106 cells/cm3 (N = 6) in 3D (Figure
5.5D).
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Table 5.1. Osteoclast origins and occurrences
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Human primary 10 6 1 3 20
Human cell line 4 4
Mouse primary 2 2 2 6
Mouse cell line 2 2
Rat primary 3 1 4
Chicken primary 2 2
Reference only 1 1
Per-column total 16 11 5 5 1 1 39

Each column represents a different cell type of osteoclast-like cell or a precursor. Each row represents a
different source of cells, differentiating between both the origin species and whether the cells are primary
cells or cell lines.

5.3.5 Osteoblasts

Most studies used human primary cells (Table 5.2). Almost half of the studies started
the co-culture with osteoblasts, the others started with progenitor cells. As a result of
ambiguous isolation methods and nomenclature which is subjective to changes over
time (223), some cell descriptions in might refer to similar cell populations. This
systematic map reflects the nomenclature used by the authors or extrapolated from the
description and does not further interpret the provided information.

Except for the oldest 6 studies that used chicken and rat cells, all studies used human
or mouse cells, most of which were primary cells. While the studies using rat and mouse
cells mostly directly introduced osteoblasts (either isolated as such or differentiated
before seeding), those that used human cells predominantly introduced progenitor cells.
Those that used human primary osteoblasts purchased expandable human osteoblasts
(224) or osteoblasts (225), undefined expanded bone cells (226), or differentiated
mesenchymal stromal cells from bones obtained during a surgical procedure (227).
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Figure 5.5. Seeding densities and seeding ratios. Violin plots of 2D and 3D seeding ratios of osteoclasts
(A+D), osteoblasts (B+E) and respective seeding ratios in co-cultures (C+F). Values are calculated based
on reported seeding numbers of the cells or precursors thereof per surface are or volume. Abbreviations:
two-dimensional (2D), three-dimensional (3D), osteoblast (OB), osteoclast (OC).

Osteoblast densities ranged from 0.9X103 cells/cm? to 60X103 cells/cm? with a mean
of 11X103 cells/cm? (N = 26) in 2D (Figute 5.5B) and from 0.3X103 cells/cm3 to 7X103
cells/cm’” with a mean of 15%X106 cells/cm? (N = 6) in 3D (Figure 5.5E). Osteoblast :
osteoclast seeding ratios in 2D varied highly and ranged from 1:1500 to 1:1 (Figure
5.5C). Osteoblast : osteoclast seeding ratios in 3D ranged from 100:1 to 1:25 (Figure
5.5F).
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Table 5.2. Osteoblast origins and occurrences.
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Human primary 4 9 2 6 1 22
Human cell line 1 1
Mouse primary 3 2 5
Mouse cell line 4 4
Rat primary 3 1 4
Chicken primary 2 2
Reference only 1 1
Per-column total 16 1 2 8 1 1 39

Each column represents a different cell type of osteoblast-like cells or their precursors. Each row represents
a different source of cells, differentiating between both the origin species and whether the cells are primary
cells or cell lines.

5.3.6  Medium composition

The behavior of cells is highly dependent on their environment, of which the
biochemical part is predominantly determined by the culture medium composition. The
main components of typical culture media are a base medium, fetal bovine serum (FBS)
and specific supplements such as osteoblast and osteoclast differentiation factors. Eight
different base (or complete) media were reported (Figure 5.6A), with «-MEM and
DMEM accounting for approximately 70% of all experiments. FBS content ranged
from 0% to 20%, with most studies using 10% (Figure 5.6B). Studies that did not use
FBS supplementation used forms of complete media of which the composition was not
described in the studies, but likely including a type of serum or equivalent serum-free
supplements.
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As osteoclast supplement, M-CSF concentration was reported in IN = 11 studies and
ranged from 10 ng/ml to 100 ng/ml with a mean of 39,82 ng/ml (Figure 5.6C). The
other osteoclast supplement RANKL was reported in IN = 14 studies and the
concentration ranged from 10 ng/ml to 100 ng/ml with a mean of 49 ng/ml. Osteoblast
supplements were recalculated to molarity if necessary (Figure 5.6C). Ascorbic acid
(also referred to as ascorbic acid-2-phosphate, L-ascorbic acid or L-ascorbate-2-
phosphate) concentration was reported in [N = 19 studies and ranged from 0.05 mM to
0.57 mM, with a mean of 0.18 mM and one outlier at 200 mM that was disregarded for
this calculation. Dexamethasone was used in [N = 13 studies and was used in 2 different
molarities: 6 times at 100 nM and 7 times at 10 nM. -Glycerophosphate concentration
was reported in N = 17 studies, and ranged from 1 mM to 46 mM, with a mean of 13
mM (Figure 5.6C). As additional often used medium supplement, 1,25-
dihydroxyvitamin D3 was identified. The use of 1,25-dihydroxyvitamin D3 was
reported in N = 10 studies at 2 different concentrations (z.e., 10 nM and 100 nM), of
which 10 nM was most frequently used (8 out of 10 times) (Figure 5.6C).

Figure 5.6. The differences in culture media used in the included studies. (A) The occurrence of all
identified base and complete media used during the co-culture phase of each study. (B) Serum
concentrations during the co-culture phase of each study. (C) Supplements administered during the co-
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culture phase of each study. Abbreviations: not reported (NR), receptor activator of nuclear factor »B
ligand (RANKL), macrophage colony stimulating factor (M-CSF), f-glycerophosphate (6-GP), ascorbic acid
(AA), dexamethasone (dex).

5.3.7 Culture substrate and biomechanical environment

From the 45 experiments extracted from the 39 studies, 29 studies were performed in
2D of which 20 allowing for direct osteoclast-osteoblast contact and 9 only allowing for
indirect contact using well inserts (Figure 5.7A). In addition, 16 co-cultures were
performed in 3D. From these 3D co-cultures, only 3 were performed under the
influence of mechanical loading using fluid flow induced by either perfusion (IN = 2) or
culture vessel rotation (IN = 1) (Figure 5.7B). Materials used for the 3D co-cultures
included composite (ze., a combination of a natural organic protein/synthetic polymer
and inorganic material) hydrogels (IN = 3), organic scaffolds (IN = 2), inorganic scaffolds
(N = 3), and composite scaffolds (IN = 6, with N = 3 for the combination natural
organic protein/ inorganic material and N = 3 for the combination synthetic polymer
and inorganic material). One study created a 3D construct in the absence of a scaffold
material (Figure 5.7C).

Figure 5.7. The differences in culture substrate and biomechanical environment used in the included
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studies. (A) The occurrences of type of culture in terms of culture substrate (Ze., 2D, 2D with trans-well or
3D). From the 3D studies, (B) the number of studies that used mechanical loading are highlighted, and (C)
the different materials are presented. Abbreviations: two-dimensional (2D), three-dimensional (3D).

5.3.8 Outcome measures

Co-cultures from the 39 included studies were mostly analyzed with either direct
resorption and formation outcome measures (IN = 11) or with the surrogate markers
for resorption and formation TRAP and ALP (IN = 13), respectively (Table 5.3). Only
one study analyzed resorption and formation directly and by the quantification of both
TRAP and ALP (Table 5.3).

Table 5.3. The outcome measures that were used by the included studies to investigate resorption and

formation.
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Each column presents which primary outcome measures were used. Each row presents which secondary
outcome measures were used. Abbreviations: alkaline phosphatase (ALP), tartrate-resistant acid
phosphatase (TRAP).

When identifying the methods to study resorption and formation, more than one
method of analysis for resorption and/or formation was used in some studies. To study
osteoclastic resorption, most studies used a resorbable surface (e.g., calcium phosphate
films, dentine discs, osteo assay surface) from which resorption pits could be visualized
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directly using scanning electron microscopy (SEM) or with light microscopy (LM) in
combination with contrast enhancing stainings (¢.g, Toluidine Blue or Von Kossa)
(Figure 5.8A). Most often, resorption pits were quantified for their area and/or
number. In some cases, the resorbed surface was characterized by SEM-based surface
metrology (228,229). Resorption was also investigated using transmission electron
microscopy (TEM) (222), non-destructive Second Harmonic Generation microscopy
(SHIM) (230) or micro-computed tomography (uCT) (228), supernatant calcium or
phosphate levels to quantify mineral release, or with an ELISA for the collagen type 1
N-terminal telopeptide (NTx) release in the supernatant to quantify collagen
degradation (Figure 5.8A).

The most common method to study osteoblastic formation was investigating
mineralized nodule formation by staining techniques and/or imaging (Figure 5.8B).
Alizarin Red staining could be quantified by releasing the dye from the minerals using
acetic acid, followed by spectrophotometry (231). In addition, Alizarin Red or Von
Kossa stainings were quantified based on LM images. Calcium was also directly
quantified using Cresolphthalein complexone based assay on cultured cells. Non-
destructive methods to measure formation included pCT (228), SHIM (230), and
supernatant analysis for calcium (i.e., decreased supernatant calcium as a measure for
matrix mineralization) (228,229), and for Collagen type I C-terminal pro-peptide
(PICP), as a byproduct of collagen deposition (Figure 5.8B).

Figure 5.8. The differences in how primary outcome measures were studied in the included studies. (A)
The different methods used to study resorption. (B) The different methods used to study formation.
Abbreviations: Second Harmonic Generation microscopy (SHIM), light microscopy (LM), collagen type 1
N-terminal telopeptide (NTx), micro-computed tomography (uCT), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), Collagen type I C-terminal pro-peptide (PICP).
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5.4 Discussion

In recent years, many research groups have ventured into the realm of osteoclast-
osteoblast co-cultures with the intent of studying both formation and resorption. Due
to a lack of standardization within the field and the difficulty of finding publications
based on methods instead of results, each group seems to have individually developed
their own research tools, resulting in many functionally related experiments that are
methodologically different. The aim of this study was to generate a systematic map of
existing osteoclast-osteoblast co-culture studies that aimed at creating an z vifro model
for bone remodeling published up to January 6, 2020, and to give an overview of their
methods in a database which can be filtered, sorted, searched and expanded.

As an initial step in the bone remodeling cycle, osteoclasts get activated and resorb bone.
To mimic this process 7 vitro, there is a clear preference for using human monocytes
and mononuclear cells to generate osteoclasts. These have in the past two decades
proven to be a reliable precursor population for osteoclasts (7), they can be obtained
from human blood, and are thought to be better representatives for studying human
physiology than cells of animal origin (208,209). The extraction of osteoclasts from
bone is possible but cumbersome, it requires access to fresh bone material and generally
does not yield relevant numbers of osteoclasts. Challenges in the pre-differentiation of
osteoclasts from precursors before applied in experiments are the expected limited life
span of 2 — 3 weeks (232,233), and the difficulty to handle them upon fusion of several
precursors. Osteoclasts are probably therefore always differentiated from precursors
within the actual experiments.

After osteoclasts have resorbed bone, osteoblasts deposit new bone matrix. To mimic
this process 7z vitro, most studies have used human primary cells. The use of primary
osteoblasts as well as osteoprogenitors including mesenchymal stromal/stem cells were
both frequently observed, although when human cells were used, mesenchymal
stromal/stem cells were more often used. The advantage of using osteoprogenitors such
as mesenchymal stromal/stem cells is that these cells are capable of extensive
proliferation before differentiation. Moreover, using progenitor cells allows for studying
osteogenesis in addition to bone formation in co-culture, which is considered an
important osteoclast-controlled event during coupling between resorption and
formation 7 vivo (234). The advantage of using osteoblasts instead of osteoprogenitors,
is that no differentiation is required during the experiment. As such, osteogenic
differentiation factors might not be needed, and experimental conditions only affect
mature osteoblasts rather than also osteogenesis. However, healthy human donor
osteoblasts are scarce as there is often no need for bone surgery of which remnant
materials could be used for cell isolation.
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In terms of cell sources, animal cells may represent human physiology insufficiently
(216), while human cells tend to cause large donor-induced variation (235). Moreover,
the number of cells that can be isolated from one donor is limited and can also be
donor-dependent (236). On the contrary, experiments using cell lines are often well
reproducible and they allow for large-scale expansion. As such, the standardization and
reproducibility of iz vitro models could be facilitated by the use of cell lines (237).
However, they sometimes only share partly the physiology of the primary cells (38).
Therefore, it is recommended to use primary cells for iz vitro bone remodeling models.
If models are able to capture donor-induced variability, they could be useful for
personalized medicine applications.

Both osteoclastic differentiation and resorption, and osteogenic differentiation and
formation are dependent on culture conditions (238,239). For many cell-types, optimal
culture conditions have been established. However, these culture conditions might not
be optimal for co-cultures, where the culture conditions need to support both cell types
(136). In terms of base medium, there is a clear preference for medium based on
DMEM and «-MEM. Mineralization and osteogenic differentiation of osteoprogenitors
have been shown to be dependent on the used base medium (240,241). In addition,
osteoclastic differentiation has been shown to be dependent on the presence of ascorbic
acid in a-MEM (242). Nevertheless, little attention is paid by researchers on the
reasoning for their used base medium. Specific attention needs to be paid to the
presence of phenol red in the base medium, which has affinity to estrogen receptors.
Although the binding affinity is relatively low, the concentration in culture medium is
considerably high which can lead to occupation of estrogen receptors (243,244). As
estrogen deficiency is one of the major causes of osteoporosis in post-menopausal
women, phenol red might influence the 7z witro bone remodeling balance. Another
variable in the medium composition is FBS (or FCS). Besides its ethical issues, it is
known to have batch-to-batch and between-brand differences which can impact the
results of an experiment tremendously (86,137,245,246). Alternatives like human serum
(247), human platelet lysate (183), and defined serum free medium (184), are currently
rapidly being explored for their use in 7 vitro models.

In terms of differentiation factors, many combinations of supplements have been
registered in this map. Osteoclastic differentiation factors RANKL and M-CSF are both
necessary and sufficient for osteoclastogenesis (212). However, mesenchymal
stem/stromal cells and osteoblasts can produce RANKL and M-CSF themselves to
trigger differentiation (211,248), and therefore the supplements are potentially not
necessarily required in co-culture. They even might overrule the natural

osteoblast/osteocyte-osteoclast communication that regulates bone mass z vivo (7).
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While the presence of RANKL and M-CSF in the medium mainly affect osteoclastic
differentiation, the presence of osteogenic differentiation factors seems to affect both
osteoclasts and osteoblasts. Osteogenic differentiation factor f-glycerophosphate
functions as a phosphate source for osteoblastic mineralization, but phosphate can also
inhibit osteoclastic differentiation (249,250). Ascorbic acid is essential for collagen type
I formation as the major organic protein of bone, but its effect on osteoclastic
differentiation is controversially described with both positive and negative effects
(242,251,252). Dexamethasone, as synthetic glucocorticoid, is required for osteogenic
differentiation of mesenchymal stromal cells (253). The two used concentrations found
in the systematic review represent the physiological glucocorticoid concentration of 10
nM, which is known to stimulate both osteogenesis and osteoclastogenesis (254,255).
While the other found concentration (e, 100 nM) is also known to stimulate
osteogenesis, this concentration might inhibit osteoclastic differentiation (253,255).
Moreover, sustained exogenous administration of glucocorticoids, for example to treat
rheumatoid arthritis, can lead to glucocorticoid-induced osteoporosis i vivo (256). As
such, when aiming at the development of a healthy bone remodeling model, the to be
used dexamethasone concentration needs to be well considered. An additional factor
that was often used was 1,25-dihydroxyvitamin D3. Initially, this factor was used to
stimulate osteoclastic differentiation under influence of osteoblasts, which increased
there RANKL secretion upon stimulation (211,212). The use of 1,25-dihydroxyvitamin
D3 might therefore be of interest when the use of RANKL is not desired, like for
vitro bone remodeling models (7).

After selection of medium conditions, other environmental conditions need to be
optimized including the culture substrate and the biomechanical environment. From all
included studies, only three studies applied mechanical loading. I vzvo, bone remodeling
and adaptation is regulated by osteocytes under influence of interstitial fluid flow
through the lacuno-canalicular network (114). Although its importance for remodeling
in vivo, the influence of mechanical loading on bone remodeling iz vitro is currently
underexplored. While many co-cultures have been performed in 2D, i# vivo bone cells
reside in 2 3D matrix. Besides the often different substrate stiffness, this also introduces
differences in cell polarity, morphology, the cell’s ability to migrate, receptor
distribution, and diffusion of communication or differentiation factors (257). Besides,
a biomimetic material allows for a two-way interaction (257). For example, i vivo
resorption leads to the release of growth factors from bone which contributes to the
attraction of osteoprogenitors to the resorption pit (234). However, studying
remodeling in 3D requires different methods to study outcome measures. While TRAP
and ALP can still be measured, studying resorption and formation, which is currently
mostly done with 2D microscopy-based methods, becomes more complicated.
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Registration with uCT would allow for the detection of resorption and formation sites
over time due to its non-destructive nature (258), but requites a radiopaque construct
which can be created by preculture with mesenchymal stromal cells or osteoblasts to
induce mineralization or an inorganic or composite scaffold (259). When using a
precultured or composite collagen/mineral scaffold, supernatants can in addition be
analyzed for the presence of NTx and CTx as collagen degradation markers over time
(260,261). As main organic protein of the bone matrix, the formation of collagen is as
important as mineralization (110). To facilitate the measurement of collagen formation
over time, PICP can be measured from the supernatant (262). The use of these non-
destructive analyses techniques would allow for the evaluation of temporal (263), and
(when uCT is included) spatial characteristics of 7z vifro remodeling (259), something
that has previously been done separately but not within one model system.

In our effort to create a database of all 7 vitro bone remodeling models, we faced some
limitations. The quality of reporting in included studies is often lacking. Missing
information for reproducing the methods of the studies was identified, and only 13 out
of 39 studies included in the database did not miss at least a high-level description of all
indexed characteristics. While many culture variables were identified, we were not able
to identify an ideal protocol. Different protocols likely work for different labs and/or
research questions. Instead, the systematic map allows for searching through culture
characteristics and outcome measures of all relevant osteoclast-osteoblast co-cultures.
To facilitate this, the database contains the possibility to search, sort and filter through
the characteristics (Supplementary file 5.1 for instructions). This also allows
researchers to use the database as a guide to design experiments.

5.5 Conclusion

With this systematic map, we have generated an overview of existing osteoclast-
osteoblast co-cultures that represent 7z vitro bone remodeling models published until
January 6, 2020. Their methods and predetermined outcome measures (resorption,
formation, TRAP, and ALP quantification) were extracted. The constructed database
allows researchers to quickly identify publications relevant to their specific question,
based on the provided instructions to expand and manipulate the database. The
systematic map derived from the database, underlines the variability between currently
available 7z vitro remodeling models, which hampers translation between them.
Nevertheless, the systematic map and its evaluation could be used as a guide to design
in vitro bone remodeling experiments, towards improved understanding of human bone
remodeling addressing the principle of reduction, refinement and replacement of animal
experiments.
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Abstract

To study human physiological and pathological bone remodeling while addressing the
principle of replacement, reduction and refinement of animal experiments (3Rs), human
in vitro bone remodeling models are being developed. Despite increasing safety-,
scientific-, and ethical concerns, fetal bovine serum (FBS), a nutritional medium
supplement, is still routinely used in these models. To comply with the 3Rs and to
improve the reproducibility of such 7 wifro models, xenogeneic-free medium
supplements should be investigated. Human platelet lysate (hPL) might be a good
alternative as it has been shown to accelerate osteogenic differentiation of mesenchymal
stromal cells (MSCs) and improve subsequent mineralization. However, for a human 7
vitro bone model, hPL should also be able to adequately support osteoclastic
differentiation and subsequent bone resorption. In addition, optimizing co-culture
medium conditions in mono-cultures might lead to unequal stimulation of co-cultured
cells. Here, we compared supplementation with 10% FBS vs. 10%, 5%, and 2.5% hPL
for osteoclast formation and resorption by human monocytes (MCs) in mono-culture
and in co-culture with (osteogenically stimulated) human MSCs. Our results indicate
that the supplementation of hPL can lead to a less donor-dependent and more
homogeneous osteoclastic differentiation of MCs when compared to supplementation
with 10% FBS. In co-cultures, osteoclastic differentiation and resorption in the 10%
FBS group was almost completely inhibited by MSCs, while the supplementation with
hPL still allowed for resorption, mostly at low concentrations. The addition of hPL to
osteogenically stimulated MSC mono- and MC-MSC co-cultures resulted in osteogenic
differentiation and bone-like matrix formation, mostly at high concentrations.
Therefore, we conclude that hPL could support both osteoclastic differentiation of
human MCs and osteogenic differentiation of human MSCs in mono- and in co-culture,
and that this can be balanced by the hPL concentration. Thus, the use of hPL could
limit the need for FBS, which is currently commonly accepted for zz vitro bone
remodeling models.



hPL for /n vitro bone resorption and remodeling

6.1 Introduction

Bone has multiple mechanical and metabolic functions that are maintained through
lifelong remodeling by bone resorbing osteoclasts, bone forming osteoblasts, and
regulating osteocytes. In the healthy situation, bone resorption and formation are mostly
in balance, resulting in no net bone loss or gain. A shift in this balance, towards more
formation or resorption, is a hallmark for pathologies like osteopetrosis or osteoporosis,
respectively. Studies on these bone pathologies and development of drugs for their
treatment are routinely performed in animal models. However, animal models represent
human physiology insufficiently which is likely one of the reasons that only 9.6% of
preclinically developed drugs are approved for regular clinical use (23,25). Human i
vitro models could enable the investigation of human healthy and pathological bone
remodeling while addressing the principle of reduction, refinement, and replacement of
animal experiments (3Rs) (7,111). In this regard, osteoclast-osteoblast co-cultures have
recently gained significant interest (43,259,264,265). In these co-cultures, human
monocytes (MCs) and mesenchymal stromal cells (MSCs) are most frequently used as
progenitor cells which are in culture differentiated into osteoclasts and osteoblasts (and
eventually osteocytes), respectively (43). An advantage of using these progenitor cells is
the possibility to personalize iz vitro models (121).

Fetal bovine serum (FBS) is a culture medium supplement sourced from unborn calves
at the slaughterhouse (245). FBS is currently easily available, relatively inexpensive, and
it contains an excess of nutrients and proteins that support cell adhesion, growth, and
proliferation. As a result, FBS is historically the most commonly used medium
supplement for 7z vitro cultures, including for osteoclast-osteoblast co-cultures (43,245).
However, several safety, scientific, and ethical concerns against the use of FBS have
been raised (245,246). Batch to batch variation, zoonotic pathogens, and xenogeneic
proteins that are incompatible with human physiology may cause undesired and
irreproducible experimental results (86,245,260). In addition, with the aim to comply to
the 3Rs, the use of animal components for 7z vitro alternatives to animal experiments is
controversial (246). To overcome these concerns, human platelet lysate (hPL) has been
suggested as a physiologically relevant alternative for FBS (240). Platelets contain a
variety of proteins and nutrients that are vital for tissue regeneration (267-269), and
may have an influence on healthy and pathological bone remodeling (270,271). Their
cargo can be released by lysis through eg, freeze thaw cycles, sonification or platelet
activation, resulting in platelet lysate.

While the use of hPL to replace FBS has been widely studied for human MSC cultures
and osteogenic differentiation of these cells (272-279), the influence of hPL on
osteoclastic differentiation of MCs is relatively unknown. Platelet-released supernatants
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could stimulate osteoclast differentiation and activity of human peripheral blood
mononuclear cells (PBMCs) (280). This stimulatory effect was reduced by the presence
of serum in the platelet-released supernatant (280). Recently, one study was published
on the use of human serum and hPL as alternative of FBS for bone and cancer tissue
models (247). They found an increase in Cathepsin K expression in human MC mono-
cultures supplemented with 5% hPL. In contrast to cultures supplemented with 10%
FBS and 10% human serum, they could not detect resorptive activity when measuring
calcium concentration in the supernatant (247). This indicates that platelet-released
factors and hPL could support osteoclastic differentiation of human PBMC and MC
mono-cultures, but contradictory results are reported. Physiological bone remodeling is
controlled by the direct and indirect interactions between osteoclasts and osteoblasts,
with the receptor activator of nuclear factor »B ligand (RANKL)/osteoprotegerin
(OPG) ratio as most important driver (281,282). These interactions cannot be mimicked
in mono-cultures. Thereby, co-culture medium should equally support both cell types
to enable this interaction and to avoid unequal cell stimulation (7,283). As such, studying
the effect of hPL on MCs and MSCs and their differentiation in mono-cultures might
be insufficient for the translation to zz vitro bone remodeling models. Therefore, we
investigated the use of three concentrations of hPL as a xenogeneic-free and
physiologically relevant alternative for FBS on osteoclastic differentiation by MCs in
mono-cultures. In addition, we explored the use of hPL for 7 vitro bone remodeling
models by studying its influence on osteoclastic differentiation in MC-MSC co-cultures
and osteogenically stimulated MC-MSC co-cultures (Figure 6.1).

Figure 6.1. Medium supplementation with 10%, 5%, and 2.5% hPL were compared with 10% FBS for
MC mono-cultures and (osteogenically stimulated) MC-MSC co-cultures. Cell cultures were analyzed using
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(immuno)histochemical and (immuno)cytochemical analyses to assess resorption, cell markers and cell
morphology, and supernatant analyses to measure osteoclast activity and secreted RANKIL and OPG. The
figure was modified from Servier Medical Art, licensed under a Creative Common Attribution 3.0 Generic
License (http://smart.setvier.com/, accessed on 8 July 2021). Abbreviations: fetal bovine serum (FBS),
human platelet lysate (hPL), monocytes (MCs), mesenchymal stromal cells (MSCs), macrophage colony-
stimulating factor (M-CSF), receptor activator of nuclear factor B ligand (RANKL), osteoprotegerin
(OPG).

6.2 Materials and Methods

In this study, medium supplementation with 10%, 5%, and 2.5% hPL were compared
with 10% FBS for MC mono-cultures and (osteogenically stimulated) MC-MSC co-
cultures. The tested concentrations were based on previous research. FBS is most
frequently used in a concentration of 10% for MC-MSC co-cultures (43). For MSC
expansion and osteogenic differentiation, 10% and 5% hPL are the most frequently
used concentration (276,277,279). The 2.5% hPL concentration was added based on
the hPL. manufacturer’s advice for MC cultures. Cell cultures were analyzed using
(immuno)histochemical and (immuno)cytochemical analyses to assess resorption, cell
markers and cell morphology, and supernatant analyses to measure osteoclast activity
and secreted RANKL and OPG.

6.2.1 Cell culture experiments

MC isolation
PBMCs were isolated from human peripheral blood buffy coats of three healthy donors

(Sanquin, Eindhoven, The Netherlands; collected under their institutional guidelines
and with informed consent per the Declaration of Helsinki). Buffy coats (~50 ml) were
diluted with 0.6% w/v sodium citrate in phosphate buffered saline (citrate-PBS) until a
final volume of 200 ml and layered per 25 ml on top of 10 ml Lymphoprep™ (07851,
StemCell technologies, Koéln, Germany) in 50 ml centrifugal tubes. After density
gradient centrifugation (20 min at 800x g lowest break), PBMCs were collected,
resuspended in citrate-PBS, and washed four times in citrate-PBS supplemented with
0.01% bovine serum albumin (BSA, 10735086001, Sigma-Aldrich, Zwijndrecht, The
Netherlands). PBMCs wete frozen at 105 cells/ml in freezing medium containing
RPMI-1640 (RPMI, A10491, Thermo Fisher Scientific, Breda, The Netherlands), 20%
FBS BCBV7611, Sigma-Aldrich) and 10% dimethyl sulfoxide (DMSO, 1.02952.1000,
VWR, Radnor, PA, USA) and stored in liquid nitrogen until further use. Before MC
isolation, PBMCs were thawed, collected in medium containing RPMI, 10% FBS
(BCBV7611, Sigma-Aldrich) and 1% penicillin-streptomycin (p/s, 15070063, Thermo
Fisher Scientific), and after centrifugation resuspended in isolation buffer (0.5% w/v
BSA in 2mM EDTA-PBS). MCs were enriched from PBMCs with manual magnetic
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activated cell separation (MACS) using the Pan Monocyte Isolation Kit (130-096-537,
Miltenyi Biotec, Leiden, The Netherlands) and LS columns (130-042-401, Miltenyi
Biotec) according to the manufacturer’s protocol, and directly used for experiments.

MSC isolation and expansion
MSCs were isolated from human bone marrow (1M-125, Lonza, Walkersville, MD,

USA; collected under their institutional guidelines and with informed consent) and
characterized for surface markers and multilineage differentiation, as previously
described (124). MSCs were frozen at passage 3 with 1.25%106 cells/ml in freezing
medium containing FBS (BCBV7611, Sigma-Aldrich) with 10% DMSO and stored in
liquid nitrogen until further use. Before experiments, MSCs were thawed, collected in
high glucose DMEM (hg-DMEM, 41966, Thermo Fisher Scientific), seeded at a density
of 2.5%10% cells/cm? and expanded in medium containing hg-DMEM, 10% FBS
(BCBV7611, Sigma-Aldrich), 1% Antibiotic Antimycotic (anti-anti, 15240, Thermo
Fisher Scientific), 1% Non-Essential Amino Acids (11140, Thermo Fisher Scientific),
and 1 ng/mL basic fibroblastic growth factor (bFGF, 100-18B, PeproTech, London,
UK) at 37 °C and 5% COx. After 9 days, cells were detached using 0.25% trypsin-EDTA
(25200, Thermo Fisher Scientific) and directly used for experiments at passage 4.

MC mono-culture
For each donor, MCs were seeded in a culture plastic 96-wells plate and an osteo assay

surface 96 wells plate (CLS3988, Corning, Amsterdam, The Netherlands) at a density
of 9*104 cells/well (3-4 repeats per donor, N = 9-12). MCs were cultured in priming
medium containing «-MEM (41061, Thermo Fisher Scientific), 10% FBS (SFBS,
Bovogen, East Keilor, Australia) or 10%, 5%, or 2.5% hPL (PE20612, PL BioScience,
Aachen, Germany), 1% anti-anti, and 50 ng/ml macrophage colony-stimulating factor
(M-CSF, 300-25, PeproTech). After 48 hours, priming medium was replaced by
osteoclast medium (priming medium + 50 ng/ml RANKL (310-01, PeproTech) to
induce osteoclastic differentiation. Cells were kept in culture for 21 days at 37 °C and
5% CO., medium was replaced 3x per week. Medium samples were collected and stored
at -80 °C on day 2, 7, 14 and 21 and culture photographs were taken (Invitrogen EVOS
XL Digital Inverted Microscope).

MC-MSC co-cultures

) ) 1
MCs of three donors were mixed with MSCs such that S of the well area was covered

by MSCs and % by MCs. To accomplish this, MSCs and MCs were first mixed in the
correct cell-ratio and then seeded together at a density of 2.5¥103> MSCs and 7.2*¥104

MCs per well of a culture plastic 96-wells plate and an osteo assay surface 96 wells plate
(3-4 repeats per donor, N = 9-12). By plating both cells in the same well, both direct



hPL for /n vitro bone resorption and remodeling

and indirect cell-communication could be studied, which cannot be mimicked with
trans-well systems. For MC-MSC co-cultures, cells were initially cultured in priming
medium and after 48 hours, priming medium was replaced by osteoclast medium for
the remaining culture period. For osteogenic MC-MSC co-cultures, cells were initially
cultured in priming medium with osteogenic supplements (10 mM B-glycerophosphate
(G9422, Sigma-Aldrich), 50 ug/ml ascorbic acid-2-phosphate (A8960, Sigma-Aldrich),
and 100 nM Dexamethasone (D4902, Sigma-Aldrich)). After 48 hours, priming medium
was replaced by osteoclast medium with osteogenic supplements for the remaining
culture period. Cells of both co-cultures were kept in culture for 21 days at 37 °C and
5% CO., medium was replaced 3x per week. Medium samples were collected and stored
at -80 °C on day 2, 7, 14 and 21.

Osteogenic MSC mono-culture
Osteogenic MSC mono-cultures (IN = 4) were performed to compare the effect of FBS

with hPL on osteogenic differentiation by MSCs and subsequent bone-like matrix
production. The FBS and different concentrations of hPL were tested in an in vitro
model for woven bone formation, as previously described (116). As the influence of
hPL on osteogenic differentiation by MSCs has been frequently studied, we mainly
focused on osteoclastic differentiation of MCs. Therefore, the details of this culture and

its analyses can be found in the supplementary information.

6.2.2 Resorption assay

To measure osteoclastic resorption after 21 days of culture, cells on Osteo Assay wells
plates were removed by 5 min incubation with 5% bleach in ultra-pure water (UPW)
and washed twice with UPW. As co-cultured cells were difficult to remove with the
described treatment, cell remnants of co-cultures were mechanically removed by
carefully scraping the wells with a pipet tip. To visualize the non-resorbed surface, osteo
assay wells were stained with a modified Von Kossa. Briefly, wells were incubated with
5% w/v silver nitrate (209139, Sigma-Aldrich) in UPW for 30 min in the dark, washed
with UPW, and incubated for 4 min with 5% w/v sodium carbonate (87795, Sigma-
Aldrich) in 3.7% neutral buffered formaldehyde. The staining solution was completely
aspirated, and plates were dried for 1 h at 50 °C. To capture the entire well, tile scans
were made with a bright field microscope (Zeiss Axio Observer Z1, 5x/0.13 EC
Epiplan-Neofluar objective). Tile scans were stitched with Zen Blue software (version
3.1, Zeiss, Breda, The Netherlands). To enable segmentation and resorption
quantification, scratches that were introduced by mechanical cell removal in co-cultures
were manually masked whereafter image contrast was increased using Fiji (125). A
clipping mask was created in Illustrator (Adobe Inc., San Jose, CA, USA) to remove the
edges of the wells (Figure S6.1). Segmentation was performed in MATLAB (version
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2019b, The MathWorks Inc., Natrick, MA, USA), using Otsu’s method for binarization
with global thresholding, where the threshold was kept constant throughout the entire
image (284). The total number of pixels within the well and the number of resorbed
pixels were determined, such that the percentage resorbed area per well could be
quantified.

6.2.3 Fluorescent stainings

MC mono-cultures were stained with DAPI and Phalloidin to visualize cell nuclei and
the actin cytoskeleton, respectively. In short, cells were fixed in 3.7% neutral buffered
formaldehyde for 15 min, permeabilized in 0.5% triton X-100 in PBS for 10 min and
blocked in 10% normal goat serum in PBS for 30 min. Cells were incubated with 0.1
ug/ml DAPI (D9542, Sigma-Aldrich) and 50 pmol Atto 647-conjugated Phalloidin
(659006, Sigma-Aldrich) in PBS for 1 h. Images were taken with a confocal laser scanning
microscope (Leica TCS SP8X, 20x/0.4 HC PL Fluotar L objective) at 2 different
locations per well with 3 — 4 wells per donor. Images were subsequently deconvolved
using the CLME deconvolution algorithm with the Batch Express function of Huygens
Professional (version 20.04, Scientific Volume Imaging, The Netherlands). Cell
morphology and cell area were extracted from the images using a custom-made pipeline
in CellProfiler (version 4.04) (285). By using the actin cytoskeleton images, cells were
segmented with the Minimum Cross-Entropy method with adaptive threshold. Cell

eccentricity (as measure for morphology) and cell area were subsequently determined
by CellProfiler (285).

To study the influence of MSCs on osteoclastic differentiation, MC-MSC co-cultures
were stained with DAPI, Phalloidin, RANKIL and OPG. Cell differentiation in MC-
MSC co-cultures and osteogenic MC-MSC co-cultures was visualized with a staining for
DAPI, Phalloidin, integrin-f3 as osteoclastic differentiation marker and runt-related
transcription factor 2 (RUNX2) as osteoblastic differentiation marker. Briefly, one well
per donor was fixed in 3.7% neutral buffered formaldehyde for 15 min, permeabilized
in 0.5% triton X-100 in PBS for 10 min and blocked in 10% normal goat serum in PBS
for 30 min. Primary antibodies were incubated overnight at 4 °C, secondary antibodies
were incubated with 0.1 pg/ml DAPI and 50 pmol Atto 647-conjugated Phalloidin for
1 h at room temperature. Antibodies are listed in Table S6.1. Images were acquired
with a confocal laser scanning microscope (Leica TCS SP8X, 20x/0.65 HC PL Apo CS2
objective). All images were prepared for presentation in Fiji (127).

6.2.4 Tartrate resistant acid phosphatase activity

Tartrate resistant acid phosphatase (TRAP) as a measure for osteoclastic differentiation
was measured in culture medium supernatants. 10 ul supernatant or p-nitrophenol
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standard was incubated with 90 ul p-nitrophenyl phosphate buffer (1 mg/ml p-
nitrophenyl phosphate disodium hexahydrate (71768, Sigma-Aldrich), 0.1 M sodium
acetate, 0.1% triton X-100 and 30 ul/ml tartrate solution (3873, Sigma-Aldrich) in PBS)
in 96-wells assay plates for 90 min at 37 °C. To stop the reaction, 100 ul 0.3 M NaOH
was added. Absorbance was read at 405 nm using a plate reader (Synergy™ HTX,
Biotek) and absorbance values were converted to TRAP activity (converted p-
nitrophenyl phosphate in nmol/ml/min) using standard curve absorbance values.

6.2.5 RANKL and OPG quantification

Secreted RANKL and OPG were quantified in culture medium supernatants from day
7 of MC-MSC co-cultures with RANKL (ab213841, Abcam, Cambridge, UK) and OPG
(EHTNFRSF11B, Thermo Fisher Scientific) enzyme-linked immunosorbent assays
(ELISAs) according to the manufacturer’s protocols. To account for OPG and RANKL
already present in FBS or hPL, FBS and hPL samples were included in the assays. To
measure RANKL, samples were added to anti-human RANKL coated microwells. After
90 min incubation at 37 °C, samples were replaced by biotinylated antibody solution
followed by 60 min incubation at 37 °C. After thorough washing, avidin-biotin-
peroxidase complex (ABC) solution was added, and plates were incubated for 30 min
at 37 °C. Wells were again washed and color developing agent was added followed by
15 min incubation in the dark at 37 °C. To stop the reaction, stop solution was added
and absorbance was measured at 450 nm in a plate reader. To measure OPG, samples
were added to anti-human OPG coated microwells and incubated for 2.5 h at room
temperature with gentle shaking. Wells were subsequently washed; biotinylated antibody
solution was added followed by 60 min incubation at room temperature with gentle
shaking. After washing, streptavidin-HRP solution was added and incubated in the wells
for 45 min with gentle shaking. Wells were subsequently washed and incubated with
substrate solution for 30 min in the dark with gentle shaking. The enzymatic reaction
was stopped with stop solution and absorbance was measured at 450 nm in a plate
reader. All absorbance values were converted to RANKL and OPG concentrations
using standard curve absorbance values.

6.2.6  Supplement characterization

Total protein measurement
To quantify total protein content in FBS and hPL, a bicinchoninic acid (BCA) assay

(23225, Thermo Fisher Scientific) was performed according to the manufacturer’s
instructions. In short, 200 ul BCA working reagent was added to 25 ul sample in 96-
wells assay plates, followed by 30 sec mixing on a plate shaker and 30 min incubation
at 37 °C. The assay plate was then cooled to room temperature and absorbance was
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measured at 562 nm on a plate reader. Absorbance values were converted to protein
concentrations using standard curve absorbance values.

Alkaline phosphatase and tartrate resistant phosphatase activity
As mineralization can be directly influenced by serum alkaline phosphatase (ALP)

activity (137), ALP and TRAP activity were measured in FBS and hPL. TRAP activity
was measured as described in Section 6.2.4. ALP activity was determined by adding 20
ulof 0.75 M 2-amino-2-methyl-1-propanol (A65182, Sigma-Aldrich) to 80 ul sample in
96-wells assay plates. Subsequently, 100 ul substrate solution (10 mM p-nitrophenyl-
phosphate (71768, Sigma-Aldrich) in 0.75 M 2-amino-2-methyl-1-propanol) was added
and wells were incubated at room temperature for 15 minutes. To stop the reaction, 100
11 0.2 M NaOH was added. Absorbance was measured with a plate reader at 450 nm
and these values were converted to ALP activity (converted p-nitrophenyl phosphate in
umol/ml/min) using standard curve absorbance values.

Calcium measurement
Since extracellular calcium could influence osteoclast attachment and osteoclastic

resorption (286), a calcium assay (Stanbio, 0150-250, Block Scientific, Bellport, NY,
USA) was performed to measure calcium concentration in FBS and hPL, according to
the manufacturer’s instructions. Briefly, 95 ul Cresolphthalein complexone reaction
mixture was added to 5 ul sample and incubated at room temperature for 1 min.
Absorbance was measured at 550 nm with a plate reader and absorbance values were
converted to calcium concentrations using standard curve absorbance values.

Phosphate measurement
As high extracellular phosphate levels could inhibit osteoclast differentiation (250,287),

phosphate concentration in FBS and hPL was measured using a Malachite Green
phosphate assay (MAK307, Sigma-Aldrich). According to the manufacturer’s
instructions, 80 ul of sample was mixed with 20 ul of working reagent in 96-wells assay
plates. Wells were incubated for 30 min at room temperature and absorbance was
subsequently measured at 620 nm using a plate reader. Absorbance values were
converted to phosphate concentrations using standard curve absorbance values.

Multiplex immunoassays
To explore the protein content of hPL, a total of 21 proteins that have been reported

to influence bone resorption, formation or remodeling were quantified using multiplex
immunoassays at the Multiplex Core Facility (MCF) of the Laboratory for Translational
Immunology of the University Medical Center Utrecht, the Netherlands. Immunoassays
were developed and validated by the MCF and based on Luminex xMap technology
(Luminex, Austin, TX, USA) (158). In short, hPL was incubated with MagPlex

122
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microspheres (Luminex) for 1 h at room temperature with continuous shaking, followed
by 1 h incubation with biotinylated antibodies and 10 min incubation with
phycoerythrin-conjugated streptavidin in high performance ELISA buffer (HPE,
Sanquin, Hamburg, Germany). Data acquisition was performed with FLEXMAP 3D
equipment in combination with xPONENT software (version 4.3, Luminex), and
analyzed by 5-parametric curve fitting using Bio-Plex Manager software.

6.2.7  Statistical analyses

Statistical analyses were performed, and graphs were prepared in GraphPad Prism
(version 9.3.0, GraphPad, La Jolla, CA, USA) and R (version 4.1.2) (131). Data were
tested for normality in distributions and equal variances using Shapiro-Wilk tests and
Levene’s tests, respectively. When these assumptions were met, mean I standard
deviation are presented, and to test for differences, an independent t-test (for the
comparison in phosphatase activity and protein, phosphate, and calcium concentration
between IFBS and hPL), one-way ANOVA (for RANKL and OPG data), or two-way
ANOVA (for TRAP data) were performed followed by Tukey’s post hoc tests with
adjusted p-value for multiple comparisons. Other data are presented as median *
interquartile range and were tested for differences with the non-parametric Kruskal-
Wallis test with Dunn’s post hoc tests with adjusted p-value for multiple comparisons.
With a p-value of <0.05 differences were considered statistically significant.

6.3 Results

6.3.1 HPL outperforms FBS for osteoclast differentiation and resorption in MC
mono-cultures

After 21 days culture with different concentrations of hPL and 10% IFBS, decellularized
and Von Kossa stained osteo-assay plates of MC mono-cultures cultured with hPL
showed more resorption than MCs cultured with FBS (Figure 6.2A-D). Resorption
under influence of hPL seemed to have a dose dependent response, with most
resorption in MCs cultured with 10% hPL and least resorption when cultured with 2.5%
hPL. Quantification after segmentation of these osteo-assay plates revealed a
significantly different resorbed area under influence of different serum supplements and
a high variation in MCs cultured with FBS (67.7% % 86.5%) when compated to MCs
cultured with 10% and 5% hPL (84.4% £ 9.50% and 77.4% % 16.12%, respectively)
(Figure 6.2E). This high variation might indicate a donor-dependent response of
osteoclastic differentiated MCs to 10% FBS. TRAP activity measurements supported
the resorption results, with highest TRAP activity for cells cultured with 10% hPL which
differed significantly with TRAP activity for cells cultured with 10% FBS at all time
points (Figure 6.2F).
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Figure 6.2. (A-D) Von Kossa stained decellularized resorption plates of MC mono-cultures. (E)
Quantification of resorbed area, p<0.05 (Kruskal-Wallis). (F) TRAP activity quantification, p<0.05 for

124
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culture time, culture condition and their interaction (two-way ANOVA and Tukey’s post hoc tests within
each time point). (G) Micrographs of MCs stimulated to undergo osteoclastic differentiation, stained for F-
Actin (red) and the nucleus (gray). (H) Quantification of cell shape, 0 indicates a perfect circle while 1
indicates a line, p<<0.05 (Kruskal-Wallis and Dunn’s post hoc tests). (I) Quantification of cell size, p<0.05
(Kruskal-Wallis and Dunn’s post hoc tests). Asterisks in figures represent results of post hoc analyses
(*p<0.05, **p<0.01, **p<0.001, ****¥»<0.0001). Abbreviations: fetal bovine serum (FBS), human platelet
Iysate (hPL), monocytes (MCs), tartrate resistant acid phosphatase (TRAP).

TRAP activity increased over the entire culture duration over all conditions but seemed
to increase more for MCs cultured with hPL towards day 21. At day 21, TRAP activity
of both 10% and 5% hPL groups was significantly higher than TRAP activity in the
10% FBS group. When looking at cell morphology, cells cultured under influence of
hPL showed typical osteoclast characteristics like an actin ring and multiple nuclei
(Figure 6.2G). In wells cultured with FBS, a more heterogeneous cell population was
found, including both osteoclastic cells and spindle shaped cells (Figure 6.2G, blue
arrows and yellow arrows, respectively). Quantification of cell shapes, expressed as
eccentricity, found in all processed images revealed indeed two different cell
morphologies for cells cultured with FBS: cells with an eccentricity value close to 1,
having a longitudinal possibly macrophage-like morphology, and cells with an
eccentricity value around 0.5, which are more rounded and possibly indicative for the
osteoclast-like cells (Figure 6.2H). This morphology significantly differed from the cell
morphology in wells that were cultured with 10% and 5% hPL, which showed a more
normal distribution of cell eccentricity. Besides the difference in cell shape, cell size,
which is associated with osteoclast functionality (288), was also significantly lower in
cells cultured with FBS compared to cells cultured with hPL (Figure 6.2I). Interestingly,
cells cultured with 2.5% hPL showed a significantly rounder morphology and were
significantly bigger than cells cultured with 10% and 5% hPL. As osteoclasts have a life-
span of approximately 2-3 weeks (232,289), MCs that have undergone quick osteoclastic
differentiation, which is potentially the case in the 10% hPL group, could have released
the well surface already before fixation at day 21, possibly affecting some results. This
seems likely the case judging from culture photographs of day 18 (Figure S6.2).

6.3.2 MSCs reverse the hPL dose-dependent resorptive activity of osteoclasts

After 21 days of MC co-culture with MSCs, again most resorption was present in groups
cultured with hPL when compared to cells cultured with 10% FBS (Figure 6.3A-D).
However, opposite to the MC mono-culture, a reversed dose-dependent relationship
was found between hPL concentration and resorbed area (Figure 6.3B-E). While in
mono-culture resorption was highest in 10% hPL, in co-culture with MSCs resorption
was highest in 2.5% hPL. Quantification after segmentation of the resorbed area

confirmed significantly more resorption in wells cultured with 5% and 2.5% hPL when
compared to 10% FBS (Figure 6.3E).



Chapter 6

Figure 6.3. (A-D) Von Kossa stained decellularized resorption plates of MC-MSC co-cultures. (E)
Quantification of resorbed area, p<0.05 (Kruskal-Wallis and Dunn’s post hoc tests). (F) TRAP activity
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quantification, p<0.05 for culture time, culture condition, no interaction effect (two-way ANOVA and
Tukey’s post hoc tests within each time point). (G) Micrographs of MC-MSC co-cultures stimulated to
undergo osteoclastic differentiation, stained for F-Actin (red), the nucleus (gray), OPG (blue) and RANKL
(green). Images were taken at locations rich of MSCs to detect their influence on OPG and RANKL
production. Scale bar in insert is 20 um. (H) Quantification of OPG in supernatant, dashed lines represent
concentration in the medium control, p<0.05 (one-way ANOVA and Tukey’s post hoc tests). (I)
Quantification of RANKL in supernatant, dashed line represents concentration exogenous RANKL added
to the medium, p<0.05 (one-way ANOVA and Tukey’s post hoc tests). (J) RANKL/OPG ratio in
supernatant, p<0.05 (Kruskal-Wallis and Dunn’s post hoc tests). Asterisks in figures represent results of
post hoc analyses (*p<0.05, **p<0.01, ***p<0.001, ***¥»<0.0001). Abbreviations: fetal bovine serum
(FBS), human platelet lysate (hPL), monocytes (MCs), mesenchymal stromal cells (MSCs), tartrate resistant
acid phosphatase (TRAP), osteoprotegerin (OPG), receptor activator of nuclear factor »B ligand

(RANKL).

In addition, while MC mono-cultures showed an increase in TRAP activity over time,
in co-culture with MSCs TRAP activity initially increased but decreased again after day
7 (Figure 6.3F). No different TRAP activity between groups could be found on day 14
and day 21 of culture. This indicates an inhibitory effect of MSCs on osteoclastic
differentiation of MCs. As MSCs could influence osteoclastic differentiation by the
RANKL/OPG ratio (281), these factors were visualized in the cell cultures and
quantified in culture supernatants. Immunocytochemical staining revealed some MSCs
expressing OPG in wells cultured with FBS and 10% hPL (Figure 6.3G). In contrast,
RANKL was mostly present on the cell surface of MSCs cultured with 2.5% hPL
(Figure 6.3G). Quantification of OPG in the medium on day 7 showed the same trend,
with significantly more OPG production in wells cultured with FBS than in wells
cultured with hPL at any of the concentrations (Figure 6.3H). Of importance, as OPG
could not be measured in FBS, all OPG measured in the culture medium supernatant is
a result of OPG production by the cells, while for hPL, some OPG measured could
already be explained by the OPG concentration measured in hPL (Figure 6.3H, dashed
lines in bars). The RANKL concentration that was measured in the culture medium
supernatant could mainly be explained by the used concentration in the cell culture
medium (50 ng/ml) (Figure 6.3I). Only in wells cultured with 10% hPL additional
RANKL seemed to be produced by the cells, which resulted in a significantly higher
RANKIL concentration than in wells cultured with 5% or 2.5% hPL. Overall, the
RANKL/OPG ratio measured in culture medium supernatants was highest in wells
cultured with 2.5% hPL (Figure 6.3]), which makes this concentration probably the
most potent inducer of osteoclastic differentiation in co-culture with MSCs.



Chapter 6

6.3.3 Osteogenic stimulation of MSCs impedes osteoclast motility independent
from hPL dose

When stimulating MC-MSC co-cultures with osteogenic factors added to the medium,
10% FBS again seemed to induce the least resorption (Figure 6.4A-D). Quantification
after segmentation of the resorbed area revealed indeed least resorption in wells cultured
with FBS, although not statistically significant (Figure 6.4E). Resorption in groups
cultured with hPL also seemed limited and the resorbed area featured a different shape
from wells cultured without osteogenic supplements (Figure 6.4G). Osteoclasts in non-
stimulated MC-MSC co-cultures formed resorption trenches in the osteo assay surface,
whereas osteoclasts in osteogenically stimulated MC-MSC co-cultures formed
resorption pits (290). Similar to the MC-MSC co-cultures, osteogenically stimulated
MC-MSC co-cultures showed an initial increase in TRAP activity, followed by a
decrease after day 7 (Figure 6.4F). After 21 days of culture, no differences in TRAP
activity were found between the different concentrations of hPL. It is expected that
OPG and RANKL also played a role in the inhibition of osteoclastic differentiation in
osteogenically stimulated MC-MSC co-cultures, although no clear differences between
groups were found after immunocytochemical staining of OPG and RANKL (Figure
$6.3). Osteogenically stimulated MSC mono-cultures indeed showed a similar trend as
in MC-MSC co-cultures, with highest OPG concentration in cells cultured with 10%
FBS (69.9 £ 4.07 pg/ml) and lowest in cells cultured with 2.5% hPL (23.5 + 3.81 pg/ml)
(Figure S6.4). Secreted RANKL could only be detected in osteogenically stimulated
MSCs cultured with 10% hPL (Figure S6.4). To investigate the influence of osteogenic
stimulation on MC and MSC differentiation, cells were stained for differentiation
markers RUNX2 (osteogenic transcription factor (128)) and Integrin-f3 (mature
osteoclast marker (291)). Osteogenic differentiation was confirmed by the presence of
nuclear RUNX2 in all groups cultured with osteogenic supplements (Figure 6.4I).
MSCs cultured with 10% FBS and osteogenic supplements showed most clear nuclear
RUNX2 expression (Figure 6.4I). FBS seems to be superior to hPL for osteogenic
differentiation, as confirmed by the abundant presence of collagen, nuclear RUNX2,
osteopontin, ALP and mineralization in osteogenically stimulated MSC mono-cultures
(Figure S6.4). Surprisingly, also non-stimulated MSCs in MC-MSC co-cultures
expressed nuclear RUNX2, with most clear presence in nuclei of cells cultured with
hPL (Figure 6.4H). RUNX2 was also observed in the cytoplasm of MCs and
osteoclasts, which has recently been discovered and suggested to promote osteoclastic
differentiation (292). A clear difference between osteogenically stimulated and non-
stimulated co-cultures was found for the Integrin-f3 staining. Integrin-£3 was mainly
present in osteoclasts cultured with osteogenically stimulated MSCs (Figure 6.41).
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Figure 6.4. (A-D) Von Kossa stained decellularized resorption plates of osteogenically stimulated MC-
MSC co-cultures. (E) Quantification of resorbed area, p=ns (Kruskal-Wallis test). (F) TRAP activity
quantification, p<<0.05 for culture time, culture condition and their interaction (two-way ANOVA and
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Tukey’s post hoc tests within each time point). (G) Micrographs of osteo assay plates indicating resorption
trenches and resorption pits of non-stimulated co-cultures (-) and osteogenically stimulated co-cultures (+).
(H) Micrographs of non-stimulated MC-MSC co-cultures, and (I) osteogenically stimulated MC-MSC co-
cultures, stained for F-Actin (red) the nucleus (gray), Integrin-f3 (pink) and RUNX2 (green). Scale bar in
insert is 20 um. Asterisks in figures represent results of post hoc analyses (¥p<0.05, *¥p<0.01, ***»<0.001,
*H45p<(0.0001). Abbreviations: fetal bovine serum (FBS), human platelet lysate (hPL), monocytes (MCs),
mesenchymal stromal cells (MSCs), tartrate resistant acid phosphatase (TRAP), osteogenic supplements
(OS), runt-related transcription factor 2 (RUNX2).

These integrin-f#3 positive cells also showed cell processes that were not observed in
MC mono-cultures or non-stimulated MC-MSC co-cultures (Figure 6.41, white
arrows).

6.3.4 Supplement characterization

To explore the differences between cells cultured with FBS or hPL found in this study,
we attempted to characterize some components of the hPL used. For hPL, a higher
protein concentration (45.4 mg/ml) was measured compared to FBS (36.7 mg/ml)
(Figure 6.5A). Interestingly, quantification of ALP as mineralization related
phosphatase, and TRAP as resorption related phosphatase, revealed a clear difference
between FBS and hPL (Figure 6.5B). Whereas a significantly higher ALP activity was
measured in FBS than in hPL, TRAP activity was significantly higher in hPL. With
Luminex, the concentration of 21 proteins that have been reported to influence bone
remodeling, were quantified (Figure 6.5E) and compared to effective concentrations
used for in vitro studies related to bone remodeling (Table $S6.2). As a result, relative
high concentrations of pro-inflammatory cytokines were measured (interleukin (IL) 1-
a: 284 pg/ml, IL1-6: 208 pg/ml, IL6: 624 pg/ml, IL17: 370 pg/ml and tumor necrosis
factor-a (INF-aq): 237 pg/ml), when compared to the concentration of anti-
inflammatory cytokines (IL4: 32.7 pg/ml and 11.10: 197 pg/ml) (Figure 6.5E). Based
on in vitro studies from literature, most of these factors could only have had an effect
on osteoclast differentiation and resorption at higher concentrations (Table $6.2). Only
the 1117 concentration measured in hPL was within the range of reported effective i
vitro concentrations on osteoclast for the 10% and 5% hPL groups. In addition, the
important proteins for osteoclast adhesion, osteopontin and fibronectin, were detected
in hPL (2.15 ng/ml and 3.21 pg/ml, respectively). As expected, hPL also contained
growth factors typical for platelets which might have affected osteoclastic
differentiation and resorption (epidermal growth factor (EGF): 1.62 ng/ml, basic
fibroblastic growth factor (bFGF): 812 pg/ml, vascular endothelial growth factor
(VEGF): 869 pg/ml and platelet detived growth factor-BB (PDGF-BB): 8.16 ng/ml).
One discrepancy was found in our data. The OPG concentration in hPL was measured
with Luminex and ELISA, but Luminex gave a much higher concentration (193 pg/ml
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for ELISA compared to 1.69 ng/ml for Luminex). Quantification of calcium
concentrations revealed a higher calcium concentration for hPL (15.5 umol/ml) than
for FBS (2.11 umol/ml), which is for 10% hPL comparable to the for osteoclastogenesis
most optimal calcium concentration found in literature (10% hPL: ~1.55 umol/ml,
most effective concentration in literature: 1.2 umol/ml (290)) (Figure 6.5C). For
phosphate, a higher concentration was found in FBS (3.34 umol/ml) when compared
to hPL (1.95 umol/ml) (Figure 6.5D). However, for both medium supplements this
was below the range of effective concentrations found in literature (Table S6.2).

Figure 6.5. (A) Protein concentration in FBS and hPL, p<0.05 (independent t-test). (B) Phosphatase
activity (ALP and TRAP) in FBS and hPL, p<0.05 (independent t-test). (C) Calcium concentration in FBS
and hPL, p<0.05 (independent t-test). (D) Phosphate concentration in FBS and hPL, p<0.05 (independent
t-test). Asterisks indicate significant differences (**p<0.01, ***¥»<0.0001). (E) Quantification of bone and
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bone-remodeling related factors in hPL. Transpatent bars indicate the mean effective concentration found
by in vitro experiments from literature, error bars represent minimal and maximal reported effective
concentration, border color represents the direction of the found effect. Abbreviations: fetal bovine serum
(FBS), human platelet lysate (hPL), alkaline phosphate (ALP), tartrate resistant acid phosphatase (TRAP),
interleukin (IL), tumor necrosis factor (TNF), stromal derived factor (SDF), granulocyte-macrophage
colony-stimulating factor (GM-CSF), macrophage colony-stimulating factor (M-CSF), receptor activator of
nuclear factor B ligand (RANKL), osteoprotegerin (OPG), Dickkopf WNT Signaling Pathway Inhibitor
1 (Dkk-1), epidermal growth factor (EGF), basic fibroblastic growth factor (bFGF), vascular endothelial
growth factor (VEGF), platelet derived growth factor-BB (PDGF-BB).

6.4 Discussion

Although alternatives are available, FBS is still the most commonly used culture medium
supplement. However, its use is increasingly considered controversial due to several
safety, scientific and ethical concerns (245,246). Also, for osteoclast-osteoblast co-
cultures with human MCs and MSCs as progenitors, aiming at mimicking human bone
remodeling and related pathologies 7 vitro, FBS is still the common standard (43). hPL
has been suggested as alternative for FBS and is already frequently studied for MSC
propagation and osteogenic differentiation of these cells (272-279). In contrast, the
effect of hPL on osteoclastic differentiation of MCs is relatively unknown. Therefore,
the aim of this study was to investigate the influence of hPL as culture medium
supplement at concentrations of 10%, 5% and 2.5% on osteoclastic differentiation and
resorption of human MCs, using 10% FBS as a control. In addition, as physiological
bone resorption is partly regulated by cells of the MSC-osteoblast-osteocyte lineage with
the RANKL/OPG ratio, the influence of hPL at different concentrations on
osteoclastic differentiation and resorption was also investigated under influence of
(osteogenically stimulated) MSCs.

We initially studied the potential of hPL to support osteoclastic differentiation in MC
mono-cultures. As a result, osteoclastic differentiation and formation could be
enhanced when using hPL instead of FBS. Whereas hPL induced MCs to undergo
homogeneous osteoclastic differentiation followed by resorption consistent for all
donors and hPL concentrations, MCs’ response to FBS seemed less reproducible. More
specifically, FBS induced a heterogeneous cell population and differences in resorptive
activity between different donors. The differences in resorptive activity between
different donors was not reflected in the variation in TRAP activity measured in the
culture medium supernatant, as observed before (293). The spindle shaped cells in MC
mono-cultures supplemented with 10% FBS could indicate differentiation towards
macrophages, a phenomenon that has been reported previously for MCs cultured in
FBS and stimulated to undergo osteoclastic differentiation (247). Human MCs can
polarize into macrophage phenotypes including the more pro-inflammatory M1 and the
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more anabolic M2 macrophages with both different roles in tissue regeneration and
remodeling (294). Villasante et al. (2021) found more elongated cells in MCs treated
with FBS when compared to MCs treated with human serum and hPL (247). These
elongated cells were characterized as M2 macrophages based on their shape and gene
expression profile (247,295). Human serum induced M1 polarization which could have
enabled further differentiation towards osteoclasts (247,296). As platelets are activated
upon tissue damage likely stimulating M1 polarization, hPL. might have positively
influenced osteoclast formation by precursor differentiation (296). In co-culture with
MSCs, hPL indeed induced M1 polarization in MC derived macrophages (283). This
hypothesis would need further characterization of cell markers and secretory profiles at
multiple time points during culture. Although this is a limitation of the current study,
future studies would benefit from including analyses on macrophage polarization in
addition to analyses on osteoclast differentiation. Furthermore, it is recommended that
future studies aim to elucidate the molecular mechanisms involved in the osteoclastic
differentiation process under influence of hPL, using for example gene expression

analyses.

Next, the influence of 10%, 5%, and 2.5% hPL and 10% FBS on osteoclastic
differentiation and resorption in co-culture with MSCs and osteogenically stimulated
MSCs was investigated. MCs/osteoclasts and MSCs/osteoblasts both have their
preferred medium that supports their growth and function but that could inhibit the co-
cultured cells in osteoclast-osteoblast co-cultures (7,43). As such, supporting only
osteoclasts could lead to imbalanced or pathological remodeling as for example in
osteoporosis (259). Therefore, culture medium for “physiological” or “healthy” 7 vitro
bone remodeling models should be carefully developed and tested such that it supports
the balanced function of both osteoclasts and osteoblasts (43). The reversed dose-
dependent effect that was found in MCs co-cultured with non-stimulated MSCs, when
compared to MC mono-cultures, underlines the importance of developing co-culture
medium using co-cultures. While hPL again outperformed 10% FBS for osteoclast
differentiation and resorption, 2.5% hPL induced most resorption in MC-MSC co-
cultures. The secreted RANKIL/OPG ratio, as a major predictor for osteoclastogenesis,
was indeed highest in cells cultured with 2.5% hPL and lowest in cells cultured with
10% FBS. FBS seemed to inhibit osteoclastic differentiation and resorption almost
completely in MC-MSC co-cultures. Recently Tylek et al. (2019) found a shift towards
MSCs being the most prominent cell type in macrophage-MSC co-cultures under
influence of FBS supplementation, while hPL equally supported both cell-types in terms
of attachment and proliferation (283). As mainly MSCs were observed in (osteogenically
stimulated) MC-MSC co-cultures, FBS might have supported mainly MSCs. In line with
this observation, FBS also seemed to induce best the osteogenic differentiation of MSCs
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as detected by most prominent nuclear RUNX2 in osteogenically stimulated MC-MSC
co-cultures. MSC mono-cultures supported this finding with highest ALP activity, most
mineralization, and most prominent collagen formation when constructs were cultured
with 10% FBS. In these mono-cultures, OPG measurements followed the same trend
as ALP activity, mineralization and collagen formation observations. This is in line with
the hypothesis that during the bone formation phase of the remodeling cycle,
osteoclastic resorption is inhibited by osteoblasts through the RANKL/OPG ratio as
resorption is not desired anymore (7). Taken together, 10% FBS seemed to unequally
support MCs and MSCs when co-cultured. More specifically, FBS induced the most
prominent effect on MSCs and their osteogenic differentiation while hPL supported
both osteogenic and osteoclastic differentiation. As we only studied osteogenic
differentiation in MC-MSC co-cultures by localizing RUNX2 expression, future studies
could further elucidate the influence of FBS and hPL on osteogenic differentiation in
MC-MSC co-cultures as 7 vitro remodeling models.

Interestingly, osteogenic stimulation of MC-MSC co-cultures induced differences in
resorption patterns on osteo assay surfaces when compared to non-stimulated MC-
MSC co-cultures. Instead of resorption trenches, osteogenic stimulation led to the
formation of resorption pits. This phenomenon was observed in both FBS and hPL
treated groups, indicating an effect of the osteogenic supplements. The difference in
resorption trenches and pits has been described as a result of insufficient collagen
degradation by cathepsin K, impeding osteoclasts’ motility which results in a pit instead
of a trench (290). The formation of these trenches has been described for remodeling
pathologies like osteoporosis and might thus be undesirable for “healthy” 7 vitro bone
remodeling models (290). It is unclear whether the pits found in this study are a result
of collagen production by osteogenically differentiated MSCs, or a difference in
cathepsin K production by osteoclasts in the different co-cultures. While this is a
limitation of the current study, it would be interesting for future research to evaluate
cathepsin K production and collagen formation and degradation markers like c-
propeptide of type I procollagen (PICP) and c-terminal telopeptide of type-I collagen
(CTX), respectively (43). In these osteogenically stimulated co-cultures, integrin-£3 and
extended cell processes were also observed which could not be detected in non-
stimulated co-cultures. Inhibition of the mature osteoclast marker integrin-$3 has been
observed to limit osteoclast migration (297). The observed cell extensions were
previously described as a result of osteoclast fission or incomplete cytokinesis, processes
that are believed to regulate osteoclastic resorption (298-300). Osteoclast fission has
also been described 7z vivo and is suggested to improve osteoclast migration (300).
Therefore, we suggest that based on pit shape, integrin-f3 expression and the presence
of cell extensions, osteoclasts in osteogenically stimulated MC-MSC co-cultures
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featured a different but more “physiologically relevant” osteoclast phenotype than in
non-stimulated co-cultures.

Major issues in the development of 7z vitro models are the difficulty to reproduce these
models and to translate results from iz vitro to in vive. The use of different bovine-derived
sera contributes to these issues, because of its xenogeneic origin and its variability
between different batches and sources (86,245,301). While the replacement of FBS by
hPL could improve the biomimicry with physiological bone remodeling, reproducibility
issues might still remain unsolved. Characterization and standardization in the
preparation of hPL could improve these reproducibility issues (246). Efforts for this
standardization and characterization have already been initiated (273,302,303). In this
study, we therefore used a commercial hPL obtained from >300 donor units whereas a
hPL preparation from 200 donor units seems already sufficient for standardization
(273). However, like for FBS, batch to batch variability may still exist and this limitation
should be taken into consideration when interpreting the results of this study. To
support the characterization of bioactive factors in hPL, we aimed at quantifying a panel
of bone- and bone remodeling-related factors in hPL. Of importance, these factors were
measured in the pure supplements, their concentration on the cells is dependent on the
used concentration of the supplement in the culture medium. We compared the
concentrations of the measured factors with the effective concentrations in iz witro
studies, taking the dilution in the culture medium into account. Although it is expected
that the combination of the different hPL. components exert the found effects, some
factor concentrations stood out. For example, our hPL contained relatively high levels
of growth factors like PDGF-BB, bFGF, EGF and VEGF, which likely exceed the
growth factor concentrations in FBS (275). However, these growth factors were all
below the effective levels derived from 2 vitro studies. Only calcium and IL17 were in
the effective range for 10% hPL and 5% hPL, respectively. The relatively high calcium
concentration in 10% hPL could improve proteolytic activity in osteoclasts, while a low
concentration improves attachment and migration (286). In addition, the IL17
concentrations in 10% and 5% hPL have previously directly induced osteoclastic
differentiation of human buffy coat derived monocytes in the absence of osteoblasts
(304). To proof whether such factors have had significant effects in this study, inhibition
or removal of these factor would need to be performed which was outside the scope of
this research. Besides, synergistic effects of factors might also be possible (305). Of
note, due to the presence of fibrinogen in hPL, coagulation is often prevented by the
addition of heparin. However, heparin supplementation could induce the secretion of
inflammatory cytokines in macrophages (283). In addition, heparin has a high affinity
to OPG, meaning that it could influence the physiological MSC-osteoblast-osteocyte
regulated inhibition of osteoclasts (306). For these reasons, using heparin as anti-
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coagulant for hPL should always be limited or avoided for MC-MSC co-cultures. Other
methods to prevent coagulation, such as mechanical fibrinogen-depletion, could
prevent the need for heparin supplementation (307). Although for this study fibrinogen-
depleted hPL was used, potential remnants of heparin also might have caused the
discrepancy between the OPG concentrations measured with Luminex and ELISA, as
heparin could induce coagulation of OPG microspheres in Luminex (158).

6.5 Conclusion

With this study, we demonstrated that FBS can be replaced by hPL for osteoclastic
differentiation of human MCs. A hPL concentration of 2.5% is already sufficient for
homogeneous osteoclastic differentiation, but resorption can be enhanced by increasing
the concentration to 5% or 10%. In contrast to FBS, hPL could support both
osteoclastic and osteogenic differentiation. The addition of 10% hPL to co-cultures will
likely lead to a balance towards formation, while 2.5% will shift the balance towards
resorption. Thus, a concentration of 5% hPL is recommended. These findings indicate
hPL’s potential for iz vitro bone remodeling models. The use of hPL could therefore
limit the need for FBS, which is currently the common standard for these models.
Accordingly, this study directly contributes to the reduction, refinement and
replacement of animal experiments.

Author contributions

B.d.W., K.I. and S.H. contributed to conception, methodology and design of the study.
B.d.W. performed and analyzed the experiments. B.d.W. wrote the original draft of the
manuscript and prepared the figures. All authors contributed to manuscript revision
and approved the submitted version. IC.I. and S.H. contributed in the supervision. S.H.
acquired funding for this research.

Acknowledgement

We thank Stefan Remmers and Freek van der Heijden for their assistance in the
resorption assay analysis. We thank the Multiplex Core Facility of the Laboratory for
Translational Immunology of the University Medical Center Utrecht, the Netherlands,
for the hPL characterization with Luminex. This work is part of the research program
TTW with project number TTW 016.Vidi.188.021, which is (partly) financed by the
Netherlands Organization for Scientific Research (NWO).

136



hPL for /n vitro bone resorption and remodeling

Supplementary information

Supplementary materials and methods
We investigated the influence of FBS and hPL on osteogenic differentiation and bone-

like matrix production in a three-dimensional (3D) MSC mono-culture. The materials
and methods used for this part of the study are described below. The results on this
part of the study can be found in Figure S6.4.

Scaffold fabrication
Bombyx mori L. silkworm cocoons were degummed by boiling them in 0.2 M Na,COs

for 1 h. After drying, silk was dissolved in 9 M LiBr, filtered, and dialyzed against ultra-
pure water (UPW) for 36 h using SnakeSkin Dialysis Tubing (11532541, Thermo Fisher
Scientific, Breda, The Netherlands). The dialyzed silk fibroin solution was frozen at -
80° C and lyophilized for 7 days. Lyophilized silk fibroin was dissolved in hexafluoro-
2-propanol at a concentration of 17% (w/v) and casted in scaffold molds containing
NaCl granules with a size of 250-300 um as template for the pores. Molds were covered
to improve the silk fibroin blending with the granules. After 3 h, covers were removed
from molds, and hexafluoro-2-propanol was allowed to evaporate for 7 days whereafter
p-sheets were induced by submerging silk fibroin-salt blocks in 90% MeOH for 30 min.
NaCl was dissolved from the scaffolds in ultra-pure water, resulting in porous sponges.
These sponges were cut into scaffolds of 3 mm in height and 5 mm in diameter.
Scaffolds were sterilized by autoclavation in PBS at 121° C for 20 min.

Cell culture experiments
MSCs were isolated from human bone marrow (Lonza, Walkersville, MD, USA),

characterized, stored, and expanded until passage 4 as described in Section 6.2.1. Cells
were seeded at a density of 10¢ cells per scaffold (IN = 4 scaffolds per condition) and
seeding was performed dynamically for 6 hours in 50 ml tubes on an orbital shaker at
150 RPM in expansion medium (125). The cell-loaded scaffolds were cultured for 4
weeks at 37 °C and 5% CO; in custom-made spinner flask bioreactors and a rotational
speed of 300 RPM. MSCs were stimulated to undergo osteogenic differentiation with
osteogenic medium containing lg-DMEM (22320, Thermo Fisher Scientific), 10% FBS
(SFBS, Bovogen, East Keilor, Australia) or 10%, 5%, or 2.5% human platelet lysate
(hPL, PE20612, PL BioScience, Aachen, Germany), 1% anti-anti, 10 mM §-
glycerophosphate (G9422, Sigma-Aldrich), 50 ug/ml ascorbic acid-2-phosphate
(A8960, Sigma Aldrich), and 100 nM Dexamethasone (D4902, Sigma-Aldrich)).
Medium was refreshed 3 times per week and samples were collected and stored at -80
°C on day 7.



Chapter 6

Micro-computed tomography (UCT)
Bioreactors were scanned and analyzed with a £CT100 imaging system (Scanco Medical,

Brittisellen, Switzerland) after 4 weeks of culture. Scanning was performed at an
isotropic nominal resolution of 17.2 um, energy level of 45 kVp, intensity of 200 uA,
integration time of 300 ms and with twofold frame averaging. To reduce part of the
noise, a constrained Gaussian filter was applied with filter support 1 and filter width
sigma 0.8 voxel. Filtered images were segmented to detect mineralization at a global
threshold of 24% of the maximum grayscale value. Unconnected objects smaller than
30 voxels were removed through component labeling.

(Immuno)histochemistry
Scaffolds (IN = 2) were soaked for 15 minutes in each 5% (w/v) sucrose and 35% (w/v)

sucrose in phosphate buffered saline (PBS). Samples were embedded in Tissue Tek®
(Sakura, Alphen aan den Rijn, The Netherlands) and quickly frozen with liquid N2.
Cryosections were sliced with a thickness of 5 um. Upon staining, sections were fixed
for 10 minutes in 3.7% neutral buffered formaldehyde and washed twice with PBS.

To visualize collagen deposition, sections were stained with Picrosirius Red. Sections
were soaked in Weigert’s Iron Hematoxylin (HT1079, Sigma-Aldrich) solution for 10
minutes, washed in running tap water for 10 minutes, and stained in 1% w/v Sirius Red
(36,554-8, Sigma-Aldrich) in picric acid solution (36011, Sigma-Aldrich) for one hour.
Subsequently, sections were washed in two changes of 0.5% acetic acid and dehydrated
in one change of 70% and 96% EtOH, three changes of 100% EtOH, and two changes
of xylene. Sections were mounted with Entellan (107961 Sigma-Aldrich) and imaged
with a bright field microscope (Zeiss Axio Observer Z1, 20x/0.8 Plan-Apochromat
objective).

To study osteogenic differentiation, sections were stained with DAPI, CNA35,
osteopontin and RUNX2. Briefly, sections were permeabilized in 0.5% triton X-100 in
PBS for 5 min and blocked in 10% normal goat serum in PBS for 30 min. Primary
antibodies were incubated overnight at 4 °C, secondary antibodies were incubated with
0.1 ug/ml DAPI and 1 gmol/mL CNA35-mCherry (132) for 1 h at room temperature.
Antibodies are listed in Table S6.1. Images were acquired with a laser scanning
microscope (Leica TCS SP5X, 63x/1.2 HCX PL Apo CS objective). All images were
prepared for presentation in Fiji (127).

DNA guantification
Lyophilized samples (IN = 3) were weighted and digested overnight in papain digestion

buffer (containing 100 mmol phosphate buffer, 5 mmol L-cysteine, 5 mmol EDTA and
140 ug/ml papain (P4762, Sigma-Aldrich)). DNA was quantified using the Qubit
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Quantification Platform (Q32851, Thermo Fisher Scientific), according to the
manufacturer’s instructions.

Alkaline phosphatase activity
Scaffolds (IN = 3) were washed in PBS and disintegrated using steel balls and a mini-

beadbeater™ (Biospec, Bartlesville, OK, USA) in cell lysis buffer containing 0.2% (v/v)
Triton X-100 and 5 mM MgClo. Alkaline phosphatase (ALP) activity in cell lysates was
determined by adding 20 ul of 0.75 M 2-amino-2-methyl-1-propanol (A65182, Sigma-
Aldrich) to 80 ul sample in 96-wells assay plates. Subsequently, 100 ul substrate solution
(10 mM p-nitrophenyl-phosphate (71768, Sigma-Aldrich) in 0.75 M 2-amino-2-methyl-
1-propanol) was added and wells were incubated at room temperature for 15 minutes.
To stop the reaction, 100 ul 0.2 M NaOH was added. Absorbance was measured with
a plate reader at 450 nm and these values were converted to ALP activity (converted p-
nitrophenyl phosphate in gmol/ml/min) using standard curve absorbance values.

Receptor activator of nuclear factor kB ligand (RANKL) and osteoprotegerin (OPG)
guantification
Secreted RANKL and OPG were quantified in culture medium supernatants from day

7 of 2 different bioreactors containing 4 scaffolds each (IN = 2) with RANKL
(ab213841, Abcam, Cambridge, UK) and OPG (EHTNFRSF11B, Thermo Fisher
Scientific) enzyme-linked immunosorbent assays (ELISAs) according to the
manufacturer’s protocols and as described in Section 6.2.5.
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Supplementary tables
The antibodies that were used for immunofluorescent stainings of MC-MSC co-cultures

(non-stimulated and osteogenically stimulated) and three-dimensional osteogenically
stimulated MSC mono-cultures are listed in Table S6.1.

Table S6.1. List of antibodies that were used in this study.

Antigen Supplier Catalogue Conjugate Species Dilution
No.

RANKL Abcam ab45039 Mouse 1:200

OPG Abcam ab9986 Rabbit 1:500

Integrin-53 Biorbyt orb248939 Mouse 1:200

RUNX2 Abcam ab23981 Rabbit 1:500

Osteopontin Thermo 14-9096-82 Mouse 1:200
Fisher

Anti-mouse Molecular A21121 Alexa 488 Goat 1:200

IgG1 Probes

Anti-Rabbit Molecular A21428 Alexa 555 Goat 1:200

IeG Probes

Anti-Rabbit Molecular A21244 Alexa 647 Goat 1:200

IeG Probes

Abbreviations: runt-related transcription factor 2 (RUNX2), receptor activator of nuclear factor B ligand
(RANKL), osteoprotegerin (OPG).

To explore the protein content of hPL, a total of 21 proteins that have been reported
to influence bone resorption, formation or remodeling were quantified using multiplex
immunoassays. In addition, calcium and phosphate concentration were quantified as
well. The concentrations from these analyses were compared to effective concentrations
from in vitro experiments reported in literature. The results from these quantifications
and the literature research are reported in Table S6.2.
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Table S6.2 Measured concentrations from hPL characterization experiments and effective concentrations

reported in literature.

Analyte

Effect on bone remodeling

Effective conc.
from in vitro
experiments

Conc.
in hPL

Unit

IL1-a

Could enhance osteoclastic
differentiation in the presence of
RANKIL (308,309).

Suggested to enhance osteoclast
survival (310).

Can induce osteoblast apoptosis and
inhibit osteogenesis (311).

10,000

NR

500 — 10,000

283.94

pg/ml

IL1-3

Could enhance osteoclastic
differentiation in the presence of
RANKL (308,309).

Could inhibit osteogenesis by
decreasing RUNX2 expression, can
stimulate ALP production and
mineralization (312).

NR

100 — 1,000

207.67

pg/ml

114

Can inhibit osteoclastic resorption in a
dose dependent manner (313).

Can inhibit osteoclast formation (314).
Can inhibit osteogenesis in adipose
tissue derived MSCs, which can be
counteracted by IL6 (305,315).

10,000 — 100,000

100 — 10,000
10,000

32.72

pg/ml

1L6

Could enhance osteoclastic
differentiation in co-culture by
stimulating RANKL production by co-
cultured cells (316).

In co- presence of TNF-g, can induce
osteoclastic differentiation in absence
of RANKL (317).

Stimulatory and inhibitory effects on
osteogenesis/osteoblasts teported,
dependent on cell differentiation state
(316,318).

NR

50,000

10,000

623.59

pg/ml

110

Could suppress osteoclastic
differentiation (319).

Can promote osteogenic differentiation
of bone marrow derived MSCs at low
physiological concentrations (320).

Can inhibit osteogenic differentiation
of bone marrow derived MSCs at high
pathological concentration (320).

NR

10 — 1,000

10,000 - 100,000

196.80

pg/ml

1117

Different outcomes on osteoclasts
reported (321).

Could directly induce osteoclastic
differentiation (304).

Enhanced proliferation and stimulated
osteogenesis. Can induce RANKL and
M-CSF expression and osteoclastic
differentiation in co-culture with
PBMCs (322).

NA

10 — 1,000

20,000 — 50,000

369.86

pg/ml
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TNF-a

Could enhance osteoclastic
differentiation in the presence of
RANKL (309).

In co- presence of IL-6, can induce
osteoclastic differentiation in absence
of RANKL (317).

Could inhibit osteogenesis by
decreasing RUNX2 expression, can
stimulate ALP production and
mineralization (312).

NR

50,000

100 — 10,000

236.61

pg/ml

SDF-1a

Hypothesized to recruit osteoclast
precursors (188).

Important role in migration of MSCs,
especially in inflaimmation (185).
Could support early osteogenic
differentiation (186).

~8.526 — 255.8*

150

NR

3.292

ng/ml

RANKL

Expressed by a multiple cell types, but
typically by osteoblastic cells, required
for osteoclast differentiation (198).
Multiple concentrations are used to
induce osteoclastogenesis 7 vitro (43).

10,000 — 100,000

394.34

pg/ml

OPG

Can prevent RANKL from binding to
the RANK receptor on preosteoclasts,
inhibits osteoclastogenesis (198,199).

20 —100

1.6876

ng/ml

Sclerostin

Inhibits bone formation and
osteogenesis and could stimulate
RANKL secretion by osteocytes,
thereby promoting osteoclastogenesis

(160).

NR

6.4137

ng/ml

Osteopontin

Instrumental for intrafibrillar
mineralization and promotes osteoclast
activation (200).

Stimulates osteoclastogenesis and plays
a major role in the formation of sealing
zones (323).

Promotes osteoclast precursor
migration (201).

100,000#*

NA

~600 — 60,000

2.1524

ng/ml

Dkk-1

Inhibitor for osteogenic differentiation
and bone formation. Can inhibit
osteoclast induced mineralization by
osteoblasts (324).

200

1.86

ng/ml

M-CSF

Can regulate multiple steps of human
in vitro osteoclastogenesis, including
osteoclast precursor proliferation,
differentiation, and fusion, and
osteoclast resorption (325).

25,000

346.29

pg/ml

GM-CSF

Can suppress osteoclastogenesis in
carly differentiation stages, but
promotes fusion of mature osteoclasts

(326).

3,000

381.78

pg/ml
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EGF

Stimulatory effect on osteogenic
differentiation of dental pulp stem
cells, could enhance mineralization
(327).

Could promote osteoblast proliferation
and protein expression, but not
mineralization (328).

Might improve osteoclast survival and
differentiation through binding to the
EFG receptor (329).

Could promote ALP production and
mineralization by MSCs (330).

10

10

NA

50

1.6238

ng/ml

Basic FGF

Inhibitory effect on osteogenic
differentiation of dental pulp stem cells
(327).

Might promote osteoblast-like cell
differentiation towards osteocyte (331).
Contradictory results reported. Likely,
proliferative and stemness maintaining
effect at lower concentrations (332).
Could inhibit osteoclast formation
when co-cultured with MSC-like cells
(333).

10,000

10,000

<10,000

1,000 — 10,000

811.81

pg/ml

VEGF

Could enhance osteoclast survival and
resorption (192,193).

Intracellular but not exogenous inhibits
adipogenic differentiation and
promotes osteogenic differentiation of
bone marrow derived MSCs (193).

5,000 — 150,000

NA

868.60

pg/ml

Fetuin

Could inhibit osteogenic differentiation
and mineralization, could induce
adipogenic differentiation in bone
marrow cultures (334).

Might inhibit extrafibrillar collagen
mineralization (335).

4,840,000,000*

NR

297.13

ng/ml

Fibronectin

Could inhibit osteoclastogenesis
(204,205).

Could enhance mature osteoclast
activity and resorption (204).

Could enhance osteogenic
differentiation and bone-like matrix
formation of bone marrow derived
MSCs at low coating densities, and
inhibit differentiation but promote
proliferation at higher coating densities
(200).

0.1 — 20%*

20%*

NA

3.2096

pug/ml

PDGF-BB

Can enhance osteoclastogenesis of
macrophage-like cells (189).

Could promote osteogenic
differentiation of adipose derived but
not bone matrow detived MSCs (336).
No effect on ALP formation and
mineralization by MSCs (330).

20-50

20

10

8.159

ng/ml
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Calcium Higher proteolytic activity in 1.2 (high) 15.49 pumol/ml
osteoclasts cultured with high calcium 0.5 (low)
concentration than when cultured with
a low concentration. Could improve
attachment and migration with low
calcium concentrations (286).

Too high calcium concentrations can
inhibit osteoclast activity and from 20
umol/ml induce osteoclast apoptosis
(286,337).

Could promote proliferation and
osteogenic differentiation of MSCs
(338).

Phosphate Inhibited osteoclastogenesis from bone | 1—10 1.948 pumol/ml
marrow cultures in co-culture with
osteoblast-like cells (249).

Inhibited osteoclastogenesis of human
PBMCs and macrophage-like cells in a
dose-dependent response (250).

Can promote proliferation of human 210
bone marrow derived MSCs (339).
Can promote migration, osteogenic 4-10
differentiation and mineralization of
human bone matrow detived MSCs
(339).

7.8

1.5-4

* Calculated from the molecular weight found in literature. ** Concentration used for coating of culture
substrate. Abbreviations: human platelet lysate (hPL), concentration (conc.), not reported (NR), not
applicable (NA), monocyte (MC), mesenchymal stromal cell (MSC), peripheral blood mononuclear cell
(PBMC), runt-related transcription factor 2 (RUNX2), alkaline phosphatase (ALP), interleukin (IL), tumor
necrosis factor (TNF), stromal derived factor (SDF), granulocyte-macrophage colony-stimulating factor
(GM-CSF), macrophage colony-stimulating factor (M-CSF), receptor activator of nuclear factor »B ligand
(RANKL), osteoprotegerin (OPG), Dickkopf WNT Signaling Pathway Inhibitor 1 (Dkk-1), epidermal
growth factor (EGF), basic fibroblastic growth factor (bFGF), vascular endothelial growth factor (VEGF),
platelet derived growth factor-BB (PDGF-BB).

Supplementary figures
To visualize the non-resorbed surface, osteo assay wells were stained with a modified

Von Kossa. To capture the entire well, tile scans were made with a bright field
microscope. Tile scans were stitched with Zen Blue software (version 3.1, Zeiss, Breda,
The Netherlands). To enable segmentation and resorption quantification, scratches that
were introduced by mechanical cell removal in co-cultures were manually masked
whereafter image contrast was increased using Fiji (127). A clipping mask was created
in Illustrator (Adobe Inc., San Jose, CA, USA) to remove the edges of the wells.
Segmentation was performed in MATLAB (version 2019b, The MathWorks Inc.,
Natrick, MA, USA), using Otsu’s method for binarization with global thresholding,
where the threshold was kept constant throughout the entire image (Figure S6.1) (284).

144



hPL for /n vitro bone resorption and remodeling

Figure S6.1. Workflow osteo assay wells from raw data to image segmentation. Decellularized resorption
wells (A) were stained with Von Kossa (B). Scratches were manually masked (C) and a clipping mask was
used to remove the edges of the well (D). Lastly, images were segmented such that the resorbed surface

could be quantified (E).

As osteoclasts have a life-span of approximately 2-3 weeks (232,289), culture
photographs wete taken on day 18/21 of MC mono-cultures (Figure $6.2). By day 18,
MC:s have likely differentiated into mature osteoclasts and apoptosis might not yet have
taken place.
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Figure S6.2. Micrographs of all MC donors on day 18 in mono-cultures. Clear differences can be observed
between MCs cultured with FBS and hPL, indicating a heterogeneous cell population in MCs cultured with
FBS. No clear differences were observed between donors, with only in donor 1 a concentration dependent
size difference in MCs cultured with hPL. Abbreviations: fetal bovine serum (FBS), human platelet lysate
(hPL), monocyte (MC).

To check whether osteogenically stimulated MC-MSC co-cultures showed differences
in RANKL and OPG expression, cells were stained for these proteins (Figure S6.3).

Figure $6.3. Micrographs of osteogenically stimulated MC-MSC co-cultures, stained for F-Actin (red),
the nucleus (gray), OPG (blue) and RANKL (green). It is expected that OPG and RANKL also played a
role in the inhibition of osteoclastic differentiation in osteogenically stimulated MC-MSC co-cultures,
although no clear differences between groups were found after immunocytochemical staining of OPG
and RANKIL. Scale bar in insert is 20 um. Abbreviations: fetal bovine serum (FBS), human platelet lysate
(hPL), monocyte (MC), mesenchymal stromal cell (MSC), receptor activator of nuclear factor »B ligand
(RANKL), osteoprotegerin (OPG).
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Figure 86.4. Results from 3D osteogenically stimulated MSC mono-cultures indicating most osteogenic
differentiation and bone-like matrix formation in MSCs cultured with FBS. (A) Picrosirius red staining
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indicating collagen formation in osteogenically stimulated 3D MSC monocultures after 4 weeks culture,
most collagen seemed present in constructs cultured with 10% FBS and 10% hPL. (B) Staining for
osteogenic markers indicating osteogenic differentiation of 3D MSC monocultures after 4 weeks culture in
all conditions. Sections were stained for cell nuclei (gray), collagen (red), osteopontin (green) and RUNX2
(blue). (C) Micro-computed tomography scans of constructs, indicating most mineralization in constructs
cultured with FBS. No mineralization was found in constructs cultured with 2.5% hPL. (D) DNA
quantification in cultured constructs, no clear differences were found between different conditions. (E)
ALP activity quantification revealed most ALP in lysates of constructs cultured with 10% FBS, »p<0.05
(one-way ANOVA and Tukey’s post hoc tests) (F) OPG quantification in culture medium supernatants of
2 bioreactors (containing 4 tissue constructs each) revealed most OPG in constructs cultured with 10%
FBS. (G) RANKL was only detected in constructs cultured with 10% hPL. (*<0.05, **»<0.01)
Abbreviations: fetal bovine serum (FBS), human platelet lysate (hPL), monocytes (MCs), mesenchymal
stromal cells (MSCs), runt-related transcription factor 2 (RUNX2), alkaline phosphatase (ALP),
osteoprotegerin (OPG), receptor activator of nuclear factor »B ligand (RANKL), not detected (ND).
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Abstract

Human 7z vitro bone models can create the possibility for investigation of physiological
bone remodeling while addressing the principle of replacement, reduction and
refinement of animal experiments (3R). Current iz witro models lack cell-matrix
interactions and their spatiotemporal complexity. To facilitate these analyses, a bone-
mimetic template was developed in this study, inspired by bone’s extracellular matrix
composition and organization. Silk fibroin (SF) was used as an organic matrix, poly-
aspartic acid (pAsp) was used to mimic the functionality of non-collagenous proteins,
and 10x simulated body fluid served as mineralization solution. By using pAsp in the
mineralization solution, minerals were guided towards the SF material resulting in
mineralization inside and as a coating on top of the SF. After cytocompatibility testing,
remodeling experiments were performed in which mineralized scaffold remodeling by
osteoclasts and osteoblasts was tracked with non-destructive micro-computed
tomography and medium analyses over a period of 42 days. The mineralized scaffolds
supported osteoclastic resorption and osteoblastic mineralization, in the physiological
bone remodeling specific sequence. This model could therefore facilitate the
investigation of cell-matrix interactions and may thus reduce animal experiments and
advance iz vitro drug testing for bone remodeling pathologies like osteoporosis, where
cell-matrix interactions need to be targeted.

Graphical abstract
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7.1 Introduction

Bone is a highly dynamic tissue with multiple mechanical and metabolic functions that
are maintained by the process of bone remodeling. Physiological bone remodeling
follows a specific sequence of events: activation, bone resorption by osteoclasts,
reversal, and bone formation by osteoblasts (91). Unbalanced bone remodeling can
result in pathologies such as osteoporosis and osteopetrosis. Studies of these bone
pathologies and their drug development are routinely performed in animal models.
However, animal models represent human physiology insufficiently which is likely one
of the reasons that only 9.6% of preclinically developed drugs are approved for regular
clinical use (23,25). Human 7z witro bone models can potentially facilitate the
investigation of physiological human bone remodeling while addressing the principle of
replacement, reduction, and refinement of animal experiments. Current studies aiming
at mimicking bone remodeling mostly use osteoblast-osteoclast (progenitor) co-cultures
to study indirect or direct cell-cell interactions in two dimensions (2D) (340-345).
Although these studies have improved the understanding in factors involved in bone
remodeling, they do not allow for studying the interactions with a three-dimensional
(3D) complex bone-like matrix (7). Researchers that have attempted to mimic bone
remodeling in 3D often (i) neglect the specific sequence of events (ie., resorption,
transition, formation (Figure 7.1A)) by starting their culture with osteoblast
(progenitors) (259,260), or (i) only look at osteoclast and osteoblast markers with eg,,
gene expression or enzymatic activity assays rather than at their function to resorb and
form a bone-like matrix (43,346). As such, functional cell-matrix interactions and their
temporal dynamics are often neglected (91) (Figure 7.1B). To enable the investigation
of functional cell-matrix interactions and to mimic the sequence of these interactions 7
vitro, a bone-mimetic template is required (91,110,347-349).

Bone tissue consists mainly of organic collagen type I and the inorganic mineral
carbonated hydroxyapatite, which are highly organized at multiple hierarchical levels (5).
Collagen mineralization starts when mineral precursors enter the collagen gap regions
where carbonated hydroxyapatite crystals nucleate and grow outside the dimensions of
the collagen fibril, resulting in mineralization inside (intrafibrillar) and outside
(extrafibrillar) the collagen fibrils (78). A bone-mimetic template should include these
characteristics. While the use of collagen type 1 as organic matrix seems obvious,
drawbacks are the high biodegradability, low mechanical strength, and the difficulty of
in vitro collagen self-assembly resulting in pootly organized low-density networks
(350,351). The fibrous protein silk fibroin (SF) is a suitable organic alternative, thanks
to its excellent mechanical properties, ease to process, and biocompatibility (352). SF
features a unique structure which consists of hydrophobic f-sheets and hydrophilic
amorphous acidic spacers, of which the latter could act as nucleation sites for mineral
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crystals similar to the collagen gap regions in bone (353). To mineralize SF, simulated
body fluid (SBF) has been widely used (354). Immersing materials in this solution
containing physiological ion concentrations results in the formation of calcium
phosphate crystalline structures like apatite found in real bone (355). However, material
mineralization with SBF could take up to 4 weeks and requires frequent replenishment
of the solution (355,356). This mineralization period often only results in a non-uniform
mineral coating, rather than infiltration of minerals into the material’s structure (354).
In vivo, non-collagenous proteins are believed to play an instrumental role in the
infiltration of mineral precursors into collagen fibrils (57). In bone tissue, extracellular
levels of calcium and phosphate ions are supersaturated and their precipitation is
therefore controlled by these acidic proteins (57). Iz vitro, poly-aspartic acid (pAsp) can
be used to mimic the functionality of these acidic non-collagenous proteins as its
addition to a mineralization solution has been shown to induce intrafibrillar collagen
mineralization (357). As such, pAsp might improve mineral distribution and infiltration
for SF as well. Therefore, in this study a bone-mimetic template was developed using
SF as organic material mineralized with SBF under influence of pAsp (Figure 7.1C).
While such material might not be sufficient to induce bone regeneration on its own due
to insufficient bioactivity, its biomimicry, biocompatibility and biodegradability would
have the potential to support # vitro remodeling (358).

To develop this bone-mimetic template, we evaluated the use of pAsp as a substitute to
the mineralization solution and/or integrated into the SF material to improve SF
mineralization. The integration of pAsp into the SF materials has been studied before
and resulted dependent on the used concentration in pAsp associated mineral crystal
growth along an SF electrospun fiber (359), or chunks of mineral on the surface of SF
films and scaffolds (360,361), which negatively affected cell behavior (361). The use of
pAsp as a substitute to SBF solution to mineralize SF with a polymer-induced liquid
precursor phase (PILP) mechanism has (to our knowledge) not been explored. The
effects of the material preparation methods on material cytocompatibility were tested
in two-dimensional (2D) films for human monocytes (MCs) and mesenchymal stromal
cells (MSCs) as the osteoclast and osteoblast progenitors, respectively. Improved
mineralization methods were also applied to and evaluated in three-dimensional (3D)
porous SF scaffolds. Iz witro remodeling of these scaffolds by human
osteoclastogenically stimulated MCs and osteogenically stimulated MSCs was tracked
longitudinally which enabled the investigation of cell-matrix interactions and their
temporal dynamics. As a result, pAsp was instrumental for SF mineralization in a similar
manner as for collagen mineralization. Mineralized SF scaffolds supported osteoclastic
resorption and enhanced osteoblastic mineralization. As such, our model allowed for
investigating functional cell-matrix interactions and their dynamics and may therefore
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advance 7z vitro drug testing for bone remodeling pathologies like osteoporosis, where
cell-matrix interactions need to be targeted.

Figure 7.1. Reasoning towards the work presented in this study. (A) The physiological bone
remodeling cycle starting with resorption after activation, then there is a transition phase
followed by formation, mineralization and subsequent termination. (B) Current 7z vitro models
for bone remodeling lack the investigation of cell-matrix interactions. (C) The proposed
biomimetic template including the components present in physiological bone. Abbreviations:
two-dimensional (2D), three-dimensional (3D). The figure was created with Servier Medical Art,
licensed under a Creative Common Attribution 3.0 Genetic License (http://smart.serviet.com/,
accessed on 8 July 2021).

7.2 Results

7.2.1 Mineralization optimization and characterization of silk fibroin films

While intrafibrillar mineralization of small amounts of collagen using pAsp as a
nucleation inhibiter in the mineralization solution has been established, large scale
intrafibrillar mineralization of collagen scaffolds is still challenging (351,362). The use
of nucleation inhibitors only in solution does not fully represent the physiological

(8]
(2]
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situation in which non-collagen proteins are bound to the matrix and might thus not
provide the optimal conditions for homogeneous scaffold mineralization (363).
Therefore, we choose to not only study the effect of pAsp in the mineralization solution
on SF mineralization, but we also mixed it into the SF (Figure 7.2A). To enable the
screening of multiple parameters and to facilitate the analyses, mineralization
optimization and charactetization was performed in 2D. Pure SF (SF w/o pAsp) and
SF containing 5 wt% pAsp (SF w/5% pAsp) solutions were casted to form films with
a diameter of 10 mm and a thickness of ~300 um. To check for the presence of pAsp
in SF w/5% pAsp films, films were stained with the cationic dye alcian blue to allow
for visualization of the negatively charged pAsp. The addition of pAsp indeed led to a
more intense blue stain in SF films with 5% pAsp when compared to plain SF films
(Figure S87.1). The presence of a small amount of pAsp in the SF material was also
confirmed by chemical analyses. Raman spectroscopy measurements revealed a small
peak at 1783 cm!, suggesting the presence of pAsp (Figure S7.2). X-ray photoelectron
spectroscopy (XPS) measurements revealed a carbon peak with wider shape, which is
likely attributed to the carboxyl group in pAsp (Figure S7.3). By measuring the water
contact angle an increase in hydrophilicity of SF w/5% pAsp was observed by a
decrease in water contact angle (Figure 7.2B). Both types of films were subsequently
mineralized using 10x SBF (356) (SBF) or 10x SBF with 100 pug/ml pAsp (SBF-pAsp).
Films were mineralized in this solution for either one week (W1, no replenishment of
mineralization solution) or two weeks (W2, one mid-way replenishment of
mineralization solution). Baseline films were used as non-mineralized controls (NM-
control) (Figure 7.2A). After mineralization, the property of pAsp to prevent mineral
precipitation in solution was verified by measuring the optical density of the
mineralization media. The addition of pAsp to the mineralization solution indeed led to
a statistically significant decrease in mineralization solution optical density (Figure
7.2C). Mineralization solution optical density was also significantly decreased after one
mineralization solution replenishment (W2). In the films where pAsp was added to the
mineralization solution the optical density after W2 reduced towards almost the optical
density of ultra-pure water (UPW). Most likely, optical density was reduced after W2
because some calcium phosphate crystals were already nucleated on the film to which
calcium and phosphate ions could precipitate more easily (364). A reverse effect was
found for the calcium content (Figure 7.2D). Both the addition of pAsp to the
mineralization solution as well as the replenishment of the solution resulted in a
statistically significant increase in calcium content of the film, whereas the addition of
pAsp to the SF material did not affect its mineralization.
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Figure 7.2. Mineralization optimization and characterization of SF films. (A) Experimental variables
included in the mineralization optimization. (B) Water contact angle quantification, N = 5, p<0.0001
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(Independent t-test). (C) Solution optical density measurement to detect mineral precipitation, N = 8,
$<0.0001 for mineralization time and mineralization solution (Kruskal-Wallis test for main effects with
Bonferroni correction for multiple comparisons). (D) Mineral quantification in film, measured by calcium
content, N = 5, p<0.01 for mineralization time and p<0.05 for mineralization solution (Kruskal-Wallis test
for main effects with Bonferroni correction for multiple comparisons). (E) Stiffness measured with
nanoindentation, N = 5, p<0.01 for the material (Kruskal-Wallis test for main effects with Bonferroni
correction for multiple comparisons) (F-O) Surface and mineral morphology visualized with scanning
electron microscopy. Abbreviations: silk fibroin (SF), simulated body fluid (SBF), poly-aspartic acid (pAsp),
non-mineralized (NM), week (W), ultra-pure water (UPW)

Calcium content results were confirmed by alizarin red staining of film cross-sections
with a clear red staining on top of films mineralized with pAsp in the mineralization
solution after W2 (Figure S7.4E+], cross-sections). In these groups, only mineralized
SF w/o pAsp films showed red staining inside the film indicating mineral infiltration
into the films (Figure S7.4E, cross-section). While the addition of pAsp to the material
did not affect its mineralization, it caused a statistically significant decrease in Young’s
modulus (stiffness) compared to plain SF films, as measured with nanoindentation

(Figure 7.2E).

When visualizing the film surfaces with scanning electron microscopy (SEM), non-
mineralized SF w/5% pAsp films had a rougher surface than SF w/o pAsp films
(Figure 7.2F+K). Mineral crystals on the surface were observed in SF w/o pAsp films
mineralized with only SBF after W2, and in all films mineralized with pAsp in the
solution after W1 and W2 (Figure 7.2H-J and Figure 7.2N-O). As mineralization
duration (W2) and the addition of pAsp to the solution positively influenced
mineralization of the films, these mineralization conditions were used for 3D scaffold
mineralization and cytocompatibility testing of the 2D films. Although the addition of
pAsp to the material did not improve mineralization, this condition was still included
to investigate the influence of bound pAsp on mineral distribution throughout the
scaffold. In addition, the increased hydrophilicity and roughness of the SF w/5% pAsp
films might still be beneficial for cell proliferation, osteoprogenitor differentiation, and
osteoclastic resorption (365-368).
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7.2.2 Characterization of mineralized silk fibroin scaffolds

SF scaffolds w/o pAsp and SF w/5% pAsp were mineralized using a mineralization
solution of SBF with 100 ug/ml pAsp for 2 weeks with one solution replenishment
after one week. Like in the films, calcium was detected in the mineralized scaffolds with
no differences between the SF w/o pAsp and SF w/5% pAsp (Figure 7.3A).
Mineralization led to an increased scaffold stiffness measured with an unconfined
compression test (Figure 7.3B). Although not statistically significant, the addition of
pAsp to the material seemed to negatively influence the average stiffness, something
that was also observed in the films. Next, the scaffolds were analyzed for mineral
distribution. Because of the radiolucent nature of SF when immersed in water,
mineralization could be localized with micro-computed tomography (uCT) scanning of
the scaffolds. It was hypothesized that the addition of pAsp to the material could lead
to improved mineral distribution throughout the scaffold. However, a positive influence
of the addition of pAsp to the scaffold on mineral distribution could not be detected
(Figure 7.3C and Figure §7.5). In both the radiographs and the quantification of the
percentage minerals present in the central ~8% scaffold volume, no clear differences
were found between the two material types.

By drying the mineralized scatfolds, their 3D morphology could be characterized after
uCT scanning (Figure 7.3D and Figure S7.5). These analyses revealed a smaller
average pore size per scaffold, measured as trabecular separation. By fitting largest
possible spheres in the reconstructed uCT scans and deriving their diameter, the
distribution of individual pore diameters was obtained (131). In the pore size
distribution, , small differences were observed with a peak at a smaller pore size for SF
w/5% pAsp scaffolds and a wider curve for plain SF scaffolds, which undetline the
found differences in average pore size (Figure 7.3D+E). Although not significant, the
decrease in average trabecular separation by the addition of pAsp to the material seemed
reflected by an increase in trabecular thickness, trabecular number and trabecular
connectivity density, and a decrease in porosity (Figure 7.3D and Figure S7.5). We
then studied the mineral morphology with SEM. Minerals in the plain SF scaffolds
(Figure 7.3H) appeared more homogeneously distributed in a layer on the surface
when compared to minerals in SF w/5% pAsp scaffolds (Figure 7.3I). On SF w/5%
pAsp scaffolds, minerals appeared more often as chunks, which likely caused the
differences in scaffold morphology parameters. Mineral infiltration seemed present in
both scaffolds w/o pAsp and w/5% pAsp detected by alizarin red stained scaffold
sections and a change in cross-section structure after mineralization (Figure 7.3L+M).
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Figure 7.3. Characterization of mineralized SF scaffolds. (A) Mineral quantification in scaffold, measured
by calcium content, N = 5, »<0.05 (Kruskal-Wallis and Dunn’s post hoc tests). (B) Stiffness measured
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with a full unconfined compression test, N = 5, p<0.05 (One-way ANOVA and Holm-Sidak's post hoc
tests). (C) Mineral location visualized with uCT and quantified in the central ~8% scaffold volume to
indicate mineral distribution. Dashed boxes represent the segmented part for mineral quantification in the
center, N = 5, zs (Mann-Whitney U). (D) Quantified scaffold morphology obtained with uCT, including
the trabecular separation (average pore size), N = 5, p<0.05 (Independent t-test), trabecular thickness, N
=5, ns (Independent t-test), porosity, N = 5, zs (Independent t-test), and (E) the pore size distribution
derived from N = 5 scaffolds (gaussian fit). (F-I) Mineral morphology on scaffold surface visualized with
SEM. (J-M) Morphology visualized with SEM and micrographs of calcium localization (insert, alizarin red
staining) of cross-sections from scaffolds. (*<0.05, **»<0.01, **¥»<0.001, ****»<0.0001). Abbreviations:
poly-aspartic acid (pAsp), non-mineralized (NM), mineralized (M), silk fibroin (SF), micro-computed
tomography (uCT), scanning electron microscopy (SEM).

To further investigate mineral infiltration into the SF material, Raman microscopy and
spectroscopy were performed on scaffold cross-sections. The infiltration of mineral was
observed in both SF w/o pAsp and SF w/5% pAsp scaffolds (Figure 7.4).
Hydroxyapatite was observed throughout the whole scaffold trabecula, with a higher
degree of mineralization at the surface of the trabecula indicated by the differences in
the 960, 420 and 590 cm™ areas representing the vi, v2 and v4 vibrations of
hydroxyapatite respectively (Figure 7.4C+D). The co-localization of hydroxyapatite
with SF was observed by the presence of the 1250, 1450, 1615 and 1660 cm! areas
representing the Amine III, CH» bend, Aromatic amino acid C=C bonds, and Amide I
vibrations of SF, respectively (Figure 7.4C+D). In SF w/5% pAsp scaffolds, more
mineral precipitation was observed at the trabecula surface. These minerals precipitated
in the presence of pAsp, identified through the presence of the 1783 cm! peak (Figure
7.4D). XPS measurements revealed the presence of calcium, phosphate and pAsp in
both mineralized SF w/o pAsp and SF w/5% pAsp scaffolds (Figure $7.3). The
presence of pAsp was observed by the carbon peak with wider shape relative to non-
mineralized SF w/o pAsp scaffolds indicative for the presence of the carboxyl group of
pAsp. As such, pAsp was likely instrumental for the mineralization of both SF w/o
pAsp and SF w/5% pAsp scaffolds.

7.2.3 Cytocompatibility testing of mineralized silk fibroin films

Before the mineralized scaffolds were used for a co-culture experiment to study their
remodeling 7n vitro, we first tested the materials’ cytocompatibility by running mono-
cultures of human MCs and MSCs as the osteoclast and osteoblast progenitors,
respectively. SF w/o pAsp and SF w/5% pAsp films, mineralized and non-mineralized,
were evaluated for their cytocompatibility. For MSCs, the presence of w/5% pAsp in
SF films seemed to negatively influence cell content which could be observed from
DNA content measurements after 7 days culture (Figure 7.5C). These results were
confirmed by micrographs of nuclei and F-actin staining from day 7, with clearly most
cells present on mineralized SF w/o pAsp films (Figure 7.5D-G).
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Figure 7.4. Raman microscopic analysis of mineralized SF scaffold sections to detect mineral infiltration.
(A) Optical image of section of mineralized plain SF scaffold, scanned area highlighted in white. Insert in
optical image presents the distribution of the strongly mineralized SF (green) and partly mineralized SF
(red) in the analyzed (50x12 pum) area. (B) Section of mineralized SF scaffold with 5% pAsp in the SF
material. Insert in optical image presents the distribution of mineralized pAsp (blue), strongly mineralized
SF (green) and partly mineralized SF (red). (C) Raman spectra of the mineralized plain SF scaffold. (D)
Raman spectra of the mineralized SF scaffold with 5% pAsp added to the SF material. Mineralization with
pAsp was identified through the presence of the 1783 cm! peak (blue arrow). (C-D) Black arrows indicate
the 960, 420 and 590 cm! areas representing the vi, vz, v4, vibrations of hydroxyapatite. The co-localization
with SF was obsetrved by the presence of the 1250, 1450, 1615 and 1660 cm! areas representing the Amine
111, CHz bend, Aromatic amino acid C=C bonds, and Amide I vibrations of SF, respectively (gray arrows).
Abbreviations: poly-aspartic acid (pAsp), mineralized (M), silk fibroin (SF).

To check whether these observations are a result of proliferation, cell death, or cell
attachment, metabolic activity and cytotoxicity (i.e., cell death) were tracked over time.
For the metabolic activity, the conversion of resazurin to fluorescent resorufin by viable
cells was measured. These results reflected the DNA measurements, with highest
metabolic activity in SF w/o pAsp films over the entire culture period (Figure 7.5A).
Supernatant lactate dehydrogenase (LDH) activity, which is an intracellular enzyme
released into the medium upon cell death, did not reveal clear cytotoxic effects of the
different films (Figure 7.5B). Differences in cytotoxicity could be explained by the
number of cells present on these films as indicated above. This indicates that the higher
number of cells on SF w/o pAsp films is the result of cell attachment rather than more
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proliferation on these films or more cell death in SF w/5% pAsp films. This is in
contrast with literature reporting often a positive influence of hydrophilicity on cell
attachment (369,370). Interestingly, on mineralized SF w/o pAsp films, small particles
in the proximity of cells were observed with SEM, which might indicate the presence
of mineral nodules or matrix vesicles (371) (Figure 7.5], white arrows). For MCs, no
clear effects of the addition of pAsp to the material nor of mineralization were found
in terms of DNA content on day 7 (Figure 7.5N). These results were in line with the
metabolic activity measurements and with micrographs of a nuclei and F-actin staining
from day 7 (Figure 7.5L and Figure 7.50-R). Only cytotoxicity in MCs cultured on
mineralized SF w/5% pAsp films seemed higher than in MCs cultured on a film where
pAsp was not added to the material (Figure 7.5M). This effect was however only
observed on day 2 and day 7. After a period of 7 days, multinucleated osteoclast-like
cells were observed in all conditions (Figure 7.50-R, white arrows). To check whether
these osteoclast-like cells also had the capability to resorb the material, films were
visualized with SEM. In mineralized films, resorption pits were indeed observed
indicating osteoclastic resorption (Figure 7.5U+V, white arrows). Resorption pits
seemed largest in SF w/5% pAsp films (Figure 7.5V), indicating that resorption might
be enhanced by the increased hydrophilicity as earlier observed (367). Based on these
cytocompatibility evaluations, both SF w/o pAsp and SF w/5% pAsp can be considered
suitable for cell culture with human MCs and MSCs. Because the addition of pAsp to
the material led to reduced MSC attachment, a decreased pore size, and a heterogeneous
mineral morphology, pAsp was left out the material for the 3D 7» vitro remodeling
model.

7.2.4 Invitro remodeling of mineralized silk fibroin scaffolds

To investigate whether our bioinspired mineralized SF scaffold could enable the 7 vitro
investigation of cell-matrix interactions and their temporal dynamics as described for
physiological bone remodeling, we performed a MC-MSC co-culture for 42 days
(Figure 7.6A). On day 21, medium was switched from osteoclastogenic to osteogenic.
To track the remodeling dynamics, constructs were weekly scanned with 4CT, culture
medium supernatants were collected, and constructs were sacrificed for analyses at day
21 and 42. Cell supernatants or cell lysates were analyzed for resorption (tartrate
resistant acid phosphatase (TRAP) (43,293)), transition (LDH to indicate potential
osteoclast apoptosis), and formation (alkaline phosphatase (ALP) and pro-collagen 1 c-
terminal propeptide (PICP) (43)) markers. First, the influence of uCT scanning on cell
death was evaluated over 21 days. No differences between scanned and unscanned
constructs were found, uCT scanning was therefore considered as a harmless method
to track 7z vitro remodeling (Figure S7.6). From day 7 to day 28, elevated TRAP activity
was measured whereafter TRAP activity reduced to baseline levels (Figure 7.6B).
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Figure 7.5. Cytocompatibility testing of mineralized SF films. (A) Metabolic activity measurements of
MSCs using PrestoBlue™, N = 5, p<0.05 (Two-way ANOVA and Tukey’s post hoc tests within each time
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point). (B) Cytotoxicity (cell death) for MSCs measured by LDH release in the medium, N = 5, p<0.05
(Kruskal-Wallis and Dunn’s post hoc tests). (C) DNA content per film for MSCs, N = 5, p<0.05 (One-way
ANOVA and Holm-S8idak's post hoc tests). (D-G) Micrographs of MSCs stimulated to undergo osteogenic
differentiation, stained for F-Actin (red) and the nucleus (gray). (H-K) Visualization of MSC layer on films
with SEM. (L) Metabolic activity measurements of MCs, N = 5, zs (IKKruskal-Wallis test). (M) Cytotoxicity
for MCs, N = 5, p<0.05 (Two-way ANOVA and Tukey’s post hoc tests within each time point). (N) DNA
content per film for MCs, N = 5, zs (Kruskal-Wallis test). (O-R) Micrographs of MCs stimulated to undergo
osteoclastic differentiation, stained for F-Actin (red) and the nucleus (gray). (S-V) Visualization of cells and
resorption on films with SEM. (*p<0.05, **p<0.01, ***»<0.001, ***¥»<0.0001). Abbreviations: poly-
aspartic acid (pAsp), non-mineralized (NM), mineralized (M), mesenchymal stromal cells (MSCs),
monocytes (MCs), lactate dehydrogenase (LDH), scanning electron microscopy (SEM).

During this resorption phase, TRAP activity in mineralized co-cultured constructs was
significantly higher from day 14 on. This indicates that the 3D mineralized surface
promotes osteoclast activity, which was observed earlier (259). In addition to the TRAP
measurements, mineral resorption, which could only be studied in radiopaque
mineralized constructs, seemed increased during the same period and resorption sites
were identified (Figure 7.6E+H, yellow arrows, and Figure S7.6).

As osteoclasts finished resorption around day 28, LDH activity as a measure for cell
death, increased from day 21 to day 35 (Figure 7.6C). It is well accepted that
differentiated osteoclasts have a relative short lifespan of about 2-3 weeks (232,289).
Cell death after 21 days was therefore in line with our expectations. The increased
osteoclastic activity in mineralized co-cultured constructs was however not associated
with prolonged osteoclast survival (Figure 7.6C). On day 21 and 28, a higher LDH
activity was even measured in cell supernatants of mineralized co-cultured constructs,
indicating more cell death in these constructs. This was confirmed by DNA
quantification at day 21 and 42, although not statistically significant (Figure 7.7Q).
From day 21 on, osteogenic medium was provided which resulted in a further increase
in mineralized volume in both scaffolds (Figure 7.6D+G-H). This increase was higher
at all time points for mineralized scaffolds. In addition, formation sites in mineralized
co-cultured constructs were localized over the entire scaffold and included spots which
were previously resorbed, which might be attributed to osteoclast-osteoblast coupling
(Figure 7.6H, yellow arrows and Figure §7.6). This could also explain the decrease in
the cumulative percentage resorbed scaffold from day 21; resorption sites might have
been filled with newly formed mineral (Figure 7.6E). Taken together, we were able to
track the remodeling dynamics in our 7z vitro human bone model and these dynamics
seemed to recapitulate the physiological bone remodeling cycle (Figure 7.6F).
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Figure 7.6. In vitro remodeling of mineralized silk fibroin scaffolds. (A) Experimental set-up. (B) TRAP
activity quantification as a measure for osteoclast activity, dashed line represents the median value at

166



Bioinspired silk fibroin mineralization for advanced 7 vitro bone remodeling models

baseline (day 2), N = 6, p<0.05 (Mann-Whitney U tests per time point with Bonferroni correction for
multiple comparisons). (C) Cell death measured by LDH release in the medium, N = 6, p<0.05 (Two-way
ANOVA and Tukey’s post hoc tests within each time point). (D) Mineralized volume measured with uCT,
N =8, p<0.01 for each time point (Mann-Whitney U tests per time point with Bonferroni correction for
multiple comparisons). (E) Cumulative mineral formation (F) and resorption (R) as a percentage of the
baseline scaffold, obtained after registration of uCT scans, N = 6. (F) The physiological bone remodeling
cycle described in literature and the similarities to the remodeling dynamics found in the presented model.
(G) Mineralization over time visualized with uCT for non-mineralized scaffolds. (H) Resorption and
mineralization over time visualized with uCT for mineralized scaffolds. Yellow arrows represent
remodeling/coupling sites. Dashed boxes in figure represent the respective remodeling phases (purple =
resorption, green = translation, orange = formation). (*»<0.05, **»<0.01, ***»<0.001, ****»<0.0001).
Abbreviations: poly-aspartic acid (pAsp), non-mineralized (NM), mineralized (M), tartrate resistant acid
phosphatase (TRAP), lactate dehydrogenase (LDH), micro-computed tomography (uCT), day (D). The
bone remodeling cycle illustration was modified from Servier Medical Art, licensed under a Creative
Common Attribution 3.0 Generic License (http://smart.servier.com/, accessed on 8 July 2021).

Next, we characterized cell differentiation and organic matrix formation by the cells in
the model. The presence of multinucleated cells was confirmed at day 21 and day 42 for
both conditions by staining of the nucleus and the cytoskeleton (Figure 7.7A-D, white
arrows). Osteoclast-like cells were also observed on the scaffold surface after 21 days
of culture with SEM (Figure 7.7E+F, white arrows). These cells seem to resorb the
mineral surface on mineralized scaffolds (Figure 7.7F). The osteoclast resorption
marker cathepsin K was also highly expressed by cells on mineralized scaffolds in the
resorption phase, indicating more functional osteoclasts on these scaffolds (day 21,
Figure 7.7]). Interestingly, an excess of osteopontin, which can be produced by both
osteoclasts and osteoblasts, was found in mineralized constructs after 21 days of culture.
In vivo, osteopontin is also found on mineralized surfaces and is a major component of
the cell-matrix interface (cement line) (372). Osteoclastic osteopontin is important for
sealing zone formation and osteoclast migration (97,323,373). On mineralized scaffolds,
osteoclasts have likely secreted osteopontin to allow for attachment and subsequent
resorption (97). Osteopontin is also known as mineralization inhibitor in its
phosphorylated state (381). However, excessive mineralization in mineralized scaffolds
was still observed, meaning that the amount of osteopontin was not sufficient or that
osteopontin was de-phosphorylated by osteoclasts through TRAP (374). After 42 days,
osteopontin was present in both conditions and osteogenic differentiation was
confirmed by the presence of nuclear runt-related transcription factor 2 (RUNX2). In
addition, little collagen formation was observed at both time-points and in both
conditions (Figure 7.7A-D), but mostly in the mineralized co-cultured constructs after
42 days of culture (Figure 7.7D). By measuring PICP in the medium, collagen
formation at day 21 and 42 was quantified. Collagen type I formation was comparable
for non-mineralized and mineralized co-cultured constructs (Figure 7.7R). While
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osteogenic differentiation medium was supplied from day 21, no further increase in
collagen synthesis was observed. Collagen synthesis even tended to decrease in
mineralized co-cultured constructs on day 42. This might be explained by a lack of
mechanical loading in the system, which is crucial for # vivo bone adaptation and 7 vitro
woven bone formation including collagen synthesis (116,375). Another explanation
might be the excessive mineralization upon osteogenic stimulation in mineralized co-
cultured constructs (Figure 7.6D). Mineralization occurred over the entire scaffold
surface (Figure $7.6). As such, remodeling might have been terminated and cells
therefore have undergone apoptosis, have been terminally differentiated into quiescent
bone lining cells, or have been embedded into mineralized matrix and differentiated
into osteocytes (376). This could also explain the differences found in ALP activity from
the construct lysates (Figure 7.7S). Cells in non-mineralized constructs have cleatly
undergone differentiation towards ALP producing and thus mineralizing osteoblasts.
As in vitro mineralization with osteogenic differentiation medium occurs after
dephosphorylation of g-glycerophosphate by ALP, it is expected that the increase in
mineralization for mineralized constructs was the result of ALP synthesis by the cells in
these constructs. This could however not be detected on day 42, underlining the
hypothesis that remodeling has been terminated on the mineralized SF scaffolds (137).
Interestingly, a statistically significant higher sulphated GAG content was found on day
21 (Figure 7.7T). These GAGs were visualized between the trabecular-like structures
(Figure S7.7). Although the origin of these GAGs is unclear, they have been shown to
inhibit collagen degradation by osteoclastic cathepsin K, promote osteogenic
differentiation and bone-like matrix formation, and promote mineralization (377-380).

7.3 Discussion

Current iz vitro 3D bone remodeling models often lack the spatiotemporal investigation
of the remodeling events (i.e., resorption, transition, formation) by starting their culture
with osteoblast (progenitors) (259,260), or by only looking at osteoclast and osteoblast
markers with eg, gene expression or enzymatic activity assays rather than at their
functionality to resorb and form a bone-like matrix (43,293). To enable the investigation
of functional cell-matrix interactions and their spatiotemporal dynamics, materials
should be developed that support osteoclast and osteoblast functionality. Therefore, we
developed a bioinspired scaffold using SF as fibrous organic protein, that was

mineralized with hydroxyapatite under influence of the non-collagenous protein mimic

pAsp.
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Figure 7.7. Cell differentiation and tissue formation in 7z vifro bone remodeling model. (A-D) Micrographs
of 3D remodeling constructs, stained for collagen (magenta), F-Actin (green), and the nucleus (gray). White
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arrows indicate osteoclasts. (E-H) Morphology of and resorption sites on co-cultured constructs visualized
with SEM. White arrows indicate osteoclasts. (I-L) Immunohistochemical analysis of sections for F-Actin
(red), the nucleus (gray), and osteoclast matkers cathepsin K (magenta) and integrin-$3 (green). (M-P)
Immunohistochemical analysis of sections for F-Actin (red), the nucleus (gray), and osteogenic markers
osteopontin (also produced by osteoclasts, magenta) and RUNX2 (green). Asterisks indicate the scaffold
trabeculae. (Q) DNA quantification in co-cultured constructs, N = 6, p<0.05 (Kruskal-Wallis and Dunn’s
post hoc tests). (R) PICP quantification as a measure for collagen formation in co-cultured constructs, N
= 6, ns (One-way ANOVA). (S§) ALP activity quantification as a measure for osteoblast activity, N = 6,
$<0.05 (One-way ANOVA and Holm-Sidék's post hoc tests). (T) GAG content quantification, N = 6,
$<0.05 (Kruskal-Wallis and Dunn’s post hoc tests). (¥p<0.05, **p<0.01, ***p<0.001, ****»<0.0001).
Abbreviations: poly-aspartic acid (pAsp), non-mineralized (NM), mineralized (M), day (D), runt-related
transcription factor 2 (RUNX?2), pro-collagen 1 c-terminal propeptide (PICP), alkaline phosphatase (ALP),
glycosaminoglycan (GAG).

Like as in collagen, pAsp in the mineralization solution was instrumental for mineral
infiltration into the SF. As a result, minerals appeared inside and on the surface of the
SF films and trabecular-like structures within the scaffolds. This is comparable to bone,
where minerals appear inside (intrafibrillar) and outside (extrafibrillar) to the collagen
tibrils (78). In collagen, pAsp functions as a mineralization inhibitor in solution; guiding
minerals to the collagen gap-region where the confinement induces mineral nucleation
(54). Here, we have shown that pAsp functions similarly for the mineralization of SF.
One hypothesis for this biomimetic mineralization is that the hydrophilic regions in SF
allow for PILP or amorphous calcium phosphate infiltration, resulting in mineral
nucleation within the SF structure (353). In an attempt to unravel the mechanism by
which SF mineralizes, researchers have decomposed SF into its hydrophobic and
hydrophilic regions and mixed them separately into dense collagen gels (353). Only the
hydrophilic SF component induced mineralization of the collagen gel upon exposure to
SBF (353). An attempt to biomimetically mineralize SF was done by Jin et al., (2015)
(381). They found that in the presence of a SF template in the form of a hydrogel,
mineral crystals were uniformly shaped and oriented, suggesting that mineral crystal
growth was confined by SF (381). As such, hydrophilic SF regions could provide the
necessary nucleation sites while hydrophobic regions may provide confinement for
crystal growth, a mechanism which has recently been described for collagen mineral
growth (382). As these hydrophilic SF regions have shown to promote mineralization
when mixed with dense collagen gels, mineral nucleation in SF is likely not (solely)
induced by confinement (353).

When pAsp was merged into the SF, pAsp could not improve mineral distribution
through the scaffold. The addition of pAsp to the material even seemed to induce more
heterogeneous mineralization (chunks instead of a layer). Three times before (to our
knowledge), the influence of SF — pAsp materials on mineralization has been studied
(360,361). Comparable to our results, Kim et al. (2008) (361) found chunks of mineral
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on the surface of their scaffold when ~ 9 wt% pAsp was mixed with the SF. Ma et al.,
(2010) (360) also found a comparable result for SF with 5% pAsp added. The minerals
became more homogeneous when higher concentrations were added (i.e, 15 wt%)
(360), something that was also observed by Li et al., (2005) (i.e., 20 wt% compared to 1
wt%) (359). As there was no clear cytotoxic effect of the addition of pAsp to the SF in
our study, the addition of higher concentrations of pAsp needs to be investigated. This
might further increase the hydrophilicity and therefore also improve cell proliferation,
osteoprogenitor differentiation, and osteoclastic resorption as reported in literature
(365-368). These effects where not observed with the addition of 5% pAsp. However,
the stiffness is expected to decrease further with higher concentrations of pAsp which
could affect cell behavior (383). To further improve the mineral distribution through
large scaffolds, perfusion of the mineralization solution needs to be explored (384).

Other #n vitro remodeling models have used synthetic (mineralized) polymers, organic
matrices or inorganic materials in the form of hydrogels or woven scaffolds (43). When
composite materials are used for 7z vitro remodeling studies, organic materials are often
mineralized by blending it with inorganic salts during fabrication or by coating it with
supersaturated solutions (222,385). As such, most 3D materials used for current i vitro
remodeling models lack mimicry with physiological bone. While biomineralized
collagen type I scaffolds, featuring all components of physiological bone, are a
promising material for iz vitro bone remodeling models, they are often difficult to
fabricate at the high density found in physiological bone. Recently, researchers looked
at osteoclastic differentiation and resorption on such scaffolds. They found that despite
its biomimicry, osteoclasts were unable to resorb the scaffold, probably as a result of
the low fiber density (386). Here, we found that mineralized SF could support
osteoclastic resorption. Mineralized SF scaffolds also seemed to stimulate a more
physiologically relevant cell phenotype, indicated from their cathepsin K, osteopontin
and glycosaminoglycan synthesis. In addition, using SF rather than collagen type I allows
for a differential analysis of supplied and formed material (1106). As altered collagen type
I formation is a hallmark for bone pathologies like osteogenesis imperfecta and
osteoporosis (40,41), the ability to study its formation should be considered for i vitro
bone models (110). One limitation of the use of solely composite materials is likely the
reduced osteoclast-osteoblast coupling. Ir vivo, coupling includes besides secreted, cell-
bound, and topographical cues, also the release of growth factors from the bone matrix
(95). Factors like transforming growth factor § (TGF- ), bone morphogenetic protein
2 (BMP-2), platelet derived growth factor (PDGF), and insulin-like growth factor (IGF)
that are deposited by osteoblasts, stored in the matrix and released upon resorption,
potentially stimulate MSC migration and osteogenic differentiation (95). While the use
of native bone matrix could facilitate full investigation of cell-matrix and cell-cell
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interactions, proper decellularization needs to be performed as osteocyte (90% of bone
cell population) apoptosis could induce pathological osteoclastic resorption (387).
Introducing a pre-model phase where bone-like matrix is built by osteoblasts before
remodeling is initiated might overcome these limitations (230,259). However, these
models are time consuming, laborious, and might face reproducibility issues as the to
be remodeled matrix is already susceptible for variation. Such complex models might
improve the mimicry to bone remodeling 7z #ivo but might in parallel complicate drug

screening . vitro.

In the 7n vitro model presented in this study, coupling was observed by re-mineralization
of resorption sites after osteogenic medium was provided. Mineralization was however
not limited to resorption sites and the total mineralized volume was therefore increased
over time. As healthy bone remodeling is characterized by balanced resorption and
formation, our model does probably not yet fully represent the homeostatic
physiological bone remodeling environment. While mineral resorption and formation
was unbalanced in mineralized scaffolds, collagen synthesis as part of the osteoblastic
formation seemed to stay behind with mineralization. Only little collagen formation
could be detected in our model, despite the presence on osteogenic differentiation
factors after 42 days. In vivo, the bone formation phase takes about 4 — 5 months and
starts with osteoid (ze., collagen and non-collagenous proteins) formation followed by
mineralization (388). Most likely, the addition of exogenous phosphate with the -
glycerophosphate supplement in osteogenic medium steers this balance towards
mineralization with limited osteoid formation and thus osteoblastic control (110). As in
our model osteoclasts dissolved mineral from the scaffold, phosphate might have been
released into the medium and the additional supplementation with f-glycerophosphate
might have been redundant. The influence and the optimization of environmental
factors (e.g., supplied medium or mechanical loading) should therefore be considered
for future studies. For example, applying fluid shear stress to the cells to stimulate the
osteoid formation and thereby potentially improving osteoblastic control over
mineralization (90,110,116,117).

7.4 Conclusion

Taken together, we have successfully exploited collagen mineralization techniques to
mineralize SF films and scaffolds. In this regard, pAsp was instrumental to guide
minerals into the SF structure. Mineralized SF scaffolds have subsequently
demonstrated to support osteoclastic differentiation and resorption and to enhance
mineralization. Functional cell-matrix interactions and their dynamics were successfully
tracked with mainly non-destructive methods (uCT and medium analyses). The
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observed remodeling dynamics recapitulated the physiological bone remodeling cycle.
Therefore, our z# vitro bone remodeling model may reduce animal experiments and
advance 7n vitro drug development for bone remodeling pathologies like osteoporosis
where cell-matrix interactions need to be targeted.

7.5 Experimental Section

7.5.1 Preparation of silk fibroin films and scaffolds

Bombyx mori L. silkworm cocoons were degummed by boiling them in 0.2 M NayCOs3
for 1 h. After drying, silk was dissolved in 9 M LiBr, filtered, and dialyzed against UPW
for 36 h using SnakeSkin Dialysis Tubing (11532541, Thermo Fisher Scientific, Breda,
The Netherlands). After dialysis, the mass fraction of SF in solution was determined by
measuring the dry weight per ml SF solution after lyophilization. For SF w/5% pAsp
films and scaffolds, 5 wt% poly-aspartic acid sodium salt (P3418, Sigma-Aldrich,
Zwijndrecht, The Netherlands) was mixed into the dialyzed SF solution. SF solution
was then frozen at -80° C and lyophilized for 7 days. Lyophilized SF and SF with 5 wt%
pAsp were dissolved in hexafluoro-2-propanol (003409, Fluorochem, Hadfield, UK) at
a concentration of 17% (w/v) and casted onto 10 mm diameter cover slips (for SF
films), or in scaffold molds containing NaCl granules with a size of 250-300 um as
template for the pores (for SF scaffolds). Hexafluoro-2-propanol in SF films was
directly allowed to evaporate for 3 days. Scaffold molds were first covered to improve
the SF blending with the granules. After 3 h, covers were removed, and hexafluoro-2-
propanol was allowed to evaporate for 7 days. After complete evaporation, f-sheets
were induced by submerging SF films and SF-salt blocks in 90% MeOH for 30 min.
NaCl was dissolved from the scaffolds in UPW, resulting in porous sponges. These
sponges were cut into scaffolds of 3 mm in height and 5 mm in diameter.

7.5.2 Mineralization treatment

For mineralization of scaffolds and films, a 10x SBF stock was prepared as described
by A.C. Tas and S.B. Bhaduri (2004) (356). Just prior to mineralization, mineralization
solution was prepared by adding 100 pg/ml pAsp to 10x SBF, followed by the addition
of NaHCOs; until a final concentration of 10 mM, both under vigorous steering. This
resulted in a mineralization solution with a pH of ~6.3. For 10X SBF controls, pAsp
was not added to the mineralization solution. Films and scaffolds were incubated for 2
weeks at 37 °C on an orbital shaker at 150 RPM in mineralization solution with a
solution replenishment after 1 week. Mineralization solution volume was calculated
from the apparent surface area of the sample as described by T. Kokubo and H.
Takadama (2006) (355), where r is the radius of the sample and h the height (Equation
7.1). ST films were considered 2D.
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2mr(r+h)
10

Mineralization medium volume = (7.1)

After mineralization, scaffolds and films were washed 3 x 15 min in an excess of UPW.
Films and scaffolds for cell experiments were sterilized by autoclaving in phosphate
buffered saline (PBS) at 121° C for 20 min.

7.5.3 Cell culture experiments

Monocyte isolation
Peripheral blood mononuclear cells (PBMCs) were isolated from a human peripheral

blood buffy coat of one healthy donor (Sanquin, Eindhoven, The Netherlands;
collected under their institutional guidelines and with informed consent per declaration
of Helsinki). The buffy coat (~50 ml) was diluted with 0.6% w/v sodium citrate in PBS
(citrate-PBS) until a final volume of 200 ml and layered per 25 ml on top of 10 ml
Lymphoprep™ (07851, StemCell technologies, Kéln, Germany) in 50 ml centrifugal
tubes. After density gradient centrifugation (20 min at 800x g, lowest break), PBMCs
were collected, resuspended in citrate-PBS, and washed four times in citrate-PBS
supplemented with 0.01% bovine serum albumin (BSA, 10735086001, Sigma-Aldrich).
PBMCs were frozen at 105 cells/ml in freezing medium containing RPMI-1640 (RPMI,
A10491, Thermo Fisher Scientific), 20% fetal bovine serum (FBS, BCBV7611, Sigma-
Aldrich) and 10% dimethyl sulfoxide (DMSO, 1.02952.1000, VWR, Radnor, PA, USA)
and stored in liquid nitrogen until further use. Before MC isolation, PBMCs were
thawed, collected in medium containing RPMI, 10% FBS (BCBV7611, Sigma-Aldrich)
and 1% penicillin-streptomycin (p/s, 15070063, Thermo Fisher Scientific), and after
centrifugation resuspended in isolation buffer (0.5% w/v BSA in 2mM EDTA-PBS).
MCs were enriched from PBMCs with manual magnetic activated cell separation
(MACS) using the Pan Monocyte Isolation Kit (130-096-537, Miltenyi Biotec, Leiden,
Netherlands) and LS columns (130-042-401, Miltenyi Biotec) according to the
manufacturer’s protocol, and directly used for experiments.

Mesenchymal stromal cell isolation and expansion
MSCs were isolated from human bone marrow (1M-125, Lonza, Walkersville, MD,

USA; collected under their institutional guidelines and with informed consent) and
characterized for surface markers and multilineage differentiation, as previously
described (124). MSCs were frozen at passage 4 with 1.25%106 cells/ml in freezing
medium containing FBS (BCBV7611, Sigma-Aldrich) with 10% DMSO and stored in
liquid nitrogen until further use. Before experiments, MSCs were thawed, collected in
high glucose DMEM (hg-DMEM, 41966, Thermo Fisher Scientific), seeded at a density
of 2.5%103 cells/cm? and expanded in medium containing hg-DMEM, 10% FBS
(BCBV7611, Sigma-Aldrich), 1% Antibiotic Antimycotic (anti-anti, 15240, Thermo
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Fisher Scientific), 1% Non-Essential Amino Acids (11140, Thermo Fisher Scientific),
and 1 ng/mL basic fibroblastic growth factor (bFGF, 100-18B, PeproTech, London,
UK) at 37 °C and 5% COz. After 9 days, cells were detached using 0.25% trypsin-EDTA
(25200, Thermo Fisher Scientific) and directly used for experiments at passage 5.

Two-dimensional monocyte and mesenchymal stromal cell mono-cultures
For 2D MC and MSC mono-cultures, films were pre-wetted overnight at 37 °C in

osteoclast control medium («-MEM (41061, Thermo Fisher Scientific), 10% human
platelet lysate (hPL, PE20612, PL BioScience, Aachen, Germany) and 1% anti-anti) and
osteogenic control medium (Ig-DMEM (22320, Thermo Fisher Scientific), 10% hPL
and 1% anti-anti). Before seeding, medium was removed, and cells were seeded by
pipetting 5 ul of cell suspension (1.5%105 cells/5 ul for MCs and 2.5%104 cells/5 ul for
MSCs) onto the films. Cells were allowed to attach for 90 min at 37 °C and every 20
minutes a small droplet of the respective control medium was added to prevent for
drying of the films. MCs were first cultured in priming medium (osteoclast control
medium + 50 ng/ml macrophage colony-stimulating factor (M-CSF, 300-25,
PeproTech)). After 48 hours, priming medium was replaced by osteoclast medium
(priming medium + 50 ng/ml receptor activator of nuclear factor »B ligand (RANKL,
310-01, PeproTech)) to induce osteoclastic differentiation. MSCs were stimulated to
undergo osteogenic differentiation with osteogenic medium (osteogenic control
medium + 10 mM f-glycerophosphate (G9422, Sigma-Aldrich), 50 ug/ml ascorbic acid-
2-phosphate (A8960, Sigma Aldrich), and 100 nM dexamethasone (D4902, Sigma-
Aldrich)). Cells were kept in culture for 7 days at 37 °C and 5% CO», medium was
replaced on day 2 and 5 and medium samples were collected and stored at -80 °C. Films
were sacrificed for analyses after 2 days and 7 days of culture.

Three-dimensional monocyte-mesenchymal stromal cell co-culture
Scaffolds were pre-wetted overnight at 37 °C in osteoclast control medium. Before

seeding, medium was removed, and cells were resuspended in osteoclast control
medium (2.5%10¢ MCs and 5*10> MSCs/20 ul) and seeded by pipetting 20 ul of cell
suspension onto the scaffolds. Cells were allowed to attach for 90 min at 37 °C and
every 20 minutes a small droplet of osteoclast control medium was added to prevent
for drying of the scaffolds. The cell-loaded scaffolds were statically cultured for 6 weeks
at 37 °C and 5% COz in custom-made bioreactors, which allowed for uCT scanning
during the culture period. Cells were cultured in osteoclast medium for the first 3 weeks
(priming medium for the first 48 h whereafter medium was replaced by osteoclast
medium). After 3 weeks, medium was switched to osteogenic medium to stimulate

osteogenic differentiation. Medium was replaced 3x per week and medium samples were
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collected weekly and stored at -80 °C. Constructs were sacrificed for analyses after 3
weeks (day 21) and after 6 weeks (day 42) of culture.

7.5.4 Analyses

Contact angle measurements
Water contact angles were measured for SF films w/o pAsp and w/5% pAsp on a

Dataphysics OCA30 contact angle goniometer (IN = 5 per group). A 2 ul droplet of
UPW was deposited on the films and after approximately 2 s the contact angles were
determined by fitting the contour of the droplet using OCA20 software.

Mineral precipitations in medium
Mineralization solution samples were collected from mineralized films after 1 week and

2 weeks of mineralization (N = 8 per condition). Mineral precipitation in the
mineralization solution was determined by measuring the optical density of 100 pl
sample in a 96-wells assay plate at 600 nm using a plate reader (Synergy™ HTX, Biotek).

Calcium assay
Films (N = 5 per condition) were lyophilized and incubated for 48 h in 5 wt%

trichloroacetic acid (T'CA, T6399, Sigma-Aldrich). Scaffolds (IN = 5 per condition) were
lyophilized, weighted, disintegrated in 5 wt% trichloroacetic using 2 steel balls and a
mini-beadbeater™ (Biospec, Bartlesville, OK, USA), and subsequently incubated for 48
h. After incubation, a calcium assay (Stanbio, 0150-250, Block Scientific, Bellport, NY,
USA) was performed to quantify calcium content in both films and scaffolds according
to the manufacturer’s instructions. Briefly, 95 pl Cresolphthalein complexone reaction
mixture was added to 5 pl sample and incubated at room temperature for 1 min.
Absorbance was measured at 550 nm with a plate reader and absorbance values were

converted to calcium concentrations using standard curve absorbance values.

Mechanical analyses
Mechanical tests of films (IN = 5 per condition) were performed with a Piuma

nanoindenter (Optics 11, Amsterdam, The Netherlands) equipped with a spherical
indenter tip probe with a radius of 29.1 um and a stiffness of 204.6 N/m (p190853,
Optics 11). Films were tested in PBS and an indentation of 10 um depth was performed
at 4 random locations per film and the Young’s modulus was derived by fitting the load-
depth curves to the Hertzian contact model between 0% and 30% of the maximum
load point, assuming a Poisson’s ratio of 0.4.(397,398) Scaffolds (IN = 5 per condition)
were mechanically tested in PBS by a full unconfined compression test using a 500 N
load cell on a Criterion 42 mechanical test system (MTS, Berlin, Germany). Samples
were compressed at a rate of 17% displacement/min until a displacement of 60% from
the sample height was reached. The Young’s modulus was derived by a linear fit to the
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load-displacement curves between 2% and 10% displacement using MATLAB (version
2019b, The MathWorks Inc., Natrick, MA, USA).

Scanning electron microscopy
Samples (IN = 3-4 per experiment, time point, and condition) were fixed in 2.5%

glutaraldehyde in 0.1 M sodium cacodylate buffer (CB) for 4 h and then washed in CB.
For the characterization of (mineralized) scaffolds, both 3D samples and cross-sections
were prepared. For cross-sections, scaffolds were after fixation soaked for 15 minutes
in each 5% (w/v) sucrose and 35% (w/v) sucrose in PBS. Scaffolds were embedded in
Tissue Tek® (Sakura) and frozen with liquid N». Cryosections were prepared with a
thickness of 5 um on 10 x 10 mm indium tin oxide (ITO) coated glass slides (576352,
Sigma-Aldrich). Tissue Tek® was removed by washing with distilled water. Co-cultured
scaffolds (IN = 2 out of 4 per time point and condition) were stained and imaged with
confocal microscopy as described below before dehydration. All samples were
dehydrated with graded ethanol series (37%, 67%, 96%, 3 x 100%, 15 minutes each),
followed by a hexamethyldisilazane (HDMS)/ethanol seties (1:2, 1:1, 2:1, 3 x 100%
HDMS, 15 minutes each). Samples were coated with 20 nm gold and imaging was

performed in high vacuum, at 10 mm working distance, with a 5kV electron beam
(Quanta 600F, FEI, Eindhoven, The Netherlands).

Alizarin red
Alizarin red staining was performed on films, cross-sections of films, and cross-sections

of scaffolds (IN = 3 per experiment and condition). Samples were fixed overnight in
3.7% neutral buffered formaldehyde and washed twice with PBS. Samples for cross-
sections were prepared as described above (Section SEM) and cryosections were sliced
with a thickness of 5 um on Epredia™ SuperFrost Plus™ Adhesion slides (Fisher
Scientific, Breda, The Netherlands). Samples were washed in distilled water and stained
for 15 min in 2% w/v Alizarin Red (ab146374, Abcam, Cambridge, UK) in distilled
water at a pH of ~4.2. Films were directly washed in distilled water and imaged upon
staining. Cross-sections were first dehydrated in pure acetone, acetone/xylene (1:1) and
pure xylene, and mounted with Entellan™ (1.07960, Sigma-Aldrich). Samples were
imaged with bright field microscopy (Zeiss Axio Observer Z1 with a 20x/0.8 Plan-
Apochromat objective or a 5x/0.13 EC Epiplan-Neofluar objective).

Micro-computed tomography
For uCT scanning, wet and dry mineralized scaffolds (IN = 5 per condition) and co-

cultured constructs (IN = 8 per condition) were scanned and analyzed with a ©CT100
imaging system (Scanco Medical, Briittisellen, Switzerland). Scanning was performed
with an energy level of 45 kVp, intensity of 200 pA, integration time of 300 ms and with

twofold frame averaging. To reduce part of the noise, a constrained Gaussian filter was
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applied to all scans with filter support 1 and filter width sigma 0.8 voxel. For mineralized
scaffolds (both wet and dry), scanning was performed at an isotropic resolution of 11.4
um. Filtered images were segmented, for wet scaffolds to detect mineralization (global
threshold of 27% of the maximum grayscale value) and for dry scaffolds to study the
morphology (global threshold of 22% of the maximum grayscale value). Unconnected
objects smaller than 30 voxels were removed through component labeling. Morphology
parameters were computed from dry scaffolds using the scanner manufacturer’s image
processing language (IPL) (131). To determine the pore size distribution, the image
background was filled with largest possible spheres of which the diameter was derived.
To quantify the degree of connectivity between trabecular-like structures, the mean
connectivity density was calculated per scaffold according to a previously described
method (389). In addition, porosity, mean trabecular thickness, mean trabecular space
and average trabecular number per mm were derived per scaffold after triangulation of
segmented scaffolds using the plate model. To track mineralization, co-cultured
scaffolds were scanned weekly after an initial baseline scan (day 2) at an isotropic
resolution of 17.2 um. Filtered scans were segmented at a global threshold of 24% of
the maximum grayscale value and unconnected objects smaller than 30 voxels were
removed through component labelling. In addition, follow-up images of the radiopaque
mineralized co-cultured scaffolds were registered to baseline images such that voxels at
the surface of the scaffold were categorized into resorption site, formation site, or
unchanged site (390). The scaffold was segmented at a global threshold of 24% of the
maximum grayscale value and remodeled scaffold surface was segmented at a global
threshold of 7.5% of the maximum grayscale value, which was chosen after registration
of cell-free construct images in such a way that resorption and formation were below
~1.5% of the total volume. To reduce noise, only a minimum cluster of 2 resorbed or
formed voxels were included in the analyses, meaning that only resorption and
formation sites of more than ~30 um in length could be detected.

Raman microscopy
Scaffold cross-sections were analyzed with Raman Microscopy. Scaffolds (IN = 3) were

soaked for 15 minutes in each 5% (w/v) sucrose and 35% (w/v) sucrose in phosphate
buffered saline (PBS). Samples were embedded in Tissue Tek® (Sakura) and quickly
frozen with liquid N». Cryosections were prepared with a thickness of 10 pm on
microscope glasses covered with aluminum foil. Sections were washed three times with
distilled water and air dried. Raman microscopy was subsequently performed on a Witec
Alpha 300 R instrument (Witec, Ulm, Germany). Spectra were obtained using a 457 nm
excitation laser at 8 mW. The light was split through a 600 mm-! grating resulting in a
spectral resolution of 2.8 cm™l. Spectral imaging was performed at a resolution of 1 um
at an exposure time of 1 s. The obtained data were analyzed using the Witec Project 5
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software (Witec). Samples were background corrected with the automatic shape
function in the software, using shape size 400. Component analysis was subsequently
performed, and the two or three major components were presented. The spectra are
formed by averaging all the pixels containing the unique chemical signature. After
extraction the data was transferred to Origin (Origin Pro 2021, Originl.ab Corporation,
Northhampton, MA, USA) where the spectra were normalized to the Amide I 1660 cm-
1 peak for visualization.

X-ray photoelectron spectroscopy

XPS spectra were obtained of air-dried scaffolds using a Thermo Scientific K-Alpha
spectrometer (Thermo Fisher Scientific) equipped with a 180° double-focusing
hemispherical analyzer with a 128-channel detector that uses an aluminum anode (Al
Ko, 1486.7 eV, 72 W) and monochromatic, small-spot X-ray source. The survey scans
used a pass energy of 200 eV and the atomic region scans 50 eV. The atom compositions
were quantified from the survey spectra and the ratio of different carbon bonds were
determined from the carbon region spectra using CasaXPS software (version 2.3.23).

Biochemical content analyses
Lyophilized mono-cultured films (IN = 5 per condition) and co-cultured constructs (IN

= 6 per time point and per condition) were digested overnight in papain digestion buffer
(containing 100 mmol phosphate buffer, 5 mmol L-cysteine, 5 mmol EDTA and 140
ug/ml papain (P4762, Sigma-Aldrich)) at 60 °C. DNA was quantified using the Qubit
Quantification Platform (Invitrogen) with the high sensitivity assay, according to the
manufacturer’s instructions. GAG content in co-cultured constructs was measured
using a dimethyl methylene blue (DMMB) assay (157) with shark cartilage chondroitin
sulfate (C4284, Sigma-Aldrich) as a reference. Absorbance was read at 540 nm and 595
nm using a plate reader. Absorbance values were subtracted from each other (540-595)
and converted to GAG content using standard curve absorbance values.

Lactate dehydrogenase activity
LDH activity was measured over time in cell supernatants of mono-cultured films (IN

= 5) and co-cultured constructs (IN = 6 — 12 per condition, 3 samples per bioreactor
containing 4 scaffolds). A 100 pl supernatant sample or NADH (10107735001, Sigma-
Aldrich) standard was incubated with 100 wl LDH reaction mixture (11644793001,
Sigma-Aldrich) in 96-wells assay plates. Absorbance was measured after 5-, 10- and 20-
min at 490 nm, and LDH activity was calculated between 5- and 20- min reaction, using
standard curve absorbance values.
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PrestoBlue™ assay
Mono-cultured films wete incubated with a 10% v/v PrestoBlue™ (A13262, Thermo

Fisher Scientific) in osteogenic (for MSCs) or osteoclast (for MCs) control medium
solution for 1 h at 37 °C in the dark. Fluorescence was measured with a plate reader
(excitation: 530/25 nm, emission 590/35 nm). Measured fluorescence was corrected for
blank medium samples.

Tartrate resistant acid phosphatase activity
TRAP was measured over time in cell supernatants of co-cultured constructs (IN = 6 —

12 per condition, 3 samples per bioreactor containing 4 scaffolds). A 10 pl supernatant
sample or p-nitrophenol standard was incubated with 90 pl p-nitrophenyl phosphate
buffer (1 mg/ml p-nitrophenyl phosphate disodium hexahydrate (71768, Sigma-
Aldrich), 0.1 M sodium acetate, 0.1% Triton X-100 and 30 pl/ml tartrate solution (3873,
Sigma-Aldrich) in PBS) in 96-wells assay plates for 90 min at 37 °C. To stop the reaction,
100 pl 0.3 M NaOH was added. Absorbance was read at 405 nm using a plate reader
and absorbance values were converted to TRAP activity (converted p-nitrophenyl
phosphate in nmol/ml/min) using standard curve absorbance values.

Alkaline phosphatase activity
Co-cultured constructs (IN = 6 per time point and per condition) were washed in PBS

and disintegrated using 2 steel balls and a mini-beadbeater™ (Biospec, Bartlesville, OK,
USA) in cell lysis buffer containing 0.2% (v/v) Triton X-100 and 5 mM MgClL. ALP
activity in cell lysates was determined by adding 20 ul of 0.75 M 2-amino-2-methyl-1-
propanol (A65182, Sigma-Aldrich) to 80 ul sample in 96-wells assay plates.
Subsequently, 100 ul substrate solution (10 mM p-nitrophenyl-phosphate (71768,
Sigma-Aldrich) in 0.75 M 2-amino-2-methyl-1-propanol) was added and wells were
incubated at room temperature for 15 minutes. To stop the reaction, 100 pl 0.2 M
NaOH was added. Absorbance was measured with a plate reader at 450 nm and these
values were converted to ALP activity (converted p-nitrophenyl phosphate in
umol/ml/min) using standard curve absorbance values.

Pro-Collagen 1 C-Terminal Propeptide quantification
PICP as collagen formation product was quantified in cell supernatants of co-cultured

constructs from day 21 and day 42 using an enzyme-linked immunosorbent assay
(ELISA, MBS2502579, MyBioSource, San Diego, CA, USA) according to the
manufacturer’s protocol. Samples were added to anti-human PICP coated microwells.
After 90 min incubation at 37 °C, samples were replaced by biotinylated antibody
solution followed by 60 min incubation at 37 °C. After thorough washing, HRP-
conjugate solution was added, and plates were incubated for 30 min at 37 °C. Wells were
again washed, and substrate reagent was added followed by 15 min incubation in the
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dark at 37 °C. To stop the reaction, stop solution was added and absorbance was
measured at 450 nm in a plate reader. Absorbance values were converted to PICP
concentrations using standard cutrve absorbance values.

(Immuno)histochemical analyses
Mono-cultured films after 7 days of culture (IN = 3 per condition) were stained with

DAPI and Phalloidin to visualize cell nuclei and the actin cytoskeleton, respectively. In
short, films were fixed in 3.7% neutral buffered formaldehyde for 15 min, permeabilized
in 0.5% Triton X-100 in PBS for 10 min and blocked in 2% BSA in PBS for 30 min.
Cells were incubated with 0.1 pg/ml DAPI (D9542, Sigma-Aldrich) and 50 pmol Atto
647-conjugated Phalloidin (65906, Sigma-Aldrich) in PBS for 1 h. As some films had a
curved surface, z-stacks were taken with a confocal laser scanning microscope (Leica
TCS SP8X, 20x/0.4 HC PL Fluotar L objective). After background removal, to reduce
autofluorescence from SF, z-stacks were converted to maximum intensity projections
using FiJi (127).

Co-cultured scaffolds (IN = 2 per time point and per condition) that were fixed for SEM
analysis, were washed in PBS, permeabilized for 30 min in 0.5% Triton X-100 in PBS
and stained overnight with 1 pmol/mL CNA35-mCherry (130) at 4 °C to visualize
collagen. After washing with PBS, samples were incubated for 1 h with 0.1 pg/ml DAPI
and 50 pmol Atto 488-conjugated Phalloidin (49409, Sigma-Aldrich). Samples were
washed and imaged in PBS and z-stacks were acquired with a confocal laser scanning
microscope (Leica TCS SP8X, 20x/0.75 HC PL APO CS2 objective). Z-stacks were
converted to maximum intensity projections using FiJi (127).

Co-cultured scaffolds (IN = 4 per time point and per condition) were prepared for
cryosections by soaking them for 15 minutes in each 5% (w/v) sucrose and 35% (w/v)
sucrose in phosphate buffered saline (PBS). Samples were embedded in Tissue Tek®
(Sakura) and quickly frozen with liquid N». Cryosections were prepared with a thickness
of 30 um for antibody stainings and with a thickness of 5 pm for alcian blue staining.
Upon staining, sections were fixed for 15 minutes in 3.7% neutral buffered
formaldehyde and washed twice with PBS.

To visualize proteoglycan deposition, sections were stained in 1% w/v alcian blue
(A5268, Sigma-Aldrich) in 3% acetic acid solution (pH 2.5) for 30 min. After washing
in running distilled water for 5 min, sections were placed in Mayer’s Hematoxylin
solution for 10 min and washed in tunning tap water for 10 min. All sections were
dehydrated in one change of 70% and 96% EtOH, three changes of 100% EtOH, and
two changes of xylene. Sections were mounted with Entellan (107961 Sigma-Aldrich)
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and imaged with a bright field microscope (Zeiss Axio Observer Z1, Plan-Apochromat
100x/1.40 objective).

To study osteogenic differentiation, sections were stained with DAPI, Atto 488-
conjugated Phalloidin, RUNX2 and osteopontin. To study osteoclastic differentiation,
sections were stained with DAPI, Atto 647-conjugated Phalloidin, Cathepsin K, and
integrin-fs. Briefly, sections were permeabilized in 0.5% Triton X-100 in PBS for 10
min and blocked in 10% normal goat serum in PBS for 30 min. Primary antibodies were
incubated overnight at 4 °C om 1% normal goat serum in PBS, secondary antibodies
were incubated with 1 },Lg/ ml DAPI and 50 pmol Phalloidin in PBS for 1 h at room
temperature. Antibodies are listed in Table S7.1. Z-stacks were acquired with a laser
scanning microscope (Leica TCS SP8X, 63x/1.4 HC PL Apo CS2 objective). Z-stacks

were converted to maximum intensity projections using FiJi (127).

7.5.5 Statistical analyses

Statistical analyses were performed, and graphs were prepared in GraphPad Prism
(version 9.3.0, GraphPad, La Jolla, CA, USA) and R (version 4.1.2) (133). Data were
tested for normality in distributions and equal variances using Shapiro-Wilk tests and
Levene’s tests, respectively. When these assumptions were met, mean t standard
deviation are presented, and to test for differences, an independent t-test (for the
comparison of two groups), one-way ANOVA followed by Holm-Sidak's post hoc
method with adjusted p-values for multiple comparisons (for the comparison >2
groups), or a two-way ANOVA followed by Tukey’s post hoc tests with adjusted p-
value for multiple comparisons (for comparisons between groups over a period) were
performed. Other data are presented as median * interquartile range and were tested
for differences with non-parametric Mann—Whitney U tests or Kruskal-Wallis tests with
Dunn’s post hoc tests with adjusted p-value for multiple comparisons. With a p-value
of <0.05 differences were considered statistically significant.
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Supplementary information

To check for the presence of poly aspartic acid (pAsp) in silk fibroin (SF) w/5% pAsp
films, films were stained with the cationic dye alcian blue to allow for visualization of
the negatively charged pAsp (Figure S7.1).

Figure $7.1. Plain silk fibroin (SF) film and SF film with 5 wt% poly-aspartic acid (pAsp) stained with
alcian blue to visualize the negatively charged pAsp.
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The presence of a small amount of pAsp in the SF material was also confirmed by
chemical analysis. Raman spectroscopy measurements revealed a small peak at 1783 cm-
1, suggesting the presence of pAsp (Figure S7.2).

Figure §7.2. Comparison of non-mineralized silk fibroin (SF) in the presence (red) and absence (black) of
poly-aspartic acid (pAsp). The spectra are near identical apart from a small peak at 1783 cm!, which
indicates the presence of pAsp. Shown spectra are average spectra of a 30x30 um area scans (total 900
spectra) for both samples.

X-ray photoelectron spectroscopy (XPS) measurements revealed a carbon peak with a
wider shape, which is likely attributed to the carboxyl group in pAsp. XPS
measurements also revealed the presence of calcium, phosphate and pAsp in both
mineralized SF w/o pAsp and SF w/5% pAsp scaffolds. The presence of pAsp was
observed by the carbon peak with wider shape relative to non-mineralized SF w/o pAsp
scaffolds indicative for the presence of the carboxyl group of pAsp (Figure §7.3).
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Figure §7.3. Comparison of X-ray photoelectron spectroscopy (XPS) measurements from mineralized and
non-mineralized silk fibroin (SF) scaffolds w/o poly-aspartic acid (pAsp) and w/5% pAsp. Left panel
presents the survey spectra with identified elements for each scaffold. Right panel present the carbon
spectra, which were decomposed into the chemical bonds present in the different scaffolds.
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To check for the presence of calcium in films and their cross-sections, an alizarin red

staining was performed (Figure S7.4).

Figure $7.4. Calcium visualization with alizarin red staining. A clear red staining was observed on top of
films mineralized with poly-aspartic acid (pAsp) in the mineralization solution after 2 weeks (cross-sections,
E+]). In these groups, only mineralized silk fibroin (SF) w/o pAsp films showed red staining inside the
film indicating mineral infiltration into the films (Figure S2E, cross-section). The films with pAsp in the
material where less transparent and also non-mineralized (NM) films appeared to bind the stain. By
preparing cross-sections, differences within this group became clearer. Abbreviations: week (W), simulated
body fluid (SBF).
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Because of the radiolucent nature of SF when immersed in water, mineralization could
be localized with micro-computed tomography (uCT) scanning of the scaffolds. By
drying the mineralized scaffolds, their 3D morphology could also be characterized after
#CT scanning (Figure S7.5).

Figure 87.5. Morphological analyses of mineralized (M) silk fibroin (SF) scaffolds. (A) Mineral location
visualized with uCT for plain SF scaffolds and (B) for SF with 5% poly-aspartic acid (pAsp) in the scaffold.
Cross-sections are optical slices of the whole scaffolds. No clear differences were observed between the
two materials in terms of mineral distribution, (C) trabecular number (per mm length), and (D) the
trabecular connectivity density, both #s (Independent t-test).
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Longitudinal #CT scanning was performed to track the remodeling dynamics. The
influence of scanning on cytotoxicity was also evaluated (Figure S7.6).

Figure 87.6. Longitudinal micro-computed tomography (uCT) scanning analyses. First, the influence of
scanning on cell death was evaluated over 21 days (A). No differences between scanned and unscanned
constructs were found, uCT scanning was therefore considered as a harmless method to track 7 vitro
remodeling. Scans were segmented (B) and registered (C) to obtain information about mineralized volume

change and resorption and formation sites, respectively.
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A statistically significant higher sulphated glycosaminoglycan (GAG) content was found

on day 21 of culture. GAGs were therefore visualized with an alcian blue staining. These

GAGs were visualized between the trabecular-like structures (Figure S$7.7).

Figure 87.7. Glycosaminoglycan (GAG) visualization with alcian blue staining. GAGs were observed
between the trabecular-like structures in mineralized (M) silk fibroin (SF) scaffolds on day 21 and 42.
Asterisks indicate the scaffold trabeculae. Abbreviations: poly-aspartic acid (pAsp), non-mineralized (NM).

The antibodies that were used for immunofluorescent stainings are listed in Table S7.1.

Table S7.1. List of antibodies that were used in this study.

Antigen Supplier Catalogue No. | Conjugate Species Dilution

RUNX2 Abcam ab23981 Rabbit 1:500

Osteopontin Thermo 14-9096-82 Mouse 1:200
Fisher

Cathepsin K Abcam Ab37259 Mouse 1:200

Integrin-53 Abcam Ab227702 Rabbit 1:200

Anti-mouse Molecular A21240 Alexa 647 Goat 1:200

IgG1 Probes

Anti-Rabbit Molecular A21428 Alexa 555 Goat 1:200

IeG Probes

Anti-mouse Molecular A21141 Alexa 488 Goat 1:200

1gG2b Probes

Abbreviations: runt-related transcription factor 2 (RUNX2)
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Chapter 8

Abstract

Human 7z vitro bone remodeling models, using osteoclast-osteoblast co-cultures, could
facilitate the investigation of human healthy (i.e, balanced) and pathological (ie.,
unbalanced) bone remodeling while addressing the principle of reduction, refinement,
and replacement of animal experiments. Although current 7z vitro osteoclast-osteoblast
co-cultures have improved our understanding of bone remodeling, they lack culture
method and outcome measurement standardization, hampering reproducibility and
translatability. Therefore, iz witro bone remodeling models could benefit from a
thorough evaluation of the impact of culture variables on functional and translatable
outcome measures, with the aim to reach ‘healthy’ balanced osteoclast and osteoblast
activity. Using a resolution I1I fractional factorial design, we identified the main effects
of commonly used culture variables on bone turnover markers in a robust 7 vifro human
bone remodeling model. Our model was able to capture physiological quantitative
resorption — formation coupling along all conditions, which could be enhanced by
external stimuli. Especially culture conditions of run 1 and 4 show promising results,
where run 1 conditions could be used as high bone turnover system and run 4 as self-
regulating system as the addition of osteoclastic and osteogenic differentiation factors
was not required for remodeling. The results generated with our iz vitro model allow for
better translation between # vitro studies and towards zz vive studies, for improved

preclinical bone remodeling drug development.
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8.1 Introduction

Bone is a highly dynamic tissue continuously remodeled by bone resorbing osteoclasts,
bone forming osteoblasts, and regulating osteocytes. Physiological or healthy bone
remodeling involves balanced formation and resorption. A shift in this balance, towards
more resorption or formation, is a hallmark for bone pathologies like osteoporosis or
osteopetrosis, respectively. Studies of these bone pathologies and their treatment
development are routinely performed in animal models. These animal models often
represent human physiology insufficiently, which is likely one of the reasons that only
8-10% of preclinically developed drugs are approved for regular clinical use (23-25).
Human 7 vitro bone remodeling models could facilitate the investigation of human
healthy and pathological bone remodeling while addressing the principle of reduction,
refinement, and replacement of animal experiments (3Rs) (7,111).

A co-culture of osteoclasts and osteoblasts is minimally needed to mimic the bone
remodeling process iz vitro (36). For these co-cultures, human monocytes (hMCs) and
mesenchymal stromal cells (hMSCs) are most frequently used as progenitor cells which
are in culture differentiated into osteoclasts and osteoblasts (and eventually osteocytes),
respectively (43). To stimulate hMCs and hMSCs to undergo differentiation and
subsequently study 7 vitro remodeling, a variety of culture conditions and outcome
measutes are used which differ for each research group and/or study aim (36,43).
Variations in culture protocols include e.g., different cell ratios, different base media, the
use of osteogenic/osteoclast supplements and their respective concentrations, and the
application of mechanical load (43). These culture variables could lead to unequal
stimulation of osteoblasts and osteoclasts which might cause an unhealthy resorption-
formation balance. Moreover, outcome measures of current models often include only
the evaluation of osteoclast and/or osteoblast markers with e.g., gene expression analysis
or enzymatic activity assays rather than their functionality to resorb and form a bone-
like extracellular matrix 7z vitro (43), which is mostly the main outcome measure for i
vivo studies (Z.e., the evaluation of bone structure change using X-ray based methods).
Thus, although current iz vitro osteoclast-osteoblast co-cultures have improved our
understanding of bone remodeling, they lack culture method and outcome
measurement standardization, hampering reproducibility and translatability to # vive
animal models and 7z o human data. In this regard, 7z vitro bone remodeling models
could benefit from a thorough evaluation of the impact of culture variables on
functional and translatable outcome measures, with the aim to reach ‘healthy’ balanced
osteoclast and osteoblast activity.
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Researchers have already attempted to study the influences of culture variables on
human osteoblast-osteoclast co-cultures. For example, studies looked at the influence
of cell ratio on osteoclast formation (217), osteogenic factor addition and timing on
osteogenic and osteoclastic differentiation (391,392), and the replacement of the culture
supplement fetal bovine serum (FBS) by serum free medium (393), or human platelet
lysate (hPL) (183) on osteoclastic resorption. As such, most studies analyze the influence
of only one culture variable on iz wvitro remodeling outcomes while a specific
combination of multiple variables might lead to improved results. A fractional factorial
design of experiments (DoE) approach could facilitate the time-efficient evaluation of
the impact of multiple culture variables on 7 vitro remodeling outcomes (394). While
regularly used in most engineering fields, the DoE approach is barely employed for
bioengineering. For bioengineering, DoE have been employed for e.g, the optimization
of biomaterials (395,396), or the optimization of culture conditions for improved
human pluripotent stem cell expansion (397), osteogenic differentiation of adipose
derived hMSCs (239), or vascular network formation in bone-like constructs (398). In
this study, we used a fractional factorial design to evaluate the impact of culture variables
on functional and translatable outcome measures in an iz vitro remodeling model
(Figure 8.1) (Chapter 7). As such, the influence of commonly used culture variables
(43), including base medium, cell ratio, mechanical loading, hPL concentration,
osteogenic differentiation factors, osteoclast differentiation factors and 1,25-
dihydroxyvitamin D3, on mainly non-destructive bone remodeling outcomes was
evaluated over a period of 28 days. Outcome measures included sequential (registered)
micro-computed tomography (uCT) images and the longitudinal evaluation of
resorption by tartrate-resistant acid phosphatase (TRAP) and cathepsin K
quantification, and formation by alkaline phosphatase (ALP) and pro-collagen 1 c-
terminal propeptide (PICP) quantification as commonly used bone turnover biomarkers
(399). Besides, cell metabolic activity and cell death were longitudinally monitored. With
this study, we aimed at finding culture conditions that equally support osteoclastic and
osteogenic differentiation of hMCs and hMCSs, respectively, followed by balanced i
vitro remodeling.

8.2 Materials and Methods

8.2.1 Factor selection and experimental matrix creation

To select the parameters to be tested in the DoE set-up, a database, as part of a
systematic review, with culture conditions of all identified 7z vitro bone remodeling
models was consulted (43).
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Figure 8.1. A fractional factorial design was used to study the influences of the culture variables (base
medium, cell ratio, mechanical loading, hPL concentration, osteogenic differentiation factors, osteoclastic
differentiation factors and 1,25-dihydroxyvitamin D3) on cell viability, scaffold remodeling balance,
osteoclastic resorption and osteoblastic formation in an 7 vitro bone remodeling model. A co-culture of
hMCs and hMSCs was maintained for a period of 28 days during which remodeling was tracked non-
destructively. Abbreviations: human platelet lysate (hPL), human monocytes (hMCs), human mesenchymal
stromal cells (hMSCs), day (D). The figure was modified from Servier Medical Att, licensed under a Creative
Common Attribution 3.0 Generic License (http://smart.servier.com/, accessed on 8 July 2021).

From this database, the following culture variables were identified: culture
substrate/material, cell type, seeding density, base medium, co-culture cell ratio,
biomechanical environment, serum supplement, osteogenic differentiation factors (ze.,
dexamethasone, f-glycerophosphate and ascorbic acid), osteoclast differentiation
factors (.., receptor activator of nuclear factor B ligand (RANKL) and macrophage
colony-stimulating factor (M-CSF)), and the use of additional factors of which 1,25-
dihydroxyvitamin D3 was most commonly used. For this study, the influence of culture
substrate/material, cell type and their seeding densities were not included as these
factors form the base of our iz vitro model that was used to study the effect of the other
factors (Chapter 7). For the other factors, two levels (i.e, low stimulation and high
stimulation) were assigned (Table 8.1). For base medium, levels were e-MEM and
DMEM as most commonly used co-culture base media (43). For cell ratio, ratios of 1:2
and 1:5 (hMSCs : hMCs) were included. For mechanical loading, static and dynamic
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loading were included, using a custom made spinner flask bioreactor at 300 RPM to
apply fluid shear stress (90). As a serum supplement, hPL was used at 5% and 10%
concentration since the most commonly used FBS can inhibit osteoclast resorption
(183,393). For osteogenic supplements, ascorbic acid was used in all conditions as a
requirement for collagen synthesis. Dexamethasone was added in a low concentration
of 10 nM, which is a commonly used concentration for co-cultures and believed to be
the physiological glucocorticoid concentration known to stimulate osteogenesis and
osteoclastogenesis (254,255). The other commonly used co-culture dexamethasone
concentration of 100 nM was used for high stimulation (43). f-glycerophosphate was
only added in the high stimulation condition at the most commonly used concentration
of 10 mM (43). As the material used in this study contained hydroxyapatite, resorption
was expected to release sufficient phosphate for osteogenic differentiation and
mineralization. M-CSF and RANKL were only added in high stimulation conditions at
commonly used concentrations of 50 ng/ml (43). The concentration of 1,25-
dihydroxyvitamin D3 was set at the common concentration 10 nM in high stimulation
conditions, whereas in low stimulation conditions no 1,25-dihydroxyvitamin D3 was
added (Table 8.1).

Table 8.1. Evaluated factors and their corresponding levels.

Factor Low Level High Unit

A | Base medium a-MEM DMEM -

B | Cell ratio 1:2 1:5 -

C | Mechanical loading* 0 300 RPM

D | hPL concentration 5 10 %

E | Osteogenic factors** Dexamethasone 10 100 nM
p-glycerophosphate 0 10 mM

F | Osteoclast factors M-CSF 0 50 ng/ml
RANKI*** 0 50 ng/ml

G | 1,25-dihydroxyvitamin D3 0 10 nM

Abbreviations: human platelet lysate (hPL), macrophage colony-stimulating factor (M-CSF), receptor
activator of nuclear factor »B ligand (RANKL). *applied from day 2 in culture, **ascorbic acid was present
in all cultures, ***added from day 2 in culture

For the resulting 7 factors with 2 levels, a resolution III fractional factorial design was
randomly created using R (version 4.1.2) (133) with the Remdr DoE plugin (version
0.12-3, Ulrike Gromping) (400), leading to 8 experimental runs (Table 8.2). Resolution
2 III designs are considered appropriate for screening purposes. An additional run was
included in which all factors had level low, which served as a negative control (run 9), a
positive control (all factors level high) was already part of the design (run 7) (Table 8.2).
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Table 8.2. Experimental matrix

Run A B C D E F G
1 a-MEM 1:5 Dynamic 5% hPL OCL fact
2 a-MEM 1:5 Static 5% hPL OG fact vitD3
3 DMEM 1:5 Static 10% hPL
4 a-MEM 1:2 Dynamic 10% hPL vitD3
5 DMEM 1:2 Static 5% hPL OCL fact vitD3
6 DMEM 1:2 Dynamic 5% hPL | OG fact
7 DMEM 1:5 Dynamic 10% hPL | OG fact | OCL fact vitD3
8 a-MEM 1:2 Static 10% hPL | OG fact | OCL fact
9 a-MEM 1:2 Static 5% hPL

Abbreviations: human platelet lysate (hPL), osteogenic differentiation factors (OG fact), osteoclast
differentiation factors (OCL fact), 1,25-dihydroxyvitamin D3 (vitD3). A = base medium, B = cell ratio, C
= mechanical loading, D = human platelet lysate concentration, E = osteogenic factors, F = osteoclast
factors, F = 1,25-dihydroxyvitamin D3

8.2.2 Scaffold fabrication

Bombyx mori L. silkworm cocoons were degummed by boiling them in 0.2 M NayCOs3
(8-7795, Sigma-Aldrich, Zwijndrecht, The Netherlands) for 1 h. Air-dried silk fibroin
(SF) was dissolved in 9 M LiBr (199870025, Acros, Thermo Fisher Scientific, Breda,
The Netherlands), filtered, and dialyzed against ultra-pure water (UPW) for 36 h using
SnakeSkin Dialysis Tubing (molecular weight cut-off: 3.5 K, 11532541, Thermo Fisher
Scientific). The dialyzed SF solution was frozen at -80 °C and lyophilized for 7 days.
Lyophilized SF was dissolved in hexafluoro-2-propanol (003409, Fluorochem,
Hadfield, UK) at a concentration of 17% (w/v) and casted in scaffold molds containing
NaCl granules with a size of 250-300 pm as template for the pores. Molds were covered
to improve the SF blending with the granules. After 3 h, covers were removed from
molds, and hexafluoro-2-propanol was allowed to evaporate for 7 days whereafter g-
sheets were induced by submerging SF-salt blocks in 90% MeOH for 30 min. SF-salt
blocks were cut into discs of 3 mm height with a Accutom-5 (04946133, Struer,
Cleveland, OH, USA). NaCl was dissolved for 48 h from the scaffolds in UPW, resulting
in porous sponges. From these sponges, scaffolds were punched with a 5 mm diameter
biopsy punch.

8.2.3  Scaffold mineralization

SF scaffolds were mineralized as described in Chapter 7, using a mineralization solution
with 10x SBF (356) and 100 pg/ml poly-aspartic acid (pAsp, P3418, Sigma-Aldrich).
Briefly, a 10x SBF stock was prepared. Just prior to mineralization, mineralization
solution was prepared by adding 100 pg/ml pAsp to 10x SBF, followed by the addition
of NaHCO; until a final concentration of 10 mM, both under vigorous steering.
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Scaffolds were incubated with 8.6 ml mineralization solution for 2 weeks at 37 °C on an
orbital shaker at 150 RPM in mineralization solution with a solution replenishment after
1 week. After mineralization, scaffolds were washed 3 x 15 min in an excess of UPW.
Scaffolds were sterilized by autoclaving in phosphate buffered saline (PBS) at 121 °C
for 20 min.

8.2.4  Cell culture experiments

Monocyte isolation
Peripheral blood mononuclear cells (PBMCs) were isolated from human peripheral

blood bufty coats (Sanquin, Eindhoven, The Netherlands; collected under their
institutional guidelines and with informed consent per Declaration of Helsinki) of three
healthy donors. The buffy coats (~50 ml each) were diluted with 0.6% w/v sodium
citrate in PBS (citrate-PBS) until a final volume of 200 ml and layered per 25 ml on top
of 10 ml Lymphoprep™ (07851, StemCell technologies, Kéln, Germany) in 50 ml
centrifugal tubes. After density gradient centrifugation (20 min at 800x g, lowest break),
PBMCs were collected, resuspended in citrate-PBS, and washed four times in citrate-
PBS supplemented with 0.01% bovine serum albumin (BSA, 10735086001, Merck
KGaA, Darmstadt, Germany). PBMCs were frozen at 105 cells/ml in freezing medium
containing RPMI-1640 (RPMI, A10491, Thermo Fisher Scientific), 20% fetal bovine
serum (FBS, BCBV7611, Sigma-Aldrich) and 10% dimethyl sulfoxide (DMSO,
1.02952.1000, VWR, Radnor, PA, USA) and stored in liquid nitrogen until further use.
Before hMC isolation, PBMCs were thawed, collected in hMC isolation medium
containing  RPMI, 10% FBS (BCBV7611, Sigma-Aldrich) and 1% penicillin-
streptomycin (p/s, 15070063, Thermo Fisher Scientific), and after centrifugation
resuspended in isolation buffer (0.5% w/v BSA in 2mM EDTA-PBS). hMCs were
enriched from PBMCs with manual magnetic activated cell separation (MACS) using
the Pan Monocyte Isolation Kit (130-096-537, Miltenyi Biotec, Leiden, Netherlands)
and LS columns (130-042-401, Miltenyi Biotec) according to the manufacturer’s

protocol, and directly used for experiments.

hMSC isolation and expansion
hMSCs were isolated from human bone marrow of three healthy donors (1M-125,

Lonza, Walkersville, MD, USA, collected under their institutional guidelines and with
informed consent) and characterized for surface markers and multilineage
differentiation, as previously described (124). Bone marrow-derived hMSCs (hBMSCs)
were frozen at passage 4 with 5*10° cells/ml in freezing medium containing FBS
(BCBV7611, Sigma-Aldrich) with 10% DMSO and stored in liquid nitrogen until
further use. Before experiments, hBMSCs were thawed, collected in high glucose
DMEM (hg-DMEM, 41966, Thermo Fisher Scientific), seeded at a density of 2.5%103
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cells/cm? and expanded in expansion medium containing hg-DMEM, 10% FBS
(BCBV7611, Sigma-Aldrich), 1% Antibiotic Antimycotic (anti-anti, 15240, Thermo
Fisher Scientific), 1% Non-Essential Amino Acids (11140, Thermo Fisher Scientific),
and 1 ng/ml basic fibroblast growth factor (bFGF, 100-18B, PeproTech, London, UK)
at 37 °C and 5% COa. After 7-10 days, at around 80% confluence, cells were detached
using 0.25% trypsin-EDTA (25200, Thermo Fisher Scientific) and seeded onto
scaffolds at passage 4 or 5.

hMC-hBMSC co-culture on mineralized SF scaffolds
hBMSCs were seeded at a density of 0.5*¥10¢ cells per scaffold and seeding was

performed dynamically (125) in 50 ml tubes on an orbital shaker at 150 RPM in
expansion medium. After 6 hours, scaffolds were transferred to 24-wells plates and
hMCs were seeded in hMC isolation medium at a density of 1¥10¢ or 2.5%106 cells/20
pl (dependent on the experimental run) by pipetting 20 pl of cell suspension onto the
scaffolds. Cells were allowed to attach for 90 min at 37 °C and every 20 minutes a small
droplet of medium from the respective experimental run was added. Per experimental
run, 4 different hMC and hBMSC donor combinations (1 — 3 repeats per donor
combination) were seeded on N = 8 scaffolds. The cell-loaded scaffolds were
subsequently placed in custom-made spinner flask bioreactors (4 scaffolds per
bioreactor, 2 bioreactors per experimental run) and cultured statically or dynamically for
28 days at 37 °C and 5% COz in their respective medium (Table S8.1 and Table S8.2).
Medium was replaced 3x per week and medium samples were collected on day 2 and
weekly from day 7 and stored at -80 °C. Constructs were sacrificed for analyses after 28
days of culture.

8.2.5 Analyses

uCT
On day 2, 7, 14, 21 and 28, scaffolds (IN = 8 per run) were scanned and later analyzed

with a uCT100 imaging system (Scanco Medical, Briittisellen, Switzerland). Scanning
was performed with an energy level of 45 kVp, intensity of 200 pA, integration time of
300 ms and with twofold frame averaging. To reduce part of the noise, a constrained
Gaussian filter was applied to all scans with filter support 1 and filter width sigma 0.8
voxel. Follow-up images were registered to the image of the previous time point, such
that voxels at the surface of the scaffold were categorized into resorption site, formation
site, or unchanged/quiescent site (390). The scaffold was segmented at a global
threshold of 24% of the maximum grayscale value and remodeled scaffold surface was
segmented at a global threshold of 7.5% of the maximum grayscale value. This threshold
was chosen after registration of cell-free construct images in such a way that resorption
and formation were below ~1.5% of the total volume to ensure that remodeled volume
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was caused by the cells instead of by noise. To further reduce noise, only a minimum
cluster of 2 resorbed or formed voxels were included in the analyses. For illustration
purposes, day 28 images were also registered to day 2 images for the total resorption
and formation visualization.

PrestoBlue™ assay
On day 2, 7, 14, 21 and 28, scaffolds were incubated with 10% v/v PrestoBlue™

(A13262, Thermo Fisher Scientific) in their respective medium (without
supplementation of 1,25-dihydroxyvitamin D3, osteogenic or osteoclast factors) within
their bioreactors for 25 min at 37 °C in the dark. Samples (IN = 8, 4 technical repeats
from 2 bioreactors with each 4 scaffolds per run) were pipetted in duplo in black 96-
wells assay plates. Fluorescence (excitation: 530/25 nm, emission 590/35 nm) was
measured with a plate reader (Synergy™ HTX, Biotek). Measured fluorescence was
corrected for blank medium samples.

Lactate dehydrogenase activity (LDH)
On cell supernatants from day 2, 7, 14, 21 and 28, LDH activity was measured (IN = 8,

4 technical repeats from 2 bioreactors with each 4 scaffolds per run). A 100 ul
supernatant sample or NADH (10107735001, Sigma-Aldrich) standard was in duplo
incubated with 100 pl LDH reaction mixture (11644793001, Sigma-Aldrich) in 96-wells
assay plates. Absorbance was measured after 5-; 10- and 20- min at 490 nm using a plate
reader, and LDH activity was calculated between the 10- and 20- min reactions, using
standard curve absorbance values.

TRAP activity
On cell supernatants from day 2, 7, 14, 21 and 28, TRAP activity was quantified (IN =

8, 4 technical repeats from 2 bioreactors with each 4 scaffolds per run). A 10 ul
supernatant sample or p-nitrophenol standard was in duplicate incubated with 90 ul p-
nitrophenyl phosphate buffer (1 mg/ml p-nitrophenyl phosphate disodium hexahydrate
(71768, Sigma-Aldrich), 0.1 M sodium acetate, 0.1% Triton X-100 and 30 pl/ml tartrate
solution (3873, Sigma-Aldrich) in PBS) in 96-wells assay plates for 90 min at 37 °C. To
stop the reaction, 100 ul 0.3 M NaOH was added. Absorbance was read at 405 nm using
a plate reader and absorbance values were converted to TRAP activity (converted p-
nitrophenyl phosphate in nmol/ml/min) using standard curve absorbance values.

Cathepsin K activity
On cell supernatants from day 2, 7, 14, 21 and 28, Cathepsin K activity was quantified

(N = 8, 4 technical repeats from 2 bioreactors with each 4 scaffolds per run). A 50 pl
supernatant sample or aminomethylcoumarin (A9891, Sigma-Aldrich) standard was in
duplo incubated with 50 pl substrate working solution (100 uM Z-LR-AMC (BML-
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P229-0010, Enzo Life Sciences, Bruxelles, Belgium), 0.1 M sodium acetate trihydrate, 4
mM EDTA and 4 mM DTT at pH 5.5 in UPW) in 96-wells assay plates for 30 min at
37 °C. Fluorescence (excitation: 360/40 nm, emission 460/40 nm) was measured with
a plate reader and values were converted to Cathepsin K activity (converted Z-LR-AMC
in pmol/ml/min) using standard curve fluorescence values.

PICP quantification
On cell supernatants from day 2, 7, 14, 21 and 28, PICP as collagen formation product

was quantified using an enzyme-linked immunosorbent assay (ELISA, MBS2502579,
MyBioSource, San Diego, CA, USA) according to the manufacturer’s protocol. Samples
(N = 2, one sample per bioreactors with each 4 scaffolds per run) were added in
triplicate to anti-human PICP coated microwells. After 90 min incubation at 37 °C,
samples were replaced by biotinylated antibody solution followed by 60 min incubation
at 37 °C. After thorough washing, HRP-conjugate solution was added, and plates were
incubated for 30 min at 37 °C. Wells were again washed, and substrate reagent was
added followed by 15 min incubation in the dark at 37 °C. To stop the reaction, stop
solution was added and absorbance was measured at 450 nm in a plate reader.
Absorbance values were converted to PICP concentrations using standard curve
absorbance values.

Alkaline phosphatase activity
On day 28, scaffolds (IN = 4 per run) were washed in PBS and disintegrated using 2

steel balls and a mini-beadbeater™ (Biospec, Bartlesville, OK, USA) in 500 pl cell lysis
buffer containing 0.2% (v/v) Triton X-100 and 5 mM MgCl,. ALP activity in cell lysates
was determined by adding 20 ul of 0.75 M 2-amino-2-methyl-1-propanol (A65182,
Sigma-Aldrich) to 80 ul sample in 96-wells assay plates. Subsequently, 100 pl substrate
solution (10 mM p-nitrophenyl-phosphate (71768, Sigma-Aldrich) in 0.75 M 2-amino-
2-methyl-1-propanol) was added and wells were incubated at room temperature for 15
minutes. To stop the reaction, 100 pul 0.2 M NaOH was added. Absorbance was
measured with a plate reader at 450 nm and these values were converted to ALP activity
(converted p-nitrophenyl phosphate in pumol/ml/min) using standatrd curve absorbance
values.

Scanning electron microscopy (SEM)
On day 28, scaffolds (IN = 1-3 per run) were fixed in 2.5% glutaraldehyde in 0.1 M

sodium cacodylate buffer (CB) for 4 h and then washed in CB. Samples were dehydrated
with graded ethanol series (37%, 67%, 96%, 3 x 100%, 15 minutes each), followed by a
hexamethyldisilazane (HDMS)/ethanol series (1:2, 1:1, 2:1, 3 x 100% HDMS, 15
minutes each). Samples were coated with 20 nm gold and imaging was performed in
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high vacuum, at 10 mm working distance, with a 5kV electron beam (Quanta 600F,
FEI, Eindhoven, The Netherlands).

Histochemical analysis and confocal microscopy
On day 28, scaffolds (IN = 1-3 per run) were fixed overnight in 3.7% neutral buffered

formaldehyde, washed in PBS, permeabilized for 30 min in 0.5% Triton X-100 in PBS
and stained overnight with 1 pmol/mL CNA35-OG488 (132) and 0.2 nmol/ml
OsteoSense™ 680 (NEV10020EX, PerkinElmer, Waltham, MA, USA) at 4 °C to
visualize collagen and hydroxyapatite, respectively. After washing with PBS, samples
were incubated for 1 h with 1 pg/ml DAPI and 50 pmol Atto 550-conjugated Phalloidin
(19083, Sigma-Aldrich). Samples were washed and imaged in PBS images were acquired
with a confocal laser scanning microscope (Leica TCS SP8X, 40x/0.95 HC PL. APO
objective).

8.2.6  Statistical analyses

Statistical analyses were performed, and graphs were prepared in GraphPad Prism
(version 9.3.0, GraphPad, La Jolla, CA, USA) and R (version 4.1.2) (133) with the Remdr
DoE plugin (version 0.12-3, Ulrike Grémping) (400). Statistical analyses were only done
for day 21 data, as osteoclasts have a limited lifespan of about 14-21 days (232,289), and
osteogenesis takes about 14-21 days (401). ALP data was analyzed at day 28, as endpoint
analysis. For the comparison between different experimental runs, data were tested for
normality in distributions and equal variances using Shapiro-Wilk tests and Levene’s
tests, respectively. When these assumptions were met, mean * standard deviation are
presented and a one-way ANOVA was performed followed by Holm-Sidak's post hoc
tests with adjusted p-values for multiple comparisons, in which experimental runs were
pairwise compared with the negative (run 9) and positive (run 7) control. Other data are
presented as median * interquartile range and were tested for differences with the non-
parametric Kruskal-Wallis test with Dunn’s post hoc tests with adjusted p-value for
pairwise comparisons with the positive and negative control. To quantify the
resorption-formation coupling, a spearman correlation coefficient was calculated for
the uCT outcomes resorbed mineralized volume — formed mineralized volume and for
the supernatant outcomes TRAP activity — PICP concentration. As part of the fractional
factorial design analysis, factor main effect plots and effect normal plots were prepared
for effect visualization and factor significance (400), respectively. Due to failed uCT
registration, some experimental runs missed 1 — 2 out of 8 samples for mineral
formation and resorption quantification. To allow for a balanced factorial design
analysis, the average of the respective experimental runs was included as additional
samples. A p-value of <0.05 was considered statistically significant.
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8.3 Results

8.3.1 Cell viability

From day 7 to day 28, metabolic activity increased for all experimental runs (Figure
8.2A). When comparing the metabolic activity on day 21 of each run with the metabolic
activity of the positive and negative control, a statistically significant lower metabolic
activity was found in the positive control (run 7) when compared with run 1, 2, 3 and
the negative control (run 9) (Figure 8.2B). The negative control also had a statistically
significant higher metabolic activity than run 4 (Figure 8.2B). LDH activity in the
supernatant, as a measure for cell death, initially decreased for most experimental runs
while towards day 21 it tended to stabilize or increase slightly (Figure 8.2C). While the
metabolic activity was relatively low in the positive control, a statistically significant
higher day 21 LDH activity was found when comparing the positive control with run 1,
4, 5 and the negative control (run 9) (Figure 8.2D). Overall, cell death was lowest in
the negative control with a statistically significant difference when comparing to run 3
and 8 (Figure 8.2D). Factor main effect plots indicated the influence of the culture
variables and their corresponding levels on metabolic activity and cell death (Figure
8.2E). No significant contribution to metabolic activity nor cell death was found from
one of the factors. From the metabolic activity main effect plots and normal effect plots,
a high cell ratio (1:5) tended to positively influence metabolic activity (Figure 8.2E and
Figure S8.1). Interestingly, all other factors seemed to negatively impact metabolic
activity when high stimulation was applied (Figure 8.2E and Figure S8.1). A high
concentration of hPL tended to increase LDH activity (Figure 8.2E and Figure S8.1),
likely caused by the presence of LDH in human platelets (402).

8.3.2  Scaffold remodeling

When visualizing mineral resorption and formation sites after registration of day 28 uCT
images to day 2 images, remodeling was observed in all experimental runs (Figure
8.3A). While in the negative control (run 9) limited remodeling was observed, the
positive control (run 7) showed extensive remodeling with mostly mineral formation
(Figure 8.3A). Quantification of the percentage formed, resorbed and quiescent
(unremodeled) mineral between day 2 - 7, 7 - 14, 14 - 21, and 21 - 28, allowed for
calculating the balance between formed and resorbed mineral (7.¢., mineral formation —
mineral resorption) (Figure 8.3B). Remarkably, in all experimental runs more
formation than resorption was observed for most time points (Figure 8.3B). Over time,
the negative control (run 9) showed most balanced remodeling with limited net
resorption or formation, while in the positive control (run 7) a relatively high net
formation was observed at all time points (Figure 8.3B).
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Figure 8.2. Cell viability testing of experimental runs. (A) Metabolic activity measurements using
PrestoBlue™ on day 2, 7, 14, 21, and 28. (B) Day 21 metabolic activity measurements, p<0.05 (Kruskal-
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Wallis and Dunn’s post hoc tests). (C) Cell death measured by LDH release in the medium on day 2, 7, 14,
21, and 28. (D) Day 21 cell death measurements, p<0.05 (Kruskal-Wallis and Dunn’s post hoc tests). (E)
Factor main effects and standard deviations on day 21 cell viability outcome measures. (*p<0.05, **»<0.01,
*#%<0.001). Abbreviations: lactate dehydrogenase activity (LDH), run (R), human platelet lysate (hPL).

From day 14 - 21, there was indeed a significantly higher net formation in the positive
control when compared to run 3, 5, 8, and the negative control (Figure 8.3C). In
addition to the positive control, run 6 also had a significantly higher net formation than
the negative control (Figure 8.3C). Comparison of the quiescent scaffold mineralized
volume revealed that most scaffold was remodeled in the initial 21 days, observed by a
small increase in quiescent volume after day 21 consistent for all experimental runs
(Figure 8.3D). Overall, most scaffold remodeling seemed to take place in the positive
control and least remodeling in the negative control (Figure 8.3D). From day 14 — 21,
least quiescent scaffold mineralized volume was observed in run 1, with statistically
significant less quiescent volume than the negative control (run 9) (Figure 8.3E).

8.3.3  Osteoclastic resorption

Over the culture period, experimental run 1 showed consistently most resorbed
mineralized volume (Figure 8.4A). In both the positive (run 7) and negative (run 9)
controls, limited resorption was observed (Figure 8.4A). When comparing the resorbed
mineralized volume from day 14 - 21, statistically significant more mineral resorption
was observed in experimental run 1 when compared with the positive control (Figure
8.4B). Interestingly, although not significant, the osteoclast factor-lacking run 4 also
showed a relatively high resorbed mineralized volume. For run 1 and 4, the high
resorbed mineralized volume was reflected in a relatively high TRAP activity and for
run 1 also Cathepsin K activity (Figure 8.4C+E). Although limited resorbed
mineralized volume was observed for the positive control (run 7), a relatively high
TRAP activity was measured (Figure 8.4C). On day 21, when compared to the negative
control (run 9), a statistically significant higher TRAP activity was measured in run 1
and 7 (Figure 8.4D). When compared to the positive control (run 7), a statistically
significant lower TRAP activity was found in run 2 and 5 (Figure 8.4D). In line with
the TRAP activity measurements, highest cathepsin K activity was found for
experimental run 1, with a statistically significant difference with both positive and
negative control (Figure 8.4F). From SEM images, osteoclast-like cells were observed
in run 1 - 8 (Figure 8.4G). No apparent osteoclast-like cells (Z.e., >10 pm in diameter
and a ruffled boarder) were found in the negative control (run 9). In run 1 and 7,
relatively large osteoclast-like cells were observed and in run 1 these cells were found in
groups. Osteoclast-like cells in other experimental runs were generally smaller than
osteoclast-like cells found in run 1 and 7 (Figure 8.4G).
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Figure 8.3. Scaffold remodeling of experimental runs. (A) Remodeled scaffolds sites between day 2 and
28, obtained with xCT. (B) uCT based formed mineral — resorbed mineral as measure for remodeling
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balance of day 2-7, 7-14, 14-21, and 21-28. (C) Day 14-21 remodeling balance, p<0.05 (One-way ANOVA
and Holm-Sidak's post hoc tests). (D) uCT based quiescent mineral or unremodeled scaffold mineral of
day 2-7, 7-14, 14-21, and 21-28. (E) Day 14-21 quiescent mineral, p<0.05 (One-way ANOVA and Holm-
Sidak's post hoc tests). (¥p<0.05, **¥p<0.01). Abbreviations: run (R).

Factor main effect plots indicated the influence of the culture variables and their
corresponding levels on mineral resorption, TRAP activity and cathepsin K activity
(Figure 8.5). No significant contribution to mineral resorption, TRAP activity or
cathepsin K activity was found from one of the factors. From the main effect plots and
normal effect plots, mechanical loading tended to positively influence mineral
resorption and TRAP activity, while the addition of high concentrations of osteogenic
supplements tended to negatively influence mineral resorption (Figure 8.5 and Figure
$8.2). Overall, factor main effect plots showed a similar trend for almost each
resorption outcome measure (Figure 8.5). Only TRAP activity was positively
influenced by a high concentration of hPL while resorbed mineral and cathepsin K were
negatively influenced by a high concentration of hPL (Figure 8.5). This might be
explained by the presence of TRAP in hPL (183).

8.3.4 Osteoblastic formation

When evaluating formed mineralized volume over time, the positive control (run 7)
tended to have consistently high mineral formation while in the negative control (run
9), a relatively low formed mineralized volume was observed (Figure 8.6A). On day 21,
only for run 1 a statistically significant higher formed mineralized volume was observed
when compated to the negative control (Figure 8.6B). Similar trends were observed
for collagen type I formation, measured by PICP release in the cell supernatant. Where
most mineral formation was observed in run 1 and 7, also highest collagen type 1
formation was observed in these conditions (Figure 8.6C+D). In the negative control,
limited collagen type I formation was observed. ALP activity measurements on the cell
lysate of day 28 revealed highest ALP activity in the positive control and lowest in the
negative control (Figure 8.6E). For the positive control, a statistically significant higher
ALP activity was observed when compared to the ALP activity of run 5 and the negative
control. Visualization of the constructs with confocal microscopy demonstrated
collagen formation in run 1, 3, 4, 5 and 6 (Figure 8.6F). Remarkably, although relatively
high PICP was observed in the positive control, almost no collagen was observed in the
microscopy samples (Figure 8.6F). In all conditions, hydroxyapatite was mainly
observed on the SF scaffold trabeculae rather than in the by the cells produced
extracellular matrix (Figure 8.6F). In run 8 and 9, limited numbers of cells were
observed (Figure 8.6F).
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Figure 8.4. Osteoclastic resorption of experimental runs. (A) uCT based resorbed mineral of day 2-7, 7-
14, 14-21, and 21-28. (B) Day 14-21 resorbed mineral, p<0.05 (Kruskal-Wallis and Dunn’s post hoc tests).
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(C) TRAP activity in the medium on day 2, 7, 14, 21, and 28. (D) Day 21 TRAP activity measurements,
$<0.05 (Kruskal-Wallis and Dunn’s post hoc tests). (E) Cathepsin K activity in the medium on day 2, 7,
14, 21, and 28. (F) Day 21 cathepsin K activity measurements, p<0.05 (Kruskal-Wallis and Dunn’s post
hoc tests). (G) Visualization of osteoclast-like cells on day 28 with SEM. (*p<0.05, **p»<0.01,
x5 <0.0001). Abbreviations: tartrate-resistant acid phosphatase (TRAP), run (R), scanning election
microscopy (SEM).
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Figure 8.5. Factor main effects and standard deviations on day 21 osteoclastic resorption outcome
measures.

Factor main effect plots indicated the influence of the culture variables and their
corresponding levels on mineral formation, collagen type I formation measured by
PICP, and ALP activity (Figure 8.7A). No significant contribution to mineral
formation, collagen type I formation, and ALP activity was found from one of the
factors. From the main effect plots and normal effect plots, mechanical loading tended
to positively influence mineral formation and collagen type 1 formation (Figure 8.7A
and Figure S8.2). Other factors did not seem to influence mineral formation (Figure
8.7A and Figure S$8.2). ALP activity tended to be positively influenced by high
concentrations of osteogenic supplements (Figure 8.7A and Figure S8.2).
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Figure 8.6. Osteoblastic formation of experimental runs. (A) uCT based formed mineral of day 2-7, 7-14,
14-21, and 21-28. (B) Day 14-21 formed mineral, p<0.05 (One-way ANOVA and Holm-Sidak's post hoc
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tests). (C) PICP release in medium from day 2, 7, 14, 21, and 28. (D) Day 21 PICP release measurements.
(E) ALP activity in cell lysates on day 28, p<0.05 (Kruskal-Wallis and Dunn’s post hoc tests). (F)
Visualization of bone-like tissue in cultured constructs on day 28 with confocal microscopy, stained for
collagen (red), F-Actin (green), hydroxyapatite (cyan), and the nucleus (gray). (*»<0.05, **p<0.01).
Abbreviations: pro-collagen 1 c-terminal propeptide (PICP), alkaline phosphatase (ALP), run (R).

As mineral formation was relatively high in groups where mineral resorption was
elevated in the absence of high stimulation with osteogenic factors, we investigated the
coupling between resorption and formation markers (Figure 8.7B+C). Interestingly, a
strong positive correlation (r = 0.81, p < 0.0001) was observed between the osteoclastic
resorption marker TRAP and the collagen formation marker PICP (Figure 8.7B). In
line with these results, main effect plots and normal effect plots for TRAP activity and
PICP concentration followed a similar pattern (Figure 8.5, Figure 8.7A and Figure
88.2), which could suggest an influence of osteoclastic differentiation and/or TRAP
activity on osteoblastic collagen formation. When investigating the coupling between
mineral resorption and formation, a moderate positive correlation (r = 0.59, p < 0.0001)
was found (Figure 8.7C). When splitting the data into high and low stimulation with
osteogenic factors, a weak positive (r = 0.38, p < 0.05) correlation between mineral
resorption and formation was found in highly stimulated scaffolds whereas a strong
positive correlation (r = 0.80, p < 0.0001) was found when low stimulation was applied
(Figure 8.7C). This indicates that resorption - formation coupling can be disturbed by
high stimulation with osteogenic factors.

8.4 Discussion

Human 7z vitro bone remodeling models, using osteoclast-osteoblast co-cultures, could
facilitate the investigation of human healthy (ie, balanced) and pathological (ie.,
unbalanced) bone remodeling while addressing the principle of 3Rs for animal
experiments (7,111). Although current i vitro osteoclast-osteoblast co-cultures have
improved our understanding of bone remodeling, they lack culture method and
outcome measurement standardization, hampering reproducibility and translatability to
in vivo animal models and 7z vivo human data. In this regard, iz vitro bone remodeling
models could benefit from a thorough evaluation of the impact of culture variables on
functional and translatable outcome measures, with the aim to reach ‘healthy’ balanced
osteoclast and osteoblast activity. Using a resolution I1I fractional factorial design, we
identified the main effects of commonly used culture variables at high and low
stimulation on mineral resorption, mineral formation and a multitude of bone turnover
biomarkers in our 7z vitro human bone remodeling model.
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Figure 8.7. (A) Factor main effects and standard deviations on day 21 osteoblastic formation outcome
measures. Cotrelation/coupling of resorption and formation outcomes for (B) organic matrix resorption
and formation (TRAP and PICP), and (C) inorganic matrix resorption and formation, in the presence and
absence of high stimulation with osteogenic differentiation factors. Abbreviations: human platelet lysate
(hPL), tartrate-resistant acid phosphatase (TRAP), pro-collagen 1 c-terminal propeptide (PICP).

We first evaluated the influence of culture variables on cell viability. None of the factors

had a significant influence on cell metabolic activity or cell death. The absence of
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significant factors indicates that a combination of multiple factors contributed to the
found differences between the experimental runs. As such, metabolic activity tended to
decrease with high stimulation of all factors other than cell ratio. As the seeding density
of hBMSCs remained constant over the different experimental runs, a higher cell ratio
led to an increase in hMC density and thereby likely positively influencing cell metabolic
activity. The negative influence on metabolic activity of the other culture variables with
high stimulation might be explained by differences in energy metabolism of
undifferentiated and differentiated progenitor cells. In this study, metabolic activity was
measured by the reduction of resazurin to fluorescent resorufin by aerobic respiration.
In contrast to our results, osteogenic differentiation of hMSCs has shown to increase
the portion of aerobic respiration to the cells’ energy metabolism (403). Moreover,
osteoclast differentiation is associated with increased mitochondrial biosynthesis and
oxygen consumption rate, likely enhancing aerobic respiration (404,405). Thus,
osteogenic and osteoclastic differentiation were expected to increase metabolic activity.
Although high stimulation did not always lead to improved cell differentiation, one
hypothesis for this contradiction might be that limited exogenous factor stimulation
enhances endogenous factor production. To confirm this hypothesis, further cell
secretome quantification using for example multiplex ELISA is required. If cells with
limited stimulation are indeed producing more endogenous factors, limited stimulation
might be essential to create self-regulating models.

In our effort to mimic healthy (balanced) remodeling 7 vitro, the influences of culture
variables on bone turnover parameters were evaluated. Although the negative control
showed most balanced resorption and formation, limited remodeling could be detected,
while the ability to capture remodeling is imperative for # vitro remodeling models. On
the other hand, the positive control showed least balanced resorption and formation,
with a relatively high net formation and low volume of quiescent mineral. As such, both
low and high stimulation are non-optimal to mimic bone homeostasis 7 vitro. With the
least quiescent mineral, experimental run 1 stood out. When evaluating the resorption
dynamics of this experimental run, most mineral resorption and highest activity of
matrix degradation enzymes TRAP and Cathepsin K were measured, and typical
osteoclast-like cells were identified. Therefore, run 1 is considered most optimal for
vitro bone resorption. Remarkably, in terms of osteoblastic formation, run 1 also showed
most mineral and collagen type I formation. Only for osteogenic differentiation,
measured by ALP activity in the cell lysates, run 1 showed levels in between the positive
and negative control. The main effects indicated a positive influence of high stimulation
with osteogenic differentiation factors on ALP activity, while run 1 was cultured with
low stimulation with osteogenic supplements. However, to only measure cell-derived
ALP, ALP activity was measured on the cell lysate after 4 weeks instead of tracked over
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time. As such, possible down regulations in ALP activity due to osteoblast maturation
after 4 weeks could not be excluded (128).

Another experimental run of interest was run 4. In this condition, co-cultures were
performed in the absence of high stimulation with osteoclastic and osteogenic
differentiation factors, but in the presence of 1,25-dihydroxyvitamin D3. Even in the
absence of differentiation factors, relatively high levels of mineral resorption, TRAP
activity, mineral formation, collagen type I production, and ALP activity were found.
Thus far, the use of exogenous osteoclast differentiation factors (Z.e., RANKL and M-
CSF) in osteoclast-osteoblast co-cultures appears often crucial for the development of
functional osteoclasts (7), while exogenous application of these factors could overrule
the natural RANKIL/osteoprotegerin (OPG) ratio as important regulator in healthy and
pathological bone remodeling (7,406). When no differentiation factors were used in
human PBMC-osteoblast co-cultures, no osteoclastic differentiation of PBMCs was
observed (226). Other researchers found that when human PBMCs and hBMSCs were
co-cultured on osteoblast derived matrix in the absence of osteogenic and osteoclastic
differentiation factors, resorption was comparable to PBMC mono-cultures treated with
M-CSF and RANKL (343). Moreover, before the discovery of RANKL and the ability
to clone this factor, stomal cells and osteoblasts were used as a tool for osteoclastic
differentiation iz vitro (212). We therefore believe that osteoclastic differentiation in
osteoclast-osteoblast co-culture in the absence of exogenous RANKL is possible under
the correct circumstances. With the use of 1,25-dihydroxyvitamin D3 in experimental
run 4, RANKL expression by hMSCs/osteoblasts and subsequent osteoclastic
differentiation might have been stimulated as earlier demonstrated (212,263). It would
be interesting to quantify M-CSF, RANKL and OPG produced in the experimental
runs to investigate the influence of 1,25-dihydroxyvitamin D3 on the osteoclastic
differentiation potential in our co-cultures, with the ambition to circumvent the use of
exogenous osteoclastic differentiation factors in future.

The enhanced resorption and formation in experimental run 1 raised the expectation
that resorption and formation were coupled in our 7 wvitro model. Indeed, resorption
and formation were correlated for both mineral resorption/formation and organic
matrix resorption/formation. By adding an exogeneous phosphate soutce to the model
(p-glycerophosphate), mineral resorption — formation coupling was disturbed. Most
likely, osteoclasts released sufficient calcium phosphate from the mineralized scaffold
for subsequent formation. Iz vivo, coupling includes communication through secreted
and cell-bound factors, topographical cues, and the release of growth factors from the
bone matrix, with the main goal to replace the resorbed bone volume by an equal
volume of new bone (95,234,407). In addition, osteocytes as well as osteoclast and
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osteoblast progenitors contribute to this coupling, which likely change their
contribution during their differentiation towards mature osteoclasts and osteoblasts
(408,409). As such, coupling is a highly complex process, and it is expected that not all
coupling aspects are present in our model. More specifically, the release of growth
factors from the matrix/scaffold and the contribution of osteocytes ate likely lacking.
To enable coupling through growth factor release, 7 vitro remodeling models could be
developed on decellularized bone tissue (34,410). To additionally involve osteocytes
into the bone remodeling process iz vitro, a long-term pre-culture in which
osteoprogenitors differentiate into osteocytes while they develop their mineralized
niche (116,259), or the use of cell-lines might be required, due to challenges with
primary osteocyte isolation and subsequent culture (411). To combine the presence of
a growth-factor containing bone matrix and osteocytes, osteocytes could also be
cultured in their native niche using human trabecular bone specimens (411). In this
study we found quantitative coupling between resorption and formation at the tissue
level. To further validate coupling in our iz vitro model, it would be interesting to study
coupling qualitatively at the level of the individual resorption pits to see whether
formation takes place on previously resorbed surfaces like in the model of A. Hikita ez
al, (2015) (230). Nevertheless, quantitative coupling was observed along all conditions,
indicating some endogenous regulation in all conditions which can be enhanced by
external stimuli.

The application of mechanical loading tended to be the most influential factor on both
resorption and formation outcomes. While mechanical loading in terms of fluid flow
induced shear stress has, in line with our results, been shown to stimulate mineralization
and collagen formation in similar settings (90,116), its clear effect on resorption
outcomes was unexpected. Iz vivo, bone remodeling and adaptation is regulated by
osteocytes under influence of interstitial fluid flow through the lacuno-canalicular
network (114). Osteocytes that sense mechanical loading could inhibit osteoclastic
differentiation both directly and indirectly (412). The direct influence of mechanical
loading on osteoclast differentiation is relatively unknown with 7z vitro both positive
(413) and negative (414,415) influences reported in literature. As mentioned above, the
contribution of osteocytes and thereby their inhibitory influence on resorption under
influence of mechanical loading is likely lacking. Another explanation for the enhanced
resorption under influence of mechanical loading could be the improved mass transport
when fluid flow was applied. It would therefore be interesting to study the interaction
between osteoclastic differentiation factors and mechanical loading within our model,
to check whether the likely improved distribution of osteoclastic differentiation factors
indeed leads to increased osteoclastic differentiation.
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A limitation of the current study is the resolution of the fractional factorial design. With
the use of a resolution 111 design, only an influence of factor main effects could be
provided. Moreover, some of these main effects are confounded with interaction
effects, which complicates outcome interpretation. In our evaluation, we did not find
significant contributions of specific factors to cell viability and bone turnover outcomes.
Nevertheless, clear differences between experimental runs were observed. This suggests
that a combination of multiple factors contributed to the found differences between
experimental runs. Additionally, by both using three different hMC and hBMSC donors,
and three different methods for each resorption and formation, we here present a robust
evaluation of the influence of culture variables on 7 vitro bone remodeling.

8.5 Conclusion

Taken together, with the aim to mimic healthy balanced bone remodeling iz vitro, we
have identified the influences of commonly used culture variables on translatable bone
turnover parameters in a human bone remodeling model. We herewith present a robust
in vitro bone remodeling model, that was able to capture physiological quantitative
resorption — formation coupling along all conditions, which could be enhanced by
external stimuli. As such, /# vitro remodeling (ie., resorption and formation) was
enhanced by the application of mechanical loading. Moreover, high stimulation with
osteogenic differentiation factors disturbed mineral resorption — formation coupling.
Especially culture conditions of run 1 and 4 show promising results, where run 1
conditions could be used as high bone turnover system and run 4 as self-regulating
system as the addition of osteoclastic and osteogenic differentiation factors was not
required for remodeling. The results generated with our iz vitro model allow for better
translation between 7 vitro studies and towards iz vive studies, for improved preclinical
bone remodeling drug development.
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Table $8.2. Medium components and suppliers.

Medium component

Supplier

a«-MEM 41061, Thermo Fisher Scientific, Breda, The Nethetrlands
DMEM 11880, Thermo Fisher Scientific

hPL PE20612, PL BioScience, Aachen, Germany

Anti-anti 15240, Thermo Fisher Scientific

HEPES 15630, Thermo Fisher Scientific

L-glutamine

X0550-100, Biowest, Nuaillé, France

Ascorbic acid-2-phosphate

A8960, Sigma Aldrich, Zwijndrecht, The Netherlands

B-glycerophosphate

G9422, Sigma-Aldrich

Dexamethasone D4902, Sigma-Aldrich
RANKL 310-01, PeproTech, London, UK
M-CSF 300-25, PeproTech

1,25-dihydroxyvitamin D3

D1530, Sigma-Aldrich

Abbreviations: human platelet lysate (hPL), antibiotic antimycotic (anti-anti), macrophage colony-
stimulating factor (M-CSF), receptor activator of nuclear factor B ligand (RANKL).

Normal effect plots were generated to visualize the effect size and direction of each

factor on cell viability (Figure S8.1) and bone turnover outcomes (Figure S8.2).

Normal effect plots for cell viability
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Figure S8.1. Normal effect plots for cell viability outcomes. (A) Normal effect plot for day 21 metabolic

activity,

indicating a non-significant positive effect of a high cell ratio on metabolic activity. (B) Normal
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effect plot for day 21 cell death. A = base medium, B = cell ratio, C = mechanical loading, D = human
platelet lysate concentration, E = osteogenic factors, F = osteoclast factors, F = 1,25-dihydroxyvitamin D3

Normal effect plots for resorption Normal effect plots for formation
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Figure $8.2. Normal effect plots for bone turnover outcomes. (A) Normal effect plot for day 21 mineral
resorption. (B) Normal effect plot for day 21 mineral formation, indicating a non-significant positive effect
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of high stimulation with mechanical loading on mineral formation. (C) Normal effect plot of day 21 TRAP
activity. (D) Normal effect plot of day 21 PICP. (E) Normal effect plot of day 21 Cathepsin K activity. (F)
Normal effect plot of day 28 ALP activity. A = base medium, B = cell ratio, C = mechanical loading, D =
human platelet lysate concentration, E = osteogenic factors, F = osteoclast factors, F = 1,25-
dihydroxyvitamin D3. Abbreviation: tartrate-resistant acid phosphatase (TRAP), pro-collagen 1 c-terminal
propeptide (PICP), alkaline phosphatase (ALP).
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Chapter 9

9.1 Rationale and main findings

Since the 1990s, bone tissue engineering has traditionally been focusing on developing
grafts for patients with large bone defects, making use of scaffolds, progenitor cells,
biochemical and biomechanical stimuli. While engineered bone-like tissues proved of
limited success for human bone regeneration, their development has advanced our
ability to manipulate cells and engineer materials. To improve preclinical treatment
development and to replace, reduce, and refine animal experiments, bone tissue
engineering strategies are increasingly applied for the creation of 7 vitro models to study
human bone in health and disease. This change in focus; from bone regeneration to i
vitro models, has brought new challenges for researchers of which some are addressed
in this thesis (Figure 9.1).

Figure 9.1. Tissue engineering approach to create 3D 7 vifro bone models. Around the central circle, the
chapters in which the 7 vitro modeling parameters were addressed are indicated. The figure was modified
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from Servier Medical Art, licensed under a Creative Common Attribution 3.0 Generic License
(http:/ /smart.servier.com, accessed on 15 July 2022).

The first part of this thesis was focused on the development of iz witro models for
evaluating human bone formation and regeneration. In Chapter 2 we described the
bone extracellular matrix (ECM) based on the most recent advances on bone structure
from the nanometer scale to the micrometer scale, which were used to provide
recommendations on the to be engineered ECM for ## vitro bone models. These
recommendations include uniformly organized collagen fibrils with interconnected
intrafibrillar and extrafibrillar mineral crystals on the nanometer scale, and a dense and
anisotropic collagen network that is highly mineralized on the micrometer scale. In
Chapter 3, an iz vitro platform to study bone formation under the influence of curvature
and no fluid flow or directional fluid flow was developed and an initial attempt in three-
dimensions (3D) was made to improve the resemblance of z vitro produced bone-like
ECM to the physiological bone ECM on the micrometer scale. Based on the results
obtained within this study, supported by existing literature, we believe that anisotropy
in 3D might be guided by curvature, while collagen network density can be increased
through the application of fluid shear stress. The iz vitro platform as described in
Chapter 3 was subsequently extended with endothelial cells and used as critically sized
defect model to enable the 7 vifro investigation of material-driven bone regeneration in
Chapter 4. After a model build-up phase of 4 weeks, in which vessel-like structures and
a bone-like matrix were formed, materials (Z.e., a fibrin clot, blood clot mimic and soft
callus mimic) were artificially implanted. Within this model, important hallmarks for i
sitn bone regeneration including cell migration, vascularization, and osteoinduction,
were evaluated. While our model is still limited in the evaluation of immune responses,
hallmarks of physiological bone regeneration were observed 7 vitro. These included the
endothelial cell chemotaxis induced by the blood clot mimic and the mineralization of
the soft callus mimics. As such, this 7 vitro model could contribute to improved pre-
clinical evaluation of biomaterials for bone regeneration, while aiding to reduce the need

for animal experiments.

The second part of this thesis was focused on advancing tissue engineering of 7 vitro
human bone remodeling models. First, we identified after a systematic search all
osteoclast-osteoblast co-cultures aiming at recapitulating bone remodeling 7z vitro that
have been described in literature before 2020 in Chapter 5. From these studies,
differences in cell-culture methods (culture substrate, mechanical loading, cell sources,
culture medium, seeding density and cell-ratio) and resorption/formation analyses
methods were mapped systematically, which underlined the variability between
currently available 7z »itro remodeling models, hampering translation between 7 vitro
models. One of the limitations of cutrently available 77 vifro bone remodeling models
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identified in Chapter 5 was the frequent use of fetal bovine serum (FBS). In Chapter
6, we therefore investigated whether FBS could be replaced by human platelet lysate
(hPL) as a more physiologically relevant and xenogeneic-free medium supplement for
in vitro human bone remodeling models. We found that hPL supported both
osteoclastogenesis and osteogenesis, and when co-cultured, remodeling could be
balanced by the hPL concentration. As such, we successfully found a xenogeneic-free
replacement for FBS to increase the compliance of our z vitro model with the desire to
replace, reduce, and refine animal experiments. Another limitation of currently available
in vitro bone remodeling models identified in Chapter 5 is the lack of studying cell-
matrix interactions and model functionality; the ability of osteoclasts and osteoblasts to
resorb and subsequently form a bone-like matrix. Inspired by collagen mineralization
techniques, we developed a mineralized silk fibroin scaffold in Chapter 7. As a
remodeling template, this scaffold facilitated the temporal investigation of both
resorption by osteoclasts and formation by osteoblasts, which recapitulated the
physiological bone remodeling cycle. This is of importance as these functional outcome
measures need to be targeted for bone remodeling pathologies like osteoporosis. In
Chapter 8, we utilized the model described in Chapter 7 to address the translational
issues identified in Chapter 5. A design of experiments set-up was used to study the
influence of base medium, cell-ratio, hPL concentration, mechanical loading, osteogenic
differentiation factors, osteoclastic differentiation factors, and 1,25-dihydroxyvitamin
D3 on in vitro bone remodeling. Our model was able to capture physiological
quantitative resorption — formation coupling along all conditions and across different
cell donors, which could be enhanced by external stimuli. Culture conditions were
identified to study high bone turnover, as well as conditions that promote self-regulation
as the addition of osteoclastic and osteogenic differentiation factors was not required
for remodeling. The results generated with our 7z vitro model allow for better translation
between in vitro studies and towards 7z wivo studies, for improved preclinical bone
remodeling drug development. Besides, our model was highly sensitive to alterations in
culture conditions and thereby able to capture physiological aspects of human bone
remodeling like increased formation with mechanical loading. As such, we have
developed a functional 7z vitro bone remodeling model, which was partly validated by
well-known physiological cell-responses.

9.2 Remaining challenges for in vitro bone models

9.2.1 Towards self-regulating in vitro models

A major challenge in the development of iz vitro bone models is the need for non-

physiological exogenous stimulation. For instance, Iz vivo bone remodeling is regulated
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by communication through direct cell-cell contact as well as soluble factors. Among
these soluble communication factors, secretory macrophage colony-stimulating factor
(M-CSF), receptor activator of nuclear factor ¥B ligand (RANKL) and osteoprotegerin
(OPG) are factors produced by osteocytes, osteoblasts and their precursors that directly
regulate osteoclastic differentiation and resorption (281). In turn, monocyte-derived
macrophages and osteoclasts release soluble factors that are involved in osteogenic
differentiation of mesenchymal stromal cells (408).

Besides these secreted differentiation factors, bone cells can also communicate through
extracellular vesicles. Extracellular vesicles are phospholipid-enclosed nanoparticles
containing a variety of lipids, proteins, genetic material (DNA/RNA), and minerals
derived from their parent cells (416—419). Based on the current knowledge in the field,
extracellular vesicles can be classified into three subtypes: (i) plasma membrane-derived
ectosomes, (i) endosome-originated exosomes, and (iii) apoptotic bodies (Figure 9.2)
(419,420). Although initially considered as inert cellular debris, extracellular vesicles are
now recognized as being important mediators in intercellular communication and many
biological processes (420—422), including bone remodeling.

Figure 9.2. Subtypes of extracellular vesicles based on their possible biogenesis pathways. Extracellular
vesicles can appear as ectosomes that bleb from the cell membrane, as exosomes that are formed inside the
cell after endocytosis, or as apoptotic bodies that derive from cells undergoing apoptosis. Abbreviations:
multi vesicular body (MVB), intra luminal vesicle (ILV), endoplasmic reticulum (ER), phosphatidylserine
(PS). Figure was modified from Servier Medical Art, licensed under a Creative Common Attribution 3.0
Generic License. (http://smart.servier.com, accessed on 20 January 2021).
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In terms of bone remodeling, Cappatiello ez a/., (2018) (423) found that osteoblasts pre-
treated with parathyroid hormone generated extracellular vesicles carrying RANKL and
demonstrated that these extracellular vesicles supported the survival of osteoclasts
vitro (423). In vive, intraperitoneal injection of extracellular vesicles from wild-type
osteoblasts into RANKL—/— mice lacking tartrate-resistant acid phosphatase (TRAP)
expression increased the presence of TRAP-positive cells in trabecular bone, which is
indicative of osteoclastogenesis (423). Mature osteoblasts also release extracellular
vesicles with specific characteristics involved in matrix mineralization. These
extracellular vesicles are anchored to proteins of the surrounding ECM and are known
as matrix vesicles (424,425). Osteoclasts and their precursors have also been described
to generate extracellular vesicles with a diameter between 25 and 120 nm, similar to the
size of exosomes (426). Their membranes are enriched with epithelial cell adhesion
molecule, CD63, and receptor activator of nuclear factor xB (RANK). Interestingly,
RANK rich osteoclast-derived  extracellular vesicles act as inhibitors of
osteoclastogenesis through competitively decreasing the RANK-RANKL interaction
with eg., osteoblasts (426,427). During bone remodeling, osteoclasts often undergo
apoptosis at the end of the bone resorption phase and produce large amounts of
apoptotic bodies (428). These vesicles promote osteogenesis via RANKL reverse
signaling. It has been shown that osteocyte mechanosensitivity is encoded through
unique intracellular calcium dynamics (429). Upon fluid flow, osteocytes showed a
transient increase in intracellular calcium ions and these cells released a substantial
amount of extracellular vesicles containing bone regulatory proteins such as sclerostin,
RANKL, and OPG into the culture medium (429). Osteocytes also released
extracellular vesicles containing micro RNA (miR)-218 which inhibited sclerostin and
influenced the differentiation of osteoblasts (430) (Table 9.1).

Consequently, in theory osteoclastic and osteogenic differentiation and subsequent 7
vitro remodeling could be a self-regulating process, which is desired to enable the
investigation of the influence of exogenous factors like drugs on bone turnover 7z vitro.
In practice, proper osteoclastic differentiation under the sole influence of cells from the
osteogenic lineage is challenging (7). The common practice in cell-culture is to replace
the culture medium two or three times a week. As such, waste products are removed,
and new nutrients are provided. This change in medium however also removes soluble
communication factors and extracellular vesicles not bound to the ECM. Although in
this thesis (Chapter 8) potential experimental conditions that could limit the need for
exogenous differentiation factors were identified, it is expected that cell crosstalk and
subsequent remodeling can be enhanced when soluble communication factors and
extracellular vesicles are retained (136). Culture medium dialysis could facilitate in the
retention of high molecular weight communication factors and extracellular vesicles
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while allowing for diffusion of low molecular weight waste products and nutrients
(Figure 9.3) (136,431). Such systems have the potential to improve the crosstalk
mediated self-regulation of 7 vitro bone remodeling models.

Table 9.1. Cargo and function of extracellular vesicles derived from bone cells

Cell source of | Cargo of EVs Function of EVs
EVs
Osteoblast 1. RANKL (423) 1. Supportts survival of osteoclasts in vitro

and osteoclastogenesis 7 vivo.

2. miR-1192, miR-680 |2. Promote osteogenic differentiation, as manifested
and miR-302a (432) by up-regulated expression of osteogenic marker

genes RUNX2 and ALP, as well as enhanced

matrix mineralization.

3.  miR-125b and miR- |3. Have anti-osteoclastogenic activity.

503 (433,434)

Osteoclast 1. RANK, EpCAM 1. Maintain bone homeostasis and promote
CD63 (426-428) osteogenesis through the RANK-RANKL reverse
signaling.
2. miR-214 (435,4306) 2. Inhibits osteoblast activity i vitro.
Osteocyte 1.  LAMPI, sclerostin, |1. Attenuate bone formation i vivo.
RANKL and OPG
(429)
2. miR-218 (430) 2. Inhibits sclerostin and influences the

differentiation of osteoblasts.

Abbreviations: extracellular vesicles (EVs), receptor activator of nuclear factor »B ligand (RANKL),
mictoRNA (miR), runt-related transcription factor 2 (RUNX2), alkaline phosphatase (ALP), receptor
activator of nuclear factor ¥B (RANK), epithelial cell adhesion molecule (EpCAM), Lysosomal-associated
membrane protein 1 (LAMP1), osteoprotegerin (OPG).

9.2.2 Integration of systemic regulators of bone remodeling

Bone remodeling is not only regulated by osteoclast-osteoblast crosstalk and osteocytes.
Bone is an endocrine organ that interacts through systemic factors with other organs
including e.g., muscles (437,438), kidneys (439), parathyroid glands (440), and the brain
(441). For example, the chronic kidney disease nephrotic syndrome is associated with
low levels of vitamin D, which can lead to a decrease in bone mineral density (442). In
addition, postmenopausal estrogen deficiency in women is a major cause of
osteoporosis (443). Moreover, sustained release of parathyroid hormone in
hyperthyroidism can induce a catabolic response in bone (7). Currently, these
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interactions are mainly studied in animal experiments iz vivo or in vitro by testing the
influence of for instance estrogen administration schemes on single bone cells (444).
The use of estrogen in 7 vitro bone remodeling models is relatively unexplored. To
improve physiological relevance, the use of such systemic factors like estrogen should
be considered for 7z vitro bone remodeling models. To accomplish this, 7 vitro
administration dosages and schemes need to be optimized first. After successful
implementation into the culture conditions, estrogen might be removed again to mimic
postmenopausal estrogen deficiency 7z vitro (7). Such model has great potential for the
development of osteoporosis drugs. Other potential strategies involve multi-organ
platforms to study the instant interaction of bone with other organs (410).

Figure 9.3. Examples of communication factors that regulate bone remodeling 7 vivo and how 7n vitro these
communication factors might be retained during cell-culture medium refreshments. The medium in the
bottom compartment can be replaced with fresh medium while medium in the top compartment is not
changed. Dialysis of culture medium relies on the size of medium components. The dialysis membrane
(dependent on the chosen molecular weight cut-off) allows for exchange of low molecular weight proteins,
amino acids, vitamins, lactate, and ammonium, while high molecular weight components such as
extracellular vesicles and growth factors are retained in the insert. Abbreviations: macrophage colony-
stimulating factor (M-CSF), receptor activator of nuclear factor »B ligand (RANKL), osteoprotegerin
(OPG). The figure was adapted from (136) and modified with Servier Medical Art, licensed under a Creative
Common Attribution 3.0 Generic License (http://smart.servier.com, accessed on 15 July 2022).

While developing platforms to study the systemic regulation of bone remodeling, one
should consider the applied culture medium. Ideally, cells are cultured in a medium of
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which its composition is well known. In practice, osteoclast-osteoblast co-cultures are
mostly performed in FBS containing medium of which its composition is unknown and
varies from batch-to-batch (Chapter 5). The presence of alkaline phosphatase in FBS
can, when combined with the osteogenic differentiation factor f-glycerophosphate,
induce mineral precipitation in the absence of cells (137). In addition, it is known that
FSB also contains some estrogen and parathyroid hormone (445,446). Furthermore,
phenol red, which is often used in the base medium, has affinity to estrogen receptors.
Although the binding affinity is relatively low, the concentration in culture medium is
considerably high which can lead to occupation of estrogen receptors (243,244). In this
thesis, we have attempted to circumvent the use of phenol red and FBS for our 7 vitro
bone remodeling model by using phenol red free base medium and hPL as serum
substitute (Chapter 6). Although it is expected that human platelets contain limited
systemic factors that affect bone remodeling, its exact composition remains a black box.
To facilitate reproducibility and control over 7z vitro bone models, the use of a defined
serum-free medium is desired. While serum-free media are commercially being
developed for often only one cell type, the use of serum-free medium for bone relevant
co-cultures is to date relatively unexplored with (to our knowledge) one attempt for
bone remodeling (393). Taken together, physiological and pathological relevance of i
vitro bone models can be improved by implementation of systemic factors involved in
bone (remodeling), which can only be tightly controlled in defined serum-free media.

9.2.3 Towards 2 triple cultures

In this thesis, co-cultures were used to mimic the processes of bone regeneration
(Chapter 4) and remodeling (Chapter 6-8). Although we have shown that with these
co-cultures essential physiological processes can be mimicked, 7 o many other cells
are involved in regeneration and remodeling which were not included in our models.
For example, a heterogeneous immune cell population and periosteal cells play a crucial
role in physiological bone regeneration (447,448). Moreover, osteocytes orchestrate
bone remodeling and adaptation 7z vive, mainly under the influence of mechanical
loading (114). However, increasing the number of cell types complicates cell-culture,
requiring new optimization of culture conditions including timing of cell seeding and
administration of medium supplements. Moreover, to additionally involve osteocytes
into the bone remodeling process zz vitro, a long-term pre-culture in which
osteoprogenitors differentiate into osteocytes while they develop their mineralized
niche (116,259), or the use of cell-lines might be required, due to challenges with
primary osteocyte isolation and subsequent culture (411). To overcome this challenge,
future studies could investigate combining osteoclast-osteoblast co-cultures with viable
bone explant cultures (411), or towards osteocytes pre-differentiated mesenchymal
stromal cells/osteoblasts seeded in an artificial bone-like matrix (265). Combining
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osteoclast-osteoblast co-cultures with osteocytes would allow for studying the influence
of osteocyte signaling on bone remodeling 7 vitro, which is crucial for studies on bone
adaptation and likely endocrine bone pathologies (449).

9.2.4  Simplicity versus physiological relevance

For an 7n vitro model, a trade-off between simplicity and physiological relevance should
be made. Many researchers have the desire to create models which closely mimic the
vipo situation (Chapter 2). However, increasing physiological relevance and therefore
model complexity comes often at the expense of model handling and reproducibility,
with its consequences for model translatability (450). Scalability and interlaboratory
reproducibility become crucial when human 7 vitro models are used in translational
research, like preclinical treatment development (245,451). As such, reproducible and
therefore likely easily manufactured 7# vitro models are a potential way forward. Proper
model validation could identify key model aspects needed to mimic the desired
physiological process with for example a design of experiments approach described in
Chapter 8. Although such 7 vitro models might be used in a high-throughput fashion
in future, currently simpler and more short-term high-throughput screening platforms
could identify potential treatment hits before more complex and physiologically relevant
in vitro models are applied. Unfortunately, to this extent animal experiments likely
remain a requirement in the preclinical research pipeline in the near future, as iz vitro
models remain hypothesis (Ze., tissue aspect) driven and therefore less sensitive to
complicated/unexpected treatment-host interactions (Figure 9.4) (451,452).

9.3 Towards refinement of the preclinical research pipeline

Although the replacement of animal experiments with human 7z vitro models remains
challenging, their integration into the preclinical research pipeline might screen out
treatments before they are tested in animal experiments, and thereby reducing the
burden on animals for experimentation. While over the past decade many 7 vitro models
and organoids have been developed, pharmaceutical companies have not yet widely
adopted these types of technology (451). Successful integration of human 4 vitro models
into the preclinical research pipeline likely relies on a multitude of model requirements,
including the use of relevant biomarkers, model functionality, model validation,
robustness and reproducibility, accessibility of cell/tissue source for model,
manufacturability, etc. (extensively described by Jeong et al., (2018) (453)). To facilitate
the application of developed ## vitro models for drug or treatment development in future,
academic researchers and pharmaceutical companies should collaborate already at eatly
development stages to share knowledge and desired requirements (451). Additionally, a
currently being explored strategy to further facilitate translation towards reduced animal
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experimentation is the investigation of species differences in these developed
sophisticated 7z »itro models. Data from animal 7# vitro and in vivo models can be
compared, and their results might facilitate translation and extrapolation of human i
vitro models to the human 7 vivo situation (44,454), in which computational models
might account for exposure differences. However, to enable this translation, method
standardization and translatable outcome measures (i.e, established biomarkers
measurable at multiple model levels) might be needed (44). As such, refinement of the
preclinical research pipeline towards efficient and safe treatment development requires
close collaboration of biologists, computational scientists, engineers and pharmaceutical
companies (Figure 9.4).

Figure 9.4. Proposed future way forward for the preclinical research pipeline in which 7z vitro high
throughput screening platforms facilitate efficient screening for treatment hits, which are subsequently
tested in human 7 vitro models that mimic certain aspects of human physiology more closely. For complex
treatment-host interactions, animal models might still be required. Translation and extrapolation could be
improved by method standardization, the use of standardized translatable outcome measures, and the
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characterization of interspecies differences. In silico models can facilitate in translation and extrapolation
of treatment effects, all to allow for safe but efficient preclinical treatment development. The figure was
created with Servier Medical Art, licensed under a Creative Common Attribution 3.0 Generic License
(http:/ /smart.servier.com, accessed on 15 July 2022).

9.4 General conclusion

Taken together, in this thesis the tissue engineering paradigm has been extended to
vitro human bone models. Methods to improve biomimicry of the produced or to-be
remodeled ECM as well as the cell-culture environment and analyses methods were
refined. As a result, this thesis presents functionally validated 7z vitro models for the
evaluation of crucial aspects of material-driven human bone regeneration and human
bone remodeling by osteoclasts and osteoblasts, helping to advance preclinical 7 vitro
bone treatment development while contributing to the desire to replace, refine, and

reduce animal experiments.
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Summary

Since the 1990s, bone tissue engineering has traditionally been focusing on developing
grafts for patients with large osseous defects, making use of scaffolds, progenitor cells,
biochemical and biomechanical stimuli. By tuning these parameters, researchers have
created bone-like tissues for transplantation. While these bone-like tissues proved of
limited success for human bone regeneration, their development has advanced our
ability to manipulate cells and engineer materials. To improve preclinical treatment
development and to replace, reduce, and refine animal experiments (3Rs), bone tissue
engineering strategies are increasingly applied for the creation of 7 vitro models to study
human bone physiology and pathology. This change in focus; from bone regeneration
to in vitro models, has brought new challenges for researchers of which some are
addressed in this thesis.

One challenge is the creation of a bone-like tissue that actually resembles the
physiological bone extracellular matrix (ECM). For bone regeneration, graft ECM
organization is not imperative because of bone’s innate capacity to regenerate and
remodel upon implantation, and it has therefore received little attention. In
physiological bone, organic (mainly collagen type I) and inorganic matrix (carbonated
hydroxyapatite) are highly organized at multiple hierarchical levels. Changes in this
structure are often a hallmark of bone pathology. I vitro models that aim at studying
the bone ECM under influence of treatments should therefore improve their mimicry
to physiological bone. In Chapter 2, we (1) give recommendations on the ECM
requirements for three-dimensional (3D) iz vitro bone models, (i) review what has been
achieved thus far, and (iii) suggest how this can be improved in future. One of these
suggestions is the application of mechanical loading like directional fluid flow, which
has been demonstrated to induce osteoblast alignment on two-dimensional substrates.
In vivo, cells and collagen are however aligned in 3D and often with surface concavities.
In Chapter 3, we therefore aimed at characterizing cell and tissue growth and orientation
in a 3D concave “critically sized” channel with and without the application of directional
fluid flow. ECM growth and organization was characterized up to 6 weeks. Based on
the results obtained within this study, supported by existing literature, we believe that
anisotropy in 3D might be guided by curvature, while collagen network density can be
increased through the application of fluid shear stress. As full regeneration of the
artificial defect was not accomplished in both static and dynamic cultures, we chose to
use this “critically sized” defect model to enable the iz vitro investigation of material-
driven bone regeneration in Chapter 4. As graft vascularization is one the major

challenges for successful bone regeneration iz vivo, we extended the defect model with
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a co-culture of mesenchymal stromal cells and endothelial cells. After a build-up phase
of 4 weeks, in which vessel-like structures and a bone-like matrix were formed, materials
(Ze., a fibrin clot, blood clot mimic and soft callus mimic) were artificially implanted.
The platform enabled to study the materials’ potential to induce migration and
vascularization, which are two crucial processes in the early phase of bone regeneration.

Another challenge for tissue engineering of 7 vitro human bone models is the transition
from mono-cultures to co-cultures. Bone has multiple mechanical and metabolic
functions that are maintained through lifelong remodeling by bone-resorbing
osteoclasts, bone-forming osteoblasts, and regulating osteocytes. Pathological bone
remodeling is characterized by imbalanced resorption and formation. Thus, to study
healthy and pathological bone remodeling, iz vitro models should at least include a co-
culture of osteoclasts and osteoblasts. To perform these co-cultures, each lab develops
their own protocol for the cell-culture and analyses methodology. As a consequence,
current iz vitro remodeling models face reproducibility and translational issues. To
address this problem, we identified all iz vitro bone remodeling models that have been
described in literature before 2020 in Chapter 5. From these studies, differences in cell-
culture methods and resorption/formation analyses methods were mapped
systematically. For example, we identified the controversial fetal bovine serum (FBS) as
common standard for these co-cultures. In Chapter 6, we therefore investigated
whether FBS could be replaced by human platelet lysate (hPL) as a more physiologically
relevant and xenogeneic-free medium supplement for iz vitro human bone remodeling
models. We found that hPL supported both osteoclasts and osteoblasts and when co-
cultured, remodeling could be balanced by the hPL concentration. As such, we
successfully found a xenogeneic-free replacement for FBS to increase the compliance
of our n vitro model to the 3Rs. Another limitation of current iz vitro bone remodeling
models identified in Chapter 5 is the lack of functional (ie., resorption and formation)
outcome measures, and their spatiotemporal organization. Inspired by collagen
mineralization techniques, we developed a mineralized silk fibroin scaffold in Chapter
7. As a remodeling template, this scaffold facilitated the spatiotemporal investigation of
both resorption by osteoclasts and formation by osteoblasts. In Chapter 8, we utilized
the model described in Chapter 7 to address the reproducibility and translational issues
identified in Chapter 5. A design of experiments set-up was used to study the influence
of base medium, cell-ratio, hPL concentration, mechanical loading, osteogenic medium
supplements, osteoclast medium supplements, and vitamin D3 on osteoclast-osteoblast
co-cultures. With this study, we characterized the effect of these culture conditions on
the remodeling balance and therefore also identified an optimal protocol for healthy
balanced 7 vitro bone remodeling.
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To conclude, in this thesis the tissue engineering paradigm has been extended to 7 vitro
human bone models. Methods to improve biomimicry of the produced or to-be
remodeled ECM as well as the cell-culture environment were refined. As a result, this
thesis presents functionally validated z» »ifro models for the evaluation of crucial aspects
of material-driven human bone regeneration and human bone remodeling, helping to
advance preclinical 7 vitro bone treatment development while contributing to the 3Rs.
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Publiekssamenvatting

Tissue engineering (vrij vertaald: het opbouwen van weefsels in het laboratorium) wordt
sinds de jaren 90 toegepast voor de regeneratieve geneeskunde. Deze regeneratieve
geneeskunde richt zich op het ontwikkelen van behandelmethodes (onder andere
implantaten) gebruikmakend van het herstellend vermogen van ons lichaam. Weefsels
kunnen in het laboratorium opgebouwd worden door gebruik te maken van stamcellen
en materialen die fungeren als stijger (scaffold), gestimuleerd door een juiste toediening
van biochemische “voeding” (toegediend via het kweekmedium) en biomechanische
belasting (toegediend met een bioreactor). Door het toepassen van deze methode
hebben onderzoekers levensechte botimplantaten ontwikkeld voor de regeneratie van
botdefecten. Ondanks de vooruitgang in de ontwikkeling van ‘tissue engineered
botimplantaten’, zijn de implantaten nog niet geschikt voor grootschalig gebruik in de
kliniek. Door het gebruik van diermodellen in de ontwikkeling van deze implantaten is
de vertaling naar de uiteindelijke toepassing voor het menselijk lichaam vaak niet
succesvol. Dit komt waarschijnlijk door de genetisch verschillen tussen mensen en de
(proef)dieren. De laatste jaren wordt de tissue engineering methode steeds vaker
toegepast voor het ontwikkelen van kweekmodellen voor menselijk bot. Met
kweekmodellen kan het menselijk botweefsel in het lab worden nagebootst, wat als
voordeel heeft dat we behandelingen, naast reguliere dierproeven, ook direct kunnen
testen op menselijke weefsels. Naast de ethische voordelen, bijdragend aan het
vervangen, verminderen en verfijnen van dierproeven, kunnen deze menselijke
kweekmodellen bijdragen aan een betere vertaling naar de toepassing voor het menselijk
lichaam. De verandering in de toepassing van tissue engineering van botimplantaten
voor regeneratie naar kweekmodellen voor de ontwikkeling van behandelmethodes,
heeft uitdagingen met zich meegebracht, waarvan een aantal zijn beschreven en
onderzocht in dit proefschrift.

Eén van deze uitdagingen is het nabootsen van de structuur van botweefsel. Botweefsel
bestaat voornamelijk uit het eiwit collageen type I en het mineraal hydroxyapatiet
(calcium en fosfaat) welke anisotroop georganiseerd en in elkaar verweven zijn en
daarmee zorgen voor de stevigheid van bot. Voor botregeneratie is de gekweekte
botstructuur minder belangrijk door het herstellend vermogen van het menselijk
lichaam na implantatie. Hierbij wordt het geimplanteerde bot door lichaamseigen cellen
omgezet in functioneel bot. Afwijkingen in de botstructuur zijn vaak een kenmerk van
botaandoeningen zoals voor bijvoorbeeld botontkalking (osteoporose). Wanneer
kweekmodellen worden ingezet voor de ontwikkeling van behandelmethodes voor deze
botaandoeningen, dan moeten deze kweekmodellen de botstructuur en afwijkingen
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daarin  kunnen nabootsen. Het nabootsen van deze typische botstructuur in
kweekmodellen is tot op heden nog niet gelukt. Met name het stimuleren van de cellen
om een collageen netwerk te vormen met anisotrope eigenschappen blijkt lastig. In dit
onderzocek hebben we daarom onder andere gekeken naar twee mogelijke manieren om
cellen te stimuleren en daarmee een anisotroop collageen netwerk te vormen: curvatuur
en gerichte vloeistofstroom. Dit hebben we onderzocht door gebruik te maken van een
scaffold met een cilindervormig kanaal in een bioreactor welke een vloeistofstroom kan
toedienen. Dit cilindervormig kanaal bootste een kritisch botdefect na: een botdefect
dat (zonder ingreep) niet kan dichtgroeien. Humane mesenchymale stamcellen, welke
kunnen specialiseren in de bot vormende cellen (osteoblasten), werden gezaaid op deze
scaffolds en gekweekt met of zonder vloeistofstroom voor een periode van twee, vier
of zes weken. Het bleek dat vloeistofstroom de geproduceerde collageen hoeveelheid
kan stimuleren, maar niet de anisotropie van het netwerk kan verbeteren. De cellen
lijken zich meer te richten naar de curvatuur van het kanaal, al bleef een duidelijk effect
uit. Over een periode van zes weken bleef regeneratie, oftewel het dichten van het
kanaal, inderdaad uit. Daarom hebben we dit kweekmodel verder uitgebreid om
botregeneratie met behulp van implantaten te kunnen bestuderen buiten het menselijk
lichaam en/of proefdier. De implantaten waarop dit onderzoek zich richtte bestaan uit
slimme materialen welke een regeneratieve reactie van het menselijk lichaam kunnen
stimuleren. Een uitdaging voor botregeneratie met behulp van deze materialen is de
ingroei van bloedvaten, welke nodig zijn voor de toevoer van cellen, zuurstof en
voedingsstoffen naar het nieuw te vormen botweefsel. Om deze reden hebben we naast
humane mesenchymale stamcellen ook humane endotheel cellen, welke betrokken zijn
bij de ontwikkeling van bloedvaten, gezaaid op de scaffolds met defecten. Het
kweekmodel werd na vier weken, waarin botachtig weefsel en bloedvaat-achtige
structuren gevormd waren, gebruikt voor het implanteren en evalueren van materialen.
Na implantatie werd de verplaatsing van cellen naar, en de vorming van bloedvaten en
weefsel rondom en in de materialen bestudeerd. Met het kweekmodel voor het
bestuderen van materiaal-gedreven regeneratie konden we de potentie van materialen
om botregeneratie te stimuleren bestuderen waarbij verschillende aspecten van
botregeneratie werden nagebootst.

Een andere uitdaging in het gebruik van tissue engineering voor kweekmodellen is de
transitie van simpele mono-celkweken (met één type cel) naar meer complexe co-
celkweken (met twee of meer celtypes). In ons lichaam wordt botweefsel onderhouden
door botremodellering. Botremodellering bestaat uit de afbraak van oud bot door
osteoclasten en de aanmaak nicuw bot door osteoblasten. Een disbalans in
botremodellering is een kenmerk voor verschillende botaandoeningen. Een
veelvoorkomend voorbeeld is botontkalking (osteoporose), waarbij er meer botafbraak
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plaatsvind dan botaanmaak. Om deze reden dienen kweekmodellen voor
botremodellering in ieder geval te bestaan uit een co-celkweek van de botafbrekende
osteoclasten en de botvormende osteoblasten. Om deze cellen samen te kunnen
kweken, ontwikkelen alle onderzoekers kweekmethoden welke soms niet nauwkeurig
beschreven worden of niet herhaald worden door andere onderzoekers. Dit maakt de
reproduceerbaarheid en de vertaalbaarheid van deze onderzoeken lastig. Om deze reden
hebben we op een systematische manier alle bestaande co-celkweken geidentificeerd
welke als doel hadden een kweekmodel te ontwikkelen voor botremodellering. De
methodes die door deze onderzoeken zijn gebruikt om cellen te co-kweken en om
botremodellering te analyseren hebben we in kaart gebracht als basis voor
vervolgstudies naar kweekmodellen voor botremodellering. Hieruit kwam naar voren
dat veel kweekmodellen nog gebruik maken van foetaal runderserum als bron van
groeifactoren in het kweekmedium voor de cellen. Dit serum is controversieel doordat
het gewonnen wordt bij een volgroeide maar ongeboren runderfoetus. Daarnaast is het
gebruik  van foetaal runderserum een belangrijke oorzaak voor beperkte
reproduceerbaarheid binnen het onderzoek door de verschillen in samenstelling
afhankelijk van de afkomst van het serum. Om deze reden hebben we een alternatief
onderzocht voor het gebruik bij kweekmodellen van botremodellering: humaan
bloedplaatjeslysaat. In bloedplaatjes zitten veel groeifactoren opgeslagen welke
vrijkomen bij het lyseren (kapot maken van het membraan). In dit onderzoek merkten
we dat de toevoeging van bloedplaatjeslysaat aan het kweekmedium de functies van
osteoclasten en osteoblasten ondersteunden. Wanneer deze celtypes samen gekweckt
werden kon botremodellering gebalanceerd worden door de gebruikte
bloedplaatjeslysaat concentratie. Hiermee hebben we een alternatief gevonden voor
foetaal runderserum voor ons kweekmodel.

Een andere beperking van de huidige kweekmodellen voor botremodellering is het
gebrek aan functionele uitkomstmaten, namelijk het direct kunnen meten en lokaliseren
van botaanmaak en botafbraak. De oorzaak hiervan is dat veel kweekmodellen in 2D
zijn uitgevoerd of geen gebruik maken van botachtige materialen die afgebroken kunnen
worden door osteoclasten. Om deze reden hebben we een materiaal ontwikkeld in de
vorm van een scaffold, welke kenmerken heeft van botweefsel. Door wekelijks de
kweekmodellen te scannen met de uCT, konden we de botafbraak en -opbouw
kwantificeren en lokaliseren. Het ontwikkelde materiaal stimuleerde botafbraak door
osteoclasten en botaanmaak (met name mineralisatie) door osteoblasten. Vervolgens
hebben we dit kweekmodel gebruikt om de invloed van de verschillende
kweekmethoden zoals beschreven in de literatuur te kunnen bestuderen. Hierbij hebben
we gekeken naar de invloed van het kweekmedium, de ratio tussen osteoclasten en
osteoblasten, mechanische belasting, de gebruikte bloedplaatjes lysaat concentratie, en
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het gebruik van verschillende groeifactoren voor osteoblasten en osteoclasten. Met deze
studie hebben we de invloeden van deze factoren op de balans tussen botafbraak en
botaanmaak in kaart gebracht, waarbij werd gestreefd naar een balans tussen afbraak en
aanmaak, kenmerkend voor gezond botweefsel.

In dit proefschrift is de tissue engineering methode uitgebreid voor de toepassing bij de
ontwikkeling van kweekmodellen van bot. Hierbij hebben we methodes geévalueerd
om de structuur en eigenschappen van het aangemaakte botweefsel en de gebruikte
scaffold te verbeteren. Daarnaast hebben we de invloed van de biochemische en
biomechanische kweekomgeving op botaanmaak en botafbraak bestudeerd en
verbeterd. Dit proefschrift presenteert daarbij twee kweekmodellen welke aspecten van
(materiaal-gedreven) botregeneratie en botremodellering kunnen nabootsen. Het
onderzoek kan daardoor bijdragen aan het verbeteren van de preklinische evaluatie van
behandelmethodes en het vervangen, verminderen en verfijnen van dierproeven.
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