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Summary

Mesenchymal stem/stromal cells (MSCs) are a rare subpopulation of cells first
identified in bone marrow with the potential to proliferate in plastic-adherent colonies
and to generate de novo bone marrow stroma and its environment upon serial
transplantation to heterotopic anatomical sites. Given their multipotency and self-
renewal competence, MSCs are prime prospective candidates for most modern
musculoskeletal-tissue engineering and regenerative medicine approaches. Still, their
envisioned therapeutic use is being questioned with concerns regarding their definition,
characterization and integrative functions in vivo.

[t is well established that microenvironmental cues such as the extracellular matrix
(ECM)-chemistry, the mechanical environment and local cellular and/or paracrine
interactions critically control MSCs behavior. Yet, most of the scientific knowledge
regarding the biology and therapeutic effect of MSCs originates from mechanistic in vitro
studies where microenvironmental cues are hardly addressed. Therefore, manifestable
changes in cell proliferation behavior and multilineage differentiation potential might be
triggered that eventually compromise the translation of results to clinics.

This thesis aims to address the complexity of MSCs interactions within the skeletal
niche microenvironment in order to provide alternative methods to bypass the current
MSCs in vitro culture limitations.

Firstly, the influence of ECM-chemistry on MSCs behavior in vitro was explored by
means of decellularized human bone models here established. Basal or osteogenic
tailored cell-derived decellularized 2D matrices (dECM), proved to be suitable culture
substrates for MSCs expansion by providing close-to-native cell-ECM interactions.
Moreover, quantified morphological shape changes suggested a material osteo-
supportive potential, further functionally validated by observable spontaneous
mineralization of MSCs. Aiming to identify novel intrinsic ECM regulatory features
specific to the skeletal niche, 3D decellularized human trabecular bone scaffolds (dBone)
were additionally developed and comprehensively characterized. Remarkably, the MSCs
cultured on dBone scaffolds exhibit upregulation of genes associated with stemness as
well as niche-related protein expression advocating for the conservation of the naive

MSCs phenotype.



On the other hand, the effect of biomimetic mineralization on MSCs osteogenic
lineage differentiation potential was further addressed by hydroxyapatite-
functionalization of type-I collagen in presence of magnesium. Mineralized scaffolds
exhibited higher cell viability and a clear trend of osteogenic genes upregulation
comparing with non-mineralized scaffolds.

Lastly, in order to mimic the complexity of the native MSCs environment, a
dynamic culture system was applied to the 3D decellularized bone constructs, previously
studied in single static conditions. Mechanical stimuli generated by (1) continuous
perfusion of cell culture medium at 1.7 mL/min and (2) compressive stress from 10%
uniaxial load at 1 Hz, resulted in an improved cell repopulation within the scaffold and
boosting of de novo ECM production. The stress-induced gene expression pattern
suggested early MSCs commitment towards the osteogenic lineage mediated by integrin-
matrix adhesion, therefore further corroborating the recapitulation of a reliable in vitro
bone niche model in dBone scaffolds.

To conclude, the here developed in vitro models provide a progressive increased
biomimicking complexity through which significant insights regarding MSC interactions
with microenvironmental features in the skeletal niche can be obtained, thus surely
paving the way for a better understanding of the role of MSCs in bone homeostasis and

regeneration.

vi



Zusammenfassung

Mesenchymale Stamm-/Stromazellen (MSZ) sind eine seltene Subpopulation von
Zellen, die erstmals im Knochenmark identifiziert wurden und die das Potenzial haben,
sich in plastikadhdarenten Kolonien zu vermehren und bei serieller Transplantation an
heterotopen anatomischen Stellen de novo das Knochenmarkstroma und seine Umgebung
zu bilden. Aufgrund ihrer Multipotenz und ihrer Fahigkeit zur Selbsterneuerung sind MSZ
erstklassige Kandidaten fiir moderne Ansdtze des muskuloskelettalem Gewebe-
Engineering und der regenerativen Medizin. Dennoch wird ihr therapeutischer Einsatz
aufgrund von Bedenken hinsichtlich ihrer Definition, Charakterisierung und in vivo
Integration in Frage gestellt.

Es ist hinlanglich bekannt, dass die Mikroumgebung wie die Komposition der
extrazellularen Matrix (EZM), die mechanische Umgebung und die lokalen zellularen
und/oder parakrinen Interaktionen das Verhalten der MSZ entscheidend beeinflussen.
Die meisten wissenschaftlichen Erkenntnisse iiber die Biologie und die therapeutische
Wirkung von MSZ stammen jedoch aus mechanistischen [In-vitro-Studien, in denen
Faktoren aus der naiven Mikroumgebung von MSZ kaum berticksichtigt wurden. Dies
kann zu offensichtlichen Verdanderungen des Zellproliferationsverhaltens und des
Differenzierungspotenzials der Zellen fithren, was die Ubertragung der Ergebnisse in die
klinische Praxis beeintrachtigt.

Diese Arbeit zielt darauf ab, die Komplexitit der Interaktionen von MSZ in der
Mikroumgebung der skelettalen Nische zu untersuchen, um Methoden zur Umgehung der
derzeitigen Limitationen bei der In-vitro-Kultur von MSZ zu etablieren.

Zunachst wurde der Einfluss der EZM auf das Verhalten von MSZ in vitro mit Hilfe
von dezellularisierten menschlichen Knochenmodellen untersucht. Basale oder
dezellularisierte 2D-Matrizen (dECM) osteogen differenzierter Zellen erwiesen sich als
geeignete Zellkultursubstrate fiir die MSZ-Expansion, da sie nahezu native Zell-EZM-
Interaktionen ermoglichen. Dariiber hinaus deutet die quantifizierten morphologischen
Formveranderungen in MSZ auf ein osteoinduktives Potenzial des Materials hin, was
durch eine beobachtete spontane Mineralisierung der MSZ funktionell bestatigt wurde.
Mit dem Ziel, neue intrinsische EZM-Faktoren zu identifizieren, die fiir die skelettale

Nische spezifisch sind, wurden zusatzlich dezellularisierte 3D-Gertliste aus menschlichem
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trabekulairem Knochen (dBone) entwickelt und umfassend charakterisiert.
Bemerkenswerterweise zeigen die auf dBone-Geriisten kultivierten MSZ eine
Hochregulierung von typischen Stammzell-assoziierten Genen, sowie die Expression von
charakteristischen Nischenproteinen, was fiir die Erhaltung des Phanotyps naiver MSZ
spricht.

Andererseits wurde die Auswirkung einer biomimetischen Mineralisierung auf
das osteogene Potenzial von MSZ durch Hydroxyapatit-Funktionalisierung von Typ-I-
Kollagen Tragermaterialien in Gegenwart von Magnesium untersucht. Mineralisierte
Gertuste zeigten eine hohere Zellviabilitat und einen klaren Trend zur Hochregulierung
osteogener Gene im Vergleich zu nicht-mineralisierten Gertisten.

Um die Komplexitdt der nativen MSZ-Umgebung zu imitieren, wurde schliefdlich
ein dynamisches Kultursystem auf die dezellularisierten 3D-Knochenkonstrukte
angewandt, die zuvor unter statischen Bedingungen untersucht worden waren.
Mechanische Stimuli, die durch (1) kontinuierliche Perfusion des Zellkulturmediums bei
1,7 ml/min und (2) Druckbelastung durch eine einachsige Last von 10 % bei 1 Hz erzeugt
wurden, fiihrten nachweislich zu einer verbesserten Zellrepopulation innerhalb des
Geriists und zu einer Steigerung der de novo EZM-Produktion. Das stressinduzierte
Genexpressionsmuster deutet darauf hin, dass es schon frith durch Integrin-Matrix-
Adhdsion zu einer Festlegung der MSZ auf die osteogene Linie kommt, was die
Rekapitulation eines Zuverldssigen in vitro-Knochennischenmodells in dBone-
Konstrukten weiter bestatigt.

Zusammenfassend ldsst sich sagen, dass die hier entwickelten in vitro-Modelle
eine zunehmende Komplexitit der zelluliren Mikroumgebung darstellen, durch die
wichtige Erkenntnisse iiber die Interaktionen von MSZ mit der Mikroumgebung in der
Knochennische gewonnen werden kdnnen, was sicherlich den Weg fiir ein besseres

Verstandnis der Rolle von MSZ in der Knochenhomoostase und -regeneration ebnet.
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Chapter 1.

Introduction

In this introductory chapter the bone tissue structure, the MSCs identity and their
interactions with the native environment are firstly addressed. It follows a
comprehensive description of the motivation and aims for this thesis. Lastly, the most
recent and relevant bioengineering approaches to model the MSCs-niche complexity in

vitro are extensively reviewed, with special focus on their potentials and limitations.

Parts of this chapter were published as a review-article in the European Cells and
Materials journal (Volume 37). Reprint permission was obtained from all co-authors and

from the publisher under Creative Commons license (CC BY-SA).

Reference: Pereira AR, Trivanovi¢ D and Herrmann M. Approaches to mimic the complexity

of the skeletal mesenchymal stem/stromal cell niche in vitro. Eur. Cell. Mater., 2019, 37,
pp.88-112.






Chapter 1. Introduction

Bone microenvironment: tissue structure and functions

Bone is a complex, highly organized tissue capable of adapting its structure to
mechanical or biochemical stimuli, therefore providing support and protective functions
to the body [1]. Elastic collagen type-I fibers constitute approximately 95% of the bone
organic matrix, equipping the tissue with appropriated flexibility [2, 3]. On another hand,
its inorganic mineral phase is mainly composed of highly organized intrafibrillar calcium
phosphate ions, known as hydroxyapatite, providing the bone with rigidity, thus creating
the right mechanical balance to handle resistance to fractures [4, 5]. Anatomically, long
bones are composed of two different compartments: cortical and trabecular/cancellous
bone. Differences in the structural arrangements of the two bone types are related to their
primary functions: robust calcified and mineralized structure of cortical bone provides
mechanical and protective functions, while porous honeycomb-like network of cancellous
bone permit allocation of bone marrow, facilitating rather metabolic functions [6].

The major cellular elements that constitute the bone remodeling unit include
matrix-forming osteoblasts, matrix-resorption osteoclasts, and mature matrix-supporting
osteocytes, along with MSCs as the precursors of specialized osteoblasts [7]. Disturbances
in the balance between these complementary processes might result in metabolic bone
diseases, such as osteoblastic or osteolytic lesions [8].

Furthermore, the bone lacuna-canicular network is particularly sensible to physical
signals, where mechanical energy is converted to electrical/biochemical signals by
mechanical sensing cells, hence guiding precursor cell-fate decisions, and ultimately
dictating the function of the tissue [9] . Multiple physical stimuli have been identified that
actively affect and guide MSCs interactions and fate, namely: (1) the trabeculae
interconnective porosity [10], (2) the surface rough-nanotopography [11], (3) the matrix
stiffness [12] and external mechanical signals, such as (4) shear stress as a result of
interstitial fluid movement [13] and (5) strain caused by tension or compression [14].

As such, understanding the complex structure of bone tissue and biomechanical
aspects of bone homeostasis and regeneration in detail is essential for better
comprehending the integration of stimuli to which cells are subjected to either

physiologically or pathologically.
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MSCs skeletal niche

MSCs were first identified by Friedenstein in 1974 from bone marrow fragments’
outgrowths in culture, due to their competence to rapidly form adherent colony units with
fibroblast-like appearance [15]. Since their first discovery in bone marrow, similar cell
populations with proliferative competence, undifferentiated phenotype and the ability to
differentiate into osteoblastic, adipogenic and chondrogenic lineages in vitro, have been
identified and reported in many adult [16-20] and fetal tissues [21-23].

In native tissues, MSCs are sheltered in specific microenvironments, also known as
stem cell niches [24, 25]. Stem cell niches constitute a basic unit of tissue physiology, with
not only well-defined anatomical as well as functional dimensions, where cell stemness is
protected, yet tissue-adjacent cells, endocrine signals or external forces may trigger their
activation and mobilization [26-28]. Recent studies suggested that at least three different
osteoblastic niches for skeletal progenitor cells exist in bone marrow, in particular at
endosteal, perivascular and stromal regions [29].

The primary function of ECM is providing anchorage to the tissue-resident cells by
exposing pro-adhesive integrin-mediated RGD-peptide motifs, present in fibronectin and
other ECM proteins [30]. Additionally, ECM also acts like a reservoir of growth factors,
e.g., bone morphogenetic proteins, transforming growth factor-beta, etc.,, which are
released by proteases in a time- and dose-dependent way during ECM remodeling [31,
32]. It is therefore reasonable to assume that the inherent chemistry, mechanical
structure, and function of different tissues may have a major influence the single MSCs

entity, albeit their influence is not fully understood.

In vitro modelling: novel research tools

To date, the simplest models for examining biological behavior of MSCs in response
to microenvironmental factors are conduced by direct exposition to soluble factors [33,
34] or by cultivating monolayer cells on protein-coated engineering substracts [35, 36].

Although very convenient and effective for mechanistic purposes, the results from

2D cell culture models do not represent the essential and complex features of native
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microenvironments. A main limitation of in vitro studies in 2D monolayer cultures is the
lack of spatial and temporal control of multiple signals [37, 38].

Progress in the development of biomimetic materials have lately been chasing the
complexity of the mechanical and 3D physical-chemistry arrangement of the biomaterial
itself, such as hydrogels or scaffolds, commonly used for tissue engineering applications
[39, 40]. A wide variety of material alternatives have been developed to recreate the
tissue-specific ECM composition, albeit a single in vitro model that reproduces the in vivo
microenvironment homeostasis remains a bioengineering challenge. Commonly used
synthetic biodegradable polymers, mostly -lactic and -glycolic based, are widely used due
to their reproducible large-scale production, with controlled properties of strength,
degradation rate, and microstructure [41]. On the other hand, natural polymers such as
collagen, fibrin, alginate, silk, hyaluronic acid, and chitosan, provide high biological
integration, yet often lack mechanical structure [42].

Aiming to address this issue, decellularization of cell-derived ECM, tissues and
organs emerged with a reverse-engineering concept able to faithfully mimic the native
tissue complexity [43, 44]. Through physical, chemical and/or enzymatic treatments, the
central goal of decellularization protocols is to preserve the above-mentioned
biochemical complexity and mechanical integrity of the tissue, while efficiently removing
all cellular elements to prevent any immunological reaction [45, 46].

The future holds great potential for combined in vitro models towards tissue
engineering and regenerative medicine applications. Progress in engineering, technology,

chemistry and imaging will surely be at the forefront of MSCs niche modelling revolution.

Motivation and aims of work

As aforementioned, MSCs have a vast prospective value for most modern
musculoskeletal-tissue engineering and regenerative medicine approaches due to their
multipotency and self-renewing competence [47]. Contrariwise, their envisioned
therapeutic use is being questioned by the scientific community in spite of decades of
extensive research in the field with concerns regarding their identification,
characterization and integrative functions in vivo [48, 49], therefore harshening their

prospective value.
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Due to the lack of distinct surface markers that identify these cells in vivo, the
location and identification of MSCs in adult tissues is a subject of controversy [50-52].

In fact, most of the MSCs biology knowledge derives from in vitro studies, evidently
exposing cells to highly artificial situations that do not recapitulate the complexity of the
naive environment [53]. As a result, an ambiguous distinction between the physiological
function of isolated MSCs in culture and their presumed in vivo counterpart often leads to
a translation gap of results towards the clinics.

Although several major progresses have been made to mimic the complexity of the
MSCs niche in vitro, a major challenge is still to understand how the chemical composition
and mechanical properties of the ECM can functionally influence tissue homeostasis
under physiological and pathological conditions. Therefore, this thesis is structured in

two main aims that sequentially address unique niche properties:

Aim 1. Addressing the bone matrix composition

In here, unique human bone ECM models (2D and 3D) based on decellularization
techniques are developed, aiming to identify intrinsic ECM regulatory factors that may be
responsible for the maintenance of MSCs stem-cell competence in vitro and their response
to homeostatic and extrinsic signals. Additionally, the effect of bone biomimetic
mineralization on MSCs osteogenic lineage differentiation potential is further addressed

through a type I collagen-functionalized scaffold.

Aim 2. Addressing the bone biomechanics

Biomaterial design often targets the recapitulation of individual features of the
natural bone ECM network [54]. As well, several dynamic experimental setups have been
reported to mimic the above-mentioned mechanical stimuli with observable bone-
forming augmentation effect [55, 56]. Yet, in this thesis the bidirectional influence of
combined biochemical and biophysical cues are addressed for the first-time in a step-wise
holistic approach, by means of a laminar flow perfusion bioreactor with integration of
cyclic compression, thus opening new opportunities to validate bone development,

remodeling and pathologies studies.
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Mesenchymal stem/stromal cells (MSCs) are an essential element of most modern tissue engineering and
regenerative medicine approaches due to their multipotency and immunoregulatory functions. Despite
the prospective value of MSCs for the clinics, the stem cells community is questioning their developmental
origin, in vivo localization, identification, and regenerative potential after several years of far-reaching
research in the field. Although several major progresses have been made in mimicking the complexity of
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mechanical microenvironmental signals present in the native MSC niche are summarized, with special
emphasis on the forefront techniques to achieve bio-chemical complexity and dynamic cultures. In particular,
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AR Pereira et al. Mimicking the MSC niche in vitro
MMPs matrix metalloproteinases on the biology of the MSCs, elucidating their nature
MSCs mesenchymal stem/stromal cells and unique properties (Bronckaers et al., 2014;
Mé macrophages Méndez-Ferrer et al., 2010; Phinney and Prockop,
NG2 neural/glial antigen 2 2007; Prockop and Oh, 2012). In the present review,
ocC osteoclasts the different microenvironmental cues influencing
OorG osteoprotegerin the MSC phenotype and function either in health
PDGFRp platelet-derived growth factor and disease — including cellular, chemical, and
receptor beta physical interactions — are discussed. In addition,
piRNA piwi-interacting RNA the most recent in vitro culture strategies addressing
PCL polycaprolactone the complexity of the in vivo MSC environment are
PGA poly(glycolic acid) summarized.
PLA poly(lactic acid)
PLGA poly(lactic-co-glycolic acid)
PMMA polymethylmethacrylate The MSC identity relies on their localization
RANKL receptor activator of NF-«B ligand
RGD arginylglycylaspartic acid The characterization of MSCs either ex vivo or
RNAI RNA interference in vivo remains difficult since there is neither a
ROS reactive oxygen species distinct definition nor a robust assay to identify
Runx2 Runt-related transcription factor2 ~ MSCs in a mixed population of cells. However,
SCF stem cell factor the International Society of Cellular Therapy has
SCID severe combined immunodeficiency ~ established three main criteria that should be
SDF-1 stromal cell-derived factor-1 fulfilled by genuine MSCs in vitro. These cells should
STAT3 signal trnasduces and activator of (1) exhibit plastic adherence; (2) express a set of
trancription 3 surface markers —i.e., CD73, CD90, CD105, and lack
TRP transient receptor potential the expression of CD45, CD34, CD14 or CD11b,
VEGF vascular endothelial growth factor ~ CD79a or CD19, and HLA-DR; (3) have the ability

Introduction

Friedenstein and co-workers originally identified
a rare sub-population of cells in the BM with the
potential to proliferate in plastic-adherent colonies
with a fibroblastic appearance, first designated
as CFU-Fs (Friedenstein et al., 1974). Later in
vivo experiments have revealed the potential of
BM-isolated adherent cells to generate de novo
the BM stroma and its environment upon serial
transplantation to heterotopic anatomical sites
(Caplan, 1991; Owen, 1988), leading to the current
concept of BM-derived MSCs.

Although the BM is the most widely recognized
source of MSCs, further research has suggested the
presence of MSC-like cells in other tissues, including
adipose tissue (Zuk et al., 2002), peripheral blood
(Tondreau et al., 2005), dental pulp (Gronthos et al.,
2000), pancreatic islets (Carlotti et al., 2010), synovial
membrane (Hermida-Gémez et al., 2011), periodontal
ligament (Seo et al., 2004), anterior cruciate ligament
(Prager et al., 2018), endometrium (Schwab et al.,
2008), bursa subacromialis (Steinert et al., 2015),
placenta (Fukuchi et al., 2004), umbilical cord (Baksh
et al.,2007), and umbilical cord blood (Sarugaser et al.,
2005). It has been further proposed that MSCs may
be present in any vascularized tissue at perivascular
sites (Crisan et al., 2008).

Due to their multipotency and wide dispersion
in the body, MSCs are an essential element of
most modern tissue engineering and regenerative
medicine approaches. There are extensive reviews
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to differentiate in vitro into mesenchymal lineages,
namely adipocyte, chondrocyte, and osteoblast
(Dominici et al., 2006). These criteria are applied for
the in vitro characterization and validation of putative
MSCsisolated from different tissue sources; however,
differences exist in MSCs isolated from various
tissue origins for what concerns the clonogenecity
level, proliferation rate, differentiation potential, cell
surface marker expression, and, most importantly,
their regenerative potential in vivo (Bianco et al.,
2008; Hass et al., 2011; Raicevic et al., 2011). In fact,
only cells isolated from the BM reestablish the
marrow stroma upon serial transplantation in mice
(Méndez-Ferrer et al., 2010; Sacchetti et al., 2007).
CD146' pericytes, firstly isolated from the BM (Bianco
et al., 2008) and later from multiple vascularized
human organs (Crisan et al., 2008), exhibit long-term
proliferation and trilineage differentiation potential
in in vitro cultures. However, pericytes, identified
by the expression of the transcription factor Tbx18,
maintain their identity during aging and diverse
pathological in vivo settings and do not contribute
to tissue regeneration (Guimaraes-Camboa et al.,
2017), suggesting that the plasticity of these cells
observed in vitro can be in fact the result of artificial
cell manipulations. Regardless of the controversy,
these findings provide evidence that MSCs should not
be classified as a uniform population of theoretically
multipotent cells, but rather a super-family of tissue-
specific committed progenitors, possibly even with
a distinct developmental origin, as proposed by
Robey (2017) and Sacchetti et al. (2016). Noteworthy,
isolated MSCs seem to reflect an organ-specific
potency and a mechanical memory from past physical
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environments, which can influence cell fate - e.g.,
MSCs originated from the BM are more predisposed
to give rise to the skeleton, MSCs from adipose tissue
to adipocytes and those from other organs to the
respective native connective tissues (Sacchetti et al.,
2016; Yang et al., 2014).

The nomenclature debate

Due to already identified functional and anatomical
diversity of putative MSCs and the lack of robust
assays, the nomenclature of these cells has been
extensively debated in the field since their discovery.
First named as ‘colony-forming-unit fibroblasts’ by
Friedenstein in 1974 (Friedenstein et al., 1974), quickly
their name was changed to ‘marrow stromal cells’
when their in vive potential to generate de novo the
complete BM structural components was proven
(Owen, 1988). Caplan (Caplan, 1991) has proposed to
introduce the term ‘mesenchymal stem cells’” due to
their clonability and multilineage potential as well as
their loose architecture of randomly organized cells
surrounded by large amounts of ECM, which is a
characteristic of mesenchymal tissues. However, the
International Society for Cellular Therapy (Horwitz
et al., 2005) has decided to change the term back to
‘mesenchymal stromal cell’, due to the inappropriate
and misleading use of the term ‘stem’, especially
in the context of cell therapy applications. Also,
the term ‘mesenchymal’ has been lately involved
in controversy since it can be easily misinterpreted
with the differentiated lineages derived from the
mesoderm germinal layer — i.e.,, skeletal muscle,
bone, connective tissue, heart, and urogenital system
— which do not have the same MSC differentiation
potential. Given that, the scientific community has
widely accepted that, for terms of clarity, the tissue of
origin of the isolated MSCs should always be stated
in their name (Robey, 2017; Sipp et al., 2018). Other
suggested terminologies have emerged, not based on
the cell’s anatomical location nor their differentiation
potential but on their function and application for
clinics — e.g., Caplan proposal to change the name
to “medicinal signaling cells” because of their in vivo
secretory function (Caplan, 2017).

The dynamics of the MSC niche

There is abundant evidence suggesting that the
MSC ability to maintain themselves or to give rise
to differentiated progeny is strictly governed by
complex interactions within their close environment
— first proposed for HSCs as stem cell niche
(Schofield, 1978). The concept of a stem cell niche
has later been established as an interactive structural
unit, organized to facilitate cell-fate decisions in
a proper spatiotemporal manner, comprising the
structural and functional components of the ECM,
the cellular signaling with stem adjacent cells
and other environmental cues, such as gradients
of hypoxia (Fig. 1) (Li and Xie, 2005; Scadden,
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2006). In vive remodeling of the stem cell niche
occurs constantly during development, e.g., during
skeletal development and epithelial branching
morphogenesis (Rozario and DeSimone, 2010) or in
adults during wound healing (Schultz and Wysocki,
2009), where both inflammatory, angiogenic, and
morphogenetic factors are present, culminating in
an adjustment of the mechanochemistry and cellular
composition of the tissue.

Age and diseases

The dynamics of the BM niche vary strongly with
age and disorder phenotypes. During aging, a
quiescence-to-senescence transition occurs in
niche-residing MSCs, which strongly impairs the
interactive signaling network of all niche-residing
cells and ultimately the complete regenerative
activity (Herrmann et al., 2019). This phenomenon
is driven either by the age-associated BM fat tissue
expansion (Ambrosi ef al., 2017) and/or by the inherent
modulation of number and type of vessels in bone
and BM (Watson and Adams, 2017; Zimmermann et
al., 2011). The signature and proliferation capacity
of MSCs is also compromised in ECM-related
disorders, such as tissue fibrosis — where an excessive
deposition of ECM is observed (Usunier et al., 2014) —
or osteoarthritis (Maldonado and Nam, 2013) — which
is linked to a resilient ECM degradation mediated
primarily by MMPs and to an over-activation of
osteoclast activity (Maldonado and Nam, 2013).
Disruption of such control mechanisms generates
aberrant ECM, both structurally and mechanically
altered, leading to abnormal behaviors of cells
residing in the niche and, ultimately, to enormous
repercussions on the overall tissue homeostasis and
functionality (Bonnans et al., 2014; Cox and Erler,
2011).

BM niches can also be targeted by metastasizing
cancer cells (discussed in more detail below), where
a malignant vicious cycle between niche and tumor
cells is created, adapting the ECM dynamics to each
step of tumor progression (Herrmann et al., 2019; Lu
et al., 2012).

Cellular interactions

MSCs gather in niches in distinct location within
the BM — namely endosteal (Nakamura et al., 2010),
stromal (Herrmann et al., 2019; Pereira et al., 1998), and
perivascular (Winkler et al., 2010). The phenotypical
similarities of MSCs within their respective niches
are currently not completely known. However, the
interplay with cells of different maturation and
activation states from each niche must surely play a
pivotal role in adult tissue dynamics.

MSC communication with ECs and HCs in the
BM, which drives the BM niche integrity and bone
tissue homeostasis and repair, is discussed in this
section. The proper reproduction of these interactions
in experimental approaches is mandatory for
revealing fundamental properties of the regenerative
process and creating rational cell-based therapeutic
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Fig. 1. MSCs’ biochemical and physical interactions within the BM niche. A bidirectional synergetic
cross-talk is present in the MSC niche, which is ultimately responsible for the modulation of the dynamic
state of multicellular tissues — e.g., external signals can change cell DNA transcription, while, in turn,
signal transduction from the interior of the cell can modify the extracellular chemistry and mechanics
(Bottaro et al., 2002). These interactions may comprise: (1) receptor recognition of insoluble and soluble
ECM components — such as cytokines, growth factors, morphogenetic proteins, collagenous proteins,
proteoglycans; (2) systemic factors through the vascular system; (3) paracrine and endocrine signals from
local or distant sources, e.g., small-molecule agonists, steroid hormones, cytokines, peptides, ions; (4) cell-
cell interactions with the neighbor cells, such as niche-supporting cells, immune cells, ECs, or nerve cells;
(5) environmental cues, including shear forces, pH effects, oxygen tension; (6) ECM mechanotransduction

based on matrix elasticity and geometry.

strategies. The understanding of the relationships
between these cells is loaded by difficult definitions
of certain cell phenotypes and functionalities, as they
might share cell origin, i.e., mesenchyoangioblast and
hemangioblats, where progenies possess endothelial
and hematopoietic signatures (Angelos et al., 2018;
Breitbach et al., 2018; Guibentif et al., 2017). By
protecting the primitive stem cells from exhaustion
and, on the other side, supporting extensive
progenitor activation and differentiation when needed
(Ramasamy et al., 2016), the spatial arrangement of the
BM hubs is responsible for governing heterogeneity
within cell populations (Crisan and Dzierzak, 2016).
Cell-to-cell communication includes interaction
between membrane and cytoplasm and production
of growth factors and cytokines. Extracellular vesicles
containing proteins, lipids, miRNA, piRNA (De Luca
et al., 2016), or mitochondria transfer (Mahrouf-
Yorgov et al., 2017) are important mechanisms of
cell communication between MSCs and HCs (De
Luca et al., 2016), as well as ECs (Gong et al., 2017;
Qin and Zhang, 2017) and cancer cells (Lin ef al.,
2016), regulating their differentiation, migration, and
survival. MSCs provide an instructive environment
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for angiogenesis, hematopoiesis, and osteopoiesis but
also functional assistance to local and disseminated
unhealthy or malignant cells (Dhawan et al., 2016; Lee
et al., 2012; Roccaro et al., 2014; Xu et al., 2018).

MSCs and ECs

Stem cell behavior, tissue formation and regeneration
as well as survival of bone grafts are under the
control of the blood vessels, which supply oxygen
and nutrients to the cells (Bohrnsen and Schliephake,
2016; Ramasamy et al., 2016). Controlled diffusion
of ROS, BM blood-vessel-forming ECs and vascular
integrity determine and regulate HSPC as well as
MSC localization and functionality (Fehrer et al.,
2007; Gomariz et al., 2018; Langen et al., 2014; Xu
et al., 2018). Low permeable endosteal vessels with
high integrity (H-type) differ from sinusoidal vessels
with low integrity (L-type) and provide a poor ROS
microenvironment, favoring HSPC maintenance,
while fenestrated L-type vessels allow for HSPC
respiration and mobilization (Itkin ef al., 2016). Sca-1*
and Nestin® MSCs are likewise associated with H-type
vessels and sensitivity to ROS with HSPCs (Itkin et
al., 2016). During aging, reduction of H-type vessels
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results in decreased levels of SCF and PDGFRB* or
NG2' perivascular stromal cells, which is associated
with a decrease in the HSPC population in the BM
(Kusumbe et al., 2016). Endothelial to mesenchymal
transition, an example of cell plasticity, generating
pro-inflammatory ECs (Al-Soudi et al., 2017; Chen et
al., 2015), is often observed in adult pathologies (Erba
etal., 2017, Medici and Olsen, 2012), musculoskeletal
injury (Agarwal et al., 2016), and heterotopic bone
ossification (Sun et al., 2016), but is also recognized
as a developmental process connecting maturation
and fate of MSCs and ECs.

MSC-EC cross-talk leads to the modulation of
the angiogenic response, with MSCs behaving as
pericyte-like cells in the stabilization of newly formed
blood vessels (Duttenhoefer et al., 2013; Herrmann et
al., 2014; Loibl et al., 2014). However, current data are
conflicting. MSCs attenuate activation, proliferation
and angiogenesis of ECs, through the production
of MMP-1 (Zanotti et al., 2016) and ROS, leading to
EC apoptosis, capillary degeneration (Marfy-Smith
and Clarkin, 2017; Otsu et al., 2009), and, finally,
disease (Cipriani ef al., 2007). In contrast, MSC-EC
crosstalk stimulates proliferation and osteogenesis
in MSCs and angiogenesis in ECs (Bidarra et al.,
2011; Béhrnsen and Schliephake, 2016). While BM
endothelial progenitors, considered to be CD34"
or CD133" cells, downregulate osteogenesis in
MSCs (Duttenhoefer et al., 2015), EC progenitor-
derived growth factors are of critical importance for
MSC engraftment, stemness, and repopulation in
secondary grafts and osteogenesis (Lin ef al., 2014).

MSCs and HCs

Crosstalk of MSCs and HSPCs is one of the most
studied issues in physiological homeostasis and
adult tissue regeneration (Chan et al., 2015; Raggatt
et al., 2014), where progenies of these cells are major
participants in immune response, inflammation
resolution, and tissue repair. Coherency of the
skeletal system and hematopoiesis maintenance
(Visnjic et al., 2004) contributes to the BM as stem
cell niche environment, as described above. Many
mechanisms of HSPC activation by infections or
various cytokines have been revealed, while the major
pathways involved in steady state and emergency
hematopoiesis, generating the full repertoire of
immune cells, are still not understood (Boulais
and Frenette, 2015; Crisan and Dzierzak, 2016). In
case of an altered MSC contribution to osteoblast
or adipocyte pool in the BM, biased hematopoiesis
occurs through disbalanced myelo-/lymphopoiesis.
Distinct stromal cell factors — such as SCF, CXCL12,
Flt3 ligand, Wnt3a, angiopoietin-like proteins,
thrombopoietin, and fibroblast growth factor 1 -
control HSPC quiescence, survival, proliferation,
self-renewal, and mobilization or retention in their
niche (Crisan and Dzierzak, 2016; Wohrer et al., 2014).
Deletion of CXCL12 from perivascular stromal cells
or osteoblasts depletes HSPCs and early lymphoid
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progenitors, respectively (Ding and Morrison, 2013).
Leptin receptor’ perivascular stromal cells are the
main source of SCF and CXCL12 in the BM (Ding
and Morrison, 2013; Zhou et al., 2014) and conditional
deletion of SCF leads to the depletion of quiescent
HSPCs (Zhou et al., 2014), while deletion of CXCL12
leads to HSPC mobilization (Ding and Morrison,
2013). Since the fast onset of HSPC differentiation
in culture complicates the ex vivo amplification of
HSCPs for their clinical application, development
of improved HSPC-amplifying strategies where
HSPCs retain their stem cell capacity are still in
progress. MSCs support the proliferation of ex-vivo-
expanded committed hematopoietic progenitors
(Hammoud et al., 2012) and their co-culture in 3D
macroporous hydrogel scaffolds, mimicking the
spongy architecture of trabecular bone, results in
higher CD34" frequency (Raic et al., 2014). However,
the impact of MSCs on HSPC stemness during
different in wvitro cultivation and repopulating
activity in SCID remains unclear. MSC effects on
mature or differentiated HCs are widely studied,
particularly in order to reveal the immunobiology
of MSCs, where their immunosuppressive capacity
is attempted to be harnessed in clinical settings
(Galleu et al., 2017; Simonson et al., 2015; Trento et
al., 2018). On the contrary, functional adjustment
of MSCs in hematologic malignancies, including
acute lymphoblastic or myeloid leukemia, multiple
myeloma, lymphomas, chronic myeloid leukemia,
and myelodysplastic syndromes are described
(Civini et al., 2013; de la Guardia et al., 2017), while it
is still unknown whether malignant hematopoietic
progenitors modify MSCs or if leukemia-triggering
changes occur first in MSCs and the healthy marrow
niche (Schroeder ef al., 2016).

The murine Lin Sca-1*cKit" population, referred to
as HSPCs, controls MSC differentiation, stimulating
osteogenesis through the production of BMP-2 and
-6, while, in aged and osteoporotic mice, HSPCs
fail to generate BMPs (Jung ef al., 2008). Also, in
vitro co-culturing demonstrates that murine HSPCs
impact clonogenicity and favor an osteogenic gene
expression profile in MSCs (Jung et al., 2008). On the
other hand, differentiated HCs may also affect MSC
features, directly through the modulation of their
properties as constitutive cells of the mutual niche
or indirectly through paracrine activity and feedback
effects (Vasandan et al., 2016).

Increased megakaryocyte numbers in the
BM are associated with elevated BMP-2, -4, and
-6 in mice and are followed by stimulation of
MSC osteogenesis (Garimella et al., 2007). While
osteoblast maturation and skeletal homeostasis
might be supported by megakaryocyte (Alvarez
et al., 2018; Kacena et al., 2006), data regarding the
effects on osteoclastogenesis suggest inhibitory
effects of megakaryocyte on osteoclast development
and functions (Beeton ef al., 2006; Ciovacco et al.,
2010; Kim et al., 2018). In vitre studies show that
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monocytes can induce osteogenesis in MSCs through
cell contact, which leads to the activation of STAT3
signaling followed by upregulation of Runx2, ALP,
and Oncostatin M and downregulation of DKK1 in
MSCs (Nicolaidou et al., 2012). From these data, it
is clear that bidirectional interactions of MSCs and
HCs at different developmental stages regulate local
tissue functionality and their elucidation particularly
contributes to the understanding of normal as well
as malignant stem cell biology.

MSCs and M¢

M¢ are phagocytic myeloid cells involved in
inflammatory processes through dead cell and
foreign material degradation. M¢ pool contains self-
renewable embryonic M¢, which are established
before the emergence of adult M¢ which derive from
marrow immature myeloid progenitors or circulating
monocytes (Gomez Perdiguero et al., 2015; Yona et
al., 2014). M¢ are functionally specialized in lung,
liver (Kupffer cells), or bone, where multinucleated
OC near the bone surface participate in physiologic
or pathologic bone resorption (Kim et al., 2014; Park
et al., 2014; Wu et al., 2015). OC dissolve crystalline
hydroxyapatite (Wenisch et al., 2003) and degrade
the collagen-rich organic bone matrix (Henriksen
et al.,, 2006). Due to their plasticity, M¢ may have
an anti-inflammatory (M2) or pro-inflammatory
(M1) profile as well as many intermediate activation
states. MSCs can facilitate monocyte to macrophage
transition, but attenuate (Vasandan et al., 2016)
or favor their pro-inflammatory and osteoclastic
activities (Gamblin et al., 2014). MSCs induce a M2
phenotype in BM-M¢, increasing their expression of
arginase-1, IL-10, IL-4, and CD206 and decreasing
the expression of IL-6, MCP-1, and iNOS (Cho et al.,
2014; Takizawa et al., 2017). Through the production
of major osteoclastogenic [e.g., RANKL (Biswas et
al., 2018) and M-CSF (Cappellen et al., 2002)] and
anti-osteoclastogenic factors [e.g., OPG (Oshita et al.,
2011)], MSCs control bone resorption and remodeling
(Sharaf-Eldin et al., 2016). By producing OPG and/
or FasL protein, MSCs exert a suppressive effect
on osteoclastogenesis (Shao et al., 2015; Varin et al.,
2013) and are proposed to be suitable cell candidates
for controlling inflammation-associated bone
destruction, such as rheumatoid arthritis (Oshita et
al., 2011). However, the absence of osteoclastogenesis
may be associated with reduced osteoblastic
commitment of MSCs, endosteal osteoblast loss,
and impaired homing (Mansour et al., 2012) or
clonogenicity of HSPCs (Lymperi et al., 2011).

MSCs and DCCs

MSC and their progeny may facilitate neoplastic
growth (Doron et al., 2018). Communication between
MSCs and bone-metastatic DCCs is unclear, but it is
possible that MSCs control DCC settlement in the BM
as competition for niche space may exist (Dhawan
et al., 2016; Gordon et al., 2014; Rossnagl et al., 2018;
Shiozawa et al,, 2015). Prostate cancer cells induce
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an osteoblastic-type lesion, while breast cancer and
myeloma cells form osteolytic-type of bone lesions
(Hashimoto ef al., 2018). Human BM biopsies show
higher CD271* MSCs and CD31"* frequencies in the
absence of DCCs in the BM of prostate cancer patients
in comparison with breast cancer (Rossnagl et al.,
2018). SDF-1 chemokine gradient is one of the most
described explanations for tumor-to-BM homing and
MSC-derived osteoblasts produce SDF-1, creating
a chemo-attractant gradient for CXCR4-expressing
cancer cells (Amend et al., 2016; Devignes et al., 2018).
In vitro and in vivo migration assays have revealed
that MSCs have tropism toward multiple myeloma
cells, where MSCs promote multiple myeloma
progression (Xu et al.,, 2012). Although tumor-
homing ability of MSCs suggests their utilization
in anti-tumor strategies, it is still unknown how
MSCs in the metastatic niche of the BM contribute
to graft versus tumor reaction, one of the currently
most investigated anti-tumor approaches. Exosomal
transfer of miRNAs from MSCs to breast DCCs (Ono
etal., 2014) induces MSCs dormancy in the BM niche.
Moreover, multiple-myeloma-cell-derived exosome
miRNA promotes a phenotype switch of MSCs
towards a cancer-associated fibroblast state (Cheng
et al., 2017). Concerning tumor persistence, there is a
complex bidirectional crosstalk of MSCs and cancer
cells involving various mechanisms which are still
unclear but important for the understanding of
peculiarities of normal and stem cell niche in tumors.

ECM dynamics

Although the crucial importance of cellular
interactions with surrounding elements is recognized,
a major challenge is still to understand how the
chemical composition and mechanical properties
of the ECM can functionally influence tissue
homeostasis under physiological and pathological
conditions.

Particularly, a better understanding on how
disruption of ECM dynamics, i.e., both biochemical
signaling and physical cues, contributes to
progression of complex diseases will be important
towards the development of new therapeutic targets
in regenerative medicine.

Biochemical interactions
Microenvironmental cues, such as cellular
interactions, the paracrine environment and ECM-
associated proteins, critically influence MSC behavior
via biochemical pathways. This is suggested by
plenty of studies demonstrating that MSCs acquire
tissue-specific characteristics when co-cultured with
mature cells types (Csaki ef al., 2009; Deng et al., 2008;
Plotnikov et al., 2008; Schneider et al., 2011; Strassburg
etal., 2010) or in complex biological substrates in vitro
(Bosnakovski et al., 2006; Datta et al., 2005; Hoch et al.,
2016; Suzuki et al., 2010).

The oxygen tension applied to the in vitro culture
also significantly influences both MSC proliferation
and differention potential in a lineage-specific matter.
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Although the published literature is quite diverse
and occasionally contraditory, some studies have
reported that reduced oxygen tension attenuates
the MSC differentiation capacity into the osteogenic
lineage (D’Ippolito et al., 2006) whilst promoting
adipogenic (Fink et al., 2004) and chondrogenic
differentiation (Kanichai et al., 2008; Robins et al.,
2005). This correlates with the in vivo situation where
chondrocytes and adipoctes reside in more hypoxic
environments. Low oxygen tension also regulates
MSC paracrine activity. An induced hypoxic in vitro
culture stimulates an upregulation of angiogenic
genes, such as VEGF and IL-6 (Hu et al., 2008).
Furthermore, in hypoxia, large amounts of SDF-1,
along with its receptor CXCR4, are expressed and
secreted by MSCs, stimulating their mobilization
and, thus, promoting MSC-homing toward damaged
tissue (Liu et al., 2012; Rosenkranz et al., 2010).
Likewise, tissue-specific ECM proteins have an
important role as a supportive scaffold, exposing
binding sites for growth factors, cell receptors
ligands, proteases, efc.. In the context of bone, a
type I collagen-rich ECM is required to regulate
local availability of BMPs in a spatio-temporal
manner and, therefore, controls osteoblast lineage
progression. Specifically, integrin binding of ECM-
released BMPs to osteoblastic precursor cells initiates
a MAPK-dependent signaling cascade that leads to
the phosphorylation and activation of Runx2 (Yang et
al., 2003), the master transcriptional regulator of the
osteoblastic differentiation. Noteworthy, the ECM-
MSC dynamic is rather a bidirectional system, where
the lineage commitment process of MSCs also induces
a remodeling of the microenvironment’s chemical
and mechanical characteristics. Manduca et al. (2009)
have investigated the role of MMPs in osteogenic
differentiation, demonstrating that preosteoblastic
cells sense the microenvironment through binding
of 1 integrins to fibronectin and collagen type I in
the ECM, resulting in the formation of a complex
with MMP-1. This complex initiates the expression
of proMMP-2, required for type-I collagen and ALP
proteolysis, which is involved in mineral deposition
during osteogenic differentiation.

These studies emphasize the crucial role of cell-
matrix interactions as highly instructive elements
for stem cell biologic functions including growth,
differentiation, apoptosis, and, ultimately, tissue
remodeling.

The importance of the environmental mechanical properties
In the context of bone, collagen fibrils comprise
binding sites for mineral deposition while still
keeping the structural flexibility for a tissue that
would otherwise be overly rigid. Alongside, there
is evidence showing that ECM physical cues not
only provide support and anchorage for the cells
but strongly elicit changes in gene expression and,
ultimately, affect cell fate and tissue development
(Chen, 2008; Engler et al., 2006; Lutolf and Hubbell,
2005). Biologically, osteocytes trapped within the
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matrix are the principal sensors of mechanical forces
applied to the bone, with a crucial role in local mineral
deposition regulation (Klein-Nulend et al., 2013).
Likewise, for tissue engineering approaches, MSCs
are sensitive to their substrate stiffness and able to
detect its nano- and micro-topography or porosity
(reviewed by Sun et al., 2012a). The transduction
of these mechanical stimuli into cellular processes,
otherwise known as a mechanotransduction, is
accomplished through direct or indirect processes
(described in detail by Sun et al., 2012a; Yim and
Sheetz, 2012). Briefly, direct mechanotransduction
occurs when forces applied to integrins, which
are linked to the nucleus through focal adhesion
interactions with the cytoskeletal protein filaments
(e.g., actin and vimentin), lead to changes in
gene expression through chromatin remodeling.
Indirect mechanotransduction occurs either through
mechanosensitive ion channels, mainly from TRP
family (Ranade et al., 2015), or through integrin-
mediated signal pathways (Jalali et al., 2001; Schwartz,
2010), which internally couple with other growth
factor pathways to regulate stem cell fate. Even with
all the recent discoveries on how MSC behavior can
be tailored by artificial mechanic features (refer to
the next section for MSC environment modelling
applications), there is still a poor understanding of
the underlying mechanisms of biophysically-induced
stem cell differentiation and how these dynamic
complex feedbacks can be manipulated towards a
therapeutic application.

Modelling MSC niche complexity

The extensive presence of MSC-like progenitor cells
throughout the vascularized organs raises a wide
range of possible therapeutic strategies intending to
accelerate the tissue regenerative capacity following
injury. The up-to-date therapeutic applications, either
based on the stem-properties or on the paracrine
and immunomodulatory competence of these cells,
are highlighted in recent reviews (Matsumoto et al.,
2016; Park et al., 2011; Peired et al., 2016; Yousefi et
al., 2016). Nevertheless, in most cases, MSC-based
clinical trials occur in an early phase (phase I or II)
according to FDA guidelines, where the long-term
safety and treatment efficacy is not yet conclusively
established (Squillaro et al., 2016). Regardless of the
extensive effort and advances made in MSC identity
and experimental handling, there are still substantial
ambiguities about their integrative functions in vivo
and long-term safety, which continues to pose a
major limitation on their envisioned therapeutic
use. An extensive scientific knowledge of each
MSC subpopulation and their interaction with
the environment is still necessary to successfully
translate them to the clinic. The more recent and
relevant illustrative examples of novel bioengineering
approaches to mimic biological, chemical, and
mechanical microenvironmental signals present in
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Mimicking the MSC niche in vitro

the MSC niche are summarized in this section (see
Table 1). Furthermore, the current limitations are
highlighted and potential opportunities to fill the
bridge between fundamental science and clinical
application discussed.

Monolayer culture: an in vitro mechanistic tool
Culture of an adherent cell monolayer on flat and rigid
2D substrates is a well-established straightforward
technique by which cells of interest can be maintained
outside the body and observed over time with a good
viability of cells in culture.

Paracrine factors

To date, the simplest models for examining biological
behavior of MSCs in response to microenvironmental
factors are conduced by direct exposition to soluble
factors (Celil and Campbell, 2005; Indrawattana et al.,
2004; Kratchmarova et al., 2005; Luo et al., 2010) and
conditioned media from either other cell type cultures
(Chowdhury et al., 2015; Menon et al., 2007; Siciliano
et al., 2015) or from tissue extracts (Chen et al., 2002).
In the strictest sense, the conditioned medium
refers to the cell secretome, which encompasses
proteins shed from the cell surface and intracellular
proteins released through non-classical secretion
pathway or exosomes, including numerous enzymes,
growth factors, cytokines and hormones, or other
soluble mediators (Veronesi et al., 2017). Therefore,
conditioned medium approaches offer the possibility
of studying the paracrine interactions of complex
combinations of factors, in a specific physiological
or pathological environment.

Co-cultures

Co-culture techniques find countless applications
in biology for studying interactions between cell
populations. Overall, the co-culture systems can be
set-up either by direct co-culture of both cell types or

using compartmented systems, such as trans-wells or
microfluidic chambers, to study solely the paracrine
crosstalk and not the cell-cell signaling pathways
that may occur. Many studies have explored this
approach by co-culturing MSCs with mature cells
in direct (Aguirre et al., 2010; Ball et al., 2004; Csaki
et al., 2009; Deng et al., 2008; Strassburg et al., 2010;
Takigawa et al., 2017; Wang et al., 2007) and indirect
contact (Liet al., 2011; Luo et al., 2009; Wei et al., 2010).
When comparing cultures of MSCs and osteoblasts
alone with MSC/osteoblast co-cultures, for example,
an increase in calcification over time is observed in
co-culture. These results suggest the idea of a positive
augmentation of the MSC differentiation process by
osteoblast-secreted factors (Glueck et al., 2015).

Protein-coating

The native ECM is essentially a 3D network
of fibrillar and non-fibrillar proteins, such as
collagens, fibronectin, elastin, laminin, vitronectin,
glycosaminoglycans, such as hyaluronan or heparin,
and proteoglycans (Bason et al., 2018). Many of
these ECM components are commercially available,
either as complex mixtures (e.g., matrigel) or as
purified proteins and are extensively applied
to guide MSC differentiation in vitro (Curran et
al., 2006; Phillips et al., 2010; Qian and Saltzman,
2004; Rojo et al., 2016). To achieve a high chemical
complexity, MSCs are also cultured on decellularized
extracellular 2D coatings, i.e., matrix produced by
cells in vitro, resulting in a composition of cell-secreted
components without the potentially antigenic cellular
structures or contaminating DNA after collection and
processing (Hoshiba ef al., 2010). The enhancement
of proliferation and stemness maintenance of naive
MSCs is verified in cells cultured on a basal-cultured
MSC-derived decellularized ECM; while, when
cultured on decellularized ECM deposited by MSCs
under osteogenic differentiation, an osteogenic

Fig. 2. Comparison of morphology and spatial organization of MSC in vitro cultures with the MSC
perivascular niche in vivo. When cultured on a 2D monolayer culture of standard tissue culture polystyrene
(a) MSCs acquire a stretched and flattened morphology. On the other hand, when a 3D decellularized
bone scaffold is used to physically support MSC culture, (b) the cell-matrix interactions induce a different
cellular distribution and arrangement which closely mimics the niche organization observed in (c) an in
vivo perivascular niche [600x magnification (with permission of Crisan et al., 2008)].
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lineage differentiation is observed in seeded MSCs
cultured in the absence of dexamethasone (Rao et
al., 2014).

Limitations

Although very convenient and effective for
mechanistic purposes, the results from 2D cell culture
models may not be representative of essential and
complex features of native microenvironments. A
main limitation of in vitro studies in 2D monolayer
cultures is the lack of spatial and temporal control of
multiple signals, similar to what happens in a native
3D context. Furthermore, a significant limitation
of 2D cell cultures is that diffusion and transport
conditions do not reflect the in vivo situation — cells
grown in monolayers are exposed to a uniform
environment with constant supply of oxygen,
nutrients or metabolic products, which can lead
to significant deviations in cellular function and
response (Baker et al., 2012).

Paradigm shift: mimicking MSC niche environment
through third dimension

Due to the lack of structural architecture, 2D cell
culture models are substantially diverging from the in
vivo state (Fig. 2). Accordingly, many research groups
apply a 3D culture environment that aims to better
resemble the native tissue organization.

Spheroids culture

Since the observation that chondrocytes lose their
phenotype quickly in monolayer culture (Caron et
al., 2012; Thompson et al., 2017), micromasses and
pellet in vitro cultures have been established, allowing
cells to aggregate in high densities and create their
own 3D cartilaginous matrix (Cottrill ef al., 1987;
Johnstone ef al., 1998). In addition, using a simple
3D scaffold-free spheroid culture system, Wang et
al. (2009) have demonstrated that MSC multipotency
can be significantly increased for both osteogenic
and adipogenic lineage when compared with the
conventional 2D monolayer culture. Moreover,
using a perivascular-like in vitro 3D spheroid co-
culture system, Saleh ef al. (2011) have shown that
endothelial cells regulate MSC activity by maintaining
quiescence and facilitating niche exit by osteogenic
differentiation through activation of endogenous
Wnt and BMP signaling. Other studies have reported
enhanced anti-inflammatory properties after a short
period of spheroid culture by increased expression
of genes, such as CXCR4, which promotes adhesion,
or IL-24, with tumor-suppressing properties (Bartosh
et al., 2010; Potapova et al., 2008; Ylostalo et al., 2012).

Micropatterning

A different approach being adopted is the creation
of a pseudo-3D environment for MSCs using soft
lithography techniques to imprint a topography-
patterning in the culture substrates. This is rather a
bottom-up organization approach, with cells being
instructed at the molecular level. Several studies have

o=
CELLR macsziaL

97

16

shown increased mineralization during osteogenesis
induction on micro- and/or nano-patterning growth
surfaces (McNamara et al., 2010; Oh et al., 2009; Yim
et al., 2007; Zhao et al., 2012). Differences in groove
size as well as their geometric arrangement dictate the
matrix alignment and cell morphology, resulting in a
strong effect on cell proliferation and gene expression
and eventually induction of bone nodules formation.
Dalby et al. (2007) have shown that MSC osteogenic
differentiation can be initiated with a nanopitted
topographical pattern in a square geometry with a
moderate level of disorder embossed into PMMA
surfaces; while, on the other hand, an ordered square
nanopit-pattern is proposed to mediate retention
of MSC stemness (McMurray, 2011). Also, Stanciuc
et al. (2018) have shown an accelerated maturation
of human osteoblast maturation on micro-rough
surfaces of zirconia-toughened alumina with nano-
porosity obtained by selective chemical etching.

Substrate stiffness

Engler et al. (2006) have demonstrated for the first
time that the substrate stiffness itself can direct
MSC lineage fate. Subsequently, Pek et al. (2010)
have optimized a 3D hydrogel system to guide
MSC differentiation either to neural, myogenic,
or osteogenic phenotypes depending on whether
they are cultured in gels of elastic moduli in the
lower (7 Pa), intermediate (25 Pa), or higher range
(75 Pa), respectively. Interestingly, the matrix that
optimally drives MSC differentiation to specific
lineages corresponds to the stiffness of the relevant
target tissue. Accordingly, tuning the elasticity of the
culture material is a common strategy, adopted to
control MSC fate (Du et al., 2016; Huebsch et al., 2015;
Kuboki and Kidoaki, 2016; Seib et al., 2009; Wingate
et al., 2012).

The influence of the chemical and physical
biomaterial properties

Progress in the development of biomimetic materials
have lately been chasing the complexity of the
mechanical and physical-chemistry arrangement of
the biomaterial itself, such as a scaffold, commonly
used for tissue engineering applications. Such tissue-
engineered constructs not only represent potential
therapeutic options for the treatment of bone defects
but may also serve as a model system of the MSC
naive environment in the bone and facilitate our
understanding of the interactions within the niche.

3D gel matrices/scaffolds

For tissue engineering applications, the culture
substrate should not only provide physical support
but also present a functional surface chemistry
compliant with the biological purpose. Noteworthy,
the chemical composition as well as the fabrication
process itself determine the final geometry, porosity,
and roughness of the bulk material (Akbarzadeh
and Yousefi, 2014; Loh and Choong, 2013; Pina et al.,
2016). The macroporosity (pores>50 pm) of a scaffold
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contributes to osteogenesis by facilitating cell and ion
transport (Bignon et al., 2003), while microporosity
(pores < 20 um) augments bone growth by providing
attachment points for osteoblasts (Bignon et al., 2003)
and increasing growth factors retention upon which
bone formation depends in ectopic sites (Hing et al.,
2005; Woodard ef al., 2007).

Commonly used natural polymers for bone
tissue engineering are collagen, fibrin, alginate, silk,
hyaluronic acid, and chitosan. They provide high
biological recognition that may positively support cell
adhesion and function, yet often lack the mechanical
strength required by bone (reviewed by O’brien,
2011). Synthetic biodegradable polymers, such as
PLA, PGA, and PCL are widely used due to their
reproducible large-scale production, with controlled
properties of strength, degradation rate, and
microstructure (reviewed by O’brien, 2011). Calcium-
phosphate-based materials, such as hydroxyapatite
and beta-tricalcium phosphate, are widely used
ceramics that often shape the inorganic-phase of bone
graft substitutes. Their non-toxic, non-inflammatory,
non-immunogenic properties and their biological
affinity (i.e., ability to form direct chemical bonds
with the surrounding environment) direct tissue
integration when implanted in bone defects (Ambard
and Mueninghoff, 2006; Venkatesan and Kim, 2014).
Besides, extensive studies of organic modifications
of hydroxyapatite-based composites show the
enhancement of the osteoconductive properties of the
material (review by Swetha ef al.,, 2010). For example,
Zhao et al. (2006) have investigated two types of
biomimetic composite materials, chitosan-gelatin and
hydroxyapatite/chitosan-gelatin. They have shown
that hydroxyapatite enhances protein and calcium
ion adsorption — which in turn improves i) initial cell-
adhesion and long-term growth, ii) maintains MSC
stemness and iii) upon induction enhances osteogenic
differentiation (Zhao et al., 2006).

Engineered substrates

The tissue engineering field provides valuable
knowledge for modeling the MSC niche in wvitro.
Moreover, advances in protein engineering and
synthetic chemistry of peptide-conjugated polymers
allow the fabrication of the so-called artificial ECM
constructs, which can respond to cell-secreted
signals and enable proteolytic matrix remodeling
(Lutolf and Hubbell, 2005). These synthetic networks
are typically achieved by crosslinking of specific
bioactive components in a structural mesh - e.g.,
(1) cell-adhesive ligands, such as integrin-binding
peptides of the prototypical RGD family, resulting
in an increased cell growth efficiency (Chang et al.,
2009; Maia et al., 2014); (2) domains with susceptibility
to degradation by cell-secreted proteases to facilitate
bidirectional cell-matrix interactions (Lutolf et al.,
2003); (3) binding sites for growth factor matching the
pretended application (Madl ef al., 2014; Park et al.,
2009). Thevenot et al. (2010) have developed a PLGA
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scaffold with incorporated SDF-1 to enhance the
recruitment of endogenous MSCs to the injury site.
Likewise, Phillippi et al. (2008) have created spatially
defined patterns of immobilized BMP-2 using
inkjet bioprinting technology to modulate the cell
organization and, consequently, their differentiation
toward the osteogenic lineage.

As another powerful element, synthetic biology has
recently been applied to tissue engineering modeling.
Encapsulated modified cells with sophisticated
tunable modular genetic switches that couple
repressor proteins with an RNAi can be controlled
by an external factor or specific microenvironment
changes (Saxena et al., 2016; Weber and Fussenegger,
2012).

3D biofabrication

Combined knowledge of material science and 3D
fabrication principles results in the advent of additive
manufacturing techniques as a complex innovative
approach to generate complex 3D environments with
a designed and controlled arrangement of tissue
morphology features and spatial distribution of cells
(Bose et al., 2013; Malda et al., 2013). 3D biofabrication
is becoming popular due to the ability to directly print
porous scaffolds with designed shape, controlled
chemistry, and interconnected porosity. Apart
from inorganic scaffold manufacturing, additive
manufacturing approaches are also used to explore
the possibilities in fabricating scaffolds with live
cells and tissues. Levato et al. (2014) have shown a
combined method where MSC-laden polylactic acid
microcarriers are printed by encapsulation in gelatin
methacrylamide-gellan. This combined bioprinting
approach allows for the improvement of the elastic
modulus of the hydrogel construct, facilitating cell
adhesion and survival, while supporting osteogenic
differentiation and bone matrix deposition (Levato
et al., 2014). Alternatively, Gurkan et al. (2014) have
used another interesting approach where MSCs
are encapsulated in a gelatin-based metacrylated
hydrogel with addiction of BMP-2 and TGF-p1
mimicking the fibrocartilage phase of the bone.
Incorporating bioprinting technology with a nanoliter
gel droplet system, this model can induce the
upregulation of osteogenesis and chondrogenesis,
thus making this approach a functional tissue model
system (Gurkan et al., 2014).

Decellularized tissue

Although a variety of different materials and
composites are available, to achieve a physiologically
relevant protein and structural complexity, whole
organ or tissue decellularization techniques are
investigated. These natural scaffolds preserve
the complex biochemical and biomechanical
ultrastructure of the native tissue and can be
recellularized to generate a new functional tissue or
organ (Crapoef al., 2011; Lund et al., 2017). Particularly,
decellularized bone is used as a scaffold for bone
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tissue engineering or bone in vitro modelling due to
its 3D porous structure and its natural biochemical
component arrangement, providing osteoinductive
properties that are not fully resembled by synthetic
polymers or hydrogels (Nyberg et al., 2017). However,
the current challenge of working with decellularized
matrices and their translation to clinics is to balance
the decellularization methods in order to maintain
the specific epitopes that will have a positive impact
on cell functions but eliminate any component that
could cause an immunogenic response (Gilpin and
Yang, 2017; Keane et al., 2016).

The dynamic dimension

Biomechanical stimuli caused by physical deformation
and fluid shear stress generated by interstitial fluid
movement through bone lacunae are recognized as
a significant part of in vivo bone remodeling (Carter,
1984; Duncan and Turner, 1995). Therefore, to better
reassemble the in vivo counterpart, in vitro models for
skeletal progenitors may likewise be integrated in an
intrinsic dynamic environment.

Dynamic bioreactors

Dynamic culture of MSCs has expanded greatly in the
last 15 years and dynamic optimized bioreactors are
now widely used to provide the technological means
to achieve both improved nutrient transportation
and mechanical stimulation. A variety of dynamic
3D bioreactor concepts mimicking the native
microenvironment of bone tissues have been
developed - e.g., perfusion chambers (Dahlin et al.,
2012; Hosseinkhani et al., 2006; Kleinhans et al., 2015;
Porteret al., 2005; Yeatts and Fisher, 2010), stirred tanks
(Eibes et al., 2010; King and Miller, 2007), rotating wall
vessels (Nishi et al., 2013; Song et al., 2008), mechanical
loading chambers (Altman et al., 2002; Baker et al.,
2011; Pelaez et al., 2012; Sittichockechaiwut et al.,
2009), and, more recently, nanovibrational reactors
(Tsimbouri ef al., 2017). MSCs cultured under those
dynamic cultures are subjected to mechanical shear
created by fluid flow, which promotes osteogenesis
via the ERK1/2 pathway through upregulation of
Runx2 (Yeatts et al., 2013) and, therefore, provides
the right microenvironmental setup to augment bone
formation (David et al., 2007; McCoy and O’Brien,
2010; Stiehler et al., 2009).

Microfluidic chips

The advances in microfluidic technology brought
great progresses in the field of dynamic in vitro
models, mainly regarding the spatiotemporal control
of gradients and the introduction of individual or
combination of factors with low volumes and low
cell suspension density requirements (Sart et al.,
2016; Sun et al., 2012b; Tatarova et al., 2016). Recently,
Marturano-Kruik et al. (2018) have developed a
perivascular model containing ECs and MSCs seeded
on a bone matrix, forming a bone perivascular niche-
on-a-chip, which allows following slow-cycling
metastatic cancer cells in a BM niche.
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Smart materials

Meanwhile, advances in the material science field
have been made with the development of the so-
called ‘smart’ materials —i.e., biomaterials specifically
designed to allow dynamic changes in their structure
in response to an external stimulus (Kaliva et al.,
2017). These materials can be metals or polymers
sensitive either to temperature (Dessi et al., 2013; Roy
etal., 2013), pH (Wang et al., 2004), magnetic (Ribeiro
etal.,2016) or electrical fields (Balint et al., 2014), light
(Muraoka et al., 2009; Zhao, 2012), or lytic-enzymes
(Hu et al., 2012; Todd et al., 2007). The concept of a
dynamic 4" dimension is also being explored in 3D
printing approaches for tissue engineering (reviewed
by Gladman et al. , 2016; Khoo et al., 2015). The
development of new tailored inks capable of adapting
their shape or functionalities to external stimuli will
surely be a pivotal milestone in achieving reliable
and close to in vivo MSC niche models.

In vivo models

Animal models are a vital part of MSC biology research
and MSC-based therapeutic approaches, enabling
investigations at the systemic level in a physiological
environment. Nevertheless, the prediction of
effectiveness of a therapeutic approach in preclinical
models can be highly inaccurate, resulting in hurdles
upon translation of results in clinics. This frequent
discrepancy happens mainly due to (1) intrinsic
divergence of molecular mechanisms between
species and the non-human stromal component of
the ECM, or (2) anatomic discrepancies particularly in
orthopedic applications. These facts, along with high
costs of maintenance, need for qualified expertise,
limited output analysis, and ethical concerns about
animal experimentation are motivating governments
and regulatory organizations to limit their use
and support the implementation of alternative
methods following the 3R’s principles — firstly
established by Russell in 1959 (Russell et al., 1959).
Yet, improvements in modeling the complex bone
environment (as discussed in the present review)
present promising options to provide tissue grafts
for regenerative medicine in large bone fractures and,
also, to screen with precision therapeutic agents that
may facilitate bone repair.

Final remarks

In vitro models should not be confined to single
stationary conditions; i.e., an individual architecture
or a particular chemical functionalization with a
specific biological function. Instead, it is desirable
that the emerging constructs should comprise
complex combinatorial signals with tunable cues,
to support stemness maintenance or direct stem
cell differentiation with spatiotemporal control.
Nevertheless, successes in various aspects of the
tissue engineering assure a bright future for the
development of models that mimic the relevant
properties of naive tissues. The progressive increase
in complexity of in vitro models that is been
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witnessed is surely paving the way towards a better
understanding of the detailed biological events
involved in tissue homeostasis and related disorders
in vivo.

Further perspectives

The localization, identification, and regenerative
potential of MSCs is under controversial discussion
in the stem cell community. This is mainly attributed
to the lack of distinct surface markers for the
identification and prospective isolation of naive MSC/
tissue-specific progenitor cells in vivo in mouse and
human, resulting in inconsistences of the studied
cell population, and the restriction of many studies
to the assessment of the cell regenerative potential
in vitro. The in vitro MSC characterization methods
are highly artificial and do not proof the function of
MSC/tissue-specific progenitor cells in vivo. Indeed,
there is an ambiguous distinction between the
physiological function of isolated MSCs in culture
and their presumed in vivo counterpart — i.e., MSCs
isolated from the BM give rise to all the mesenchymal
cell lineages (Pittenger ef al., 1999) and even
transdifferentiate into cells from the central nervous
system (Wislet-Gendebien ef al., 2005), the skeletal
muscle system (Ferrari et al., 1998), the hepatic system
(Lee et al., 2004), and the cardiac system (Toma et
al., 2002) when exogenously stimulated; whereas
naive non-stimulated BM-MSCs do not share the
same phenotypic plasticity (Bara et al., 2014). In
fact, robust in vive assays of progenitor cells from
other tissues, all sharing the in vitro characteristics
attributed to MSCs (Dominici et al., 2006), suggest
that distinct tissue-specific stem/progenitor cells
with distinct regenerative capacity exist throughout
the body (Robey, 2017; Sipp et al., 2018), specifically
settled in a specific environment which control
either the maintenance of their stemness or the
orchestration of tissue modulation activities. This,
along with the increasing amount of data showing
a microenvironmental-dependent behavior of
MBSCs, as reviewed in the present article, highlights
the importance of considering and implementing
microenvironmental cues upon assessment of the
MSC regenerative potential.

Although substantial advances have already been
made in the field, the recapitulation of the complex
biological recognition and signaling functions,
e.g., between cells and ECM, is still crucial and
controlling the dynamics and spatial organization
of multiple signals remains a current challenge.
Substantial testing and optimization is still required
to ensure that the 3D constructs realistically mimic
the native tissue counterparts. Accordingly, despite
the unquestionable value of MSCs for clinical
applications, comprehensive studies of fundamental
mechanisms triggered by microenvironmental cues
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are critical before moving to regenerative medicine
cell therapy applications.

The future holds great potential for 3D/4D models
for studying tissue dynamics in health and disease as
well as for tissue engineering applications. Progress
in engineering, technology, biomaterials, and
imaging will surely be at the forefront of the MSC
niche model revolution.
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Discussion with Reviewer

Reviewer: Given the wide distribution of MSCs and
their diversity, there are likely to be a multitude of
niches. Will each need to be analyzed separately or
will there be common features?

Authors: Stem cells, including MSCs, require
particular microenvironments to maintain themselves
in vivo, otherwise known as niches (Schofield, 1978),
where their stemness is protected and the stimulus
for differentiation is triggered by cellular signaling
with either tissue-adjacent cells, paracrine and
endocrine signals from local or systemic sources, or
external mechanical forces. Given the theoretically
wide distribution of MSCs through several connective
tissues in the organism (Crisan et al., 2008), it is
reasonable to assume that the inherent chemistry,
mechanical structure, and function of different tissues
may influence the single MSC entity. Since native
stem cell niches at distinct anatomical locations and
developmental stages have remained a theoretical
construct and criteria for the in vitro characterization
of MSCs weakly delineate MSCs from other cell
types, it remains challenging to compare naive cells
from different niches. However, increasing evidences
indicate different transcriptome and differentiation
capacity of MSCs-like cells obtained from diverse
tissues (Sacchetti et al., 2016), while tissue-specific
elements involved in MSC lineage decision still
have to be revealed. Based on current knowledge, it
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can be assumed that both tissue-specific as well as
common mechanisms control MSC fate in distinct
niches. However, future research will be required to
unravel these mechanisms, which will be also critical
to resemble specific niche features in in vitro models.
Recent technical advances in niche in vitro modelling
will certainly play a pivotal role in understanding
and elucidation of MSC physiology and regulation
within different locations.

Reviewer: Are MSCs an in vifro artefact?

Authors: Most of the knowledge on MSC biology
derives from in vitro studies, due to the current lack
of sophisticated methods allowing to specifically
track MSCs in vivo. As discussed in the article, in
vitro cultures, despite being great mechanistic tools,
can often manipulate the cell phenotype in favor
of specific differentiation events, by exposing them
to highly artificial situations, such as the unnatural
2D environment in monolayer cultures or chemical
stimulation. These potentially stressful in vitro
conditions provoke subcultured MSCs to adjust their
physiology (Bara et al., 2014), while their stem cell
features, inherent to rare cell population only, may
disappear. Thus, regenerative properties of in vitro
described MSCs are required to be validated in vivo
withappropriate controls and reproducible protocols,
which indeed only some studies have demonstrated
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until now. Nevertheless, in vitro amplified MSCs
show therapeutic potential for certain clinical
application, e.g. the treatment of graft-versus-host
disease (Le Blanc et al., 2008; Ringdén et al., 2006;
additional references), indicating therapeutic value
of these cells independent of the fact that they might
be an in vitro artefact.
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Chapter 2.

Methods: Development of a decellularized bone scaffold

In this chapter information regarding the manufacturing and handling process of
decellularized human-bone scaffolds is methodically described. Further scaffold

characterization techniques and corresponding results are shown.

The work presented in this chapter was published as a protocol-article in Methods
in Cell Biology (Volume 157: Cell-Derived Matrices Part B, Chapter 7). Reprint permission

was obtained from all co-authors and from the Elsevier Copyrights department.

Reference: Pereira AR, Rudert M and Herrmann M. Decellularized human bone as a 3D

model to study skeletal progenitor cells in a natural environment. Methods in cell biology.

Elsevier, 2020, 157, pp.123-141.
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Abstract

There has been an increasing interest in exploring naturally derived extracellular matrices as
an material mimicking the complexity of the cell microenvironment in vivo. Bone tissue-
derived decellularized constructs are able to preserve native structural, biochemical, and bio-
mechanical cues of the tissue, therefore providing a suitable environment to study skeletal pro-
genitor cells.

Particularly for bone decellularization, different methods have been reported in the litera-
ture. However, the used methods critically affect the final ultrastructure and surface chemistry
as well as the decellularization efficiency, consequently causing complications to draw con-
clusions and compare results in between studies.

In this chapter, an optimized protocol for the preparation of human bone derived scaffolds is
described, including processing techniques and further characterization methods, which allow
the final construct to be recognized as a major platform for bone therapeutic and/or diagnostic
applications.

1 Definition

Tissue decellularization of small and simple tissues was first reported in the 1970s for
the treatment of burn victims (Elliott & Hoehn, 1973). Still, the advent of the most
forefront techniques arose several years later, with a major impulse from Badylak
and coworkers (Badylak, 2004a, 2004b; Badylak, Lantz, Coffey, & Geddes,1989).
Soon after, promising results of tissue-derived biological scaffolds with the purpose
of tissue engineering and regenerative medicine applications were reported, such as
heart valve substitutes (Bader et al., 1998; Korossis et al., 2002), bladder mucosa
grafts (Merguerian et al., 2000; Probst, Piechota, Dahiya, & Tanagho, 2000), skin
grafts (Buinewicz & Rosen, 2004; Clark, Saffold, & Israel, 2003; Herson,
Mathor, Altran, Capelozzi, & Ferreira, 2001) and liver grafts (Badylak, 2004a,
2004b; Lin, Chan, Badylak, & Bhatia, 2004).

The success of decellularized constructs relies mainly in the fact that these are
able to conserve a highly complex tissue-specific combination of structural and func-
tional extracellular matrix features, and therefore direct cell behavior and tissue re-
generation in a dynamic way.

Until now, decellularized constructs have been produced from a number of tis-
sues and organs, whereby the methods by which they might be derived are highly
dependent on the structure of the organ of interest and may include both physical,
chemical and enzymatic treatments. Decellularized bone matrix, in particular, is
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gaining a lot of attention as implantable biomaterial for bone tissue repair and regen-
eration (Freyman, 2008; Lee et al., 2016). However, there is a great variability of
protocols in the literature, which may lead to very different biological outcomes.
This chapter describes an optimized protocol for the preparation of human bone de-
rived scaffolds, including processing techniques and further characterization
methods, which empower the final construct to be recognized as a major platform
for therapeutic and/or diagnostic applications.

2 Rational

There has been an increasing interest in exploring naturally derived extracellular ma-
trices, in order to resemble the complexity of the cell microenvironment in vivo,
which is hardly reached by synthetic scaffolds. The final decellularized constructs
are able to preserve their native structural, biochemical, and biomechanical cues.
Therefore, tissue-specific and functional molecules, which modulate not only cell
behavior but also the synthesis of new extracellular matrix components, are pre-
sented in their native three-dimensional distribution and defined concentrations to
the cells, thus mimicking the full microenvironmental dynamics.

The goal of decellularization protocols is to preserve the above mentioned bio-
chemical complexity and mechanical integrity of the tissue, while efficiently remov-
ing all cellular and nuclear components. Complete removal of antigens and genetic
material is critical in order to prevent any rejection or cross-reaction during the repo-
pulation of the scaffold.

Each particular tissue has its own characteristic requirements, e.g., matrix den-
sity, chemical composition and geometric factors including tissue thickness and
shape, to which the decellularization protocol has to be adapted. Bone has a complex
highly organized structure—the organic phase of bone is mainly composed of a
strong network of elastic collagen type-I fibers and provides the tissue with flexibil-
ity. The inorganic mineral phase is mainly composed of highly organized calcium
phosphate known as hydroxyapatite, providing the bone with rigidity and creating
the right mechanical balance to provide resistance to fractures. Particularly applied
to the decellularization of bone tissue, not only the decellularization efficiency is im-
portant, but also the removal of the mineral phase, known as decalcification, is fun-
damental. Decalcification of bone has been documented already in 1965 to be
beneficial to expose biologically active bone morphogenetic proteins in the surface
of the produced scaffolds, and consequently increase significantly their osteoinduc-
tive properties (Urist, 1965).

3 Bone decellularization protocols in literature

Several alternative techniques have been reported to achieve decellularization of tis-
sues. Decellularization can be accomplished using physical, chemical or enzymatic
methods, albeit each strategy has both benefits and drawbacks. For example,
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physical treatments often are able to preserve the tissue structure, but fail to meet the
requirements for reducing/preventing immunogenicity. In contrast, chemical and en-
zymatic treatments alone are often not sufficient to remove the total cellular remain-
ings from the tissue. For these reasons, combinatory protocols may be used in the
field of decellularization. While requiring longer sample processing times, these pro-
tocols offer an improved final material, both in terms of efficient decellularization
and overall structure preservation.

Considering bone-specific characteristics such as a high matrix density and chal-
lenging geometric features (e.g., high thickness and complex shape), rather harsh
decellularization methods must be considered. However, a vast number of protocols
for bone decellularization have been described in literature, which are often adapted
to the scientific question being pursued by each research group. Therefore, the com-
parison of biological results among the literature should be performed carefully, tak-
ing in consideration the details of the methodology.

3.1 Physical treatments

Commonly used physical methods for decellularization include (1) mechanical ag-
itation, (2) freeze/thaw cycles, (3) sonication and (4) use of high pressures and forces.

Mechanical agitation is highly present in the majority of the protocols as an ad-
juvant technique applied in most of washing and incubation steps in order to improve
the penetration of the solution into the thickness of the tissue.

Thermal shock techniques are also frequently present in bone decellularization
protocols. By shock freezing a tissue in liquid nitrogen, ice crystals are created
around the cell membrane causing cell lysis. Although the tissue is considered devi-
talized, it is not decellularized. Therefore, freeze/thawing usually requires comple-
mentary washing steps to remove remaining genetic material, either using detergents
such as Triton X-100 (Tran et al., 2018), or solvent extraction procedures, e.g., with
isopropanol (Bianco et al., 2019). Both techniques have been confirmed to preserve
the native 3D bone architecture, including bundles of collagen fibers and glycopro-
teins, blood vessel structures as well as decellularized cellular niches.

Similarly, sonication methods are also often used to avoid the exposure of pro-
longed chemical treatments and therefore reduce extracellular matrix damage and
ultrastructure disruption. Smith and co-workers reported to have achieved an effi-
cient removal of marrow components (~99.6%) by performing a sequence of three
sonication and centrifugation cycles in pre-warmed distilled water followed by a son-
ication step in peracetic acid to ensure the total removal of cell debris (Smith et al.,
2015). Resultant constructs were confirmed to be biomechanically stable compared
with fresh frozen samples during compression tests.

High-hydrostatic pressurization has also been applied to bone decellularization
protocols. Hashimoto et al. have successfully produced decellularized bone scaf-
folds after hydrostatically applying a pressure of 980mPa at 30°C for 10min,
followed by an enzymatic washing step with nucleases to remove remaining ge-
netic material. The resultant decellularized scaffolds have been shown to improve
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in vitro osteogenic differentiation of rat mesenchymal stem cells and no immune
reaction was observed when implanted subcutaneously in a rat model (Hashimoto
et al., 2011).

3.2 Chemical treatments

Chemical methods commonly used for bone decellularization include (1) acidic and
(2) alkaline treatments, (3) nonionic and (4) ionic detergent washing steps, and (5)
alcohol sterilization. Usually chemical treatments are recognized to be more abrasive
for the ultrastructure and surface chemistry of the tissue; nevertheless, they are es-
sential to ensure the total removal of the cellular material.

Use of alkaline bases, e.g., ammonium hydroxide (Lee et al., 2016), and weak
acids, e.g., peracetic acid (Smith et al., 2015), are used to achieve a fast effect on decel-
lularization. The efficacy strongly varies according to the type, concentration and time
of exposure; yet, the degree of matrix degradation is proportionally larger. Therefore,
the use of those is often used along with an adjuvant physical treatment, such as son-
ication or mechanical agitation mentioned above, for a short period of time.

Nonionic detergents such as Triton X-100 are widely used (Sun et al., 201 1; Tran
et al., 2018) since they induce cell lysis through interaction with the lipid bilayer of
the cellular membrane—i.e., due to its chemistry, these detergents do not disturb
protein-protein interactions, which is a major advantage to preserve the matrix chem-
istry. Although Triton X-100 has been shown to be an effective decellularization
method for several soft tissues (Gilbert, Sellaro, & Badylak, 2006), it is not signif-
icantly used in bone decellularization applications.

Ionic detergents, such as SDS, are often used because of their high efficacy in
lysing cells (Lee et al., 2016; Sladkova et al., 2019). However, they are considered
more detrimental to the matrix structure than nonionic detergents. SDS disrupts cell
membranes and denatures proteins, exposing the contents to further degradation. To
prevent protein degradation, protocols often contain several sequential washes with
low concentrated SDS solutions and incubation at lower temperatures. The complete
removal of SDS from samples through several further washing steps is also
extremely important, since the presence of SDS is highly toxic for the cells.

Alcohols such as ethanol or methanol are used widely among most of the protocols as a
final wash to remove residual nucleic acids. It is also a common strategy applied for ster-
ilization of the final decellularized scaffolds, since it is not unusual that the implementa-
tion of the decellularization protocol is not feasible to perform under sterile conditions.

3.3 Enzymatic treatments

Enzymatic agents are often used after physical and/or chemical decellularization to
further achieve complete removal of residual nuclear material from the tissue.
Nucleases and proteases are the most widely used enzymes for enzymatic
decellularization.
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Nucleases act directly on hydrolization of phosphodiester bonds from nucleic
acids. The use of deoxyribonuclease (Hashimoto et al., 2011; Sun et al., 2011) or
the combined treatment with ribonuclease (Sladkova et al., 2019) have been shown
to be very effective in completely removing the genetic material left behind after cell
lysis by other pretreatments.

Proteases, such as trypsin, are proteolytic enzymes, which cleave peptide bonds
to dissociate adherent cells from the matrix. Proteases are often used with an adjuvant
chelation agent, e.g., EDTA that binds calcium ions, and therefore destabilizes
calcium-dependent proteins in the cell surface responsible for cell adhesion. Al-
though the combination of trypsin-EDTA has been proven to be efficient for decel-
lularization (Sawkins et al., 2013), due to its specific activity on peptides, long
incubation times can severely disrupt matrix proteins, such as collagen, laminin, fi-
bronectin and elastin (Crapo, Gilbert, & Badylak, 2011).

4 Material and equipment
4.1 Preparation of decellularized hone scaffolds

Plexiglas microscope slides (404152, Walter Messner GmbH)

Superglue (1733-0100, Renfert)

Silicon carbide abrasive paper (WSflex 18C, Hermes Schleifmittel GmbH)
Electric saw (300, Exakt)

Diamond cutting band (D64, Walter Messner GmbH)

Hotplate stirrer (WiseStir MSH-A)

Standard testing sieve—250pm pore size (60BS8F, Advantech Manufacturing
Inc.)

Antibiotic-Antimycotic (15240062, Gibco)

Sodium azide (S2002, Sigma-Aldrich)

Chloroform (288306, Sigma-Aldrich)

Methanol (1481, Labsolute)

Tris(hydroxymethyl)aminomethan (161-0716, BioRad)
Ethylenediaminetetraacetic acid (EDTA) (E5134, Sigma-Aldrich)

Sodium dodecyl sulfate (SDS) (A1112, AppliChem)

Deoxyribonuclease 1 (DNase) (DN25, Sigma-Aldrich)

Ethanol (K928.4, Roth)

Biopsy punch (PO510/PZN 00199131 and P1010|PZN 00258514, Xiomedics
Medizintechnik GmbH)

Liophilizator (Alpha 1-4 LSCbasic, Martin Christ Gefriertrocknungsanlagen
GmbH)

4.2 GCell culture

Class II Biological Safety Cabinet (Safe 2020, Thermo Scientific)
CO> Incubator (BBD 6220, Thermo Scientific)
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Dulbecco’s Phosphate Buffered Saline (PBS) (D8537, Sigma-Aldrich)
DMEM/F-12, GlutaMAX™ supplement medium

Fetal calf serum (Lot#BS211507.5A, FBS.EUA.0500, Bio&Sell)
Penicillin-Streptomycin (P4333, Sigma-Aldrich)

HEPES solution (H0887, Sigma-Aldrich)

Recombinant human FGF basic protein (100-18C, PeproTech)
Costar™ 12-well Not Treated Multiple Well Plate (3737, Corning)
Trypsin-EDTA 0.5% (15400054, Gibco)

5 Protocol
5.1 Preparation of decellularized bone scaffolds

1. Collect discarded human femoral heads during patient’s total hip arthroplasty
(see Fig. 1A) with informed consent and agreement of ethical authorities
(permission number: 187/18, University Wuerzburg ethics committee). View
safety 1.

Note: This protocol has been established with bone samples derived from
patients aged ~55-75 years, yet the results of the decellularization process is
expected to be transferable for other sets of donors as well.

Pause step: Samples can be stored at —20 or —80°C before use.

2. Inorder to avoid bias of results by complications that may affect bone structure,
discard samples of donors with indications of osteoporosis and diabetes (based

FIG. 1

Schematic view of femoral head slicing steps. (A) During surgery, the cut is performed by the
surgeon in the femoral neck region, where the upper section (the femoral head) is stored in a
sterile vessel for transportation. (B) After fixation to a slide (step 3), horizontal sections of
precisely 3mm thickness are sawed from the full volume of the femoral head, excluding the
femoral neck.
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11.

12.

13.

14.

15.

on analysis of clinical prescription records or diagnosed osteoporosis based on
BMD measurement), and/or with Body Mass Index above 30.

. Thaw bones in demineralized water at RT for 1h. Clean remaining blood and

remove surrounding tissues.

. Glue the femoral head to a Plexiglas microscope slide.

Critical step: To ensure a stable fixation, particular irregular contact
surfaces can be manually sanded with a silicon carbide abrasive paper.

. Use an electric diamond band saw to cut slices of 3mm from each femoral head

(see Fig. 1B).

Critical step: Keep demineralized water running on the contact surface
between the bone and the saw, in order to avoid overheating and biological
degradation of samples.

Pause step: Samples (bone slices) can be stored at —20°C until further use.

. Wash slices briefly with demineralized water.

Note: From this step on, process each donor individually through the
washing steps.

. Incubate slices in 3mM sodium azide for 24h under agitation. View safety 2.

Critical step: For all incubation steps with agitation, use enough volume to
completely cover all the slices (approximately 3—4 x volume of bone). Make
sure that the stirring speed is able to keep all slices moving and they do not form
aggregates, which will critically impair the perfusion of solution in the volume
of bone.

. Remove lipid content from bones by incubation in a mixture of 1:1 chloroform/

methanol for 72h under agitation. View safety 3.

. Wash 3 x with demineralized water at 37 °C for 10—15min each time.
. Incubate with 2,5% EDTA in 10mM Tris at RT under agitation.

Critical step: Keep changing the solution (approximately every 3 days) until
the slices can be mechanically bended. This step is highly dependent on the
donor. Total time of incubation usually varies between 5 and 12 days.

Punch out cylinders with desirable diameter from bone slices using a biopsy
punch in the respective size.

Note: The present protocol is optimized for 5mm diameter scaffolds.
Although different sizes can be obtained.

Incubate the scatfolds for another additional 3 days with 2,5% EDTA in 10mM
Tris at RT under agitation.
Incubate scaffolds with 0,5% SDS in 10mM Tris for 24 h at RT under agitation.

Critical step: SDS is a detergent, necessary to improve the removal of
cytoplasmic and nuclear material; however, it can impair the mechanical
properties of the scaffold when to long incubated. Do not prolong this step or
increase the concentration of SDS.

Wash with excess amount (approximately 610 x volume of bone)
demineralized water at RT.

Incubate with DNAse (100 U/mL, approximately 1 x volume of bone) for 6 h at
37°C under agitation.
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16. Wash scaffolds in demineralized water at RT under agitation overnight.

17. Incubate scaffolds in dehydrated alcohol for 4h to remove any cellular
remnants.

18. Wash with a large amount of deionized water for 2h.

19. Snap-freeze scaffolds in liquid nitrogen for at least 1 min and store them at
—80°C for at least 30 min for solidification. Lyophilize scaffolds for 30 h under
a vacuum pressure of 3,75 mbar.

Pause step: Final samples (Fig. 2) can be stored at —20 °C until further use.

5.2 Cell seeding

1. The day prior to cell seeding, incubate scaffolds two times with 70% ethanol for
40min each at RT under agitation to ensure their sterilization.

Critical step: From this step on, the scaffolds are considered sterile and
should be always handled inside the laminar flow hood.

2. Wash scaffolds with abundant amounts of PBS for 10 min at RT under agitation.
Repeat two times.

3. Air dry scaffolds under the laminar flow hood overnight.

4. Incubate scaffolds with DMEM/F-12, GlutaMAX™ cell culture medium
without any extra additives at 37 °C for at least 30 min.

Critical step: This protocol has been established with the absence of FCS
during incubation of scaffolds prior to cell seeding in order to promote cell
adherence to matrix proteins from the decellularized bone construct. Note that
presence of FCS is reported to increase cell attachment (Schonmeyr et al., 2008)

-

FIG. 2
Macroscopic view of produced scaffolds after the complete protocol. Scaffolds can be

obtained with several diameters, images are shown for 5mm (A, C, F) and 10mm (B, D, G),
while the thickness was maintained for both type of scaffolds at 3mm (E). Scale bar: 2mm.
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11.

12.

but would mask the effect of the surface proteins in the decellularized constructs
and consequently may interfere with the study hypothesis.

. Expand MSCs isolated from human bone marrow of femoral heads and expand

them in cell culture medium supplemented with 10% FCS, 1% P/S, 1% Hepes
and 5ng/mL FGF (see Herrmann et al., 2016 for further information on the
isolation procedure).

Critical step: Use cells in passage 2—6 for seeding into scaffolds.

Note: The present protocol has been optimized with human bone marrow
derived MSCs but other cells might be theoretically applied.

. Use trypsin-EDTA solution to detach and count cells.
. Resuspend 800,000 cells in 20 pL of cell culture medium.

Note: These values are optimized for one cylindrical scaffold of 3mm
thickness and 5 mm diameter. Other scaffold designs can be used. Adjust the cell
number and seeding volume with the respective scaffold volume. Depending on
the experimental conditions, cell densities might be adapted as well.

. Place the scaffolds in the middle of a non-treated well of a 12-well plate.

Critical step: Aspirate the remaining cell culture medium that may be
present in the scaffold carefully with a vacuum pump, otherwise cell suspension
would be diluted upon seeding.

. Seed cell suspension drop-wise exactly on top of the scaffold.

Critical step: It is essential that the cell suspension volume does not leak out
of the scaffold to the well plate.
Transport the plates carefully to an incubator and allow cells to adhere to the
scaffold for 3h at 37°C.
Add 3mL per well of cell culture medium supplemented with 10% FCS, 1% P/S
and 1% Hepes to each well and incubate cells again.
24 h after seeding, transfer scaffolds to a new non-treated 12-well plate and add
new medium.

Critical step: This step is crucial to discard cells that did not adhere to the
scaffold.

6 Related techniques: Characterization of decellularized
bone scaffolds
6.1 Calcium release assay

In order to confirm the complete decalcification of the scaffold, a calcium release
assay can be performed on scaffolds processed according to the decellularization
protocol and compared with native tissue.

1. Incubate scaffolds (approx. 25 mg dry weight each) in I mL of 1 M HCI (UN1789,

Merck) with mild agitation at room temperature for 24 h.

44



Chapter 2. Methods: Development of a decellularized bone scaffold

6 Related techniques: Characterization of decellularized bone scaffolds 133

2. Collect 10puL of acid solution overtime (1-24 h) and analyze the calcium present
in the solution using a colorimetric kit (CA590, Randox Laboratories Ltd.)
according to the manufacturer’s recommendations/protocol.

It is expected to measure no calcium ions in the solution from samples previously
exposed to the decalcification protocol, while for native tissue a strong release of
calcium is expected in the first 4h of incubation followed by a plateau phase.

6.2 Cryosectioning and structural characterization

With the purpose to gain insight in the final scaffold structure in detail, as well as its
protein composition, cryostat embedding techniques and further histology and im-
munochemistry staining protocols can be applied to the sections of processed
scaffolds.

1. Fix processed scaffolds in 4% PFA (11762, Morphisto Laborchemikalien &
Histologieservice) at 4°C for 30min. View safety 4.

2. Rinse twice with PBS.

3. Embed each scaffold in Tissue-Tek™ O.C.T.™ Compound (4583, Sakura
Finetek) using a vinyl specimen Tissue-Tek™ Cryomolds 15 x 15 > 5mm (4366,
Sakura Finetek).

4. Snap-freeze samples in liquid nitrogen. Samples can be stored at —80°C until
further use.

5. Cut sections of 10 pm thickness in cryostat (CM 1850 UV, Leica) with a chamber
temperature of —22 °C and mount sections on Superfrost® plus microscope slides
(J1800AMNZ, Thermo Scientific). Samples can be stored at this point at —20°C
(short term) or —80°C (long term) until further staining.

To confirm the conservation of tissue morphology, a common Hematoxylin and
Eosin (H&E) staining can be performed on the sections (see Fig. 3A). A highly open
porous structure and the presence of canaliculi and empty lamellae in the trabecula
can be observed (see Fig. 3B). The efficiency of decellularization can be confirmed
with a simple nuclei staining, e.g., DAPI, where the absence of signal is indicative of
a complete decellularization of the native tissue (see Fig. 3C and D). For analysis of
the protein composition, immunofluorescence staining of the sections is required.
Several antibodies specific for bone extracellular matrix components can be applied
(e.g., collagen type-I, see Fig. 3E).

Note that decellularized bone scaffolds have an intrinsic auto-fluorescence for
most of the common fluorescence parameters; therefore, special care should be
taken during immunofluorescence analysis. For instance, background signal in
DAPI staining is easily distinguished from nuclear positive staining by its low
intensity and homogeneous non-specific distribution throughout the entire
scaffold, in contrast with the strong and localized nuclear signal to be expected
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FIG. 3

Decellularized bone structure characterization using cryosectioning and different staining
techniques. (A, B) H&E staining. Black asterisks in (B) mark empty lacunae and black arrows
point to structural canaliculi in the former bone trabecula. (C, D) DAPI imaging for nucleic
acid staining. (E) Collagen type-Al immunofluorescence using a secondary antibody
conjugated with Alexa Fluor 594 dye. (F) Negative control for unspecified binding of the
secondary antibody Alexa Fluor 594.

if remaining cells were present (not shown). For immunocytochemistry of
proteins, an isotype and/or secondary antibody only control should be used
to define unspecific binding noise as well as the background signal due to
auto-fluorescence.
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6.3 Micro-computed tomography (micro-CT)

The characterization of the porosity of the scaffold, its interconnectivity and anisotropy
is a central step in order to have a concrete measure to confirm the preservation of the
native human bone structure. Processing of micro-CT scans allows to (i) obtain the
bone volume fraction per total volume of the scaffold, which gives the inversed porosity
value; (ii) the distribution of actual pore size through 3D thickness maps (see Fig. 4A);
and (iii) the distribution of wall thickness (see Fig. 4B) which can be obtained by image
digital inversion.

D
Conn.D (mm-3) BV/TV (%) Th.Sp (mm) Th.Th (mm)
Mean 3,75 10,55% 2,30 0,16
SD 1,57 2,70% 0,21 0,04
6 . 15 3.0 0.3
5 25 EE
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FIG. 4

Micro-CT analysis of decellularized human bone scaffolds. (A) Example of a resultant
thickness heat map where it is possible to observe the pore distribution through the z-axis of
the ROI. (B) Inverted image of the thickness map results in an illustration of the wall thickness,
where brighter signal corresponds to thicker structures. (C) The ImageJ 3D viewer plugin
returns a 2D volume projection in z-axis of a full scaffold. (D) Quantitative analysis of structural
parameters given by the software, their respective mean and standard deviation (n=6).
Abbreviations: Conn.D, connectivity density; BV/TV, Bone volume per total volume ratio; Tb.
Sp, trabecular separation; Tb.Th, trabecular thickness.
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1. Place up to three samples of the same donor horizontally in a customized holder
for scanning.

2. Scan samples with an X-ray energy of 70kV tension and 0,114mA current for
200ms integration time.

3. Reconstruct the projections with an isotropic voxel size of 0,0105mm using
appropriated software, e.g., Amira (Zuse Institute Berlin) or ImageJ (Schindelin
et al., 2012) (see Fig. 4C).

4. Define the region of interest in the middle of each scaffold with a z-stack of 100
slices.

5. Apply a median filter of 2,0 points in order to mask the presence of porosity at a
smaller scale.

6. Make a binary mask of the auto-threshold result image.

7. Apply a median filter of 4,0 points to reduce noise and smooth the resultant
trabeculae mask stack.

8. Use Bonel plugin (Doube et al., 2010) from Image] to obtain values and graphs of
connectivity, volume fraction, and trabeculae thickness (see Fig. 4D).

6.4 Cell seeding efficiency

Because of the complexity and heterogeneity in the architecture of the scaffolds,
seeding a high density of cells in a homogeneous way throughout the entire scaffold
volume is a challenging task. In order to guarantee reproducibility of experiments,
seeding efficiency needs to be checked. Efficiency of seeding can be extrapolated by
counting the number of unattached cells (i.e., cells attached to the bottom of the well
after 3 and 24 h of adhesion plus the cells floating in media after 24h of culture),
using the following equation:
Number of seeded cells — Number of unattached cells

Hf = Number of seeded cells x 100

For scaffolds of 5mm diameter and an initial cell seeding of 800,000 cells, effi-
ciencies between 75% and 90% are observed (n=>5).

6.5 Cell tracking

In order to follow up the cell distribution over time as well, as their movement pattern
throughout the scaffold volume, it is possible to pre-label cells with a fluorescent dye
before seeding.

1. Harvest cells in expansion as described above in Section 5.2. Centrifuge and
resuspend cells gently in pre-warmed cell tracking working solution (1 pM)
(C2925, Invitrogen) in serum-free medium. Homogenize well in order to achieve
a complete and efficient staining of all cells in the suspension.

2. Incubate suspension for 15min at 37°C.

3. Add same volume of serum to the suspension to stop the labeling reaction.
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800 000 cells No cells

Day 1

FIG. 5

CellTracker green labeled cells seeded in the decellularized human bone scaffolds. Cells were
imaged after 24 h of culture (A) and 5 days (B), where it is possible to observe a homogenous
distribution of cells through the scaffold volume that also suggests a sustained cell viability
over time. Scaffolds without cells present a strong auto-fluorescence for green laser (C),
therefore it is important to compare the positive samples with an empty scaffold for
background normalization. Scale bar: 250 pm.

4. Centrifuge cells and resuspend in complete medium in the desired concentration
for seeding.

5. Proceed with the usual cell seeding protocol.

6. Image cells under an inverted fluorescence microscope (Leica, DMi8) at different
time-points of the experiment (see Fig. 5).

Note I: It is possible to follow the cells continuously using time-lapse systems, when
the microscope is equipped with a sterile chamber with controlled temperature, CO,
supply and humidity.

Note 2: Inverted microscope imaging only allows for a short penetration depth for
opaque samples. Other technics, e.g., confocal and 2-photon microscopy, might be
useful to gain insights of cell distribution in deeper layers of the scaffold.

6.6 Metabolic activity of cells: MTT-assay

Cell viability and distribution over the scaffold volume can be directly related to the
conversion rate of thiazolyl blue tetrazolium blue (MTT) (M2128, Sigma-Aldrich)
into a purple insoluble formazan by mitochondrial active reductase enzymes. The
strong purple precipitates formed in the scaffold allow to take conclusions about ho-
mogeneous distribution of cells (see Fig. 6A). While measurements of the superna-
tant absorbance after dissolving of crystals in dimethyl sulfoxide (DMSO) (D8418,
Sigma-Aldrich), returns a quantifiable method to compare cell viability (see Fig.
6B).

1. After culturing cells, add 10% MTT solution (5 mg/mL in PBS) to the total
medium volume.
2. Incubate the plate for 3h at 37°C.
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Cell viability assay: MTT staining and quantification. (A) Decellularized bone scaffolds
(dBone) of 10mm diameter seeded with 800,000 cells were stained with MTT after 7 days in
basal culture medium. Front and transverse images were acquired. Scaffolds without cells
were used as negative control, resulting in only weak background staining (left). A strong and
homogenous stain was observed in scaffolds seeded with cells (right), indicating a sustained
cell viability and a proper cell distribution over the scaffold volume. Scale bar: 1 mm.

(B) Quantification of MTT dye dissolved in DMSO. Scaffolds without cells show absorbance
values higher than the DMSO blank measurement due to background noise of the scaffold
(n=3).

. Remove MTT solution carefully.
. Wash with PBS and take pictures of stained scaffolds under a stereomicroscope

(Zeiss, Discovery.V20).

. Add 1mL of DMSO into each well. Wrap plate in foil and incubate 40 min at

37°C under gentle agitation.

. Transfer 100 uL of the supernatant to a new 96-well plate and read absorbance at

OD=570nm within [ h.

Safety considerations

. Only after confirmation of negative disease report from the clinic, e.g., HIV,

Hepatitis B (HBs antigen and anti-HBc) and Hepatitis C (anti-HCV), samples can
be handled in biosafety level 1 facilities, according to German law.

. Sodium azide is a strong preservative to prevent decomposition by microbial

growth. It is fatal if swallowed, inhaled or contact with skin. It may cause damage
to organs through prolonged or repeated exposure.

. The chloroform/methanol mixture is a highly flammable liquid. It is harmful if

inhaled and may cause respiratory and digestive tract irritation. For this step and
the next two washing steps work under a fume hood.
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4. Formaldehyde is a hazardous agent that can trigger an allergic reaction in
respiratory and skin tissue after single or repeated exposures. It is classified as a
known human carcinogen by the International Agency for Research on Cancer.

8 Troubleshooting

Problem Possible solutions

1. There is too much remaining fat | Chloroform wash (step 8 of protocol for preparation
tissue in the final scaffolds of decellularized bone scaffolds) should be optimized
with longer times of incubation and/or higher
volumes of wash solution

2. Final scaffolds are still too hard Decalcification time during EDTA incubation (step
(not completely decalcified) 12 of protocol for preparation of decellularized bone
scaffolds) can be optimized with a non-invasive X-ray
scan. Using as control a sample of the same native
not-treated bone, complete decalcification is
achieved when no bright spots are detected in X-rays
of treated samples

3. Enzymatic treatments are not In order to avoid to dilute new solutions with the
performing efficiently remains of the previous wash, is recommended to
use a sieve (60BS8F, Advantech Manufacturing Inc.)
to transfer scaffolds between solutions. The use of an
absorbent paper to soak the liquid from inside of the
scaffolds is also suggested

9 Conclusion

Regardless the potential and recognized aforementioned advantages, there are how-
ever limitations to the use of tissue-derived materials in tissue engineering applica-
tions. There are significantly different reported methods of tissue decellularization
processing, making it challenging to draw conclusions about the efficacy and safety
of the final constructs. Due to the lack of guidelines with regards to ECM composi-
tion, individual studies are applying different methods, which may cause disruption
of the architecture and/or surface composition, resulting in very variable outcomes. It
is therefore desirable to decide for a standardized protocol with proven efficiency, as
proposed in this manuscript, in order to pave the way for a more consistent and robust
research in the field of bone decellularization.

In conclusion, the above described protocol provides a method for the production
of standardized scaffolds fulfilling bone tissue engineering requirements. These scaf-
folds do not only provide physical support for cells but also present a bone-like mi-
croenvironment which allows a more complete understanding of the underlying
mechanisms of in vivo biology and tissue remodeling that may help to bridge the
gap between fundamental research and clinical application.
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Chapter 3.

Results: Decellularized bone ECM for MSC culture

In this chapter, different in vitro bone models (2D cell-derived matrices and 3D
tissue-derived scaffold) based on decellularization techniques were developed, aiming to
provide an alternative method to bypass the limitations imposed by the current
approaches to study the stem cell niche. Particularly, for the first time, comparative
exploratory proteomics analysis of both models provided significant insights towards the

identification of novel targets of native bone tissue-specific ECM.

The work on this chapter was submitted as an original research-article to the
Journal of Tissue Engineering. At the time of submission of this thesis, peer-review
process is still in progress. Reprint permission was obtained from all co-authors and from

the publisher under Creative Commons license (CC BY).
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Abstract

The fate and behavior of bone marrow mesenchymal stem/stromal cells (BM-MSC) is bidirectionally
influenced by their microenvironment, the stem cell niche, where a magnitude of biochemical and
physical cues communicate in an extremely orchestrated way. It is known that simplified 2D in vitro
systems for BM-MSC culture do not represent their naive physiological environment. Here, we
developed four different 2D cell-based decellularized matrices ({ECM) and a 3D decellularized human
trabecular-bone scaffold (dBone) to evaluate BM-MSC behavior. The obtained cell-derived matrices
provided a reliable tool for cell shape-based analyses of typical features associated with osteogenic
differentiation at high-throughput level. On the other hand, exploratory proteomics analysis identified
native bone-specific proteins selectively expressed in dBone but not in dECM models. Together with
its architectural complexity, the physico-chemical properties of dBone triggered the upregulation of
stemness associated genes and niche-related protein expression, proofing in vitro conservation of the
naive features of BM-MSC.

Keywords: Decellularization, bone model, stem cell niche, stemness, osteogenesis, 3D models.

Introduction

Mesenchymal stem/stromal cells (MSC) are rare, self-renewing, multipotent cells, responsible for
maintaining skeletal tissues’ homeostasis. Since the discovery of MSC in bone marrow (BM) ', similar
cell populations with proliferative competence, an undifferentiated phenotype and the ability to
differentiate into osteoblastic, adipogenic and chondrogenic lineages in vitro, have been identified and
reported in many adult ** and perinatal tissues 7. Due to MSC's ability to colonize and differentiate
into a multitude of tissue and cell types, these cells are suitable candidates to treat many degenerative
congenital abnormalities and diseases *. Although widely distributed, it seems that MSC are not uniform
populations. Moreover, literature exists demonstrating that stem cell fate of MSC is highly dependent
and controlled by the tissue-specific surrounding environment °, and perturbations in the matrix as a
result of inflammation or disease progression '*'". In fact, adult tissues retain unique milieus, known as
stem cell niches, defined by their anatomic location and protective surrounding, where multipotent cells
are self-maintained in quiescence and/or mobilized in response to stimuli. These niches protect stem
cells from depletion during adult life, preventing their uncontrolled proliferation and differentiation.
The concept of a stem cell niche has become more complex since its first definition was proposed by
Schofield in 1978 in the context of the hematopoietic microenvironment '%; stem cell niches constitute
a basic unit of tissue physiology, with not only well-defined anatomical but also with functional
dimensions. A primary function of the niche is to provide physical anchorage to stem cells, mainly via
RGD-mediated adhesion molecules . In BM, the location and identification of MSC is controversially
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discussed due to the lack of distinct surface markers to identify these cells in vivo. Recent studies
suggested that at least three different osteoblastic niches for skeletal progenitor cells exist, in particular
at endosteal, perivascular and stromal regions (reviewed in '!), implying distinct functions in tissue
maintenance and regeneration '*. It is clear that standard in vitro monolayer culture approaches do not
recapitulate this environmental complexity, thus causing a widely observed translational gap from in
vitro results to the in vivo situation and clinics. Moreover, from a biochemical perspective, the niche-
specific extracellular matrix (ECM) regulates stem cell fate in an extremely well-orchestrated manner
15 triggering intracellular signaling pathways either by (1) directly binding to cellular receptors, or
indirectly (2) presenting non-canonical growth factors and (3) generating stress gradients of e.g. oxygen
content or mechanical forces due to its physical properties and spatial orientation. In fact, the ECM
network is not an arbitrary arrangement of structural proteins. Common ECM proteins such as
collagens, fibronectin, vitronectin, and proteoglycans exhibit conserved motifs assigned to keenly bind
several growth factors and bone morphogenic proteins (BMPs), hence acting as an insoluble localized
reservoir of morphogens '® ', Meanwhile, proteolytic enzymes, such as matrix metalloproteinases
(MMPs), locally break ECM proteins, resulting in a confined release of soluble growth factors from
their insoluble anchorage '® '°. Likewise, physical properties of the microenvironment such as stiffness,
porosity and topography are also constantly being remodeled and may as well influence various
anchorage-related biological functions, such as cell division, tissue polarization and cell migration 2*
21 Importantly, all these characteristics and properties are intrinsically related and can mutually
influence each other. This becomes even more evident when one considers cell-ECM communication
(or relations) as bidirectional interactions, wherein cells constantly rebuild their surroundings, thus
untimely influencing their own fate **2*, It follows from this that great efforts have been made in the
field of tissue engineering using advanced biomaterials to recapitulate these unique niche conditions in
ex vivo culture. The key universal goal is to avoid the persistently observed ‘ageing’ process of cells
during long-lasting in vitro cultivation — i.e., cell shape change, and significantly decreased colony-
forming and differentiation potential > . Indeed, it is now widely recognized that 2D cultures, despite
their numerous advantages in regard to simplicity, impose artificial spatial limits to cell-matrix
interactions and mechanical transduction processes. Consequently, those limitations ultimately strongly
influence cell biological functions and response to stimuli ?/, resulting in potentially misleading results
towards clinic applications. A wide variety of material alternatives have been developed to recreate the
tissue-specific ECM composition and intricated structure of stem cell niches **3', albeit a single in vitro
model that reproduces the in vivo microenvironment homeostasis remains a bioengineering challenge.
Aiming to address this issue, decellularization of cell-derived ECM, tissues and organs came as an ideal
reverse-engineering concept able to faithfully mimic the native tissue complexity. Through physical,
chemical and/or enzymatic treatments, the central goal of decellularization protocols is to preserve the
above-mentioned biochemical complexity and mechanical integrity of the tissue, while efficiently
removing all cellular elements to prevent any immunological reaction *2. Decellularized tissue
constructs have been successfully applied for several years in tissue engineering and regenerative
medicine, mainly designed for rather simple tissues, e.g., heart valve substitutes **, skin grafts 3% 3¢,
bladder mucosa grafts *”**, etc. Particularly, decellularized bone ECM-derived constructs — e.g., (1) in
vitro MSC-produced decellularized ECM constructs * and (2) bioactive 3D scaffolds originated from
trabecular ** *' or cortical decellularized bone ** — have gained a lot of interest as implantable
biomaterials for bone tissue repair and regeneration, due to their biochemical properties and their unique
mechanical properties and architecture.

In this study, we developed and characterized unique human bone ECM models (2D and 3D) based on
decellularization techniques, aiming to identify intrinsic ECM regulatory factors in either basal or
osteogenic settings, which may be responsible for maintenance of MSC stem-cell competence in vitro
and their response to homeostatic and extrinsic signals.
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Materials and methods
BM-MSC isolation and expansion

MSC were isolated from human BM acetabular reaming of patients undergoing hip arthroplasty surgery
after obtaining informed consent of the patient (Ethical approval (187/18). Briefly, mononuclear cells
were collected from BM material by Ficoll (Histopaque®-1077, Sigma-Aldrich, Germany) density
gradient centrifugation and repeatedly washed. To obtain adherent BM-MSC fraction, cells were
cultured and further expanded in culture medium (DMEM/F-12 GlutaMAX, 31331-028, Gibco,
Germany) supplemented with 10% fetal calf serum (FCS, Bio&Sell, Germany), 1% Pen/Strep (P4333,
Gibco), 1% HEPES (HO887, Sigma-Aldrich), and 5 ng/mL fibroblast growth factor (FGF, 100-18C,
PeproTech, Germany) at 37°C in a humidified atmosphere and 5% CO». Culture medium was replaced
3 times a week. Cells were detached from culture flasks by trypsinization (T4174, Sigma-Aldrich),
centrifuged and washed. Cell number and viability were assessed with the trypan-blue dye (93595,
Sigma-Aldrich) exclusion test. BM-MSC in passage 4-6 were used for the experiments.

2D decellularized matrices (dECM) production

We often observed delamination of newly formed ECM of decellularization cultures on conventional
tissue culture plastic well plates (data not shown). In order to achieve robustly anchored native dECM,
BM-MSC were seeded on 13 mm treated-coverslips (174950, Thermo Scientific Nunc, USA) at a
density of 2x10° cells/em?. Cells were cultivated for an accommodation period of 48 h in DMEM/F-12
GlutaMAX medium supplemented with 10% FCS, 1% Pen/Strep and 1% HEPES, before starting the
matrix production phase. Four different models were created combining two variables: the time of
culture (10 or 21 days) and media supplementation (basal: DMEM/F-12 GlutaMAX medium
supplemented with 10% FCS, 1% Pen/Strep, 1% HEPES, and 50 pg/mL L-Ascorbic acid 2-phosphate
(ASC, A8960, Sigma-Aldrich); osteo: DMEM low glucose medium (D6046, Sigma-Aldrich)
supplemented with 10% FCS, 1% Pen/Strep, 1% HEPES, 50 pg/mL ASC, 5 mM B-Glycerophosphate
disodium salt (B-GP, G9422, Sigma-Aldrich) and 10 nM dexamethasone (D4902, Sigma-Aldrich)).
After the matrix production phase, all different types of cultures were exposed to a mild
decellularization protocol. First, monolayers were washed 2 times with phosphate-buffered saline
without calcium and magnesium (PBS, D8537, Sigma-Aldrich), and incubated in lysis buffer (20 mM
ammonia (1.05432.1011, Merk, Germany) in 0.5% (v/v) PBS-Triton X100 (3051.3, Carl Roth,
Germany) solution) for 10 min at 37°C under gentle agitation. Next, monolayers were washed
repeatedly with excess of PBS before complete decellularization of matrices with DNase 100 Units/mL
(DN25, Sigma-Aldrich) dissolved in 0.15 M sodium chloride (NaCl, P029.3, Carl Roth) incubation for
1 h at 37°C under gentle agitation. dECM were finally washed twice with PBS and stored for no longer
than 1 month at 4°C in PBS supplemented with 1% Pen/Strep until allogenic BM-MSC seeding.

Decellularization efficiency

In order to access the efficiency of the decellularization protocol, matrices for each condition were fixed
in 4% paraformaldehyde (PFA, 11762, Morphisto, Germany) just after the matrix production phase and
respectively after the complete decellularization protocol. Monolayers were washed twice with excess
of PBS, followed by staining of cell nuclei with 4',6-diamidino-2-phenylindole (DAPI, H-1200,
Vectashield, USA). Coverslips were mounted on slides for fluorescence microscopy and DAPI channel
images were acquired (DMi8, Leica, Germany) for each condition. Cell counting was performed with
a Fiji analysis plugin (version 2.1.0/1.53f) and calculated for a total area of 1 cm? per sample (4 region
of interested selected per condition for 7 individual experiment).

59



Chapter 3. Results: Decellularized bone ECM for MSC culture

Preparation of Decellularized Bone Scaffolds

Decellularized bone scaffolds were obtained from human trabecular femoral head specimens
(permission number: 187/18, University of Wuerzburg ethics committee), as previously described in **
3 Briefly, freshly thawed samples (kept at -20°C for no more than 4 months after surgery) were
precisely cut in 3 mm thick slides using an electric diamond band saw (300 Exakt D64, Walter Messner,
Germany) to ensure homogeneous penetration of washing solutions through the complete sample
volume. Blood and residual fat material were removed by several washing cycles in water and a
chloroform (288306, Sigma-Aldrich) and methanol (8388.6, Carl-Roth) mix solution. Further
decalcification of bone slices was achieved by incubation for several days in 2.5%
ethylenediaminetetraacetic acid (EDTA, E5134, Sigma-Aldrich) in 10 mM Tris-base (T6066, Sigma-
Aldrich), from where cylindrical constructs with a diameter of 5 mm were shaped using a biopsy punch
(05.SF004, Stiefel, Germany). Complete decellularization of bone samples was achieved by enzymatic
treatment with 100 Units/mL DNase and finalized with lyophilization (Martin Christ, Alpha 1-2
LDplus, Germany) for 4 days under a vacuum pressure of 1 mbar. Processed bone scaffolds were stored
at —20 °C. For sterilization, scaffolds were incubated with 70% ethanol one day before cell seeding.

Protein extraction: electrophoresis and western-blot

For analysis of protein content in the decellularized models, matrices were collected in ImL of RIPA
buffer (89901, Thermo Fisher Scientific) supplemented with proteinase inhibitor cocktail (78440,
Thermo Fisher Scientific). Homogenization of samples was performed by cycles of sonification (20x:
25 80% peak followed by 28 s break, Sonopus HD 4100, Bandelin, Germany) and the total amount of
protein quantified using a Pierce BCA kit (23227, Thermo Fisher Scientific). Samples were reduced in
the presence of 2-mercaptoethanol at 95°C for 10 min and 10 pg of total protein per condition were
loaded on 10% polyacrylamide gels followed by sodium dodecyl sulfate (SDS) separation through
electrophoresis (PAGE). Coomassie staining was performed for dECM characterization — enriched rat-
tail Collagen-type I (C3867, Sigma-Aldrich) and FCS were run in parallel as controls. For western-blot
analysis, 3 individual donors were used for each condition. Proteins were transferred to the
nitrocellulose membrane (10600001, GE Healthcare, Germany) for 1 h and then blocked overnight at
4°C with 5% BSA in Tris (A4577, Applichem, Germany)-buffered saline with 0.1% Tween-20 (P1379,
Sigma-Aldrich). Next, membranes were incubated with primary antibodies (dilution 1:2000, Coll
(ab35710, abcam, Germany), type-VI collagen (Col6, MA5-32412, Thermo Fisher Scientific) and
Fetuin-A (Fet-A, homemade serum no. 5359 kindly provided by Prof. W. Jahnen-Dechent, RWTH
Aachen University)) overnight at 4°C following incubation with secondary anti-rabbit immunoglobulin
G (IgG) antibody conjugated with horseradish peroxidase (dilution 1:5000, ab205718, abcam). Finally,
blots were developed by the enhanced chemiluminescence method with Chemiluminescent HRP
substrate (541015, Biozym, Germany) and images acquired with the FluorChem Q imaging System
(Cell Biosciences, Germany). Semi-quantification of the bands was carried out by optical densitometry
and analyzed using the Fiji Gel plugin menu (version 2.1.0/1.53f). The expression of each protein is
presented in relation to Coll expression.

Proteomics analysis: mass spectrometry (MS)

For proteomics studies one sample for each condition was analyzed by MS. Briefly, protein
precipitation was performed overnight at -20°C with 4x volume of acetone. Pellets were washed with
acetone at -20°C. Precipitated proteins were dissolved in NuPAGE® LDS sample buffer (NP0007,
Thermo Fisher Scientific), reduced with 50 mM DTT at 70 °C for 10 minutes and alkylated with 120
mM Iodoacetamide at room temperature for 20 minutes. Separation was performed on NuPAGE®
Novex® 4-12 % Bis-Tris gels (NP0321PK2, Thermo Fisher Scientific) with MOPS buffer according
to manufacturer’s instructions. Gels were washed three times for 5 min with water and stained for 1 h
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with Simply Blue™ Safe Stain (LC6065, Thermo Fisher Scientific). After washing with water for 1 h,
each gel lane was cut into 15 slices. The excised gel bands were destained with 30 % acetonitrile in
0.1 M NH4HCO3 (pH 8), shrunk with 100 % acetonitrile, and dried in a vacuum concentrator (5301,
Eppendorf, Germany). Digests were performed with 0.1 pg trypsin per gel band overnight at 37 °C in
0.1 M NH4HCO3 (pH 8). After removing the supernatant, peptides were extracted from the gel slices
with 5 % formic acid, and extracted peptides were pooled with the supernatant.

NanoLC-MS/MS analyses were performed on a LTQ-Orbitrap Velos Pro (Thermo Fisher Scientific)
equipped with a PicoView Ion Source (New Objective) and coupled to an EASY-nLC 1000 (Thermo
Fisher Scientific). Peptides were loaded on a trapping column (2 cm x 150 pm ID, PepSep) and
separated on capillary columns (30 cm x 150 pum ID, PepSep, Denmark) both packed with 1.9 um C18
ReproSil and separated with a 30 min linear gradient from 3% to 30% acetonitrile and 0.1% formic acid
and a flow rate of 500 nL/min. MS scans were acquired in the Orbitrap analyzer with a resolution of
30000 at m/z 400, MS/MS scans were acquired in the Orbitrap analyzer with a resolution of 7500 at
m/z 400 using HCD fragmentation with 30% normalized collision energy. A TOP5 data-dependent
MS/MS method was used; dynamic exclusion was applied with a repeat count of 1 and an exclusion
duration of 30 seconds; singly charged precursors were excluded from selection. Minimum signal
threshold for precursor selection was set to 50000. Predictive AGC was used with AGC target a value
of 1e6 for MS scans and 5e4 for MS/MS scans. Lock mass option was applied for internal calibration
in all runs using background ions from protonated decamethylcyclopentasiloxane (m/z 371.10124).
Raw MS data files were analyzed with MaxQuant version 1.6.2.2 **. Database search was performed
with Andromeda, which is integrated in the utilized version of MaxQuant. The search was performed
against the UniProt Human database. Additionally, a database containing common contaminants was
used. The search was performed with tryptic cleavage specificity with 3 allowed miscleavages. Protein
identification was under control of the false-discovery rate (1% FDR on protein and peptide level). In
addition to MaxQuant default settings, the search was performed against following variable
modifications: Protein N-terminal acetylation, Gln to pyro-Glu formation (N-term. Gln) and oxidation
(Met). Carbamidomethyl (Cys) was set as fixed modification.

Proteins of particular interest were selected based on their involvement in the following groups: bone
extracellular matrix components, intracellular and membrane proteins, and hematopoietic compartment
related proteins. The intensity based absolute quantification (iBAQ) loglO transformed values
calculated by the software algorithm were plotted in heatmap graphs corresponding to the molar
quantities found for each protein using official gene symbols.

Scanning electron microscopy (SEM) and energy dispersive x-ray spectroscopy (EDS)

The ultrastructure of decellularized-matrices and BM-MSC morphology (initial seeding: 10 cells per
cm?) were evaluated for each cell-seeded model after 48 h of basal culture, i.e., cultivation in standard
BM-MSC expansion medium without FGF, by SEM (Crossbeam 340 with secondary electron detector,
Carl Zeiss, Germany). The samples were fixed on ice for 15 min with 6% glutaraldehyde (G5882,
Sigma-Aldrich), dehydrated in a serial dilution of ethanol, dried in hexamethyldisilazane (440191,
Sigma-Aldrich) and stored at 4°C. Prior to imaging, all samples were sputter-coated (EM ACE600,
Leica, Germany) with a 4 nm film of platinum to ensure conductivity of the sample’s surface. Images
were taken at an acceleration voltage equal to 2-3 kV. Cellular details were artificially colored on
magnified images using Photoshop® CS6 (Adobe, v13.0.1) for visualization purposes.

Additionally, dECM models without cells were also prepared and the surface atomic composition was
evaluated using energy dispersive X-ray spectroscopy with a silicon drift detector (X-MaxN 50, Oxford
Instruments, United Kingdom) setting the acceleration voltage of the SEM’s electron beam to 10 kV.
Two random areas of interest were evaluated for each sample. Mineral distribution and composition
were analyzed using AZTech (Oxford Instruments).
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Immunofluorescence staining and microscopy

Immunofluorescence analysis of matrix-associated bone proteins was performed to visualize their
presence and distribution in the generated dJECM models. Briefly, decellularized-monolayers were fixed
in 4% PFA for 15 min at 4°C followed by blocking with 1% BSA-PBS (10735086001, Roch, Germany)
for 1 h at room temperature and incubation with primary antibody (anti-Coll (sc-293182, Santacruz,
Germany), anti-laminin (sc-74418, Santacruz), anti-osteopontin (sc-21742, Santacruz), 1:500 dilution
in 1% BSA-PBS)) overnight at 4°C. After washing, samples were incubated with secondary antibody
(goat anti-mouse IgG-FITC, sc-516140, Santacruz) for 2 h at room temperature. Finally, samples were
slide-mounted for microscopy (H-1000, Vectashield, Germany) and representative pictures were
acquired using a fluorescence microscope (DMi8, Leica).

To confirm expression of CXCL12 by BM-MSC seeded on decellularized models after 5 days in basal
culture (initial seeding: 10* cells per cm? for dECM models and 4x10° cells per dBone scaffold, seeding
protocol previously described in **), immunofluorescence analysis was performed on both dECM
monolayers and 12 pm cryosections of dBone scaffolds (sectioning protocol previously described in
), Samples were fixed in 4% PFA for 15 min at 4°C and permeabilized with 0.1% (v/v) Triton-X /PBS
for 30 min at room temperature. BSA-blocking was performed for 1h before the overnight incubation
with CXCL12-primary antibody (dilution 1:100, MAB350, R&D System, Germany) at 4°C. In
addition, Phalloidin-iFluor 488 (dilution 1:500, ab176753, abcam) was added during primary antibody
incubation for cell cytoskeleton visualization. After washing, samples were incubated with secondary
antibody (dilution 1:100, goat anti-mouse IgG conjugated with Alexa Fluor® 594, ab150116, abcam)
for 2 h at room temperature and embedded in mounting medium containing DAPI for nuclei staining.
For all stainings, secondary antibody specificity controls were performed by executing the full protocol
for each sample in the absence of primary antibody.

Cell shape analysis

For BM-MSC morphology analysis, cells were seeded on dECM matrices at a density of 10° cells per
cm? for 48 h in basal culture and then fixed with 4% PFA for 15 min. Cell and nuclear morphology were
assessed using phalloidin and DAPI staining respectively, as previously described. Automated
quantification of cellular shape features was performed using CellProfiler ** (version 4.0.6, pipeline
description in Supplementary Fig. S1). Selection of poorly thresholded cells or overlapping parts was
performed by unique numbering of individual segmented cells exported to the spreadsheet. At least 350
cells were assessed for each experimental group, with approximately equal numbers of cells analyzed
from each of seven independent experiments. Overall morphological signatures were constructed for
each group using nine cellular descriptive features (form factor, eccentricity, area, solidity, perimeter,
aspect ratio, extent, orientation, compactness, area, aspect ratio and compactness).

Separate principal component analysis (PCA) was performed using single-cell morphological data (200
cells presented in density plots of PC space) using all available CellProfiler data given for four
experiments (n = 4). Representative cells were chosen randomly from the centroids for each condition.
Statistical significance of each significant parameter was evaluated with the mean value corresponding
to each independent experiment (n = 7).

Alizarin-red staining

Matrix-mineral deposition was measured by Alizarin-red staining and subsequent quantification,
according to standard protocols. To test the effect of the decellularization protocol, analysis was
performed before and after decellularization for each dECM model. In addition, we accessed the
osteogenic differentiation potential of seeded BM-MSC (initial seeding: 2x10° cells per cm?) after 21
days in osteogenic medium (DMEM low glucose medium supplemented with 10% FCS, 1% Pen/Strep,
1% HEPES, 50 pg/mL ASC, 5 mM B-GP and 10 nM dexamethasone) or control conditions (osteogenic
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medium without differentiation factors). Briefly, at the analysis timepoint cells were washed twice with
cold PBS and fixed in 70% ethanol (T913.3, Carl Roth) for 1 h at -20°C. Monolayers were allowed to
air-dry and mineral deposition was stained with 2% Alizarin-red solution (0223, ScienCell, USA) for
15 min at room temperature under gentle agitation. After repeated washing steps, representative images
were taken, followed by absorbance quantification of the resulting staining. Staining was eluted in 10%
cetylpyridinium chloride (C0732, Sigma-Aldrich) solution for 20 min under gentle agitation.
Absorbance of samples and standard were measured (infinite M200, Tecan, Switzerland) in a 96-well
plate at 570 nm in duplicates. Results were calculated as mM (or pg/mL) of Alizarin-red.

Resazurin viability assay

Cell metabolic activity of BM-MSC seeded on different decellularized models was accessed over a total
period of 10 days in basal culture (initial seeding: 10* cells per cm? for dECM models and 4x10° cells
per dBone scaffold) with a resazurin reduction assay. Briefly, at day 0 (4 hours after seeding), 2, 5 and
10 BM-MSC seeded on each model were incubated with 10% sterile solution of resazurin (R7017,
Sigma-Aldrich) in cell culture medium. The reduction assay was performed for 4 h, followed by
fluorescence reading of metabolized resazurin-product at 560 nm emission/590 nm absorption
wavelengths. Measurements were normalized with blank (no cells) and for each model controls without
cells were tested in parallel to confirm their respective biologic inertness.

Flow cytometry

For quantification of cell viability and analysis of cell cycle stage, BM-MSC (initial seeding: 10* cells
per cm’ for dECM models and 4x10° cells per dBone scaffold) cultured on decellularized models were
collected by trypsinization for 20 min at 37°C under strong agitation, and pooled (six wells for each
dECM model and two dBone scaffolds) for flow cytometry staining. Cells were washed twice in PBS
and incubated with Fixable Viability Dye eFluor™ 780 (65-0865-14, Thermo Fisher Scientific) for 30
min at 4°C in the dark according to manufactures recommendations, followed by repeated washing in
1% FCS-PBS. To detect cells entering different apoptotic stages, cells were then prepared and stained
with fluorochrome-conjugated Annexin V (A35111, Thermo Fisher Scientific) for 15 min at room
temperature. Finally, cells were fixed with 2% PFA for 15 min at 4°C and stained with 10 ug/mL DAPI
solution in 1%FCS-PBS for DNA amount detection. Samples were analyzed at the Attune NxT Flow
Cytometer (Thermo Fisher Scientific) and data evaluated using the software FlowJo (version 10.5.3).

Real-time quantitative polymerase chain reaction (PCR)

To analyze early gene expression response of BM-MSC to the decellularized models, cells from six 13
mm wells or two scaffolds were pooled together for RNA harvesting in Tri-Reagent (T9424, Sigma-
Aldrich) after 5 days in basal culture (initial seeding: 10* cells per cm? for dECM models and 4x10°
cells per dBone scaffold). BM-MSC cultured on coverslips were used as controls. Homogenization and
cell lysis were performed by mechanical disruption for 5 min at 50 Hz (TissueLyser LT, Qiagen,
Germany). Samples were stored at -80°C until further processing. RNA was isolated by 1-bromo-3-
chloropropane (B9673, Sigma- Aldrich) phase separation followed by column separation according to
the manufacturer’s instructions (NucleoSpin RNA, Macherey-Nagel, Germany). cDNA was
synthesized by reverse transcription (Oligo (dT) C110A, dNTP Mix U151A, M-MLV RT 5x Buffer
MS531A, and M-MLV Reverse Transcriptase M1708, Promega, Germany) from 1 pg of RNA. Real-
time PCR was performed by CFX96 Real-Time System (1845096, Bio-Rad, Germany) using SYBR
Green dye (GoTaq® qPCR Master Mix, A600A, Promega) following a standardized program: 2 min at
95°C, 45x [30 sec at 95°C and 1 min at 60°C], melting curve at 65-95°C. Primers for stem marker
genes (Nestin and Octamer-binding transcription factor 4 (Oct4)) and genes related with niche-
microenvironment (Survivin and C-X-C Motif Chemokine Ligand 12 (CXCL12)), and osteogenesis
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(RUNX Family Transcription Factor 2 (Runx2), Alkaline phosphatase (ALP), Coll and Secreted
Phosphoprotein 1/Osteopontin (SPP1)) were designed in the Primer Blast tool from NBCI and
purchased from Biomers.net (Germany). Primer sequences and NCBI reference numbers appear in
Supplementary Table S1. Expression of target genes was normalized with beta-2-microglobulin (B2M)
as the reference gene, and results displayed as relative values (10%x274),

Statistical analysis

Quantitative data was analyzed using Graphpad Prism software (version 9.1) and presented as the mean
+ standard error of the mean. Statistical significance was generally determined using the Kruskal—
Wallis method followed by Dunn’s multiple comparisons test. Statistical significance was set to p <
0.05. n refers to number of BM-MSC donors independently tested.

Results and Discussion

Preparation and characterization of 2D dECM models

Here, we generated 2D dECM in vitro models by inducing human BM-MSC to synthesize and secrete
de novo ECM proteins during a total time of 10 or 21 days, in presence of osteogenic differentiation
medium (O-matrix) or in basal medium supplemented with ASC (B-matrix), followed by a mild
decellularization protocol (Fig.la). Based on previously published work on cell culture-derived ECM
as cell niche models ***, we hypothesized that by controlling the cell culture environment, we would
be able to trigger synthesis of ECM key components necessary to either influence differentiation *° or
preserve BM-MSC’s stemness properties *°. Numerous decellularization protocols for virtual all types
of tissues and in vitro systems have been described, although no standard criteria have yet been defined.
Generally, the protocols involve a combination of physical, chemical, and enzymatic techniques tailored
to balance the preservation of unique physical and biochemical properties, and the complete removal
of cellular and antigen epitopes material ** *, In this study, we first optimized the decellularization
protocol considering each matrix (data not shown). The selected protocol involved treatment of cell-
monolayers with a sequential series of short incubations in Triton X-100 and ammonia to disrupt the
cell membranes and lyse the cells, followed by slow DNase enzymatic removal of remaining nuclear
material alongside with continuous gentle agitation. DAPI staining of the matrices (Fig.1b) showed
efficient removal of cells and nuclei for all conditions after the decellularization protocol, resulting in
a residual average of 2.8 nuclei counted per cm® compared to 127.6 before. Considering that the whole
process of decellularization naturally disrupts the ECM to some extent *', we then examined the
structure and biochemical composition of the resulting dECM matrices. We observed presence of
homogenously distributed fibrillar type-1 collagen (Coll) in all decellularized matrices (Fig.1d). Coll
is the most abundant extracellular protein in bone and plays a fundamental role in the structure and
mechanical strength of the tissue ** *, Therefore, we decided to supplement the basal control cultures
with ASC to generate a collagen-rich ECM as well *. Bone-specific ECM proteins * such as laminin
and osteopontin, on the contrary, have been only detected punctually distributed in the 21-day
decellularized osteogenic matrix (O21). Similarly, Coomassie stained SDS-PAGE (Fig.1c) revealed a
strong band at 138kDa and 129kDa for all matrices, most likely accounting for presence of Coll ol and
a2-chains, respectively, as indicated by the purified Colla control. Not surprisingly, these matrices also
exhibited presence of bands (67 kDa) that can be speculated to be associated with albumin derived from
cell culture FCS. Nonetheless, each matrix shows an overall complex and unique protein pattern, similar
to what has been reported in literature ** *. Lastly, we explored the effect of the decellularization
protocol on the mineralization residues of the produced matrices.
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Figure 1. Production and characterization of BM-MSC-derived 2D dECM: (a) Schematic protocol of the
development of dECM models. The first phase involves the key period of synthesis and secretion of ECM proteins
by BM-MSC, where unique stimuli target the production of specific environments. Next, monolayers are treated
by a multi-step decellularization protocol, therefore eliminating any nuclear material yet retaining the biochemical
and structural complexity of the previously produced matrices. Finally, the last step is the repopulation of the
dECM models and the study of the differential behavior of BM-MSC seeded on each matrix. Images created with
BioRender.com. (b) Decellularization efficiency analysis. ECM-cell monolayers were fixed before and after the
decellularization protocol and cell nuclei stained with DAPI. Quantitative and qualitative (representative images)
analysis was performed, confirming the efficient decellularization protocol for all types of matrices. (Statistic:
Kruskal-Wallis one-way test, * p < 0.05, n = 7). (¢) Coomassie stained SDS-PAGE of collected matrices in
reduction conditions. Rat-tail derived Coll concentrated solution and FCS were used as control in order to identify
specific bands in the samples. Total protein loaded per well 10 pg. (d) Immunofluorescence staining of bone-
ECM proteins (Coll, Laminin and osteopontin). Absence of detectable signal in secondary antibody (AB) controls
(left column) confirms that they do not bind unspecifically to matrix-associated proteins, therefore validating the
positive signaling detected in presence of each individual antibody. Acquired raw images are shown. Scale bar:
100 pm.
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Quantification of Alizarin-red dye (Supplementary Fig. S2) for all conditions showed a general decrease
of mineral content after decellularization. Particularly, O21 matrices showed a high concentration of
mineral residues before decellularization, however EDS analysis (Supplementary Fig. S3) revealed no
detectable presence of minerals, such as calcium and magnesium, after decellularization.

Effect of dECM models on BM-MSC'’s osteogenic potential

Cellular morphology has traditionally been considered as an important qualitative indicator of cell
behavior and state. Interestingly, while changes in cell shape are associated with descriptive traits of
specific biology processes, studies have shown that cell shape in turn plays an important role in
regulating cell fate, emerging as a fine bond between the interplay of physics and cell biology *"%.

In order to access the effect of dECM substrates on cell behavior, we first analyzed cell morphology of
seeded BM-MSC after 2 days of culture by SEM (Fig.2a). Cells seeded on coverslips (CS) were used
as controls. CS-cultured cells displayed a widespread morphology. In contrast, cells on dECM seem to
have acquired an explicit orientation and rather favor cell-ECM interactions. High-magnification
images reveal the complexity of BM-MSC (colored in blue) interactions with the fibrous-collagen rich
dECM substrates through numerus cytoplasmic extensions, which corroborates the functionality and
relevance of the dECM models. In fact, the morphology of a cell is known to be primarily determined
by a combination of physical and biochemical interactions with its surrounding ECM, reflecting an
integrative effect across a wide range of multiple processes and signaling pathways, such as migration
9. 60 lineage commitment °"® function or dysfunction ® and cancer progression ®. Therefore,
monitoring cellular morphology has also been used as a practical and non-invasive approach to predict
lineage commitment of stem cells. While these assessments have historically been applied qualitatively
and require experienced interpretation, recently high-throughput single-cell bioimaging has enabled
quantification of numerous shape descriptors from a heterogeneous cell population. Particularly,
Marklein ez al. ® demonstrated the prediction of BM-MSC mineralization at day 35 from several human
donors, based on automated morphometric descriptor analysis at day 3 of osteogenic induction with
over 90% accuracy.

Here, we developed a robust protocol (pipeline in supplement Fig.1S) for automated high-throughput
quantification of cell shape descriptors, based on fluorescent-labelled cytoskeletal images of seeded
BM-MSC on dECM matrices after 2 days of culture. Supporting the cell morphology observations in
SEM, the integration of the multi-parametric acquired features into a principal-component analysis
(Fig.2b) revelated a clear segmentation of matrix-seeded BM-MSC when compared to the tissue culture
plastic control, both by qualitative observation of segmented single-cell images and by quantitative
analysis of cell shape descriptors. With the purpose of obtaining reliable and biological significant
results /, from nine shape descriptors acquired (form factor, eccentricity, area, solidity, perimeter,
aspect ratio, extent, orientation and compactness, Fig.2c), three significant parameters (area, aspect ratio
and compactness) were selected, considering both their definition and interpretation, for further analysis
(Fig.2d). In fact, due to the combined results of these three parameters, individual clusters could be
identified in a 3D graph of multiple variables (Fig.2e). Control CS-seeded BM-MSC are categorically
bigger in size (area > 4 000 um?) and display a rather simple (i.e., low compact values, sticked to its
spatial boundaries) and spherical shape (aspect ratio values closer to 1). In opposite, cells seeded on
dECM models, particular day 21-matrices (O21 and B21), reveal an evident shift from the CS cluster
in all 3 dimensions — cell size/area is significantly reduced, while cells exhibit a rather elliptical and
complex shape, creating a state of cytoskeletal tension, characteristic of a pre-osteogenic differentiation
phenotype .
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Figure 2. Cell shape analysis of human BM-MSC cultured on dECM for 2 days: (a) Representative SEM images
of BM-MSC's early morphological response to the culture substrate. For visualization purposes the cell surface
was artificially colored in blue with Photoshop. Low magnification images (first row) uncover the overall cell
shape morphology of BM-MSC on each culture substrate, where a clear elongation and orientation is enforced on
dECM cultured BM-MSC, particularly on O21 and B21 matrices. Scale bar: 10 um. High magnification images
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(bottom row) illustrate single cell interactions with the ECM through cytoplasmic extensions. A highly complex
fibrous collagen-like matrix is detected for all dECM models. Scale bar: 1 um. (b) Principal-component (PC)
analysis from single-cell morphological data of fluorescently labeled cells (B-actin and DAPI staining) (n = 200
total points per condition, collected from 4 individual experiments). PC1 accounted for 44-47% of the data
variance. Representative segmented boundaries, exported from CellProfiler pipeline, are illustrated (right column)
for each condition as qualitative evidence. (¢) Substrate-specific cell shape descriptor variance. Pie-charts
corresponding to the variance of six non-significantly different shape-parameters exported from the CellProfiler
pipeline (form factor, eccentricity, solidity, perimeter, extent, and orientation, n = 200 from 4 individual
experiments). (d) Normal distribution and statistical analysis of the three significant shape-parameters selected
(area, aspect ratio and compactness, repeated measures (RM) one-way ANOVA, * p <0.05, ** p < 0.01, ¥** p <
0.001, **#* p <0.0001, n =350 from 7 individual experiments). (¢) Three-dimensional multiple variable analysis
showing connection between the top three morphological features: area (symbol size), aspect ratio (x-axis) and
compactness (y-axis) with the BM-MSC culture substrate (color map shown on the right of the graph, n = 350
from 7 individual experiments).

Previous literature has shown that osteogenic lineage determination occurs within the cell cytoskeleton
itself, i.e., adhesion protein complexes communicate the cell tension state to the cell nucleus via
mechanotransducive cascade involving yes-associated protein 1 (Y AP)/transcriptional coactivator with
PDZ-binding motif (TAZ), leading to the activation of RhoA-associated signaling pathways, therefore
specifically promoting the osteogenic differentiation process %

Thus, we further compared the osteogenic potential of BM-MSC seeded on dECM in presence and
absence of osteogenic factors, i.e., ASC, dexamethasone and 3-GP, by means of mineral deposition at
day 21 (Fig.3). Interestingly, there was no apparent effect on differentiation of BM-MSC (red bars)
when cultured on different substrates, with observed mineral deposition for all conditions. Yet, BM-
MSC cultured on dECM models in absence of external differentiation factors (white bars) show a trend
towards an increased mineral deposition in comparison to CS control cultures, particularly significant
for the O21 condition. Furthermore, an increased number of competent colony-forming cells in the
dECM models was observed in comparison with CS control cultures, advocating for the superior
supportive-effect of decellularized ECM models as a culture substrate for BM-MSC expansion (Fig.
S4). It seems that BM-MSC interaction with dECM topography- and chemical-associated features
governs the initial cell adhesion, resulting in a stronger intercellular connectivity in the early phase of
cell culture. It follows from this that enhanced cell-cell contacts accelerate the osteogenic differentiation
cascade 7. Hence, these findings validate the cell-shape prediction results, which shows to be in line
with a common organogenesis theory hypothesizing that cellular function may indeed follow form 7'.
Notwithstanding, BM-MSC lineage fate decision is a complex process influenced by several
microenvironmental factors; whilst topography imposes a physical constrain to cells and ultimately to
tissue structure (in a process known as mechanotransduction) %, integrin-matrix interactions likewise
play a pivotal role in gene expression, phenotype and eventually cell fate by direct signal transducing
to the nucleus. In contrast to the artificial over-imposing chemically-induced osteogenic differentiation
methods, commonly applied in research, dECM models seems to provide a rather natural substrate for
BM-MSC expansion, while specific features on ECM osteogenic-produced matrices are able to trigger
spontaneous osteogenic differentiation of BM-MSC.

dECM and dBone comparative chemical-composition analysis

As the native niche develops, most of the local microenvironmental cues are highly heterogeneous and
continuously dynamic over time. The complexity of this process imposes difficulties in uncovering the
role of individual features of well-defined ECM properties and signals in cellular responses. Several
biomaterials have been designed to capture key molecular cues that mimic particular aspects of the
natural extracellular milieu, such as mechanical properties, structural characteristics, chemical
composition, and bioactive compounds " 7*; however, they still represent a rather simplistic approach
to the full complexity of the tissue. Therefore, full tissue decellularization techniques appear as a
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straightforward method to retain the physical and chemical complexity of the naive environment. We
have previously established a human decellularized trabecular bone 3D scaffold (dBone, dB), proved
to be a suitable in vitro model to study the complexity of the bone skeletal environment **. We speculate
that beyond the dimensionality, specific protein expression patterns in cell-based and bone-derived
decellularized models might play a significant role in BM-MSC in vitro cell fate.

Thus, here we conducted a comparative investigation considering the chemical composition and
subsequent behavioral differences of cells interacting with both dECM and dBone models.
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Figure 3. Human BM-MSC’s osteogenic potential accessed by mineral deposition analysis at day 21.
Representative images of Alizarin Red S staining at day 21 of osteogenic culture (top panel). Osteogenic
differentiation was stimulated by supplementation of low-glucose cell culture medium with osteogenic factors
(i.e., ASC, dexamethasone and B-GP). Control cultures for each substrate were performed in parallel in absence
of osteogenic-inducing factors. Scale bar: 100 pm. Quantification of Alizarin Red S staining (bottom panel) shows
no effect of dECM on BM-MSC mineralization in presence of differentiation-inducing medium (red bars).
Although in absence of external differentiation factors (white bars), a significant increase of mineral deposition
of BM-MSC seeded on O21 matrix was detected when compared with cells cultured in the same conditions on
CS substrate (2way ANOVA multiple comparisons, * p < 0.05,n=9).
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To this end, mass spectrometry-based high-throughput proteomics techniques provide a feasible
exploratory approach towards the identification of important bone factors that might be absent in certain
models and therefore not fully reflecting the naive environment. LC-MS detected a total of 735 proteins
identified in at least one of the samples (excluding contaminants). Of these, 128 proteins were found in
both dECM and 3D dBone proteome, indicating high homology of obtained dECM models to the in
vivo bone niche 7. This homology is found to particularly be evident for intracellular and membrane
proteins. Interestingly, we found by gene ontology (GO) analysis (Fig.4a) that there were proteins
specifically enriched in the dBone scaffold. These differentially expressed proteins were associated
with bone matrix structure and metabolism, e.g., secreted phosphoprotein 24 (SPP2), a2-HS-
glycoprotein (AHSG) also referred to as fetuin-A; while intracellular proteins were rather enriched in
dECM matrices, e.g., tubulin (TUB), actin (ACT) and laminin (LMNA), recapping the cell lysis during
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the decellularization protocol, which have been documented likewise in other studies "°. Moreover,
further GO analysis of biological processes revealed singular expression of proteins associated with the
hematopoietic compartment function, such as immune effector process and antimicrobial humoral
response, e.g., proteoglycans (PRG), hemoglobin (HBB) and F2 (prothrombin), specifically in dBone
but not dECM, resembling the native-complexity of dBone scaffolds. Coll accounts for nearly 95% of
the entire collagen amount in the organic bone matrix and about 80% of the total proteins present in
bone, playing a substantial role in the mechanical properties of the tissue, particularly for its toughness
(i.e., ability to absorb energy before rupturing) . Therefore, the consistent expression of Coll
throughout all models was confirmed by Western Blot analysis for 3 independent donors (Fig.4b).
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Figure 4. Proteomic analysis of collected dECM and dBone samples: (a) SDS-PAGE was performed under
reduction conditions and followed by mass spectrometry analysis (n = 1). Heatmaps show the log10 value of the
relative abundance of proteins in the decellularized models (IBAQ calculated by MaxQuant). Detected proteins
of interest were grouped under three main groups (bone extracellular matrix, intracellular and membrane proteins
and hematopoietic compartment), showing different patterns of expression across each model (gradient blue color
code). (b) Western blot analyses from electrophoresis gel separation (9 pg of total protein), of three proteins (Col1,
Col6 and Fet-A), validating proteomics results (representative image of 3 replicates).(¢) Relative quantifications
of Col6 and Fet-A Western blot band expression normalized to the respective expression of Coll. Quantification
of band area was performed in ImagelJ using the Analyze Gel plugin (2way ANOVA multiple comparisons, * p <
0.05,n=3).
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The observation of an obvious band at the 138 kDa mark for all conditions confirmed the anticipated
presence of a collagen-rich matrix, therefore validating the proteomic results. We were further
interested in exploring expression patterns of differentially enriched proteins in different models. Coll
basal expression was used to normalize the quantification of Col6 and Fet-A, in the samples (Fig.4c).
Interestingly, we observed a very strong expression of Col6 (108 kDa and 134.7 kDa) in dECM,
particularly for day-21 matrices, whereas the detection in dBone samples was significantly reduced,
evident for both proteomics and western blot analysis. Col6 is a nonfibrillar collagen commonly
associated with ECM remodeling, specifically important in processes such as wound healing 7 and
cancer progression "°. Altogether, we postulate that stronger expression of Col6 specifically in dECM
models may be a result of artificial in vitro culture, which may affect BM-MSC behavior, particularly
cell motility and spreading *’. Likewise, the detection of analogous patterns of Coll4 expression may
be postulated as an in vitro artefact as well. Col14 has been known as regulator of fibrillogenesis *', and
is often present in areas of high tissue mechanical stress ¥, advocating towards the aforementioned
artificial excessive ECM remodeling in in vitro culture.

Although there is limited literature describing the isolation of in vitro cell-produced ECM and its
proteomic analysis ** * ECM-associated proteins selectively expressed in dBone but not in dECM
models may be extremely significant to identify novel targets involved in bone-niche processes. In
particular, fetuin-A (55 kDa), is one of the most abundant non-collagenous proteins found in
mineralized bone. Primarily produced in the liver, fetuin-A binds to hydroxyapatite minerals in bone
matrix and acts as a potent inhibitor of ectopic mineralization ***. Despites its* affinity to bind to TGF-
B/BMP receptors blocking osteogenic signaling, fetuin-A may also sequester cytokines in the matrix,
thereby generating a reservoir of osteoinductive activity when released ¥, Similarly to fetuin-A,
secreted phosphoprotein-24 (SPP2) is a liver-derived precursor of pro-osteogenic proteins, playing an
important role in the rate and magnitude of BMP2-dependent bone formation *. Collectively, the
acquired data highlight that, although structurally important proteins for cell adhesion and proliferation
such as Coll are present on both dECM and dBone models, extracellular proteins importantly involved
in the bioactivity of the bone mineral phase are not detected in manufactured dECM models, due to
their peripheral synthesis followed by bloodstream-transportation to the bone, which may well have an
implication on the functionality of those models.

BM-MSC behavior and transcriptional activity on decellularized models

In order to study the effect of the here developed decellularized models on BM-MSC behavior, we first
looked at cell metabolism over a period of 10 days in basal culture conditions (Fig.5a). In order to
revalidate the metabolic inertness of the models per se, the signal of constructs without cells for all
conditions and timepoints was assessed. The observed near-zero values with insignificant small
variance confirm the abovementioned success of the decellularization protocol. Human BM-MSC
seeded on the decellularized models were compared with control cultures on coverslip (CS). Generally,
a positive and sustained increase of cell metabolic activity over time was observed in all conditions,
verifying once more the cytocompatibility of the models. Moreover, the superior initial (day 0)
metabolic values observed for cells seeded in the decellularized models in comparison with CS controls,
confirm the previously claimed extraordinary cell adhesion facilitated by the ECM-associated
featuresFor 3D matrices, the initial cell number was adapted to the total scaffold volume in order to
achieve an equivalent confluent cell density (previously described in **), which explains the elevated
baseline signal in the dBone model. Subsequently, we took particular interest in assessing further
biological changes in BM-MSC after 5 days in basal culture. Cell viability was quantified by flow
cytometry of labelled cells with Annexin-V and viability dye, and live, early apoptotic, late apoptotic
or dead populations identified (Fig.5b).
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Figure 5. Analysis of metabolic activity of BM-MSC seeded on dECM and dBone models during early
timepoints: (a) Metabolic analysis of BM-MSC in basal culture over time (0-10 days) measured by resazurin
reduction assay shows a stable and sustained growth of BM-MSC in all models. Values were normalized with
blank measurements (10% resazurin solution in cell culture medium). For each condition controls without cells
were tested to prove the inert activity of decellularized models (n = 3). (b) Flow cytometry analysis of BM-MSC
viability at day 5 of culture in decellularized models. BM-MSC in all conditions show similar results to CS control
samples with live cells percentage values consistently higher than 98% (n = 6). (¢) BM-MSC cell cycle stage
analysis performed by flow cytometry based of DAPI-DNA labelled histograms. Upper panel displays the
cumulative cell percentage quantification for each condition, whereas in the bottom panel individual values are
displayed for enhanced visualization and interpretation (n = 6).

As anticipated from the resazurin assay results, a high percentage of viable cells was observed for all
conditions, with the percentage of the live population being consistent higher than 98%. Analysis of the
cell cycle stage was performed on the population of live cells, based on measurement of cellular DNA
content, albeit no significant changes were observed.
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In order to further investigate the hypothesized niche-phenotype of BM-MSC in the different
decellularized models, we performed an extensive analysis of gene markers associated with different
BM-MSC stages (Fig.6a). Firstly, we observe an explicitly dBone-associated upregulation of stem cell-
related markers when compared with BM-MSC in control conditions and dECM models.

CXCLI2 is a soluble ligand secreted by niche-resident BM-MSC reported to be highly involved in
hematopoietic stem cells (HSC) communication and associated with cell-homing, especially during
fracture healing *. To confirm the significancy of CXCL12 gene expression upregulation in the dBone
condition, we further performed an immunostaining targeting protein expression of CXCL12 in BM-
MSC seeded on the different substrates (Fig.6b). Interestingly, no expression of CXCL12 was detected
in control or any dECM model. Contrarily, a high percentage of cells, but not all, cultured in the dBone
model exhibited intracellular CXCL12 expression, corroborating the previous results towards a dBone-
conferred niche-like environment for BM-MSC. Nestin is a recognized stem marker found in vivo
particularly on BM-MSC at perivascular sites adjacent to the bone and marrow parenchyma, known to
be closely associated with HSC communication in bone marrow *. Despite the high donor variance,
the emerging transcription of Nestin, together with an increased gene expression of transcription factor
Oct4 (p-value = 0.0651 to CS control), a factor well-known to be associated with pluripotency of stem
cells ¥, as well as the enhanced CXCL12 expression at gene and protein level 2, suggests that the 3D
dBone model is capable to preserve the property of a primary BM stem cell niche, i.e., to provide a
sheltered environment for BM-MSC to maintain their stem phenotype. The supported stem-cell
potential of recovered BM-MSC from decellularized bone models was functionally validated by a
colony-forming unit (CFU) efficiency assay (Fig. S5a), where a slightly increased number of competent
colony-forming cells was observed in dBone-recovered cells compared with controls. Moreover, a
decreased level of Survivin mRNA in 3D dBone when compared to 2D cultures might be indicative of
the structure-induced sheltered effect by protecting BM-MSC from external proliferation and
mobilization stimuli, therefore allowing for the preservation of a rather quiescent phenotype *. In fact,
cellular quiescence is a native key property of adult stem cells observed in vivo allowing BM-MSC to
temporarily suppress proliferation but re-enter cell cycle upon stimuli **. However, literature regarding
biology of quiescent BM-MSC in culture is poor due to the difficulty of maintaining the BM-MSC
naive phenotype during cell expansion in traditional culture-plastic surfaces **.

Next, we were interested to explore early microenvironment-related BM-MSC lineage commitment
decisions. Thus, osteogenesis (Runx2, ALP, Coll and SPP1) specific gene markers were investigated
for BM-MSC at 5 day-basal culture on the different decellularized-models. Expression of Runx2 did
not show to be predictive of the material-osteoconductive properties previously observed. In principle,
the time-point of analysis and the no-differentiation culture condition, were not sufficient to induce
spontaneous detectable differences of the osteogenesis transcription factor by BM-MSC. Furthermore,
while no obvious trend was identified for gene expression of ALP in BM-MSC seeded either on control
coverslips or in decellularized models, the predicted osteo-supportive potential of the dBone models,
was further validated functionally by ALP activity detection at day 7 of osteogenic culture (Fig. S5b).
Coll expression appears to present some donor-to-donor variability, yet while the collagen-rich dECM
models seem to generally inhibit new formation of Coll fibers on seeded BM-MSC, the native
properties of dBone might induce synthesis of newly formed bone-matrix by BM-MSC (our previous
results **), contributing to the augmentation of a cell-fitting niche. Additionally, there is evidence of
BM-MSC osteoblastic differentiation induced by Coll-mediated a2B1 integrin interaction through
Runx?2 transcriptional cascade activation *>°°. Finally, a significant upregulation of SPP1 was detected
in BM-MSC seeded in dBone. SPP1 expression is known to be particularly sensible to physical
environment and mechanical stimuli, possibly due to its dual role in cell adhesion *7 and ECM-calcium
sequestering competence .
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Figure 6. Analysis of the BM-niche signature of cells seeded in dECM and dBone models after 5 days in basal
culture: (a) Relative gene expression (10x22) normalized to B2M housekeeping gene. A combination of genes
associated with stemness: Nestin and Oct4; niche microenvironment cues: Survivin and CXCLI2; and
osteogenesis: Runx2, ALP, Coll and SPP1 were analysed. Statistics: Kruskal-Wallis one-way test, * p < 0.05, **
p <0.01, ¥** p < 0.001, n = 4-10. (b) Representative images of CXCL12-stained samples (n = 2). Top panel:
merge composite images of nuclei (DAPI, blue), F-actin (phalloidin, green) and CXCL12 (red) channels. Bottom
panel: individual CXCL12-staining for better visualization. No observable signal in dECM models was detected,
yet a strong intracellular staining in BM-MSC seeded in dBone was found. Absence of signal in secondary
antibody control (on right) confirms the specificity of the secondary to the primary antibody and absence of sample
auto-fluorescence. Scale bar: 50 pm.

In fact, early SPP1 mRNA and protein expression in response to mechanical cues has been strongly
associated with bone remodeling process via osteoclast and osteoblast interaction *, also observed in
our previous study on BM-MSC seeded in dBone . Taken together, the results suggest that 2D dECM
matrices are extremely accessible models which might be used as a BM-MSC culture substrate
supporting their proliferation and differentiation potential. On the other hand, the 3D dBone model has
shown to support the preservation of a naive-like cell phenotype, hence providing a suitable in vitro
model to study the overall functions of BM-MSC in a physiological relevant microenvironment.

Conclusion

The complexity of adult stem cell niches and the relevance of its’ different elements for MSC
physiology remains elusive with the current in vitro manufactured alternatives, which cannot fully
mimic the biochemistry and architecture of the native tissue-specific ECM. Decellularization of cell
culture sheets and/or whole tissues may provide an alternative method to bypass these limitations. In
this study, we showed that cell-derived ECM models can be tailored by manipulating the cell culture
conditions, particularly through biochemical additives during culture, in line with previous literature
results. The established 2D dECM models proofed to be a suitable culture substrate for BM-MSC,
allowing cell-matrix interactions that more closely mimic the bone environment in vivo. The observed

74



Chapter 3. Results: Decellularized bone ECM for MSC culture

BM-MSC morphological shape changes suggested a superior cell adhesion to the substrates facilitated
by the chemical properties of dECM models. Moreover, mature osteogenic day 21-matrices triggered
spontaneous early osteogenic commitment of BM-MSC, where mineralization was detected in absence
of external osteogenic differentiation factors. Furthermore, here we report on a 3D human-derived
decellularized trabecular bone model developed in our laboratory as a promising scaffolding material
to study the complexity of the bone skeletal environment. As far as we know, here we provided for the
first time a comparative proteomic analysis between cell-derived dECM and human 3D dBone ECM,
hence revealing key proteins involved in regulation of BM-MSC behavior and functions, such as
adhesion, metabolic activity and osteogenic differentiation. Interestingly, BM-MSC seeded in dBone
scaffolds exhibited, when compared with control and dECM cultures, upregulation of BM stem cell-
niche related genes, suggesting the recapitulation of the naive BM-MSC phenotype.

Taken together, the here developed decellularization-based bone models, prominently the 3D dBone
scaffold, seem to hold potential to provide a novel platform for advanced BM-MSC in vitro culture
where mechanisms of activation, proliferation and lineage determination can be studied in a
physiological relevant context.
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Supplementary data

Table S1. RT-qPCR primer sequences were generated with Primer-BLAST tool from NCBI for this study. Gene
name, forward and reverse primer sequence, NCBI reference number, and product length (pair of bases) is shown.

Gene Forward seq 5'-3' Reverse seq 5'-3' NCBI Nr. Product length
BMP-2  GGAACGGACATTCGGTCCTT CACCATGGTCGACCTTTAGGA  NM 001200.4 127
Nestin CTCAGCTTTCAGGACCCCAAG ~ AGCAAAGATCCAAGACGCCG ~ NM_006617.2 74
Oct4 TCGAGAACCGAGTGAGAGG GAACCACACTCGGACCACA NM_002701.6 125
Survivin_ GACGACCCCATAGAGGAAC CCTTTGCAATTTTGTTCTTG NM 001168.3 136
CXCL12 GTGCCCTTCAGATTGTAGCC ACTGTAAGGGTTCCTCAGGC NM_000609.6 150
Runx2 GAGTGGACGAGGCAAGAGTT  CTGTCTGTGCCTTCTGGGTT NM 001024630.3 127
ALP AGAACCCCAAAGGCTTCTTC CTTGGCTTTTCCTTCATGGT BC021289.2 74
Coll GGTCAGATGGGCCCCCG GCACCATCATTTCCACGAGC NM_000088.3 86
SPP1 TCTGGGAGGGCTTGGTTGTC GGTAGTGAGTTTTCCTTGGTCG NM 000582.2 124
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Figure S1. CellProfiler pipeline used in this study to automatically quantify single-cell morphological features.
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Figure S2. Quantification of Alizarin-red staining corresponding to mineralization content of dECM matrices
before (red) and after (gray) the decellularization protocol (n = 4). To note that O21 model after decellularization
exhibits a high mean value, comparable with the respective mean value for O21 matrix before decellularization.
However, that results majorly from the contribution of an outlier point. Therefore, it is concluded that no
significant mineral content is present in the decellularized models for all conditions.
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Figure S3. Representative EDS spectra of dECM (a) 010, (b) B10, (¢) O21 and (d) B21 surface and respective
quantification atomic element weight percentage (%). C: carbon, O: oxygen, Na: sodium, P: phosphorus, and Ca:
calcium.
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Figure S4. Colony-forming unit (CFU) assay of BM-MSC recovered from 5 day-basal culture in dECM. Count
of colonies were performed after 15 days basal culture (without FGF) of 250 cells seeded cells per well in a 6-
well plate stained with 1% crystal-violet in methanol. Values were normalized to BM-MSC expanded on coverslip
(CS) control. Results exhibit a general trend of increased colony-forming unit capacity of BM-MSC previously
cultivated in dECM models, particularly in O21 and B21 conditions, with adjusted p values of 0.0785 and 0.0662,
respectively (n =5 to 6).
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Figure S5. Validation of functional assays of BM-MSC in dBone scaffolds. (a) CFU efficiency assay of BM-
MSC recovered from 5 day-basal culture in dBone. Count of colonies were performed after 15 days basal culture
(without FGF) of 250 cells seeded cells per well in a 6-well plate stained with 1% crystal-violet in methanol.
Control samples were used from BM-MSC expanded on standard coverslips (n = 6). (b) Representative images
of ALP staining (86C-1KT, Sigma-Aldrich) of BM-MSC seeded (initial cell density: 800 000 cells per scaffold)
in dBone scaffolds after 7 days in osteogenic differentiation medium (n = 4, scale bar: Imm). Control scaffolds
without cells and seeded-scaffolds in medium without osteogenic factors were used as controls.
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Chapter 4.

Results: Role of mineral nucleation on osteogenesis

Here, the osteoconductive function of mineralization was addressed through
biomimetic functionalization of recombinant organic collagen with hydroxyapatite
nanocrystals in presence of magnesium. Additionally, the implementation of a perfusion
system was used to facilitate cell seeding and 3D culture. This work provides biological
insights to material science applications towards the development of in vitro models

which can better recapitulate the in vivo cell niche.

The work in this chapter was previously published as an original research-article in
the International Journal of Molecular Sciences. Reprint permission was obtained from all
co-authors and from the publisher under Creative Commons license (CC BY). The author
of this thesis, AR Pereira, shares the first authorship of the mentioned article with GB R-
Rodriguez, material-scientist from University of Granada, as a result of a collaborative
partnership, whereas both assumed a major contribution in all aspects of the study
design, data acquisition/analysis and manuscript writing (detailed information in
APPENDIX B).

Reference: Ramirez-Rodriguez GB, Pereira AR, Herrmann M, Hansmann ], Delgado-Lopez

JM, Sprio S, Tampieri A and Sandri M. Biomimetic mineralization promotes viability and
differentiation of human mesenchymal stem cells in a perfusion bioreactor. Int. J. Mol. Sci.

2021,22, p. 1447.
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Abstract: In bone tissue engineering, the design of 3D systems capable of recreating composition,
architecture and micromechanical environment of the native extracellular matrix (ECM) is still a
challenge. While perfusion bioreactors have been proposed as potential tool to apply biomechanical
stimuli, its use has been limited to a low number of biomaterials. In this work, we propose the
culture of human mesenchymal stem cells (hMSC) in biomimetic mineralized recombinant collagen
scaffolds with a perfusion bioreactor to simultaneously provide biochemical and biophysical cues
guiding stem cell fate. The scaffolds were fabricated by mineralization of recombinant collagen in
the presence of magnesium (RCP.MgAp). The organic matrix was homogeneously mineralized with
apatite nanocrystals, similar in composition to those found in bone. X-Ray microtomography images
revealed isotropic porous structure with optimum porosity for cell ingrowth. In fact, an optimal
cell repopulation through the entire scaffolds was obtained after 1 day of dynamic seeding in the
bioreactor. Remarkably, RCP.MgAp scaffolds exhibited higher cell viability and a clear trend of
up-regulation of osteogenic genes than control (non-mineralized) scaffolds. Results demonstrate the
potential of the combination of biomimetic mineralization of recombinant collagen in presence of
magnesium and dynamic culture of hMSC as a promising strategy to closely mimic bone ECM.

Keywords: scaffold; perfusion bioreactor; collagen; apatite nanoparticles; magnesium; human
mesenchymal stem cell; osteogenesis

1. Introduction

Severe trauma, congenital malformations or disease can compromise the integrity
and functionality of the skeletal system to the extent of requiring bone implants [1].
Over 2 million bone surgeries are conducted each year in the Unites States and around
10 million of Chinese patients suffered from limited limb functions [2]. Bone is the second
most transplanted tissue after blood and an ever-increasing worldwide demand of bone
graft substitutes can be expected in the coming years [1]. The forefront of tissue engineering
involves the isolation of stem cells from bone marrow or adipose tissue aspirated from the
patient, their expansion and differentiation on synthetic porous scaffolds and the further
implantation of the composite with the aim of fostering osteoinduction and osteoconduc-
tion for rapid repair of the defect site [3,4]. The design of ideal bone biomaterial plays
a vital role in bone repair. Biomaterial design aims to recapitulate the organization and
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composition of natural bone extracellular matrix (ECM) where stem cells grow in vivo. To
guide stem cell interaction and fate, multiple stimulus including physical (porosity, sur-
face nanotopography, stiffness, shear stress and electrical forces) and biochemical (surface
chemistry, growth factors o proteins) have been proposed [2,5-7].

In vivo bone mineralization has inspired the design of advanced biomaterials, so-
called biomimetic, mimicking the hierarchical organization and composition of native
tissue at nanoscale level [8-11]. Bone is a nanocomposite made up of self-assembled colla-
gen fibers (accounting for 35 wt.%) strengthened by inter and intrafibrillar mineralization
of apatite (Ap) nanocrystals (65 wt.%) [12]. Ap nanoparticles consist on non-stoichiometric
hydroxyapatite [HA, Ca1g(POy)s(OH),] containing foreign ions in its structure, e.g., CO3%~,
Mg?*, Sr?* [13]. Bone grafts have been designed through a biologically inspired mineraliza-
tion protocol by which magnesium-substituted hydroxyapatite nanoparticles crystallized
into naturally derived type I collagen fibers mimicking the process occurring during bio-
logical neo-ossification [9,14-17]. In vitro studies demonstrated the potential of this hybrid
scaffolds to induce, orchestrate, and harmonize the osteogenic differentiation of human
bone marrow stem cells (hMSCs) and in vivo studies revealed its osteoinductive nature [17].
However, the difficulties in processing and purification with batch-to-batch variability and
the risk of disease transmission of natural collagen have stimulated keen interest in devis-
ing biomaterial based on recombinant collagen [18,19]. Recombinant collagen is engineered
with precise chemical composition and molecular weight, enabling the introduction of
specific amino acid sequences and the large-scale production for industrial exploitation [18].
Recently, we have investigated the biomimetic mineralization of recombinant collagen
peptide (RCP) based on human collagen type I enriched in arginine-glycine-aspartic acid
sequences, which are specific sites favoring the attachment of a large number of adhesive
ECM, blood and cell surface proteins [20]. We carried out RCP mineralization in the pres-
ence of magnesium to closer mimic bone Ap composition (0.5-1%) [21] and we observed
that Mg stabilized the precursor amorphous calcium phosphate and inhibited apatite
crystal growth along c-axis, resulting in more isometric Ap nanocrystals than mineraliza-
tion protocol without magnesium [20]. Atomic force microscopy observations revealed
that mineralization in the presence of Mg provided homogeneous mineral distribution in
the organic matrix and surface roughness similar to that found in bone [20]. Further in vitro
studies demonstrated that RCP mineralization in the presence of magnesium potentially
promoted cell migration through the inner areas of the scaffold and higher gene and protein
expressions of osteogenic markers comparing with the results of mouse mesenchymal stem
cells grown on mineralized scaffolds without magnesium [22]. In spite of these good
results, even after 14 days of cell culture, few cells arrived to the bottom inner part of the
scaffolds [22]. This is likely due to the fact that in vitro static cell culture on tridimensional
scaffolds presents scarce mass transport prompting to limited cell colonization through few
hundred microns and apoptosis or necrosis of cells at the central core of the scaffold [23].

Over the last decade, bioreactor systems have been engineered to improve the trans-
port of gases and nutrients and enhance cell distribution, overcoming the main limitations
of static cell culture [7,23-25]. Perfusion bioreactors also generate dynamic biophysical
stimuli such as shear stress and mechanical loading [7,23-25]. Cells in bone tissues (i.e., 0s-
teoclast, osteoblast, osteocytes and MSCs) are mechanosensitive and respond to biophysical
factors in the environment [23]. It has been widely demonstrated that dynamic cell culture
in different type of scaffolds such as ceramic scaffolds, metallic scaffolds, decellularized
bone matrix from animal sources, synthetic polymer scaffolds, e.g., poly (I-latic acid), or
hybrid scaffolds made of HA and chitosan, enhanced cell proliferation and osteogenic
differentiation [26,27]. Several in vivo studies also demonstrated that MSC preconditioning
in bioreactor prior to implantation enhanced in vivo results as quantity and quality of new
bone [23,28,29]. A more recent work demonstrated that bioreactor-based preconditioning
augments the bone-forming potential of human bone marrow aspirates [30].

Despite the numerous works on dynamic culture of MSC in perfusion bioreactor,
there is still a lack of simulation of the real environment due to the low biomimicry of
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used scaffold. In this work, we propose the combination of perfusion bioreactor and
recombinant collagen scaffolds mineralized in the presence of magnesium (RCP.MgAp) to
simultaneously provide biochemical and biophysical cues and closely simulate the growth
environment of stem cells in vivo. The structure and chemical composition of biomimetic
scaffold (RCP.MgAp) was deeply characterized. Then, hMSC seeding on the resulting 3D
biomaterial was assessed under static and dynamic conditions in a perfusion bioreactor.
We also evaluated the osteogenic potential of biomimetic mineralized recombinant collagen
scaffolds versus control recombinant collagen scaffolds by gene expression.

2. Results
2.1. Scaffold Characterization

The microstructure of RCP.MgAp scaffold was evaluated via micro-computed to-
mography (uCT). Tridimensional porous scaffolds with interconnected and randomly
distributed pores (i.e., isotropic structure) were obtained via freeze-drying of mineralized
solutions (Figure 1). Analysis of surface pore size of 200 uCT scans revealed a wide pore
size distribution ranging from 50 to 600 um and giving rise to 90 4= 0.4% of porosity. Non-
mineralized recombinant collagen scaffolds used as a control on in vitro assay showed
similar pore size distribution (Figure S1) and porosity (88 4 0.6%).

Pore diameter (pm‘)

Figure 1. Structural characterization of recombinant collagen in the presence of magnesium (RCP.MgAp) scaffold (diame-
ter = 4 mm; height = 4 mm) by micro-computed tomography. (a) Transversal and (b) longitudinal section of the scaffold.
Scale bar=1 mm. (c) Graph bar displays pore size distribution estimated with Image] software.

Scanning electron microscope (SEM) image of RCP.MgAp scaffold shows pores di-
ameter between 100-300 um (Figure 2). The energy dispersive X-ray spectroscopy (EDS)
mapping of the cross-section (Figure 2) reveals a uniform distribution of calcium, phos-
phorus and magnesium belonging to the mineral phase along with the nitrogen of the
organic matrix. From these results we can infer that a homogeneous hybrid material was
obtained through the biomimetic mineralization of RCP. In fact, the Ap nanoparticles
are completely embedded in the organic matrix as indicated by the SEM images at high
magnification of the wall of the pore (Figure 3a). The nanoparticles have a length of approx-
imately 150-250 nm and a width of around 30-50 nm (Figure 3a), as previously observed
by transmission electron images of MgAp nanoparticles synthesized through the same
biomimetic mineralization approach [20].
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Figure 2. Energy dispersive X-ray spectroscopy (EDS) elemental maps of an area of RCP.MgAp scaffold showing the
presence of P (yellow), Ca (blue) and Mg (green) of the mineral phase closely related to the N signal of the collagen (red).
SEM image of the scaffold on the left displays the area of the mapping. Scale bar = 100 um.
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Figure 3. (a) SEM images of cross-section of RCP.MgAp scaffold. High magnification image of the wall of the pores shows
the incorporation of Ap into the organic matrix. (b) Fourier-transform infrared spectroscopy (FTIR) spectrum of RCPMgAp
scaffold. (c) TGA curve of the top, middle and base of the scaffold. Inset displays X-ray diffraction (XRD) pattern of the
sample exhibiting characteristic reflections of hydroxyapatite (HA, ASTM card file No 09-432).
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The chemical composition and structure of RCP.MgAp scaffolds were also analyzed
by Fourier-transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA) and
X-ray diffraction (XRD). FTIR spectrum (Figure 3b) shows the amide bands of recombinant
collagen at 1245 cm ™! (amide III), 1540 cm~! (amide II), 1650 cm ™! (amide 1), 3074 cm ™!
(amide B) and 3421 cm ! (amide A) [31,32]. The wagging (v), bending () and asymmetrical
stretching (v) modes of CHj of collagen are also visible [31]. It also displays characteristic
bands of Ap: the triply degenerated asymmetric stretching mode of phosphate group
(v3POy) at 1032 em ™! with shoulders at 1046 cm ™! and 1087 cm ™! and triply degenerated
bending mode of phosphate (v4POy4) at 561 em ! and 602 em ™! [33]. FTIR spectrum shows
bending (v;COj3) and stretching (v3CO;) vibration mode of carbonate that corresponds
with B-type carbonated apatite (partial substitution of PO~ groups mainly by CO3~
ions) [33]. The formation of nanocrystalline apatite was confirmed by XRD. Figure 3c
(inset) exhibits broad reflections ascribed to hydroxyapatite (HA, ASTM card file No 09-
432). The broadness of the peaks indicates low crystallinity and nanosized dimensions of
the diffracting crystal domains. The ratio of mineral content of RCP.MgAp scaffold was
quantitatively assessed by TGA of the top, middle and base of the scaffold to evaluate
the mineral distribution (Figure 3c). TGA curves mainly exhibit three decomposition
steps: the first loss from 25 °C to 170 °C due to the decomposition of adsorbed and
bound water (accounting for 6-7 wt.%); the second loss from 170 °C to 420 °C due to
degradation of recombinant collagen; and the third loss from 420 °C to 650 °C attributed to
the combustion of organic residues. The resultant residue after 650 °C corresponds directly
to the inorganic phase amount, which was 26 wt.% at the top and around 29 wt.% at the
middle and base of the scaffold. This finding confirms a homogeneous distribution of Ap
along the scaffold. Chemical composition of hybrid scaffolds was quantitatively evaluated
by inductively coupled plasma optical emission spectroscopy (ICP-OES) indicating the
following composition: Ca (9.4 & 0.8 wt.%), POy (12.0 + 1.4 wt.%) and Mg (0.8 £ 0.1 wt.%).

2.2. In Vitro Studies
2.2.1. Optimization of hMSC Seeding on Scaffolds

Cell seeding was initially optimized in order to achieve a homogeneous distribution
of cells over the scaffold volume. First, 2 x 10° cells were seeded on top of the scaffolds
and maintained in static culture for 24 h (Figure 4a). This strategy led to the formation of
cell clusters at the top and the edges of both mineralized (RCP.MgAp) and non-mineralized
(RCP) scaffolds (Figure 4b). To overcome this undesired cell distribution, perfusion biore-
actor was used for dynamic cell seeding using the same cell density (Section 4.4.3). The
homogeneity of cell distribution within the scaffold improved significantly after 24 h of
dynamic cell culture. Nonetheless, the MTT staining showed low cell density (pale vio-
let) likely due to the large volume of the scaffolds (Figure 4b)), giving rise to low MTT
absorbance value (Supplementary Figure S2). The increase of cell suspension density to
5 x 10° cells per scaffold allowed to obtain a homogeneous cell distribution with higher cell
density through the whole volume, as shown MTT staining images of the lateral surface
and the cross-section of the scaffolds (Figure 4b) and MTT absorbance graph (Supple-
mentary Figure 52). These conditions were then used to further evaluate the capability
of RCPMgAp scaffold in inducing osteogenic differentiation of hMSC using a perfusion
bioreactor.
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Figure 4. Cell seeding optimization. (a) Schematic design of the cell seeding approaches: static seeding in a well-plate and
dynamic seeding in a perfusion bioreactor. (b) Representative images of MTT staining obtained after 24 h of hMSC culture

on mineralized (RCP.MgAp) and non-mineralized (RCP) scaffolds. Full scaffolds were cross-sectioned in half in order to
assess the cell distribution also in the center of the scaffold.

2.2.2. Dynamic Osteogenic Differentiation in a Perfusion Bioreactor

The impact of the mineral phase on osteogenic differentiation of hMSC was studied af-
ter 15 days of dynamic cell culture in the perfusion bioreactor. At the end of the experiment,
scaffolds were stained with MTT to assess cell viability and distribution over the scaffolds
(Figure 5) and cells were collected for gene expression analysis (Figure 6). Interestingly, the
presence of mineral provides a significant increase on cell viability for hMSC on RCP.MgAp
scaffolds in comparison to the non-mineralized RCP scaffolds (Figure 5a). However, it
was observed a homogeneously distributed staining for both materials (Figure 5b). As
expected, the not-seeded scaffolds (control) showed no staining. Therefore, the increase
of MTT absorbance is assumed to be associated with an increase of hMSC proliferation
on mineralized scaffolds, rather than a hitch from the RCP scaffolds.

q) b)
o : RCP  RCP.MgAp
8 wv
g 1 2 ]
_§ 1.0 O §
% 0.5
3
o}
5 0.0 <

RCP RCP.MgAp

Figure 5. Cell viability of hMSC after 15 days of dynamic osteogenic culture. (a) MTT absorbance
from full scaffolds was measured and normalized with dimethyl sulfoxide blank values. Statistical
analysis using student f-test, * p < 0.05, n (RCP) = 3, n (RCP.MgAp) = 5. (b) Representative cross-
sections images from MTT staining of non-seeded scaffolds (on top) and hMSC seeded scaffolds
(on bottom) after 15 days of dynamic culture with osteogenic differentiation factors.

Regarding the gene expression analysis, hMSC cultivated on RCP.MgAp scaffolds
showed the trend of superior osteogenic gene expression than hMSC cultivated on scaffolds
without mineral (RCP) (Figure 6). Remarkably, the expression of Collal on RCP.MgAP
scaffolds showed a considerable increase in comparison to the control. Despite this clear
trend, statistical analysis indicated no significance (p > 0.05). These results are indicative of
an augmented differentiation into osteogenic lineage of hMSC cultivated in the mineralized
scaffolds.
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Figure 6. Relative gene expression (2-2C") after 15 days. GAPDH housekeeping gene was used to normalize data.
RUNX2 = runt-related transcription factor 2, ALP = alkaline phosphatase, Colla = collagen type I alpha 1, OSX = osterix,
BSP = bone sialoprotein. Statistical analysis using student f-test, n (RCP) = 3, n (RCP.MgAp) = 5.

3. Discussion

The synergy of 3D scaffolds and perfusion bioreactors represents a promising strategy
to more accurately simulate growth environment of stem cells in the human body [34]. In
bone tissue engineering, 3D scaffolds must be designed to provide a more conductive struc-
ture for hMSC attachment, growth and osteogenic differentiation [34]. Herein, bioinspired
scaffolds mimicking the osteogenic niche of cancellous bone have been designed through
biomimetic mineralization of recombinant collagen and freeze-drying. This technique is one
of the most common methodologies used to fabricate tridimensional porous scaffolds with
tailored pore size, porosity and pore distribution (aligned or isotropic structures) [10,35].
These are critical parameters that directly affect the fluid shear stress sensed by the cells
when cell medium is perfused through the scaffold in the bioreactor [36]. This mechanical
stimulus has been pointed out as a potent promoter of hMSC osteodifferentiation [27,37].
A recent review suggests that the cultivation of hMSC under oscillatory or pulsative flow
in 3D scaffolds (100-800 pm) and in the presence of osteoinductive supplements provides
optimal effect on hMSC osteogenesis [23]. In this line, we obtained 3D scaffolds with pore
size distribution (50-700 um) inside the range previously commented. Moreover, the most
frequent value of pore diameter (100-300 um) has been designated as the optimum cell
migration and new bone formation [38-40]. The porosity, closed to that found in cancellous
bone, also provides a suitable structure for cell colonization and fluid exchanges [38-40].
Conversely, porosity has a detrimental effect on the scaffold mechanical properties, as
reviewed by Deville et al. [35]. Future work, also involving in vivo studies, will require
a thorough study to achieve a compromise between the requirements of porosity for cell
ingrowth and fluid exchange and the need of suitable mechanical properties.

Biomimetic mineralization of RCP in the presence of magnesium promoted the nucle-
ation of Ap nanoparticles into the organic matrix providing a homogeneous integration of
the mineral phase along the entire scaffolds, as indicated by EDS map and TGA analysis.
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SEM image of the wall of the pores confirmed the formation of acicular nanoparticles
in the organic matrix. These results fit with previous atomic force microscopy observa-
tions revealing a homogeneous distribution of Ap nanoparticles into the RCP matrix at
nanoscale level when mineralization was carried out in the presence of Mg [20]. Conversely,
RCP mineralization in the absence of Mg prompted to Ap nanoparticle aggregation, hetero-
geneous mineral distribution at nanoscopic scale and therefore, higher surface roughness
value [20]. Regarding the chemical composition, these nanoparticles contain magnesium
(close to the values found in bone, 0.5-1%) [21] and carbonate ions substituting phosphate
group in apatite crystal structure, named as B-type carbonate substitution. This type of
carbonate substitution is the preferred in bone apatite [41]. Whereas carbonate ions are
by far the most abundant exogenous ion of bone apatite [41], magnesium is one of the
more important minor cations in bone tissue [42]. Both ions, magnesium and carbonate,
are typically found in younger bone triggering to poor crystalline apatite [14,43]. In fact,
XRD pattern of RCP.MgAp scaffolds confirmed the precipitation of poor crystalline apatite
as biological ones [12].

In addition to biomaterial features, cell distribution, mass transport and biomechanical
stimulation are also highly relevant factors on bone regeneration [44]. In this scenario, per-
fusion bioreactors have been demonstrated to provide a homogeneous distribution of cells
inside 3D scaffolds, an adequate transport of nutrients and oxygen and mechanical stimuli
by way of fluid shear stress [26,44,45]. In this work, hMSC have been cultured on mineral-
ized recombinant collagen scaffolds in the presence of Mg in a perfusion bioreactor in order
to simultaneously provide them with the adequate physic-chemical and mechanical stimuli
for osteogenic differentiation. The first step was to optimize hMSC seeding on 3D hybrid
scaffolds. Whereas some authors carried out cell seeding in static conditions and then
moved cell/scaffold construction inside the bioreactor for dynamic culture [46-49], others
studies implemented dynamic conditions for cell seeding and culture [30,50,51]. Static cell
seeding is by far the most commonly used seeding method but it provides low seeding
efficiencies and non-uniform cell distribution [52]. Herein, the static cell seeding promoted
the formation of capsule cell layer at the surface of the scaffold (closer to 2D system) due to
the physical limitation of fluid penetration extensively reported in the literature, especially
for bone substitutes constructs where a large scaffold volume is often required [53-55].
The dynamic seeding provided a more uniform cell distribution in both scaffolds, miner-
alized (RCP.MgAp) and non-mineralized ones (RCP, control), revealing their feasibility
to support cell attachment. After 15 days of dynamic cell culture, mineralized scaffolds
showed a significant increase on cell growth and scaffold repopulation comparing with
non-mineralized scaffolds. This effect may be associated to the scaffold surface chemistry
and topography [6]. Respect to the former, apatite nanoparticles are widely considered as
ideal biomaterial for bone regeneration due to its excellent biocompatibility, biodegrad-
ability and osteoconductive and osteoinductive potential [5]. Moreover, the presence of
magnesium may favor cell proliferation on mineralized scaffolds since magnesium is in-
volved in bone homeostasis by enhancing attachment and differentiation of osteoblastic
cells and accelerating the mineralization process [56]. Another factor to consider is the
unique surface properties of nanocomposite materials that are capable of mediating specific
protein adsorption and promoting cell adhesion, proliferation and differentiation [6]. In
fact, a clear trend for upregulation of genes related to osteogenic commitment of primary
hMSC cultured in mineralized scaffolds (RCP.MgAp) when compared with non-modified
scaffolds (RCP) was observed. Despite this trend, no statistically significant differences
in the expression of the tested genes were observed due to variations between donors, a
fact widely reported and accepted in the literature for primary cells derived from different
patients [57]. Moreover, the presence of osteogenic factors (L-ascorbic acid, dexamethasone
and B-glycerophosphate) also induced dramatic differences in levels of bone-specific gene
induction in hMSC exposed to osteo-inductive media, as previously reported by Donald
G. Phinney et al. [58]. Yet, a prominent upregulation of Collal, an early precursor protein
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responsible for the formation of very strong mature type I collagen fibers, was observed for
RCP.MgAp scaffolds.

In a nutshell, the biomimetic mineralization of RCP in the presence of magnesium
might provide chemical signaling favoring hMSC viability and osteogenesis while perfu-
sion bioreactor enhances cell distribution inside the scaffolds, closely recreating 3D bone
ECM environment. Further studies are required in order to verify the osteogenic potential
of mineralized recombinant collagen scaffolds. In addition, this work paves the way on
the development of in vitro models that better recapitulate the in vivo cell niche, which are
essential for the progress of fundamental biology and clinical translation (review in [59]).

4. Materials and Methods
4.1. Materials

Recombinant collagen peptide (RCF), commercially available as Cellnest™ (Fujifilm,
Tilburg, The Netherlands), is produced by a fermentation process using genetically modi-
fied yeast as described previously [60]. RCP sequence is based on human collagen type 1
and comprises 571 amino acids. Unless noted, all reagents were purchased from Sigma-
Aldrich (Taufkirchen, Germany).

4.2. Fabrication of Hybrid Scaffolds

Mineralization of RCP was carried out by a neutralization reaction in order to obtain a
hybrid scaffold with a 30 wt.% of mineral content (i.e., magnesium-doped hydroxyapatite).
Briefly, 0.75g of RCP was dissolved in 5 mL of phosphoric acid aqueous solution (270 mM)
through magnetically stirring at 40 °C. Once that RCP was completely dissolved, it was
added dropwise into 5 mL of a calcium hydroxide aqueous suspension (450 mM) containing
magnesium ions in a molar ratio Mg/Ca of 0.15. After 2 h of mineral maturation at room
temperature, the mineralized solution was poured into a 48-well plate, frozen at —20 °C
overnight and freeze-dried (0.1 mbar; 5Pascal; Cinquepascal srl, Trezzano sul Naviglio,
Italy). RCP aqueous solution (7.5 wt.%) was also freeze-dried in 48-well plate to fabricate
control scaffolds for in vitro experiments. We obtained cylindrical scaffolds with a diameter
of 10 mm and a height of 10 mm. The scaffolds were crosslinked by dehydrothermal
treatment (DHT) at 160 °C under vacuum for 48 h. Finally, the scaffolds were sterilized by
autoclaving.

4.3. Characterization of the Material
4.3.1. Structural Characterization

The porosity of the scaffold and its three-dimensional structure was determined by
X-ray computerized axial microtomograph (Zeiss Xradia 510 Versa, Oberkochen, Germany)
of the Centre for Scientific Instrumentation (University of Granada, CIC-UGR). For each
scaffold (d = 4 mm, h = 4 mm), 2000 radiographic images (image resolution: 5 um, X-ray
energy: 80 keV, exposure time = 3 s) were obtained. Image] software (version 1.48v; NIH,
Bethesda, MD, USA) was used to analyze pore size distribution and porosity in 200 images.
The 3D image reconstruction of the scaffold was performed with Dragonfly Pro (Object
Research System, Montreal, QC, Canada).

Scaffold structure and composition was analyzed with a Field Emission Scanning
Electron Microscope (FESEM, Zeiss SUPRA40V from CIC-UGR) equipped with an Oxford
energy-dispersive X-ray spectrophotometer (EDS) and operating at 3-15 KeV. Scaffolds
were cut with a razor blade, mounted on aluminum stubs using a carbon tape and sputtered
with a thin carbon film. Mineral distribution and composition were analyzed with Aztec
3.0 SP1 EDS software.

4.3.2. Characterization of Chemical Composition

Fourier-transform infrared (FTIR) spectrum of RCPMgAp scaffolds was recorded on
a Nicolect 380 FTIR spectrometer (Thermo Fisher Scientific, Waltham, MA, United States
of Ameria). Scaffold was cut with a razor blade in a small piece of 5 mg that was mixed
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with 250 mg of potassium bromide (KBr). Then, the mixture was pressed at 10 tons into
7 mm diameter disk. A pure KBr disk was used as blank. The spectrum was registered
from 4000 cm ™! to 400 em ! with a resolution of 2 em ™! by accumulating 100 scans.

Thermogravimetry analysis was performed using a simultaneous thermal analyzer
(STA 449 Jupiter Netzsch Geratebau, Selb, Germany) with a heating rate of 10 °C/min up
to 1000 °C in nitrogen flow.

X-Ray diffraction (XRD) pattern of RCP.MgAp scaffolds was recorded in a D8 Advance
diffractometer (Bruker, Germany) using a Cu K« radiation (A = 1.5418 A) generated at
40 kV and 40 mA. The pattern was recorded from 10° to 60° (20) with a step size of 0.002°
and a scan rate of 5 s step ™.

The chemical composition (Ca, P and Mg) was analyzed by inductively coupled
plasma optical emission spectrometry (ICP-OES; Agilent Technologies 5100 ICP-QOES,
Santa Clara, CA, USA). A 20 mg portion of scaffold was dissolved in 2 mL of ultrapure
nitric acid and then diluted up to 100 mL with Milli-Q water. Three replicates were
prepared and the Ca, P and Mg content were measured three times each replicate at
analytical emission wavelengths of 422 nm (Ca), 279 nm (Mg) and 214 nm (P).

4.4. In Vitro Studies in Dynamic Conditions
4.4.1. Cell Isolation and Expansion

hMSC were isolated from human bone marrow of femoral heads after informed
consent of the patient and ethical approval (186/18), as previously described [61]. Then,
hMSC were expanded in DMEM GlutaMAX medium (Gibco, Dreieich, Germany) sup-
plemented with 10% FCS (Bio&Sell, Feucht, Germany), 1% Pen/Strep (Sigma-Aldrich),
1% HEPES (Sigma-Aldrich) and 5 ng/mL of recombinant human fibroblast growth factor
(FGEF, PeproTech, Hamburg, Germany) at 37 °C in a humidified atmosphere of 5% CO,.
Culture medium was replaced 3 times a week. Cells were detached from culture flasks by
trypsinization, centrifuged and resuspended. Cell number and viability were assessed with
the trypan-blue dye exclusion test. hMSC in passage 46 were used for the experiments.

hMSC characterization of these cell population, such as surface markers analysis and
in vitro osteogenic and adipogenic potential, have been proven in ref. [62].

4.4.2. Perfusion Bioreactor

This perfusion bioreactor consists of a computer-controlled pump connected by silicon
tubes to a scaffold chamber and a flask reservoir in a closed cyclic system (Figure 7). The
scaffold chamber is sealed with silicone tube with an inner diameter of 10 mm, the same
diameter as the RCP.MgAp scaffolds (Figure 7h). The scaffold chamber was mounted on a
bioreactor cartridge that ensures the homogeneous conditions, avoiding the extravasation of
overflow out of the system, while allowing gas exchange with the bioreactor environment. The
bioreactor was maintained in aseptic conditions in a controlled chamber (Figure 7f) at 37 °C
and with 5% CQO,. This bioreactor has been satisfactorily used for dynamic culture of hMSC
on synthetic polymeric scaffolds (non-mineralized) to evaluate its osteogenic differentiation
with or without external mechanical stimulation as deformation strain [50,63].

4.4.3. Optimization of hMSC Seeding in 3D Scaffolds

Non-mineralized RCP scaffolds were used as a control for in vitro test. All scaffolds
(10 mm in diameter and 10 mm of height) were pre-incubated with complete culture
medium at 37°C overnight before cell seeding.

Two different strategies (static and dynamic) of cell seeding were evaluated. For static
seeding, scaffolds were placed in a 24-well plate and each seeded by carefully dropping
100 puL of cell suspension containing 2.0 x 10° cells onto the upper surface, allowing
cell attachment for 90 min at 37 °C with 5% CO,. Then, 1.5 mL of expansion medium
supplemented with 10 mM p-glycerophosphate (Sigma-Aldrich), 50 pg/mL L-ascorbic
acid (Sigma-Aldrich) and 100 nM dexamethasone (Sigma-Aldrich) were added to each well
and hMSC were cultured for 1 day.
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Pump cyclic profile [15min]

rate

Figure 7. Schematic representation of the bioreactor design. The cell culture media is kept in a controlled environment at
37 °C in a flask reservoir (a) and driven through silicon tubes with a controllable pump (b) towards the scaffold chamber
(¢,) and back to the reservoir. The system includes additional connections (d) strategically in the inlet and outlet of the
chamber for cell seeding. A valve equipped with a sterile filter (e) on the reservoir guarantees the gas exchange with the
external environment. The pump is programmed to actively perfuse cell culture medium for 5 min at a rate of 1.7 mL/min
and stop for 10 min in cycles of 15 min, as illustrated on the right graph. The incubation chamber (f) includes temperature
and CO; control where multi bioreactor systems can be mounted in parallel (g).

For dynamic seeding, the scaffolds were placed in the bioreactor chamber and then,
750 pL of cell suspension containing 2.0 x 10° or 5.0 x 10° cells were manually inserted in
the bioreactor chamber through connection named as d (Figure 7). After five backward-
forward cycles, cells were allowed to adhere for 90 min at 37 °C with 5% CO,. Then, the
complete supplemented culture medium (35 mL) was added to the reservoir flask and
driven through silicon tubes (towards the scaffold chamber and back to the reservoir) at a
rate of 1.7 mL/min for 5 min every 15 min for 1 day.

Cell viability and distribution in the scaffolds were assessed with MTT [3-(4,5-dimethy
Ithiazol-2-yl)-2,5diphenyltetrazolium bromide] assay. Briefly, cell-laden scaffolds were
incubated for 2 h in a solution of 10% MTT (5 mg/mL) in cell culture medium. The
metabolically active cells react with the tetrazolium salt in the MTT reagent producing
a formazan dye. Pictures of scaffold cross-section were taken under a stereomicroscope
(Zeiss, Discovery.V20).

4.4.4. Osteogenic Differentiation of hMSC under Flow Perfusion

5.0 x 10° cells were seeded and cultured under dynamic conditions (as previously
described in Section 4.4.2) for 15 days to evaluate the osteogenic differentiation. Media
change was carried out 3 times per week. A total of 3 donors were used as biological replicas
for RCP control samples, while 5 hMSC donors were tested for RCP.MgAp scaffolds.

Cell viability was evaluated by MTT assay (see above). After taking some pictures,
scaffolds were transferred to a tube containing dimethyl sulfoxide (DMSO) that dissolves
formazan crystal and absorbance was read at 570 nm using a Tecan’s NanoQuant plate
reader.
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The osteoblastic differentiation was evaluated by analyzing the expression of os-
teogenic genes by real-time polymerase chain reaction (RT-qPCR). Scaffolds were homog-
enized in 1 mL of TRI Reagent (Sigma-Aldrich) for 5 min at 50 Hz using a QIAGEN
TissueLyser LT (Hilden, Germany). Supernatant was collected and RNA extracted accord-
ing to the manufacturer’s protocol (NucleoSpin RNA, Macherey-Nagel, Dueren, Germany).
cDNA was synthesized using Promega reverse transcriptase reagents. Real-time Poly-
merase chain reaction (PCR) was performed on the CFX96 Real-Time System (Bio-Rad,
Postfach, Germany). Selected osteogenic marker genes were detected using Runx2 (NM
001015051.3), ALP (NM 001631.3), Collal (NM 000088.3), OSX (NM 001173467.2), and
BSP (NM 004967.3) primers, all purchased from Applied Biosystems (Dreieich, Germany).
GAPDH (NM 002046.3) was used as a housekeeping gene. Non-mineralized scaffolds
(RCP) were used as control. Relative quantification of mRNA targets was performed
according to the comparative 274! x 1000 method [64].

4.5. Statistical Analysis

Results are expressed as the mean =+ standard error of the mean (SEM). Data analy-
sis was made by t-test, followed by non-parametric analysis using Mann-Whitney test.
Statistical analyses were performed with the GraphPad Prism software (version 6.0) and
statistical significance set at p < 0.05

5. Conclusions

In this study, the combination of mineralized recombinant collagen scaffolds in the
presence of magnesium with dynamic culture of hMSC was investigated for the first time.
3D porous structure with suitable pore size and porosity of cell ingrowth was obtained
via freeze-drying. Biomimetic mineralization in the presence of Mg provided a homo-
geneous mineral incorporation into the organic matrix. This mineral phase consisted of
poor crystalline apatite nanoparticles containing carbonate and magnesium, two relevant
ions found in bone apatite. Dynamic seeding of hMSC provided a more uniform cell
distribution along the inner areas of the scaffolds compared to static cell seeding approach,
thus resulting in a genuine 3D culture system. After 15 days of dynamic culture, miner-
alized scaffolds enhanced hMSC viability and showed a clear trend of enhancement of
osteogenic differentiation compared to non-mineralized scaffolds, revealing the pivotal
role of biomimetic mineral phase on cell behavior. Further studies are required in order
to verify this hypothesis and optimize the system towards specialized tissue-engineered
constructs for bone replacement.
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Abbreviations

3D Three-dimensional

ECM Extracellular matrix

hMSC Human mesenchymal stem cells

Ap Apatite

RCP Recombinant collagen peptide

RCPMgAp Mineralized recombinant collagen scaffold in presence of magnesium
uCT Micro-computed tomography

SEM Scanning electron microscopy

EDS Energy dispersive X-ray spectroscopy

FTIR Fourier-transform infrared spectroscopy (FTIR)

TGA Thermogravimetric analysis

XRD X-ray diffraction

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide
DMSO Dimethyl sulfoxide

RUNX-2 Runt-related transcription factor

ALP Alkaline phosphatase

Colla Collagen type I alpha

OSsX Osterix

BSP Bone sialoprotein
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Figure 1. Structural characterization of non-mineralized collagen scaffolds (Control, RCP) by
micro-computed tomography (diameter = 4mm; height = 4 mm). (a) Transversal and (b) longi-
tudinal section of scaffold. Scale bar=1 mm. (c) Graph bar display pore size distribution.
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Figure S2. MTT absorbance of cell seeding optimization experiment. n=2 technical replicates.
Mean + SEM.
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Chapter 5.

Results: Effect of mechanical stimuli on osteogenesis

In this chapter, for the first-time the combined effect of the naive human trabecular
bone ECM and a dynamic culture system reflecting physiological mechanical forces was
simultaneously addressed. This study provides a foundation for exploring the early
effects of external mechanical stimuli on MSCs behavior in a biologically meaningful in
vitro environment, opening new opportunities to study bone development, remodeling,

and pathologies.

The work presented in Chapter 5 was published as an original research-article in
Materials journal. Reprint permission was obtained from all co-authors and from the
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Abstract: In bone tissue engineering, the design of in vitro models able to recreate both the chemical
composition, the structural architecture, and the overall mechanical environment of the native tissue
is still often neglected. In this study, we apply a bioreactor system where human bone-marrow hMSCs
are seeded in human femoral head-derived decellularized bone scaffolds and subjected to dynamic
culture, i.e., shear stress induced by continuous cell culture medium perfusion at 1.7 mL/min
flow rate and compressive stress by 10% uniaxial load at 1 Hz for 1 h per day. In silico modeling
revealed that continuous medium flow generates a mean shear stress of 8.5 mPa sensed by hMSCs
seeded on 3D bone scaffolds. Experimentally, both dynamic conditions improved cell repopulation
within the scaffold and boosted ECM production compared with static controls. Early response of
hMSCs to mechanical stimuli comprises evident cell shape changes and stronger integrin-mediated
adhesion to the matrix. Stress-induced Col6 and SPP1 gene expression suggests an early hMSC
commitment towards osteogenic lineage independent of Runx2 signaling. This study provides a
foundation for exploring the early effects of external mechanical stimuli on hMSC behavior in a
biologically meaningful in vitro environment, opening new opportunities to study bone development,
remodeling, and pathologies.

Keywords: bone tissue engineering; human trabecular bone decellularization; in vitro modeling;
shear stress; compressive load; fluid simulation; cell-matrix interaction; mechanotransduction

1. Introduction

Bone tissue unveils remarkable mechanical properties and regeneration potential,
mainly provided by its particular extracellular matrix (ECM) composition and organization.
Bone ECM consists of 30-45% of organic matrix, primarily composed of collagen type I
(Coll) assembled in twisted microfibrils [1,2]. These fibrils interact with other collagenous
(e.g., type IIl and V collagen) and non-collagenous proteins (e.g., bone sialoproteins,
proteoglycans, osteocalcin, osteopontin (SPP1), etc.), establishing an optimal biochemical
and physical environment for bone-resident cells [3]. Simultaneously, Col1 fibrils provide
a template for hydroxyapatite crystals to nucleate parallel along their axis and therefore
grant mechanical competence to the tissue [4,5].

ECM is, in principle, a very dynamic structure that controls and is controlled by its
surrounding environment, adapting its structural arrangement and composition to external
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stimuli [6-9]. In fact, bone tissue is mainly subjected to two types of mechanical signals:
(1) strain caused by tension or compression triggered by physical activity, and (2) shear
stress as a result of interstitial fluid movement through bone lacunae. These deformations
are sensed by bone resident cells, namely, osteoblasts and osteocytes, through their ion
channels and /or cell membrane receptors (e.g., transmembrane integrins and cadherins)
and transduced into intracellular biochemical signals in a process known as mechanotrans-
duction [10,11]. Particularly, fluid shear stress has been shown to induce synthesis of
non-collagenous proteins by osteoblasts, and therefore influence mineralization [12,13].
The Wnt/B-Catenin canonical pathway is well established to be activated in response
to mechanical stimulation, inducing downstream expression of secretory proteins, such
as SPP1, and thereby influencing osteoblastogenesis and bone formation [14,15]. In vitro
bioreactor studies have shown that cyclic compression loads prompt osteoblast division,
matrix production, and increase levels of alkaline phosphatase (ALP) activity, which result
in an improvement of the compressive modulus of the entire structure [16,17]. Furthermore,
not only the magnitude and type of stimuli, but also the rate and frequency can influence
the quality of new bone formation, and consequently, bone formation efficiency [18].

As such, understanding the detailed biomechanical aspects of bone homeostasis and
regeneration is essential for transferring useful knowledge related to the integration of
complex stimuli to which cells are subjected, either in physiological or pathological condi-
tions. Generally, there are two possibilities to approach this: (1) experimental methods and
(2) computational modeling. Notwithstanding, in silico modeling can provide valuable
projections for the design and optimization of experimental strategies [19,20]. However,
the complexity of in vivo biochemical and biomechanical features is the primary limitation
of these studies, which require extreme processing competencies in order to formulate
and solve several finite elements iterations. On the other hand, experimental methods
make use of standard models from which representative clinical outcomes are foreseeable;
particularly, animal models are currently a keystone of biomedical research. Yet, several
limitations are raised when studying human diseases, as experimental animals often fail
to recapitulate critical aspects, e.g., the age of patients and the specific human microenvi-
ronmental architecture and physiology [21-23]. On those grounds, over the last decade,
bone tissue engineering strategies have been the focus of the research field as they allow
us to recapitulate developmental processes in tridimensional (3D) in vitro settings [9,24].
Different types of materials have been used to engineer bone. Synthetic materials (e.g.,
polymers, composites, bioceramics, etc.) gained recognition mostly due to their great
flexibility, reproducibility, and control over scaffold functionalization, and therefore the
possibility to tune their composition, structural, and mechanical properties [25]. However,
these materials still represent a very artificial environment to the cells, often exposing
problems of biocompatibility and poor osteoinductive properties [26]. Natural-derived
polymers (e.g., collagen, fibrin, chitosan, etc.) are constituted of naive ECM and show high
biocompatibility but present poor mechanical properties and do not represent the structural
organization of the native bone tissue [27]. As a matter of fact, the internal architecture
of the scaffold, e.g., particularly the porosity and pore size, is shown to directly affect cell
proliferation, signaling, and osteogenic differentiation [28,29]. In recent years, decellular-
ization of tissues or organs has been widely explored since the resulting construct is able to
preserve both the biochemistry and the architecture of the native ECM of the respective
tissue [30,31]. Specifically for bone decellularization, partial or full demineralization is
shown to further enable the exposition of soluble and insoluble osteogenic molecules that
otherwise were embedded in the calcified matrix [32]. Therefore, the direct interaction of
these molecules with seeded cells reportedly triggers osteogenic differentiation processes
and consequently enhances bone formation [33].

In this study, we aim to investigate the early influence of mechanical stimuli on the
behavior of bone marrow mesenchymal stem/stromal cells (hMSC) seeded in a physio-
logically relevant environment. Besides the native chemistry and mechanical properties
of the bone environment offered by the decellularized human bone scaffold, a perfusion
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bioreactor with a uniaxial compression load was used to mimic external forces to which
bone cells are subjected in vivo. Finite element analysis of the applied forces did support
the reliability of the model.

Finally, the design of multimodal bone tissue models, such as the one developed here,
opens new opportunities to validate bone development, remodeling, and pathology studies,
as it provides biologically meaningful in vitro systems in which specific experimental
parameters can be systematically controlled.

2. Materials and Methods
2.1. Preparation of Decellularized Bone Scaffolds

Decellularized bone scaffolds were obtained from human trabecular femoral head
specimens (permission number: 187/18, University of Wuerzburg ethics committee), as pre-
viously described in [34]. Briefly, freshly thawed samples were precisely cut in 3 mm thick
slides using an electric diamond band saw (300, Exakt; D64, Walter Messner GmbH, Ost-
steinbek, Germany) to ensure homogeneous penetration of washing solutions through the
complete sample volume. Blood and residual fat material were firstly removed by several
cycles of washing in water and a chloroform (288306, Sigma-Aldrich, Steinheim, Germany)
and methanol (8388.6, Carl-Roth, Karlsruhe, Germany) mix solution. Further decalcification
of bone slices was achieved by incubation for several days in 2.5% ethylenediaminete-
traacetic acid (EDTA, E5134, Sigma-Aldrich) in 10 mM Tris-base (T6066, Sigma-Aldrich),
from where cylindrical constructs were shaped using a 10 mm biopsy punch. Complete
decellularization of bone samples was achieved by enzymatic treatment with 100 Units/mL
DNase (DN25, Sigma-Aldrich) and finalized with lyophilization (Martin Christ, Alpha
1-2 LDplus, Osterode am Harz, Germany) for 4 days under a vacuum pressure of 1 mbar.
Processed bone scaffolds were stored at —20 °C, and sterilization with 70% ethanol was
always performed freshly the day before cell seeding.

2.2. Elastic Modulus Measurements

A TA ElectroForce® 5500/BOSE device (New Castle, PA, USA) equipped with a 200 N
load cell in an unconfined compression test setup was used to assess the elastic modulus
of scaffolds. Both native and decellularized cylindrical samples (3 mm height and 10 mm
diameter; 3 technical replicates from 5 donors) were mounted in the setup and exposed
to a compression load resulting in a total displacement of 13% (=—0.39 mm) at a rate of
0.001 mm/s or 0.005 mm/s, respectively. WinTest7® (version 7.2) software continuously
recorded the resulting force (Newton) applied on scaffolds during testing. Elastic modulus
results were obtained by linear regression of strain versus stress values for each sample.

2.3. Pore Size Measurements

Decellularized bone scaffolds from five donors were scanned using micro computed
tomography (microCT, vivaCT40, SCANCO Medical AG, Briittisellen, Switzerland), with
an x-ray energy of 70 kV and a 0.114 mA tube current with 200 ms integration time and
reconstructed with an isotropic voxel size of 0.0105 mm. Image data were exported to
Image] (version 1.53c) [35]. Data were collected by measuring the Ferret diameter of
50 pores randomly distributed through the full volume of each sample using ROI manual
selection and the Analyze menu.

2.4. Dynamic Bioreactor

A custom-made bioreactor system, previously described in [36], was designed to
mimic the mechanical environment to which bone tissue is subjected in vivo, where both
shear stress and cyclic compression can be applied to the cell-seeded scaffolds. Briefly,
the system can be separated into three compartments—(1) the bioreactor cartridge, where
the cell-seeded scaffolds are harbored inside a 10.4 mm diameter silicone housing, which
allows gas exchange while avoiding fluid extravasation; (2) a computer-controllable peri-
staltic pump that ensures the continuous fluid flow of the cell culture medium through a
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unidirectional closed-circuit centered between the bioreactor-cartridge and the medium
reservoir; and (3) an uniaxial loading unit directly connected with the bioreactor cartridge,
where frequency and magnitude of the piston displacement can be tailored. The bioreactor
was maintained in aseptic conditions in a controlled chamber at 37 °C and with 5% CO,.

2.5. Computational Fluid Dynamic

Two computational finite element models were established to calculate wall shear
stress, pressure, and velocity in the bioreactor system and the decellularized bone scaffold.
First, a model of the full system based on CAD data was set up by importing the geometry
to ANSYS Fluent (version 19.2). The volume model was meshed with 195138 nodes. Liquid
water with a dynamic viscosity of 0.6913 mPa's in accordance with a temperature of
37 °C was set as the material model for the fluid. The inlet was modeled as velocity inlet
with a velocity of 1.7 mL/min and the outlet as the outflow, as environmental condition
atmospheric pressure was used. The scaffold geometry was simplified as a porous medium
with a porosity of 90%. To access permeability, the differential pressure of three bone
scaffolds of different donors was experimentally measured, and the permeability was
calculated according to Darcy’s law. Contact areas between the solid and fluid phases
were modeled as interfaces. After initialization using the hybrid initialization method,
the model was solved with five iterations. A second detailed model of the bone scaffold
was established based on microCT data of decellularized bone scaffolds. Briefly, images of
microCT data and chamber geometry were imported into ScanIP (Simpleware, version 14)
for segmentation and meshing. After adjusting for size and application of the median filter,
segmentations with two different thresholds were combined using a Booleans operation
and dilate and close-Filter, as well as Gaussian smoothing. Flood fill was used on segmented
masks to remove floating islands. After inlet, outlet, and walls were defined as boundary
conditions, the model was meshed using the +FEGrid meshing algorithm as a msh-file
containing 36212059 nodes and imported to Fluent (Version 19.2). Boundaries and material
properties were set accordingly to the first model.

2.6. Mesenchymal Stem/Stromal Cells Isolation and Loading Protocol

hMSCs were isolated from human bone marrow from acetabular reaming in patients
undergoing hip arthroplasty surgery after obtaining informed consent of the patient and
ethical approval (187/18).

Briefly, mononuclear cells were collected from bone marrow aspirates by a Ficoll
(Histopaque-1077, Sigma-Aldrich) density gradient centrifugation and repeatedly washed.
The cell count was determined, and cells were cultured for adhesion selection of hMSCs.
Cells were further expanded with basal medium (DMEM /F-12 GlutaMAX, Gibco, Bleiswijk,
Netherlands) supplemented with 10% fetal bovine serum (FCS, Bio&Sell, Feucht, Germany),
1% Pen/Strep (100 U/mL, Gibco), 1% HEPES (Sigma-Aldrich), and 5 ng/mL fibroblast
growth factor (FGE 100-18C, PeproTech, Hamburg, Germany) until passage 4-6 and seeded
in decellularized bone scaffolds as previously described in [34]. Briefly, 50 pL containing
1.5 x 10° cells was distributed on top of each scaffold and incubated for 3 h at 37 °C with
5% CO; to allow cell attachment, followed by 21 h static incubation with the supplemented
basal medium.

For each dynamic condition, i.e., (1) only perfusion or (2) perfusion plus compres-
sion, three scaffolds were stacked in a bioreactor cartridge, and osteogenic differentia-
tion cell culture medium (DMEM low glucose (Gibco) supplemented with 10% FCS, 1%
Pen/Strep, 1% HEPES, 50 ug/mL L-Ascorbic acid 2-phosphate (Sigma-Aldrich), 5 mM
-Glycerophosphate disodium salt (Sigma-Aldrich), and 10 nM dexamethasone (Sigma-
Aldrich)) was continuously perfused at 1.7 mL/min. Uniaxial compression loading was
applied for 1 h per day at a frequency of 1 Hz and amplitude of 10%, whilst perfusion was
temporarily halted.

The total differentiation culture duration was either one or seven days. On day four,
half of the cell culture medium was renewed. Cells were harvested for further analysis
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always 6 h after the last loading cycle. For all experiments, constructs in static conditions
were implemented as controls.

2.7. Viability Assays

To confirm cell viability and scaffold integration, cell metabolic activity and distri-
bution within the scaffold were assessed both by (1) MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5diphenyltetrazolium bromide, 20395.04, Serva Electrophoresis, Heidelerg, Germany)
assay and by histological staining of cryostat sections with Hematoxylin and Eosin (H&E).

Briefly, after 7 days of differentiation culture, each scaffold was cut in the middle
and incubated at 37 °C for 3 h in 10% MTT (5 mg/mL) solution in a cell culture medium.
Pictures from the top and the cross-section view of the entire scaffold were acquired using
a stereomicroscope (Zeiss, Discovery V20, Oberkochen, Germany). Blank samples without
cells were used as controls.

In parallel, samples were fixed and snap-frozen in Tissue-Tek® O.C.T.™ Compound
(4583, Sakura Finetek, Hartenstein, Wuerzburg, Germany), from where 8 um-thick cryosec-
tions were collected and stained with H&E. Scaffold integration and cell proliferation within
each sample was examined under a light microscope (Leica, DMi8, Wetzlar, Germany).

Representative images are shown from three individual experiments.

2.8. Immunofluorescence Analysis

Immunofluorescence analysis of 7-day samples was performed to visualize the pres-
ence and location of either native or newly formed ECM proteins. Briefly, the cryosections
were permeabilized with 0.1% (v/v) Triton-X (3051.3, Carl-Roth) for 30 min at RT and
blocked with 1% (w/v) Bovine Serum Albumin (BSA, A1391, AppliChem, Darmstadt,
Germany) for 1 h prior to treatment with primary antibodies (Collagen-typel, anti-Coll,
dilution 1:300, ab34710, abcam, Cambridge, UK; Osteopontin, anti-SPP1, dilution 1:500,
HPAO027541, Sigma-Aldrich) overnight at 4 °C. After washing, samples were incubated
with secondary antibody (goat anti-rabbit IgG conjugated with Alexa Fluor® 594, ab150080,
abcam) for 2 h at RT. Finally, samples were embedded in Vectashield®-contaming DAPI
(H-1200, Vector Laboratories, Biozol, Eching, Germany) for nuclei staining. In addition,
Phalloidin-iFluor 488 (ab176753, abcam) was added during primary antibody incubation
for cell cytoskeleton visualization.

Antibody specificity control was performed by incubating the samples in 1% BSA
without the first antibody, i.e., anti-Coll and anti-SPP1, respectively, followed by standard
incubation with secondary antibody and detection reagents.

2.9. Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy

Scaffold structure and hMSC morphology were evaluated for each culture protocol
after 30 h post differentiation by scanning electron microscopy (SEM) (Thermo Fischer
Scientific, FEI Apero VS, Darmstadt, Germany). The samples were fixed in 4% formalde-
hyde, dehydrated in a serial dilution of ethanol, dried in tert-butanol, and immediately
freeze-dried. Prior to imaging, all samples were sputter-coated (Leica, EM ACE600) with a
2 nm film of platinum to ensure conductivity of the sample’s surface. Images were taken at
an accelerating voltage equal to 1.5-3 kV and a magnification of x200 and x5000. Cellu-
lar details were artificially colored on magnified images using Photoshop® CS6 (Adobe,
v13.0.1) for visualization purposes.

In addition, a dispersive energy X-ray (EDS) detector (Carl Zeiss, Gemini Sigma
300 VP, Oberkochen, Germany) operating at 10 KeV was used to determine the surface
atomic composition of the decellularized bone scaffolds. Three random areas of interest
were evaluated for each sample.

2.10. Gene Transcription Analysis

To analyze the early gene response of hMSC to mechanical stimuli, two scaffolds
for each condition were harvested in Trizol (Sigma), and cells were lysed for 5 min at
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50 Hz (TissueLyser LT, Quiagen, Hilden, Germany). RNA was isolated by 1-bromo-3-
chloropropane (B9673, Sigma-Aldrich) phase separation followed by column separation
according to the manufacturer’s instructions (NucleoSpin RNA, Macherey-Nagel, Dueren,
Germany). cDNA was synthesized by reverse transcription (Promega, Walldorf, Germany)
from 1 pg of RNA.

Real-time Polymerase chain reaction (PCR) was performed by CFX96 Real-Time
System (Bio-Rad). Primers for genes targeting either mechanosensory functions—fos proto-
oncogen (cFos), prostaglandin-endoperoxide synthase 2 (Cox2), integrin subunit beta 5
(ITGb5), osteopontin (SPP1), bone morphogenetic protein 2 (BMP-2)—or osteochondral
early differentiation—collagen type-VI (Col6), runt-related transcription factor 2 (Runx2),
SRY-Box Transcription Factor 9 (Sox9)—were designed in the Primer Blast tool from NBCI
and purchased from Biomers.net (Ulm, Germany). Primers sequence and NCBI reference
numbers appear in Supplementary Table S1.

Expression of target genes was normalized with beta-2-microglobulin (B2M, NM_0040
48.2) as the reference gene, and results displayed as relative values (10,000 x 274C),

2.11. Statistical Analysis

Qualitative data were analyzed using Graphpad Prism software (version 9.1) and pre-
sented as the mean + standard error of the mean. Statistical significance was investigated
using the Kruskal-Wallis method followed by Dunn’s multiple comparisons test. Statistical
significance was set at p < 0.05.

3. Results
3.1. Scaffold Structure Characterization

The microstructure of decellularized bone scaffolds was evaluated by microCT re-
construction (Figure 1a). Three-dimensional porous scaffolds with highly interconnected
anisotropically distributed pores were obtained from a combination of chemical, enzymatic
and physical decellularization of human femoral head-derived trabecular bone.

Analysis of trabecular thickness (Figure 1b) and pore size distribution (Figure 1c)
confirmed a preserved native bone tissue architecture with an overall trabeculae thickness
average of 120.7 + 17.8 um and a wide Gaussian pore size distribution ranging from 100 to
2000 um.

The stiffness of both native and decellularized constructs was determined by mechan-
ical compression of 10% of the total scaffold length, i.e., approximately 0.3 mm (Figure 1d).
Despite high both inter-and intra-donor variance, the elastic modulus of decellularized
scaffolds (30.5 & 4.6 kPa) evidently decreased about tenfold in comparison with native
trabecular constructs (329 =+ 36.6 kPPa) due to the EDTA-induced decalcification occasioned
by the decellularization protocol. Yet, EDS spectra obtained from decellularized bone scaf-
folds surface (Figure le) shows the remaining presence of bone minerals, such as calcium
and phosphorus, 0.47 and 0.6 weight %, respectively.

108



Chapter 5. Results: Effect of mechanical stimuli on osteogenesis

Materials 2021, 14, 4431 7 of 20

—_
Q
-

M =329 = 36.6 kPa M=305=46kPa
- :
. .
400 . E
2 —} i
§ - % ) % . :
2 |
i
é 200 !
@ i
100 L4 !
H = = .
e e % =
Native bones Decellularized scaffolds
(e) .
Element Wt % SD
Cc 69.75 563
N 1745 320
Ca o 110 377
Na 0.68 0.07
b Mg 000 0.0
(b) M=120.7 +17.8 ym (c) - M= 839221 pm P 060 038
% H Ca 047 024
140 H —
E b Ca:P ratio 0.78
g
3 s
£ 10 .
3
)
P r T

0 500 1000 1500 2000 o osr 154 Energy [keV])
Pore size [um]

Figure 1. Structural characterization of human femoral head-derived decellularized bone scaffolds. (a) A 3D volume
rendering obtained from mesh segmentation (10° tetrahedra elements) of microCT scan of a representative scaffold. Box
dimension: 10 x 10 x 3 mm. Axis: x—green, y—red, z—blue. (b) Wall thickness, or trabeculae thickness (Tb.Th), calculated
from the total volume of interest (VOI) determined on Simpleware™ ScanlP respectively for each segmented mesh sample
(n=7). (c) Histogram of the relative frequency of pore size diameter (n = 5). Data assume a Gaussian distribution shown
in red. (d) Stiffness of native and decellularized constructs, shown as means of elastic modulus obtained by mechanical
compression testing (n = 5). The same shape and size were used for measurements of both native and decellularized
samples. (e) Representative EDS spectra of decellularized scaffolds surface and respective quantification of atomic element
weight percentage (wt%, n = 2). C—carbon, N—nitrogen, O—oxygen, Na—sodium, Mg—magnesium, P—phosphorus, and
Ca—calcium.

3.2. Computational Modeling

In order to estimate mechanical conditions sensed by hMSCs in this specific complex
in vitro system, finite element models of both (1) a simplified CAD model of the biore-
actor and (2) a complex microCT model of the bone scaffold structure were established.
For the porous media, permeability k was calculated taking into consideration the fluid
flow Q = 1.7 mL/min, dynamic viscosity n = 0.6913 mPa-s (assumed for water at 37 °C),
length of the bone scaffolds L = 9 mm, the cross-sectional area of the bioreactor cartridge
A =785 mm? and experimentally measured differential pressure Ap using Darcy s law
k= %, resulting in a mean permeability of 6.64 x 10712 & 1.22 x 107!2 m?. Using this
value for the simplified CAD model, the velocity in the bioreactor cartridge was calculated
as 0.16 mm/s. Please note that the velocity in the pipes is higher than in the bioreactor
cartridge because of the different diameters of the tubing (Figure 2a). The fluid-induced
wall shear stress on the scaffold in the microCT model was on average 8.5 mPa. Wall shear
stress did not markedly differ between the first (Figure 2d) and third scaffold (Figure 2c).
However, the highest values of wall shear stress were observed at the edges of the bone
scaffold, while larger internal areas further away from the pores showed lower to zero wall
shear stress values. The mean velocity in the fluid phase was calculated for the microCT
model as 0.166 mm/s (Figure 2e), matching the result of the simplified CAD model, and
the mean pressure as 40 mPa (Figure 2f). Notably, velocity peaked near the inlet and outlet
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Figure 2. Computational fluid simulation. (a) Velocity profile of the simplified CAD model. Perfusion direction from the
right (inlet) to the left (outlet). (b) A 3D rendering model of bioreactor parts visualized on AutoDesk Inventor software. (c,d)
Close-up view of wall shear stress calculated in the microCT model for the scaffolds nearest the outlet and inlet, respectively.
Scale-bar: 200 pum. (e) Cross-section of the velocity profile in the fluid phase from microCT model surrounding the bone
scaffolds. (f) Cross-section of the pressure profile in the fluid phase from microCT model surrounding the bone scaffolds. In
overview figures, the region where scaffolds are positioned is highlighted with traced line.

3.3. In Vitro Studies
3.3.1. hMSC—Scaffold Integration in the Static and Dynamic Culture

The impact of different cell culture regiments, i.e., static culture, flow perfusion, and
combination with compressive loading, on hMSCs was initially studied after 7 days of
culture. hMSC viability and distribution through the scaffold volume were evaluated by
MTT staining (Figure 3a-d). Strong and consistent positive staining was observed for
all conditions, indicating that the decellularized human bone scaffolds indeed provide a
base for cell attachment and proliferation, promoting cell viability over time. Particularly
better homogeneous distribution is visible in 3D scaffold cross-sections where perfusion
is present, i.e., both perfusion only (Figure 3c) and perfusion + compression (Figure 3d)
regiments.

To support this observation, histological staining of scaffolds’ cryosections (Figure 3e-1)
further shows a superior scaffold integration of hMSC in both dynamic conditions (Figure 3h,1)
compared with static culture images (Figure 3f). Likewise, major cell growth is apparent
only in dynamic conditions; there, h(MSC are tidily densely packed around the high porous
scaffold structure, and ECM deposition is observed at higher magnifications (Figure 3k,l).

110



Chapter 5. Results: Effect of mechanical stimuli on osteogenesis

Materials 2021, 14, 4431 9 0of 20

Nocells Static Perfusion P + Compression

side (b) top side (C) top side (d) top side

No cells Static Perfusion P + Compression

(e) Y (f) N . (9) - : A T N
N . 3 ] 4 !

- (" i = 3 5 . ~ R
-
A | A | ag”

Figure 3. hMSC viability and scaffold integration after 7 days in osteogenic culture in different
regiments. (a—d) Representative images of cell viability MTT staining of the top (left) and cross-
section (right) view of scaffolds acquired by RGB-stereomicroscopy. (Scale-bar: 100 um, n = 3). (e-1)
Representative images of H&E staining from 8 um-thick scaffold cryosections. Successful hMSC
integration within the decellularized bone scaffold (strong pink color) is observed for all cell-laden
conditions (purple color), while ECM deposition (light pink color) is rather visible in both perfusion
(k) and perfusion + compression (I) conditions. A close-up zoom image (right upper corner) of
non-cellular scaffolds (i) shows empty lacunae without the presence of osteocytes. (Scale-bar: 200 um,
n=23).

Sections of non-cellular scaffolds (Figure 3e,i) show the presence of canaliculi and
empty lacunae, confirming once more the maintenance of trabeculae native structures and
the efficiency of the decellularization protocol.

hMSC integration within the scaffold, particularly cellular interaction with ECM bone
proteins, was further investigated by immunofluorescence staining of Coll (Figure 4) and
SPP1 (Figure 5).

An organized collagen fibrilar network is observed for all samples, including in
the non-seeded control scaffold, validating the biochemical and structural preservation
of collagen fibers as the most dominant organic ECM component in native bone tissue.
Interestingly, a specific co-localization between collagen fibers and the presence of hMSC is
observed, indicating the close contact between the cells and collagen fibers as an anchoring
structure for cell attachment and proliferation. Confirming the above results, a higher cell
density for both dynamic conditions is observed, where the collagen fiber’s structure seems
to be broadly arranged in space, in contrast with the static environment where the high cell
density seems to shrink the soft matrix fibers.

Distinctively, an intrinsic SPP1 expression is mainly detected within the trabeculare
structures of decellularized bone scaffolds in all samples. Note that the positive signal is
only attributed to SPP1-specific binding since that secondary antibody control (Figure S1)
shows no detectable autofluorescence signal. Locally nascent SPP1 deposition is further
observed in the pericellular matrix space only in mechanically stimulated conditions, i.e.,
perfusion only and perfusion and compression.
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No cells Static Perfusion

P + Compression

)

Figure 4. Inmunofluorescence analysis of Coll in acellular and cellular constructs in different culture
conditions. Individual channels of nuclei (DAPI, blue) staining and Col1 (red) are shown in the first
two rows, followed by the corresponding overlay images, also including cell cytoskeleton staining
(Phalloidin, green). Due to an intrinsic auto-fluorescence of decellularized bone scaffolds for most of
the common fluorescence channels, e.g., DAPI and FITC, the brightness of green-channel images was
occasionally altered with Photoshop for visualization purposes. The biological interpretation of the
images was not distorted. (Scale bar 200 um, n = 3).

No cells Static Perfusion P + Compression

Figure 5. Immunofluorescence analysis of SPP1 in acellular and cellular constructs in different culture conditions. Individual

channels of nuclei (DAPI, blue) staining and Coll (red) are shown in the first two rows, followed by the corresponding
overlay images, also including cell cytoskeleton staining (Phalloidin, green). Specificity control without the anti-SPP1
antibody is shown in Supplementary Figure S1. For each condition, a representative higher magnification picture is shown
on the left, and a detailed high magnification from the field of interest is shown on the right. (Scale bar 200 um, n = 3). Due
to an intrinsic auto-fluorescence of decellularized bone scaffolds for most of the common fluorescence channels, e.g., DAPI
and FITC, the brightness of green-channel images was occasionally altered with Photoshop for visualization purposes. The
biological interpretation of the images was not distorted. (Scale bar 200 um, n = 3).
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No cells

ALP expression (data not shown) was also investigated for all conditions showing
common positive staining, yet no obvious differences were detected between the different
groups for this time point.

3.3.2. hMSC Early Response to Mechanical Stimuli

Considering the successful results of hMSC scaffold integration and bone-ECM pro-
tein accumulation, particularly under mechanical stress induced conditions, the early
response of hMSC to mechanical stimuli was further investigated. Both hMSC morphology
(Figure 6) and gene expression analysis (Figure 7) were assessed after only one cycle of
loading, i.e., the total time of incubation was adjusted to 30 h.

Static Perfusion P + Compression
— - —

Figure 6. Representative SEM images of hMSC'’s early morphological response to mechanical stimuli. (a—d) 200x low
magnification images confirm once more the presence of a highly porous structure, where hMSCs attach physically to
the scaffold walls. (Scale bar 200 pum). (e-h) 5000x high magnification images show single cell interactions with the
ECM through cytoplasm extensions, such as filopodia, present in samples subjected to dynamic culture. For visualization
purposes only, cell surface areas were artificially colored in red with Photoshop. (Scale bar 10 pm).
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Figure 7. Gene expression analysis of hMSC’s early response to mechanical stimuli. Expression of targeted genes involved
in mechanosensory functions (cFos, Cox2, ITGb5, SPP1, BMP-2) unveil a general upregulation in dynamic conditions
compared with static, whereas osteochondral early differentiation markers (Col6, Runx2, Sox9) expression seems to be
inconclusive for this early time point. Expression of target genes was normalized with B2M as reference gene, and results
displayed as relative values (10000 x 2~ACt). Statistical analysis using student Kruskal-Wallis one-way method followed by
Dunn’s multiple comparisons tests (* p < 0.05, n = 5-6).

Promptly, low magnification SEM images reveal a less-efficient hMSC integration in
static (Figure 6b), compared with highly efficient cell dispersion in both dynamic conditions
(Figure 6¢,d). These results confirm and support the previous experiments, uncovering
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the early determination of superior homogeneous cell distribution inflicted by dynamic
conditions.

In high magnification images, it is possible to observe further the complex organic
structure of the acellular scaffold (Figure 6e), mainly composed of collagen network fibers
naturally present in the trabecular bone, as shown by immunofluorescence assays. Very
interestingly, single hMSCs in both dynamic conditions (Figure 6g,h) seem to exhibit several
filopodia extensions granting the cells to interact with the ECM environment actively,
whereas in static conditions (Figure 6f), hMSC seems to display a steadier morphology,
where the observed cell extrusions are smaller and rather orientated towards cell-cell than
cell-ECM integrations.

Regarding the gene expression analysis (Figure 7), large donor-specific variations
were observed due to the primary origin of hMSCs. Donor-to-donor differences are widely
reported in the literature in various contexts, recognized to be a reflection of not only the
age or overall health of the donor, but also of the diversity of environments from which
hMSCs may be isolated [37,38].

hMSCs cultivated in both dynamic conditions showed, as expected, a trend of up-
regulation for mechanosensitive factors (cFos, ITGb5, SPP1). Despite this trend, statistical
analysis indicated no significance (p > 0.05) for most of the genes, except for SPP1. Cox2,
a very early mechanical responsive gene, showed an opposite trend. BMP-2 expression,
despite specific donor variation, does not seem to be significantly affected by mechanical
stimulation in our experiments.

Considering markers related to osteochondral differentiation (Col6, Runx2, Sox9), no
clear lineage commitment could be observed. Col6 appears to be upregulated in dynamic
conditions, particularly when compressive loading is imposed, indicating an augmented
differentiation into osteogenic lineage of hMSCs; in contrast, Runx2 was downregulated
upon dynamic stimulation, while Sox9 expression was not altered.

4. Discussion

In vivo, hMSCs reside in specialized niches that are known for regulating stem cell fate
throughout their life span [39,40]. In this work, we established a human decellularized bone
scaffold as a model to mimic the native human bone extracellular matrix microenvironment.
For the first time, we combined the naive biochemical and architectural properties retained
in these scaffolds with a dynamic culture system, reflecting the physiological mechanical
forces to which native bone is subjected in vivo. Our data suggest that hMSCs sense and
dynamically adapt to their environment mainly through cell-ECM interactions.

Decellularization techniques have been used in the bone tissue engineering field with
the purpose of creating an immunogenic free material while preserving the native tissue
structure and its innate osteoinductive qualities [30,31]. Rodriguez et al. [41] identified by
mass spectrometry the maintenance of structural ECM proteins (e.g., Coll, Col4, Colé, etc.)
present in human bone-derived demineralized fibers, in addition to several growth factors
(e.g., BMP-2, BMP-4, BMP-7) and numerous other proteins supporting a variety of intra-
and extracellular signaling pathways (e.g., fibronectin, fibrinogen, vitronectin, and laminin).
Furthermore, it has been reported that partially or fully demineralized bone can provide not
only osteoinductive factors, but also superior mechanical, biochemical, and architectural
properties supporting scaffold functionality into physiological conditions [42,43]. We have
previously developed a protocol based on physical, chemical, and enzymatic methods to
consistently achieve human-femoral head-derived decellularized bone scaffolds [34]. The
effective removal of all cellular components was previously confirmed, and the cell seeding
protocol was optimized to ensure sustained cell viability. Here, we show the suitability of
these scaffolds to investigate the response of hMSCs to mechanical stimuli in a naive ECM
environment.

Scaffolds’ ultra-topography, particularly their trabeculae structure and pore size, has
been shown to have a major influence on hMSCs proliferation and osteogenic commit-
ment [44,45]. Interestingly, Smith et al. [42] concluded that decellularized scaffolds derived
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from elderly bone donors with Tb.Th values comparable with the ones obtained in the
present study (average of 120.7 um) showed improved osteoinductive capacity with higher
osteogenic gene expression and ALP activity [46]. Due to the propitious combination of
abundant surface area for cell attachment and high distribution of large and interconnected
pores (average of 839 um,) cell penetration, growth, and exchange of oxygen and nutrients
are wholly provided [47-49].

Not only is the physical arrangement of the environment the main constraint to
resembling the in vivo niche, but the stiffness of the matrix is likewise widely recognized
and accounted for favoring cell-ECM mechanosignaling [50]. However, as a result of the
partial decalcification protocol, the stiffness of the native trabecular bones exhibits much
higher values (average of 329 kPa) compared with decellularized bone scaffolds (average of
30.5 kPa); the stiffness value obtained compares to previous studies. In fact, matrices with
an elastic modulus between 25-40 kPa have been demonstrated to favor osteogenic lineage
differentiation, associated with distinctively high expression of the osteogenic transcription
factor Runx2 [51,52]. An essential element of human bone structure is hydroxyapatite, a
mineral form based on Ca and P, conferring rigidity and mechanical competence to the
tissue. However, in bone decellularization protocols, partial decalcification is often applied,
mainly for handling purposes, but also for improving osteoinductive properties. Urist
et al. [32] showed decades ago that the decalcification of native bone is able to not only
retain bone morphogenic proteins and growth factors entrapped in the bone matrix, but
even to further expose them and therefore facilitate specific cell-ECM interactions [53,54].

Yet, in the present study, a residual presence of both minerals was visible by EDS
(Ca/P ratio = 0.78), which is significant to potentially trigger de novo mineral nucle-
ation [55-57]. Future experiments will validate these findings.

Computational fluid simulations allow obtaining non-invasively and in high-resolution
knowledge about mechanical conditions inside a 3D structure. Shear stress and hydrostatic
pressure are assumed to be the main mechanical stimuli sensed by hMSCs [58-60], and
finite element analysis can calculate their values even for extremely complex geometries.
Models simplifying the bone scaffold to porous media as well as based on microCT scans
have been reported using a broad range of perfusion velocity, porosity, and permeability.
Shear stress caused by fluid perfusion is in fact widely recognized in the literature as a trig-
ger of hMSC pro-osteogenic commitment (reviewed in [61]). Particularly, Melke et al. [62]
concluded that a wall shear stress of 0.5-10 mPa promotes mineralization. Here, we present
experimental data of superior scaffold integration of hMSCs due to dynamic rather than
static conditions, while computational simulation revealed a mean wall shear stress of
8.5 mPa. Previously, simulations on a similar bioreactor setup showed that intermittent
shear stress ranging from 0 to 13.35 mPa was able to induce osteogenic differentiation
of rat-derived bone marrow stem cells seeded on a synthetic copolymer scaffold with a
comparable porosity to ours, but with higher permeability, in the absence of any chemical
stimuli [63]. Notably, our results show that mechanical conditions vary slightly depending
on the position considered, i.e., velocity is highest near the inlet and outlet and more
homogenous in the middle, while pressure showed a gradient between the inlet and outlet.
The potential of microCT scanning is widely recognized for studying complex structures
and fine details [64,65], e.g., inter-pore walls and/or pore size wide distribution, which are
not taken in consideration in simplified models and can cause bias in the final analysis.
Here, map visualization of wall shear stress in the microCT model reveals no distinct
differences between the position in the bioreactor cartridge; rather, the heterogeneous
complex geometry of the trabecular bone directs the shear stress sensed locally by the cells.

The here-developed human femoral head-derived decellularized bone scaffolds were
consistently shown to provide hMSCs a valuable environment able to boost cell viability
and ECM production, particularly in dynamic conditions. The presence of continuous
perfusion has been shown to improve cell distribution throughout the scaffold, avoiding
a preferential accumulation of cells on the edges as observed in static conditions. This is
in line with previous studies where perfusion bioreactors and loading systems have been
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shown to not only provide appropriate oxygen and nutrient supply, but also to have a
direct accelerating effect on hMSC matrix production quality and quantity [66-68].

Furthermore, dynamic conditions also seem to influence cell-ECM interactions; in
particular, mechanical stimulation seems to prevent the Coll network shrinkage frequently
reported in the literature to be provoked by high cell densities in static conditions [69,70].
Therefore, the wide Coll network observed in dynamic conditions provides hMSCs with
a higher surface area throughout the trabecular pores for adhesion and migration with
abundant oxygen and nutrients access. Besides the Coll scaffolding function as a major
structural protein in the bone ECM, several studies have shown that ECM proteins, includ-
ing collagen and non-collagen proteins, have a direct effect on both osteoconduction and
osteoinduction [3,71]. Elango et al. [72] showed that Coll fibrils modulate osteogenesis
by binding to integrins of progenitor cells, trigging the differentiation cascade through
MAPK-Runx2 activation. Likewise, due to the dual role of SPP1 as a protein-containing
pro-adhesive tripeptide motif -RGD [73,74], as well as ECM calcium sequestering com-
petence [75], native expression of SPP1 also plays a fundamental role in the dynamics of
bone ECM. In fact, several studies have previously recognized an early SPP1 mRNA and
protein expression in response to mechanical stress, elucidating its role in bone remodel-
ing by affecting both osteoclastogenesis and osteoblastogenesis [76-79]. Consistently, we
detected intrinsic SPP1 accumulation within the trabecular structure of all samples after
7 days of differentiation, yet locally nascent deposition in the pericellular matrix space was
only clearly observed in hMSCs subjected to dynamic culture, validating the SPP1 role in
response to mechanical stimuli.

In fact, an early response of hMSCs to mechanical conditions was observed even
after only 1 day of stimulation. One relevant factor for hMSCs’ mechanotransduction
response is the exposure time to mechanical signals [80]. Our results show that dynamic
culture has a pivotal role in determining the initial spreading of cells into the highly
porous 3D scaffold. Furthermore, the combined effect of physical cues of the decellularized
bone scaffold ultrastructure and the applied mechanical stimuli are able to control single-
cell morphology. Indeed, specific micro- or nanoscale patterns capable of guiding early
hMSCs differentiation commitment simply by confining cell shape are often reported in the
literature [81-83]. In this study, a more spread morphology and the presence of cytoplasmic
extensions, known as filopodia, able to sense and interact with the environment [84,85] were
observed precisely in hMSCs exposed to dynamic conditions, which further corroborates
the functionality and relevance of the human bone in vitro model achieved in this study.
Supporting this observation, gene expression of hMSCs cultured in dynamic settings
revealed signs of a stress-induced early osteogenic commitment, which has to be proofed
in long-term experiments in the future. We observed a higher expression of cFos in
hMSCs subjected to dynamic conditions, particularly when perfusion was combined
with compression, while Cox2 transient expression after stimuli was probably outpaced
at this timepoint. The expression of cFos and Cox2, genes associated with osteogenic
mechanotransduction, is known to be quick and short lived [86,87]. Miiller-Deubert
et al. [88] reported a transient Cox2 mRNA expression in hMSCs for 2 h after stress with a
peak of expression at 30 min. Nevertheless, both cFos and Cox2 mechanosensitive genes
are described to follow a coordinated expression pattern attributed to early osteogenic but
not chondrogenic differentiation [89,90].

In addition, we observed a remarkable upregulation of SPP1 for both dynamic condi-
tions compared with static culture, followed by an increased protein accumulation seen
in histology. As previously discussed, SPP1 is an abundant non-collagenous bone matrix
protein with multifaceted functions involving cell interactions and ECM modulation [91,92].
Corroborating our findings, SPP1 has been frequently described as a mechanoresponsive
target [76], and therefore has been shown to be critical for unloading-induced bone remod-
eling shown in vitro [93] and in vivo [79,94]. Likewise, upregulation of Col6 was detected—
Col6 is a bone anabolic ECM protein and a constituent of the basement membrane involved
fundamentally in cell adhesion [95,96], yet simultaneously exhibits a stimulatory effect

116



Chapter 5. Results: Effect of mechanical stimuli on osteogenesis

Materials 2021, 14, 4431 15 0f 20

on osteogenesis in vitro [97,98]. Thereby, it is reasonable to assume that hMSCs establish
stronger attachments to their environment in response to mechanical stress by increasing
Col6 and SPP1 matrix deposition since both proteins contain RGD peptide sequences as
well as connection domains to focal adhesion-related proteins. This assumption is further
validated by the increased expression of ITG5b in hMSCs subjected to dynamic conditions
in our study, which may, at a cellular level, trigger a cascade of downstream osteogenic
differentiation in hMSCs [74,99-101].

In contrast, no clear expression pattern could be seen for BMP2, due to high donor
variance. BMP2 is similarly a recognized target of mechanotransduction [102,103], and its
role in bone repair is well established [104,105]. In fact, BMP2 autocrine signaling is known
to be required for the downstream transcription of load-induced Runx2 by hMSCs [106,107],
which may explain the low expression of Runx2 observed in our results as well. On the
other hand, constant expression of Sox9 suggests that possible chondrogenesis commitment
induced by mechanical stimuli [108,109] was absent in our model.

Taken together, the novelty of this study lies in the shared resembling of both bio-
chemical and mechanical properties of human bone tissue elements in a simple in vitro
model. Therefore, by providing a better understanding of mechanobiological interactions
of cells with their environment, we aim to further identify key interactions to efficiently
direct bone formation in homeostasis or pathologic scenarios.

5. Conclusions

Bone tissue-engineered constructs often fail to recapitulate either the chemistry, the
ultrastructural physical cues, or the external mechanical properties that native bone is
exposed to in the human body. In this study, the synergic effects of (1) 3D decellularized
human trabecular bone-derived scaffold properties, namely, its trabecular morphology,
heterogeneous porosity, and retained ostecinductive factors, and (2) the dynamic culture
imposed by perfusion flow and compressive load are shown to be a promising strategy to
accurately mimic the complex regiments occurring in vivo.

Here, we first elucidated the structure—function relations in our system by modeling
the fluid flow through the highly complex structure interstices of the decellularized bone
scaffold by integrating microCT data. Experimentally, we validated the improved effect
of dynamic conditions in scaffold integration of hMSCs and reported a boost of ECM
production. The early response of hMSCs to mechanical stimuli manifested in evident cell
shape changes and stronger integrin-mediated adhesion to the matrix, promoting hMSCs
commitment towards osteogenic lineage independently of Runx2 expression.

Although this study has demonstrated favorable improvements towards the synergetic
effect of mechanical stimuli in a native human bone environment in vitro, there are still
limitations that need to be addressed. Particularly, further long-term osteogenic functional
assays would be crucial to accelerate its prospects in the translation of routine scientific
practices in the bone engineering field.

Supp]ementary Materials: The following are available online at htlpg//\\r\\'\\'.mdpi.cum/articlv/]O
.3390/ma14164431/s1, Figure S1: Immunofluorescence secondary antibody control. The absence of
detectable signal in the red channel confirms that positive staining is produced from detection of the
antigen by the primary antibody (anti-Coll or anti-SPP1, respectively) and not by the detection system
or auto-fluorescence of the sample. Representative images of hMSCs in perfusion + compression
condition. (Scale bar 200 pm). Table S1: RT-qPCR primer sequences were generated with the Primer-
BLAST tool from NCBI for this study. Gene name, forward and reverse primer sequence, NCBI
reference number, and product length (pb: pair of bases) is shown.
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Figure S1. Immunofluorescence secondary antibody control. The absence of detectable signal in
the red channel confirms that positive staining is produced from detection of the antigen by the

primary antibody (anti-Coll or anti-SPP1, respectively) and not by the detection system or auto-
fluorescence of the sample. Representing images of hMSC in perfusion + compression condition.
(Scale bar 200 pum).

Table S1. RT-qPCR primer sequences were generated with Primer-BLAST tool from NCBI for this study. Gene name,
forward and reverse primer sequence, NCBI reference number, and product length (pb: pair of bases) is shown.

Gene Forward sequence 5'-3" Reverse sequence 5'-3" NCBI number Product length (pb)
GCAAC- CACCATGGTCGAC-
BMP-2 GGACATTCGGTCCTT CTTTAGGA NM_001200.4 127
cFos GGGGCAA%?:GGAACAci AGTTGGTCTGTCTCCGCTTG ~ NM_005252.4 139
CAAATTGCTGG-
Cox2 CAGGGITGC AGGGCTTCAGCATAAAGCGT  NM_000963.4 139
ITGb5 CCGGCTCGCAGGTCTCA  CACCAGGCACATTTTGGGTG ~ NM_002213.5 87
SPP1  TCTGGGAGGGCTTGGTTGTC GGTAGTgé;S g ETTCCTT- NM_000582.2 124
GGAAC- CACCATGGTCGAC-
BMP-2 GGACATTCGGTCCTT CTTTAGGA NM_001200.4 127
Col6 al TCTCACAE?\%CAACTCG- ACCACGAAGATCTCGATGCC  NM_001848.3 91
Runx2 GAGTGG(;ACGGT‘;GGCAA- CTGTCTGTGCCTTCTGGGTT NM_001024630.3 127
GGATTGCCCCGAG-
SOX9 GCAGGCCGACTCGCCACAC TGCTCGCC NM_000346.3 73
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Chapter 6.
Concluding remarks

Despite the recent developments towards in vitro models seeking to mimic the
native biochemical and architectural complexity of adult stem cell niches, the significance
of local interactions for MSCs physiology still remains elusive. In fact, most of the MSC
biology knowledge derives from in vitro studies, evidently exposing cells to highly artificial
situations that do not recapitulate the complexity of the naive environment [53]. As a
result, an ambiguous distinction between the physiological function of isolated MSCs in
culture and their presumed in vivo counterpart often leads to a translation gap of results
towards the clinics.

In this thesis, human cell and tissue-derived decellularized models were developed
in order to address the influence of ECM-chemistry and -biomechanics on MSC behavior.

At first, cell culture-derived 2D matrices were generated by inducing MSCs to
synthesize and secrete de novo ECM, followed by a mild decellularization protocol.
Distinctly, osteo- and basal- cell culture environments resulted in four different models
with unique chemical composition, in line with literature work [57, 58]. For instance,
while collagen type-I, the most abundant protein of bone ECM [2, 59], was homogenously
detected in all the models, bone-specific ECM proteins [4] such as laminin and
osteopontin, on the contrary, have been only detected punctually distributed in the long-
term cultured osteogenic-induced matrix. Literature studies have previously shown that
MSCs osteogenic lineage determination may result from communication of cell tension
signals via mechanotrasduction to the cell nucleus [60, 61]. Here was showed that
reseeded MSCs establish early-detectable cytoplasmic-extension interactions with the
fibrous-collagen rich ECM matrices, consequently inciting a significant elliptical-
orientated cell morphological change. Corroborating those assumptions, osteo-induction
functionality of the long-term cultured osteogenic-induced matrix and its relevance as a

rather natural substrate for in vitro MSC culture was validated by alizarin-red staining of
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MSCs mineral deposition after 21 days of culture without external supplementation of
osteogenic differentiation factors.

In order to implement the aforementioned tissue third dimensionality, in this thesis
a human decellularized trabecular bone 3D scaffold was further established as a
straightforward tissue decellularization-based approach able to retain the bone naive
physical and chemical complexity.

The ultra-topography of the scaffold, particularly its retained-native trabeculae
structure and pore size distribution and interconnectivity, has been shown to have a
major influence on MSC proliferation and osteogenic commitment [62, 63]. Not only the
physical arrangement of the environment is a main constraint to resemble the in vivo
niche, but the stiffness of the matrix is likewise widely recognized and accounted in favor
of cell-ECM mechanosignaling [64, 65]. In fact, culture of MSCs in softer materials (15-1.5
kPa), in opposition to conventional stiff cell culture materials (GPa range) such as glass or
tissue culture polystyrene, has shown to favor stem-like MSCs phenotype [66]. In line with
these literature reports, here the stemness potential of MSCs recovered from
decellularized bone models was confirmed by upregulation of Oct4 and Nestin gene
expression, and further functionally validated by increased efficiency of colony-forming
capability of cells.

Beyond the dimensionality, proteins specifically present in cell- and/or bone-
derived decellularized models surely play a significant role in MSC in vitro cell fate. In this
thesis for the first-time a comparative proteomic analysis was performed in order to
speculate on novel ECM target molecules involved in regulation of MSC behavior and
functions, such as adhesion, metabolic activity and osteogenic differentiation.
Interestingly, several proteins involved in hematopoietic compartment function, such as
immune effector process and antimicrobial humoral response, e.g., proteoglycans,
hemoglobin, prothrombin, etc. , were exclusively detected in the bone-decellularized
scaffold, resembling the close association of MSCs to the hematopoietic stem cell niche in
bone marrow [26]. Further supporting data corroborating the preservation of MSCs naive
phenotype was obtained by the detectable expression of CXCL12, an important niche
factor associated with hematopoietic stem cells maintenance, quiescence and
mobilization [67], at gene and protein level in MSCs cultured for 5 days in basal conditions

in 3D bone-decellularized scaffolds.
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Additionally, proteomics results further revealed exclusive-presence of important
non-collagenous proteins produced by hepatic cells in decellularized scaffolds,
transported to bone by bloodstream, such as fetuin-A [68, 69] and secreted
phosphoprotein-24 [70]. Both proteins are involved in the bioactivity of the bone mineral
phase exhibiting high affinity to osteoinductive chemokines and growth factors, possibly
manifested in an enhanced osteogenic potential of reseeded MSCs observed by alkaline
phosphatase activity staining as early as day 7 of differentiation.

Undoubtedly, bone tissue is a particularly complex composite with multiple stages
of hierarchical organization. At the molecular level, self-assembly collagen triple helices
fibrils intercalate with hydroxyapatite that grow within the fibrils, regulating their
nucleation and growth [5]. However, in bone decellularization protocols partial
decalcification is usually required, mainly for handling purposes but also to enhance the
exposition of bone morphogenic proteins and growth factors entrapped in the matrix
[71]. Accurately, energy-dispersive x-ray spectrometry shown no detectable presence of
minerals in the 2D cell-derived decellularized matrices. On the other hand, residual
below-physiological values of calcium and phosphate were detected in 3D decellularized
scaffolds, therefore conjectured to provide a nucleation initial point for augmented
mineral deposition during osteogenesis. In order to explore the presence of minerals on
osteogenesis, in this thesis recombinant collagen-based scaffolds mimicking the
mineralization of native bone have been manufactured in presence of magnesium, a
stabilizer for hydroxyapatite crystals nucleation, by freeze-drying. Mineralized scaffolds
showed to significantly support an increase cell growth and scaffold repopulation
compared to non-mineralized scaffolds. This observed effect was shown to be a combined
result from the biocompatibility and osteoinductive properties associated with chemistry
of hydroxyapatite [72], with the unique rough-topography created by the homogeneous
incorporation of minerals in the collagen-organic matrix, therefore favoring cell adhesion
and protein absorption [73].

Furthermore, biomimetic mineralization has shown to not only improve cell
viability, but also trigger the osteogenic potential of MSCs with a clear trend of
upregulated osteogenesis related genes, particularly type-I collagen. Therefore, revealing
the pivotal interplay between the organic and inorganic components in the bone tissue,

which ultimately coordinate MSCs fate.

127



Chapter 6. Concluding remarks

It is widely accepted that in vitro models should not be confined to stationary
conditions [56, 74]. Literature is vast when recognizing the effect of shear stress on
promoting pro-osteogenic commitment of MSCs [75, 76]. In here, experimental data
showed superior scaffold repopulation of MSCs due to dynamic rather than static
conditions, for both decellularized bone and collagen-functionalized scaffolds. Notably,
flow-induced wall shear stress simulated in micro-computed tomography data for the
decellularized bone model, revealed a mean value of 8.5 mPa, fitting in the literature
range reported to promote mineralization [76]. However, local map-visualization showed
heterogeneous distributed trabeculae-shape dependent shear stress locally sensed by the
cells, unraveling the naive heterogeneity of MSCs population where particular cells
remain physically sheltered to mechanical stimuli.

Furthermore, dynamic conditions also seem to influence MSC-ECM interactions
through integrin-mediated cell cytoplasmic extensions [77, 78]. In particular, mechanical
stimulation seems to reinforce collagen network fiber assembly, therefore providing
MSCs with a higher surface area for adhesion and migration with abundant oxygen and
nutrients access. This is in line with previous studies, where perfusion bioreactors and
loading systems have been shown to not only provide appropriate gas exchange but also
to have a direct accelerating effect on MSCs-matrix de novo production quality and
quantity [79-81]. Corroborating these findings, genes expression of proteins associated
with bone anabolic ECM, such as osteopontin [82] and type-VI collagen [83, 84] were
found to be early upregulated in dynamic conditions, particularly when compressive
loading was imposed, indicating an augmented MSC osteogenic lineage determination.

Finally, the novelty of this thesis lays in the step-wise approach towards the
complexity of in vitro modelling of MSCs interaction within the skeletal niche. Altogether,
the results provided suitable in vitro models to study the overall functions of MSCs in a
physiological relevant microenvironment, sharing both biochemical and mechanical
properties of human bone tissue elements. Ultimately, this work surely offers a valuable
tool for both fundamental prospective study of MSCs identity counterpart in vivo, as well

as for clinical biology modelling of diseases and pharmacology approaches.
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Future perspectives

[t is widely recognized that the interplay with systemic factors and cells of different
maturation and activation states from each particular niche region surely plays a pivot
role in MSC behavior and function determination. Reproducing these interactions in
experimental systems, such as the ones described in this thesis, surely provides a
foundation to answer significant open questions in the field of fundamental regenerative
processes as well as to explore novel rational cell-based therapeutic strategies. Some

potential further model increments of complexity and future applications are mentioned:

Addressing the mineralization on decellularized models

In this thesis the lack of physiological-mineralization due to the limitations of the
decellularization techniques was addressed by material-functionalization of a collagen-
based scaffold. However, the rich-organic composition offered by the decellularized ECM
was not fully addressed in this system either. Although a material science challenge to be
addressed, functionalization of the decellularized ECM with hydroxyapatite crystals
would certainly provide a remarkable interesting tool to study the bio-synergetic effect

of the fully-mimicking bone ECM on MSCs behavior.

Addressing other types of mechanical loading

The relations between mechanical loading and bone metabolism have been
recognized for more than one century, particularly since Wolff based on anatomical
dissection studies described how bone mass, and consequently function, is determined
by the local mechanical stress perceived by the tissue [85]. Different experimental both
in vivo and in vitro models have been used to study how bone remodeling is affected by
mechanical forces, for a large spectrum of mechanical deformation. Moreover, the
literature is vast and occasionally conflicting in regards of how loading approaches affect
the response of cells towards viability and/or osteogenic differentiation. Namely changes
on the amplitude of the stimuli [86], the frequency [87], the wave form, i.e., triangular,
sinusoidal, or trapezoidal shape [88], the total duration, i.e. number of cycles [89], and
the periodicity of resting [90] may directly influence the outcomes. Given that, addressing

further combination of loading setting features on the here developed dynamic model,
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certainly would provide a key fundamental understanding of bone mechanical adaptation

processes, which are up to now not fully understood.

Addressing systemic paracrine signals

It is known that MSCs are recruited to sites of stress or inflammation through
biochemical toll-like receptor recognition and further signaling activation [91]. As so, the
chemotaxis profile and functional effect of inflammatory factors on MSC behavior should
be addressed with perspectives for new therapeutic approaches. Although most work is
often performed by stimulation of MSCs to single cytokines [92, 93], platelet-rich plasma
has successfully been used to mimic the combinatorial effect of several growth factors
and cytokines that are released during inflammation, e.g., transforming growth factor-,
vascular endothelial growth factor, insulin-like growth factor I, basic fibroblast growth
factor, endothelial growth factor, etc. [94, 95]. Platelet-released factors showed to not
only enhance MSCs recruitment, proliferation and osteogenic lineage commitment, but
also promote MSCs immunomodulatory and paracrine activity [96]. Thus, the
incorporation of such stimuli in experimental designs using the here developed 3D
decellularized bone model would be of extreme scientific urge in order to access MSCs

immunomodulatory behavior in the course of regeneration in a unique in vitro model.

Addressing the hematopoietic stem cell niche

In this thesis, exclusively MSCs behavior in culture was addressed. Yet, a single
culture approach is fairly reductant when aiming to model the stem cell niche,
particularly in respects with the interactions with other neighboring cells.

The crosstalk between MSCs and hematopoietic cells in bone marrow homeostasis
have been widely studied in the context of adult tissue regeneration [97, 98].
Interestingly, it has been shown that MSC secreted factors, such as stem cell factor and
CXCL12 are able to control hematopoietic stem cells quiescence, survival, proliferation,
self-renewal and mobilization [99, 100]. In turn, hematopoietic cells may trigger
osteogenic differentiation of MSCs through BMP2 and BMP6 signaling [101]. Due to the
experimentally observed rushed ex vivo differentiation of hematopoietic cells in culture,
development of improved amplifying strategies where cells retain the stem phenotype
are a promising tool to support translation to clinical applications. In fact, MSCs have been

shown to support expansion of hematopoietic stem cells in co-culture systems [102],
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advocating for the potential of the here developed 3D bone-decellularized model with
naive architecture and chemical composition, towards an optimized in vitro tool for

recapitulation of the bone marrow stromal niche.

Addressing the bone remodeling multicellular unit

Bone homeostasis depends on the resorption of aged bone by osteoclasts and
formation of new bone by osteoblasts [103]. Imbalance of this tightly coupled process can
cause diseases such as osteoporosis. Studies suggested that osteoblasts could regulate
osteoclast formation [104, 105], while osteoclasts have been shown to also be able to
dynamically affect MSCs-osteoblastic differentiation [106] through direct cell-cell
contact, cytokines and extracellular matrix interaction [107]. Hence, the study of
mechanisms that regulate communication between osteoclasts and osteoblasts in a
complex system may be addressed through the 3D bone-decellularized model in order to

facilitate the macromolecular spatial interactions within the skeletal niche.

Addressing the perivascular function

Tissue formation and regeneration, as well as the survival of bone grafts, are under
the control of vessels, which supply oxygen and nutrients to the cells [108]. At
perivascular sites, MSCs assume a pericyte-like function as stabilizers of newly formed
blood vessels, thus modulating the angiogenic response through cross-talk with
endothelial cells [109-111]. Likewise, MSCs pericyte activity is reported to control
hematopoietic cells mobility, i.e., low permeable endosteal vessels with high integrity (H-
type) favor hematopoietic cells niche retention, while sinusoidal vessels with low
integrity (L-type) offer a facilitated cell transference [112]. Therefore, exploring the co-
culture effect of MSCs with endothelial cells may provide significant insights towards

stem cells mobility and potential role in the systemic response.

Addressing cancer progression

Bone marrow niches can also be targeted by metastasizing cancer cells, developing
a malignant vicious cycle between niche and tumor cells, where the ECM is dynamically
adapted to each step of tumor progression [113]. It is proposed that MSCs and their
progeny may in fact facilitate neoplastic growth [114]. MSC derived CXCL12-gradient is

one of the most described explanations for tumor-to-bone marrow homing, as result of a
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chemo-attractant gradient for CXCR4-expressing cancer cells [115]. However, the
interactions with bone resident cells and tissue functionality are still to be further
explored, particularly in relation with the dynamic of the bone remodeling unit, e.g.,
prostate cancer cells induce an osteoblastic-type lesion, in contrast to breast cancer and
myeloma cells, which create typically osteolytic bone lesions [116]. Furthermore,
functional modification of MSCs in hematologic malignancies, including acute
lymphoblastic, myeloid leukemia, lymphomas, chronic myeloid leukemia, and
myelodysplastic syndromes must be further addressed, while it is still unknown whether
malignant hematopoietic progenitors modified MSCs or if leukemia-triggering changes
occurred first in MSCs and the healthy marrow niche [117, 118].

In addition, a major feature of solid tumors is hypoxia, which increases patient
treatment resistance and favors tumor progression [119, 120]. It is known that hypoxia
environment activates transcription factors such as hypoxia-inducible factor [121], thus
implicating a broad range of genes targeting several cellular functions such as
angiogenesis, cell survival/death, metabolism, pH regulation, adhesion, extracellular
matrix remodeling, migration and metastasis. Although now recognized as a major
contributor to cancer progression and to treatment failure, the functional consequences
of hypoxia signaling in cancer should be further addressed. The here developed 3D model
may provide a unique tool for the study of such experimental setups by recapitulating the

complex architectural network of bone trabeculae.

Addressing the aging process

Lastly, the dynamics of the bone marrow niche is reported to vary strongly also with
age. Quiescence-to-senescence transition of niche-residing MSCs are reported to occur
during aging, assumed to be driven either by the age-associated fat tissue expansion [122]
and/or the inherent modulation of number and type of vessels in bone and bone marrow
[123]. This phenomenon, albeit still not completely elucidated, strongly impairs the
interactive signaling network of the overall niche system and ultimately the complete
regenerative activity. Thus, the possibility to explore co-culture interactions of MSCs with
mature adipocyte cells in a mimetic complex system that resembles the skeletal niche
here presented, may provide useful knowledge regarding the root-developing causes of

MSC senescence phenotype, hardly addressed in the literature.
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