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‘ INTRODUCTION

“Courageis the discovery that you may not win,and trying
when you know you can lose”



Introduction

A bit of history

For thousands of years Man struggled with nature in order to survive. Survival was not only an
evolutionary pressure in which the stronger would survive and perpetuate the species, but a daily
fight. Evolution brought us a long way and today, either because some of the selective pressures of
the past are not present anymore or because we have learnt how to live with them, we can spend
more time doing other things than survive. Although it is prone to discussion whether our relation
with nature was symbiotic or parasitic, one thing we know: Nature has been generous to us. Nature
gave us oxygen. Nature gave us fire. Nature gave us animals that we domesticate and use for our
own benefit. Using animals to help us in our tasks gave us time for other activities. Obviously, living
as much as possible and with the highest quality of life possible was something appealing.

Many ancient civilizations had put a lot of effort in learning what is life and how can we extend
it. Many disciplines were created with that goal in mind but one above all had a prominent role in
comprehending life and how to extend it: Medicine.

Greece was the birthplace of the father of modern Medicine: Hippocrates. Since then, Medicine
has tremendously changed so that nowadays modern Medicine is something more elaborate, com-
prising new advances in diagnostic technologies and regenerative medicine. Interestingly, Greeks

were not only interested in Medicine but they were also great

. engineers, besides many other predicates. The first example of
Regenerative

Medicine organ regeneration can be found in the Greek mythology. After

stealing the fire from the gods and giving it to the mortals,
Prometheus was severely punished by the gods. He was bound
to a rock where birds would eat his liver during the day and the
liver would grow back during the night, only to be eaten again
on the next day (Figure 1). The regenerative capacity of the
liver is well known in our time but this is probably one of the
first reports of regenerative medicine as we aim for today. Al-
though still in its infancy compared with the Greek civilization,
tissue engineering arose in the early 9o’s as a metaphor of the
4@ Greek civilization. The definition of tissue engineering is: “an
interdisciplinary field that applies the principles of engineering

Figure 1 - First report of organ regen-

eration: Prometheus is punished after and life sciences towards the development of biological substi-
stealing fire from the gods and giving it to

the mortals. As punishment, birds would tutes that restore, maintain, or improve tissue function” *. In
eat his liver during the day and during the .. . . . .
night it would grow again (© 2006 Terese Greece, the principles of engineering and life sciences were

Winstov used to develop a society.

Concomitant with the increase in life expectancy we saw a surge in chronic diseases such as
cancer, osteoporosis and other diseases that severely affect our quality of life and threaten our eld-
erly. Due to this, Man had the need to restore or replace tissues or even entire organs to survive.
Unfortunately, somewhere during the course of evolution we lost the regenerative capacity which
some organisms, such as salamanders, have retained (Figure 2A) * More strikingly, early during
foetal development we still have the capacity to regenerate. Foetal wound healing does not lead to

scar tissue formation and the skin is fully regenerated (Figure 2B) ** Nevertheless, due to the loss
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of regenerative capacity in the adult organism, we have to rely on other options in case of injury or
lost function of an organ. Organ transplantation is a possibility, but limited availability, graft versus
host disease due to incompatibility, and the risk of disease transmission, makes it far from the ideal
situation. The multidisciplinary field of tissue engineering was born as a potential alternative to
organ transplantation. One of the main goals of tissue engineering was, and is, to enhance the natu-
ral regenerative capacity of the adult organism. Nature does this every day and good examples are
haematopoiesis, skin and bone remodelling. In all these examples, cells die and/or are remodelled
in order for new ones to arise, contributing to maintenance of tissue homeostasis. Unfortunately,
Nature either forgot to provide us with the “regenerating instructions” or wrote them in a language
we find only partly comprehensible, leaving us to search for those instructions and seek new tools
that allow us to read those instructions.

In that sense, much progress has been made. One lesson from these efforts was that we should
combine our efforts and expertise to find Nature’s hidden secrets. A project such as the Human
Genome Project is a good example to be followed. From the discovery of the DNA structure by Wat-
son and Crick in 1953 to the “reading” of the full genome of a human being in 1998, a lot changed in
the world of biology. Nevertheless, the information gathered from this project will keep generations
of scientist busy and probably the Rosetta stone that will allow us to read the human genome will
take its time to be found.

Bone composition and structure

Biological systems have an intrinsic complexity derived from their composition. As a useful
analogy, we can compare a biological system to a car. A car is composed of different parts working
as a whole for a final goal. If one part is missing, providing it is not a critical component, the car can
still work but its overall performance will be affected. Although a car is composed of simple sys-
tems, the integration of its parts results in a complex system with multiple connections susceptible
to failure due to “fatigue”. In biological systems the same complexity can be observed. If we con-
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sider a cell a complex system composed of different units we can easily imagine that a group of dif-
ferent cells will have added complexity. Moreover, in most cases, a tissue is composed of different
cell types that need to communicate and survive in the same environment. In this thesis I will focus

on one of the many tissues in the adult organism that can be damaged or worn-out: bone.

osteocytes

~\
~\— osteons

Cc Ve FE { ‘o
D hydroxyapatite \ \L‘
crystals Q &
X
2y ‘
& t T ey
collagen
fibers _L/
collagen 7
molecules on Bt
Inm

Figure 3 - Bone architecture from a macro to
a nano level: The figure shows the bone compo-
sition from the macro level followed by a scheme
of the bone functional unit (osteon). Collagen
fibers are also depicted as they are the main
organic component present in the osteon. The
mineralization of this fiber, a typical characteris-

Bone is a dynamic complex connective tissue composed of
5. While it is
mainly known for its protective and supportive role for

different cell types with distinct functions

muscles and tendons, it also plays a key role in calcium and
phosphate homeostasis as the main calcium reservoir in
the human body ®7. Moreover, it is the main site of haema-
topoiesis in the human adult *°. On a weight basis, bone is
composed of mineral (60%), organic matrix (30%) and wa-
ter (10%) *°. The main component of the organic phase is
collagen type I. Collagen is the main protein of the human
body and can be found in virtually every tissue. Based on
its structure and composition, collagen has different roles
depending on the tissue where it is found. For example, in
the case of bone, collagen fibers are highly mineralized
providing elastic properties (the collagen) and compressive
strength (the hydroxyapatite crystals deposited on the
collagen fibers) which are characteristic of bone ™. The
mineralization of collagen occurs mainly at the gap junc-
tions between collagen fibers (Figure 3).

tic of bone tissue, occurs between the different . . . .
w), Three major cell types are involved in skeleton formation

collagen molecules as shown ladapted from

and homeostasis: osteoblasts, chondrocytes and osteo-
clasts. Osteoblasts and chondrocytes are responsible for the formation of bone and cartilage, respec-
tively, and both are of mesenchymal origin. Osteoclasts, on the other hand, are responsible for bone
resorption and originate from hematopoietic cells. Terminally differentiated osteoblasts secrete a
matrix which, in a later stage, will be mineralized and entrap the osteoblast **. An osteoblast en-
trapped in its own deposited matrix (denominated osteoid) is called an osteocyte and it is a post-
mitotic cell that can communicate with other osteocytes via small canals called canaliculi. Osteo-
cytes are known to be involved in bone homeostasis. They secrete molecules that can act as nega-
tive regulators of bone formation or that can inhibit osteoclastic activity * (Figure 4).

Bone development can occur via two different mechanisms: intramembranous or endochondral
ossification 7. Intramembranous ossification occurs in the flat bones of the skull and in the addition
of new bone to the outer surface of long bones. All the other bones are formed via endochondral
ossification. In intramembranous ossification mesenchymal precursor cells differentiate directly
into osteoblasts (Figure 5A). In the case of endochondral bone formation, mesenchymal cells con-
dense and differentiate into cartilage. The cartilaginous template consists of chondrocytes distrib-
uted in three different zones: a resting zone where chondrocytes do not proliferate, a proliferating
zone where chondrocytes are proliferating, and a hypertrophic zone where chondrocytes become
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larger and later die
followed by calcifica-
tion. This process is
highly dependent on
neovascularisation  of
the cartilage template.
Blood vessels invade
the cartilage template

bringing along osteo-

an inflammatory process due to a microcrack with the concomitant death of the osteocyte and the clasts bone marro
release of signals that will drive the migration of cells from the blood vessels and marrow into the ’ w
defect. Osteoclasts will resorb the old matrix and osteoblasts will deposit a new matrix contribut- cells and osteoblasts

ing to the repair of the microcrack (adapted from ')

which will replace the

remaining cartilaginous template for bone (Figure 5B) ***. Besides differences in morphology

between the different regions, the protein expression also differs at the different stages. Pre-

hypertrophic chondrocytes are characterized by the expression of type II collagen whereas hyper-

trophic chondrocytes express collagen type X *°.

Compact bone

Osteocyte (mineralized)

Osteoclast

Osteoblast
A

Condensed (
mesenchyme

HTC L (
.Os(eoclast 354“4. r

¥ Trabecular 47 A

! bone = ! ¥

'

‘

Condensed
mesenchyme

CMndrc;cyles

Figure 5 - Two different processes of skeleton formation: A. Intramembranous
bone formation. Mesenchymal cells condense and will differentiate into functional
osteoblast producing an ECM in which they will be entrapped at later stages
(osteoid). Blood vessels in the surroundings will bring osteoclast to degrade the
bone and new bone is deposited B. Endochondral bone formation. In this case, a
condensed mesenchyme will differentiate into a cartilage template constitute of
three distinct zones. One consisting of highly proliferative chondrocytes, followed
by a zone of pre-hyperthrophic and a hypertrophic chondrocytes (HTC).The pre-
hypertrophic chondrocytes will die and calcify and upon blood vessel infiltration
osteoblast will invade this area depositing new bone. The area adjacent to the
hypertrophic chondrocytes is denominated perisoteum (adapted from /)

Communication between the dif-
ferent cell types that constitute
bone is of paramount importance
to balance anabolic and catabolic
activities. For example, the main
triggers of bone resorption are
released by the osteoblast - recep-
tor activator for NF-xB-ligand
(RANK-L) and osteoprotegerin
(OPG). RANK-L binds to its recep-
tor on the membrane of hemato-
poietic cells (RANK) which in turn
will activate the differentiation
into a functional osteoclast. OPG
is a decoy receptor that can block
the RANKL/RANK
Nevertheless, the availability of

interaction.

these two molecules can be con-
trolled by systemic hormones such
as parathyroid hormone (PTH)
and estrogen 7. Such a tightly con-
trolled system contributes to the
maintenance of bone throughout
the life. Any pathology resulting in
an imbalance of the anabolic or
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catabolic metabolism of bone can severely affect bone homeostasis and compromise the skeleton

integrity. An example of a disease resulting from such an imbalance is osteoporosis .

Transcriptional control of osteogenesis

Both osteoblasts and chondrocytes arise from the same precursor cells — mesenchyme-derived
cells. Their distinct phenotype is the result of activation of different transcriptional regulators lead-
ing to a molecularly distinct differentiation program.

A key transcription factor regulating the differentiation of uncommitted mesenchymal cells into
the osteogenic lineage is Cbfa1 or Runx2. Cbfa1/Runx2 is a member of the runt homology domain
family of transcription factors. The importance of Cbfa1 for osteogenic differentiation can be ob-
served in the phenotype of Cbfai-deficient mice. In this mouse model, e kA
inactivation of Cbfa1 prevents the differentiation of mesenchymal
cells into osteoblasts resulting in a fully cartilaginous skeleton (Figure
6) 7+ Moreover, several genes involved in early and late stages of
osteogenic differentiation have Cbfa1 binding sites, indicating a criti-
cal role of Cbfa1 not only during commitment but also during matura-

tion and maintenance of the osteogenic phenotype **7. Furthermore,

Cbfaz is also involved in chondrogenic differentiation during the tran- 3 §
sition from non-hypertrophic to hypertrophic chondrocytes. A trans- f¥ e :‘i

. . . - . ot )4 5 ) \
genic mouse expressing Cbfa1 only in non-hypertrophic chondrocytes % ‘/ .

(c1(I) Cbfa1) revealed endochondral ossification in places where
Figure 6 - Phenotype of the

normally it was not present **. The expression of Cbfa1 is prone to
regulation by other elements. For example, Msx1 and Msx2, two ho-
meobox-containing proteins, are involved in skeletal development
and can interfere with the expression of Cbfax. It has been shown that
inactivation of Msx2 leads to a decrease in the expression of Cbfa1.

Cbfal-deficient mice. Figure
shows the skeleton of newborn
mice stained with Alcian blue
(cartilage) and Alizarin red [bone).
Note that in the wild-type animal
the skeleton is mainly constituted
by bone whereas in the Cbfa-1-

Additionally, Msx2-deficient mice showed impaired intramembra- deficient mouse the skeleton is

mainly (adapted

from %)

cartilaginous

nous and endochondral ossifications indicating that Msx2 is involved
in both osteogenic and chondrogenic differentiation ***. Dlxz, a tran-
scription factor belonging to the family of homeodomain proteins, is also involved in osteogenesis.
It has been shown that Dlx5 is expressed at later stages of osteogenic differentiation and it can
upregulate Runx2 expression *. Moreover, Twist transcription factors, which are basic helix-loop-
helix (bHLH) - containing transcription factors, can transiently inhibit Cbfa1 function and by do-
ing so they are able to control the onset of osteoblast differentiation .

Several other transcription factors are known to be involved in osteogenic differentiation. For
example, inactivation of Osterix (a zinc finger-containing transcription factor) in mice results in
perinatal lethality due to complete absence of bone formation * 3. Moreover, Osterix can interact
with other transcription factors such as nuclear factor of activated T cells (NFAT) and regulate bone
formation ¥. ATF4, which belongs to the subfamily of cAMP-response element-binding protein/
ATF basic leucine zipper proteins, has been shown to play a critical role in osteoblast differentiation
and function. ATF4 is a substrate for Rsk2, a growth factor-regulated kinase. Rska-deficient mice
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have a low bone mass phenotype due to a decrease in the bone formation rate, a marker of os-
teoblastic function. AFT4-deficient mice often die perinatally but a careful analysis of the embryos
show a delay in skeletal development and the ones that survive show a severe low-bone-mass phe-
notype due to decreased bone formation. The effect in bone formation seems to be due to improper
synthesis of collagen type I since ATF4-deficient mice showed a decrease in collagen type I synthe-
sis although independent from the gene expression of o1(I) collagen 3*¥. Tcf/Lef transcription
factors are also involved in osteogenesis and are activated via the Wnt signalling pathway. Wnts are
a family of secreted proteins that bind to a membrane receptor complex comprising a frizzled G-
protein-coupled receptor and a low-density lipoprotein receptor-related protein (LRP). Upon bind-
ing to the receptor, an intracellular cascade is activated which leads to accumulation of p-catenin in
the cytoplasm (otherwise degraded by the proteosome); its subsequent translocation into the nu-
cleus results in activation of Tcf/Lef transcription factors 3**. The involvement of Wnt signaling in
osteogenic differentiation became apparent from clinical investigations showing that gain and loss-
of-function in the Wnt receptor LRPj5 led to high and low bone mass phenotypes, respectively .
Since this discovery, the role of Wnt signaling in osteogenic differentiation has been studied in
great detail (Figure 7) %4+

Ihh,
Wnts BMPs PTHrP
BMPs, FGFs, Wnt Hpemopic
Pre-chondrogenic e ¢ Columnar hondr Figure 7 - Tran-
BMPs, chondroc WO cripi
cell v  Early chondrocyte yte scription control of
FGFs skeletogenesis.
v @ _> _’ The scheme depicts
ﬂ AA the differentiation of
mesenchymal cells
Mesenchymal cell Sox9 Sox5L g:';';’;g/s into the different
Sox6 . lineages and the
lhh p-catenin/TCF/LEF key  transcription
factors and signal-
‘ ing molecules
Pre-osteoblast Osteoblast Osteocyte involved  in the
A differentiation
Runx2 -’ -’ cascade [(adapted
A from '“4)
T
. Osx
Ll & B-catenin/TCF/LEF

According to the temporal expression of certain genes during osteogenic differentiation, three
different phases occur: proliferation and synthesis of extracellular matrix (ECM), ECM maturation
and finally ECM mineralization #.

During this step-wise process, several factors such as morphogens, growth factors, cytokines,
ECM proteins, among others, can lead to activation of the above mentioned transcription factors
which in turn will guide the differentiation of the cells into a certain lineage. For example, factors
such as bone morphogenetic proteins (BMPs), vitamin D, dexamethasone, Wnts or cyclic adeno-
sine monophosphate (cAMP) all lead to a sequential activation of genes characteristic of differen-
tiation towards the osteogenic lineage **. Activation of transcription factors such as Cbfa1 and
Osterix are key markers of early commitment into the osteogenic lineage but other markers such
alkaline phosphatase (ALP) are typical of the early stages of differentiation. ALP is an enzyme lo-
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calized in the plasma membrane of osteoblasts and, although its precise function is not known,
there are studies suggesting that it is involved in mineralization, since its inhibition leads to inhibi-
tion of mineralization **+. ALP has been shown to be responsible for the cleavage of pyrophos-
phate - a small molecule that binds to nascent hydroxyapatite crystals and prevents further incorpo-
ration of phosphate into the crystals >+. Patients suffering from hypophosphatemia have a de-
crease in bone mineralization due to the absence of tissue-nonspecific alkaline phosphatase expres-
sion 4. Terminally differentiated osteoblasts will secrete an ECM mainly composed of collagen
type I which can be mineralized in the presence of a phosphate source. Additionally, non-
collagenous proteins such as osteocalcin and bone sialoprotein also contribute to the mineralization
of the ECM and are well accepted as late markers of osteogenic differentiation . Nevertheless, the
mineralization of the newly deposited ECM is only possible due to the co-expression of two genes:
ALP and collagen type I (Figure 8) *°.

Collagen type I has a key role in osteogenic differentiation serving as a template for mineraliza-
tion. For example, in MC3T3-E1 cells, a mouse calvarial cell line commonly used in the study of
osteogenic differentiation in vitro, the absence of collagen completely abolishes the osteogenic dif-

ferentiation %,

BMPI(s;iFgr;?Iingr Figure 8 - Differentia-
. Glucocorticoid -Signaling .

ERK/MAP Kinase signaling Rho Signaling Glucocorticoid BMP signali ‘tlon of adult stem celFs
Whnt Signaling GPCR Signaling signaling signaling into the osteogenic
lineage. The scheme
shows the transcription
Adult MSC Osteo- Preosteoblast Matured factors and signaling
Stem cell progenitor osteoblagt [ molecules involved on
_Qé@ > the maintenance of the
N stemness of adult stem
R cells as well as the
Self Renewal Tineage commitment signals that regulate the
Proliferation Runx2_ Mineralization Miatrix — 1m vivo bone differentiation of those
IOct4d 1 Stroll [Osterix! 4 Mraturation formation cells into the osteogenic
Poul Wnts TAZ g:;e:;;kc;:u ALP lineage.  The  main
Rex1 Collagen  ATF4 Osts/so ontin BSP signaling  pathways
Nanog TGF-p1 :\}:VEI:T Leptinp Collagen involved are also show
Smad4 (Courtesy Dr. Siddappal

Collagen structure and function

As mentioned above, the presence of a collagenous matrix is essential for terminal differentia-
tion into the osteogenic lineage. Traditionally, proteins such as collagens were perceived as the
scaffold of ECM, with mainly a structural role. Nowadays, however, it is believed that ECM plays an
important regulatory role in cell behavior, controlling such diverse functions as proliferation,

growth, cell survival, migration and differentiation (Figure g)

. More than 20 genetically differ-
ent types of collagen have been identified so far. Collagen molecules consist of three polypeptide o
chains, each of them containing at least one repeating Gly-X-Y sequence, where X and Y are usually
proline and hydroxyproline, respectively . The three chains are supercoiled around a central axis
in a right-handed manner to form a triple helix. Collagen undergoes several post-translational
modifications which contribute to its structural and mechanical properties. Interference with some
of these modifications results in severe dysfunction of the tissue in question. For example, in the

past sailors searching for new territories or doing commerce around the world, often suffered from



Physical signals
« Fibronectin

« Vitronectin

+ Laminin

» \ Soluble signals
\ " o + Growth factors
Y N « Cytokines
« Chemokines

« Collagan et
« Fibrilln
- GAGS, PGs
Transcription (
Gene
expression
[

Cell fate d (oo ‘v*?\—' »
processes 0 ’
1 Replication 2
2 Differentiation 7~ 3
3 Migration
4 Apoptosis

Coordination of all cell fate processes
Tissue regeneration

Tissue formation

Tissue homeostasis

Figure 9 - ECM-cell signaling and regulation of biological
processes by ECM. The scheme shows the physical and soluble
signals present in ECM and the requlatory pathways that can be
activated and that modulate the cell fate (adapted from ¢')

by the enzyme lysyl oxidase (Figure 10) .

The post-translational modifications of colla-
gen in bone and other mineralizing tissues differ
from those in other types of collagen matrices .
Proper collagen crosslinking may be important
for the binding of collagen to its receptors, but it
may also be important to regulate the availability
of growth factors present in ECM and to enhance
the mechanical properties, as well as the structure,
of ECM *+%%_ Examples where the structure of
collagen affects bone are patients suffering from
Bruck syndrome and osteogenesis imperfecta

Figure 10 - Schematic representation of collagen synthesis. Depicted
in the scheme are the steps involved in collagen formation, starting from
transcription up to the secretion of a fully mature collagen molecule.
[Figure legend: SP - signal peptide; GT - hydroxylysyl galactosyltrans-
ferase and galactosylhydroxylysyl glucosyltransferase; LH - lysyl hy-
droxylase; PH: prolyl hydroxylase; OTC - oligosaccharyl transferase
complex; PDI - protein disulphide isomerase; PPl - peptidyl-prolyl cis-
trans-isomerase; NP - procollagen N-preoteinase; CP - procollagen C-
proteinase; LO - lysyl oxidase, HSP47 - heat shock protein 47) (adapted

from ¢)
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scurvy. Scurvy is characterized by loss of teeth,
bleeding due to the disruption of blood vessels
and, in those days, could be fatal. It was later
discovered that vitamin C enriched fruit
would rescue the sailors. The reason behind it
lays in the fact that vitamin C, also known as
ascorbic acid (Asap), was a cofactor for two
enzymes involved in collagen synthesis. Those
enzymes — prolyl and lysyl hydroxylase — are
responsible for hydroxylation of the collagen
residues and, when absent, collagen is not
synthesized and it is degraded inside the cell.
The last steps in the formation of the collagen
molecule is the cleavage of the N and C pro-
peptides, the spontaneous self-assembly of the
resulting collagen molecules into fibrils, and
the formation of covalent crosslinks ®. Colla-
gen crosslink formation occurs in the extracel-
lular space and it is initiated by the conversion
of specific lysine or hydroxylysine residues into
the aldehydes allysine or hydroxyallysine, re-
spectively. This crosslink reaction is catalyzed
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Introduction

(OI). In the first case, deficiency of bone specific telopeptide lysyl hydroxylase results in aberrant
crosslinking of bone collagen leading to osteoporosis, joint contractures, fragile bones and short
stature ™. In the case of OI, mutations affecting the structure or the abundance of collagen type I can
be found in the majority of the patients resulting in bone abnormalities ranging from bone fragility
to high bone mineralization 77+

The main pathway by which collagen signals to the interior of the cell is via specific transmem-
brane cell surface receptors called integrins. Integrins consist of an o- and a B-subunit and have a
key role in conveying information from ECM towards the interior of the cell (outside-in-signaling)
as well as from the inside of the cell towards ECM (inside-out-signaling). There are 16 known o
and 8 B subunits. Upon ligand binding, integrins will cluster in the cell membrane and in their in-
tracellular part, a myriad of intracellular proteins such as vinculin, talin, paxilin and focal adhesion
kinase (FAK) will be recruited leading to the formation of focal adhesion sites, initiating a cell sig-
naling cascade that regulates cell migration, proliferation and differentiation (Figure 11) **%7% Col-
lagen-cell interactions are mediated mainly through o,8, and o,B,integrins *'. For example, it has
been shown that culture of rat fetal parietal bones without Asap decreased, dose-dependently, o,
and B,integrins mRNA levels re-

Matrix

sulting in inhibition of calcification
8 Moreover, it has been demon-
strated that an anti-o,p, integrin
antibody could block Asap-induced
ALP activity in MC3T3-Ex cells ®.
The several steps involved in the

formation of functional collagen
molecules leave various possibili-
ties to interfere with collagen for-
mation and, given the importance
of collagen in osteogenesis, several

studies attempt to understand and

Figure 11 - Cell-matrix interaction and the assembly of focal adhesion control the process of coHagen as-
complex. The scheme shows the interaction of the RGD motifs with the trans-
membrane receptors integrins and the subsequent formation of a focal adhesion
complex. Upon binding to integrins there is clustering in the cell membrane and teogenic differentiation of uncom-
intracellular recruitment of proteins that initiate downstream signaling. (Figure .

legend: RGD - Arg-Gly-Asp integrin binding motif; Tal - talin; Pax - paxillin; Vin - mitted cells.

vinculin; FAK - focal adhesion kinase; CAS - p130°°) (adapted from ')

sembly hoping to improve the os-

Bone tissue engineering

Decades ago diseases such as cancer and osteoporosis were not as common as these days. That
does not mean they did not exist. Given the fact that such diseases usually appear later in life, and
due to the short life expectancy in the beginning of the XXt century, such diseases did not present a
critical problem in society. Amid the increase in life expectancy and the search for better quality of
life, these diseases are in the first line of research nowadays. Osteoporosis appears mainly in post-
menopausal women and is characterized by the loss of bone mass which in turn is associated with
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Chapter 1

high risk of fractures in those patients *. Fractures in bones usually heal by themselves but in the
elders or in the case of non-union fractures, that is not the case. Non-union fractures result in the
loss of mechanical integrity in the skeleton.

Several nations worldwide designated the decade 2000-2010 as the Bone and Joint Decade.
Some facts and figures help to illustrate the impact of bone-related diseases in US alone (from
http://www.usbjd.org/about/index.cfm?pg=fast.cfm):

e Musculoskeletal conditions cost our society an estimated $254 billion every year

e One out of every 7 Americans reports a musculoskeletal impairment

o 286 million Americans incur a musculoskeletal injury every year

e More than half of all injuries are to the musculoskeletal system

e More than 43 million people have some form of arthritis

e Ttis estimated that the number of people affected by arthritis will increase to 60 million by
2020

¢ One out of every 2 women and 1 out of every 8 men above age 50 will have an osteoporosis-
related fracture in their lifetime

e Back or spine impairments, which number 18.4 million, are the most prevalent muscu-
loskeletal conditions for persons age 18 and older

e Sprains, dislocations and fractures account for nearly 65 percent of all musculoskeletal inju-
ries

e More than 3 million hospitalizations are due to musculoskeletal conditions and injuries
annually

e Each year, musculoskeletal conditions and injuries account for about 102.3 million visits to
physicians , 10.2 million hospital outpatient visits, and 25 million emergency department
visits

e Approximately 7.5 million musculoskeletal procedures are performed by physicians every

year

It is clear from these facts that musculoskeletal related problems have a major impact on the
health of individual patients as well as in the society.

Currently, when bone is lost or damaged, several options are available. Autologous transplanta-
tion of bone from another site is the golden standard in clinical scenarios mainly due to the absence
of an immune response leading to the rejection of the graft. Nevertheless, the amount of bone that
can be harvested and the donor-site morbidity associated with the collection of the tissue severely
limits this option ®. Allogeneic transplantation (bone from another human donor) is another possi-
bility, but there is a risk of rejection in addition to the risk of disease transmission despite the strin-
gent criteria applied by tissue banks in selecting, harvesting, and stocking bone segments.

Tissue engineering arose as an alternative to the current treatment options. Tissues are complex
three-dimensional structures composed of different cell types contributing to the final function of
an organ *. Due to its complexity, developing a biological substitute is not trivial. When doing so,
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we should consider two important requirements of a tissue: mechanical and cellular integration.
Mechanical integration with the host tissue is necessary as in most cases the loss of mechanical
continuity needs to be addressed in first place. Cellular integration is necessary in order for the new
cells to grow and to integrate in the neighbouring tissue so they can perform the biological func-
tions necessary to restore the lost function.

Tissue engineering, as previously defined, gathers the knowledge of several distinct disciplines
in order to restore the normal function of a tissue. Three key components contribute to tissue engi-
neering applications: cells, scaffolds and signals (Figure 12). Although they can be, and sometimes
are, used individually, it is believed that their combination brings additional benefits to the patient.
In the next paragraphs I will briefly explain the three main components of the tissue engineering

cycle.
In vitro expansion of the isolated Since their diSCOVery, stem CeHS
cells .
— are an appealing cell source for
o . | 5 . . . .
°j§‘i:°'r';a‘:f;';f;'e‘:r‘fs‘ ,so,atim;, hMSC from abone tissue engineering apphcat1ons
2 TN due to their capacity to differen-
) L J
s .

Y * tiate into different cell types of
1 ‘ ‘ the body. Stem cells possess two
basic characteristics: they are

Scaffold
Material

capable of self-renewal and si-
multaneously able to differenti-

5

— embryo, these cells appear at a

ate into different lineages. In the

specific location (the inner cell

mplant the tissue engineered construct into
patient for bone regeneration

Culture the tissue enginee struct in ment, and are reSponSible fOI'

vitro

mass) early during develop-

the formation of the adult or-
Figure 12 - The tissue engineering approach. The scheme represents the steps  ganism. These are denominated
involved in cell-based tissue engineering approaches (adapted from ) .
embryonic stem cells. Although
pluripotent (the origin of all tissues in the body except the placenta and the umbilical cord) they are
difficult to isolate and their use pose several ethical issues due to the need to destroy embryos to
isolate them (Figure 13). The discovery of a population of cells in the adult organism with multiline-
age capacity opens a new door in the search for alternative cell sources .

Mesenchymal stem cells (MSCs) were isolated for the first time from bone marrow aspirates
based on their ability to adhere to tissue culture plates **. Since then, MSCs have been isolated from
many other sites, e.g. from the placenta, umbilical cord, adipose tissue and teeth, among others **,
They are also referred to as colony forming unit-fibroblasts, marrow stromal fibroblasts, bone mar-
row derived fibroblasts, mesenchymal progenitor cells and bone marrow derived stromal cells, and
they are able to differentiate into several different lineages including the chondrogenic, adipogenic,
myogenic and osteogenic lineage (Figure 14) 9398

In the adult organism they are responsible for the maintenance of tissue homeostasis. In con-
trast with embryonic stem cells, adult stem cells have lower proliferation potential while maintain-
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Chapter 1

ing the stemness phenotype and, as de-
fault, they differentiate into cells found
in the same germ layer from which they
were isolated 9. Nevertheless, there
are reports showing they can also differ-
entiate into cells from another germ
layer conferring them the pluripotency
characteristic of the embryonic stem cells
et More recently, an “intermediary”
cell type arose: induced pluripotent stem
cells (iPS cells). These cells are derived
from somatic cells fully committed to a
certain lineage. Using a specific cocktail
of transcription factors they can be re-
programmed to an “embryonic state”
overcoming the ethical problems associ-
ated with the use of embryonic stem cells
105

Given the fact that the above mentioned
cell types are capable of differentiation
towards several lineages, the proper sig-
nals need to be delivered to drive the
differentiation into the desired lineage.
Several soluble factors like dexa-
methasone, cAMP, bone morphogenetic
protein 2 (BMP-2) and vitamin D3 have
the potential to induce MSCs into the
osteogenic lineage by controlling gene
activity *7. Exposure of MSCs to these

compounds is limited to the in vitro expansion phase because in vivo temporal and spatially con-

trolled release of small molecules, although possible, is far from trivial *****. One way to overcome

this problem could be the genetic manipulation of the cells. By introducing a gene of interest in a

certain cell type we can control the secretion of the respective protein transforming the cell into a

“drug factory” """, Additionally, the discovery of RNAi allows us to control the expression of cer-

tain genes at a translational level and, as such, it represents a new tool to control the process of os-

teogenic differentiation *4. Nevertheless, the discovery of new compounds is not easy and relies on

a candidate approach or in the search for homology with compounds already described in the litera-

ture as osteogenic. With the advent of high-throughput screening technologies and commercially

available libraries of compounds, there are increasing possibilities to find new compounds with

osteogenic potential or other favourable characteristics for tissue engineering applications 5%,
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Figure 14 — Multilineage potential of mesenchymal stem cells. The scheme shows the general steps involved in the transition from a
)

multipotent stem cell into a fully differentiated cell from different lineages (indicated below) (adapted from

The final and congregating factor of the tissue engineering approach is the scaffold. Scaffolds
can be divided in three groups depending on their origin: natural-derived, synthetic or hybrid scaf-
folds. Natural-derived scaffolds comprise scaffolds made of natural derived components. For exam-
ple, decellularized matrices are a good example of this group of scaffolds. Synthetic scaffolds can be
made of polymers, metals or ceramics and one of their main advantages (absent in natural scaf-
folds) is their reproducibility and the control over their mechanical and degradation properties. The
third example is a combination of the previous two, consisting of synthetic scaffolds incorporating
naturally derived components and vice-versa. To be used in tissue engineering a scaffold has to
comply with some basic requisites: it should be biocompatible, meaning that upon implantation it
should not trigger an inflammatory response, and it should be biodegradable, meaning that the
newly formed tissue should replace the scaffold over time. The main function of a scaffold is to pro-
vide mechanical stability and to serve as a carrier either for cells or biomolecules. Moreover, the
scaffold can bear instructive properties and control the differentiation by itself. A lot of research is
going on nowadays in order to find the “perfect” scaffold for tissue engineering applications but
most likely we are still far from “perfection” and several possibilities still need to be explored
(supplementary data) >,

In native tissues, the role of the scaffold is usually taken by ECM that surrounds almost every
tissue in the body. ECM is secreted by the cells and not only confers mechanical stability to the
tissues but also works as a growth factor reservoir due to its capacity to bind several different mole-
cules. As such, a cell surrounded by an ECM containing growth factors can be considered the Na-
ture’s best scaffold . The instructive properties of ECM and the possibility to use ECM proteins
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as scaffolds may be an interesting tool to conduct the differentiation of uncommitted cells into the
osteogenic lineage. The use of ECM-inspired scaffolds for tissue engineering applications will be
discussed elsewhere in this thesis.

Despite the fact that a combination of cells, signals and scaffolds can enhance the repair of dam-
aged tissues, there are still concerns with this approach. Ideally, a tissue engineering solution should
be efficient whilst cost-effective. However, the use of cells presents no clear increase in effectiveness
and can dramatically increase the costs due to the need of clean-rooms to culture the cells and the
need of a two step procedure to collect and later re-implant the cells into the patient. One way to
overcome this is by designing scaffolds that, once implanted, can trigger a biological response over-
coming the need to deliver bioactive molecules, or even cells, within the scaffold. For example, the
differentiation of uncommitted cells into different lineages can be achieved either by controlling the
elasticity of the matrix or by controlling the cell shape using fibronectin islands which limit the
spreading of the cell (Figure 15) °>'*. Lessons from these studies can be used to design tailor-made
scaffolds capable of controlling the cell fate either by spatially confining the cells or by controlling
the stiffness of the scaffold.

Due to its role in the body and especially in bone, collagen has been used as a scaffold for a long
time . Animal-derived and recombinant collagen, decellularized scaffolds composed of collagen,
electrospun fibers and hydrogels are some of the examples of collagen-based scaffolds used in tissue
engineering approaches. Moreover, small peptides based on collagen sequences have been used as
well as collagen motifs to drive the differentiation of cells into the osteogenic lineage **7**. Never-
theless, issues such as
denaturation of colla-
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— Cogert gen due to processing
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chanical properties, risk
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of disease transmission
and batch variation
limit the use of collagen
and highlight the need
to find synthetic substi-

tutes able to induce

Figure 15 - Matrix stiffness and cell shape can control stem cell fate. The figure on the left . . .
shows the differentiation of mesenchymal stem cells into different lineages upon seeding on an OSteOgemC differentia-
elastic substrate with controllable stiffness. The figure on the right shows how cell shape can tion.

control the fate of an uncommitted cell. Fibronectin islands of different sizes were prepared and

cells seeded on top. By exposing the cells to a mixed medium (supporting both differentiation into

osteoblasts or adipocytes) it was possible to analyze the effect of cell shape into lineage commit-

ment. Lipid stain red and ALP stain blue (adapted from ® and %9).

Osteoinduction

The ectopic formation of mineralized tissue upon injuries, surgeries or even in blood vessels is
an undesirable phenomenon. Nevertheless, the mechanism by which bone appears in places where
it usually does not exist is of extreme importance to screen functional cell-scaffold combinations for
bone tissue engineering.
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Urist made a seminal discovery in 1965 that changed the field of bone biology. He found that
demineralised bone matrix (DBM) was able to induce bone formation ectopically upon being proc-
essed with different compounds . Later, the protein responsible for this was discovered and desig-
nated bone morphogenetic protein *¥'. It took 20 more years to clone BMPs, making possible their
use in research *. Since then, no other protein has been so extensively used or studied in the field of
bone biology.

BMPs belong to the transforming growth factor — p (TGF-B) superfamily of growth factors.
They bind to a heterodimeric complex of transmembrane receptors termed type I and type II, which
have serine-threonine kinase activity. Upon ligand binding, the type II receptor phosphorylates the
type I receptor thus activating the type I kinase. This kinase phosphorylates members of the moth-
ers against decapentaplegic (Smad) family of transcription factors, which will translocate into the
nucleus to activate BMP target genes. This pathway is designated the canonical BMP signaling
pathway 73234,

To date, more than 20 different BMPs have been identified and implicated in several develop-
mental processes and functions in the adult body such as bone remodeling, wound healing, haema-
topoiesis, immune response and neuronal plasticity among others '3**%. Because BMPs generally
act as morphogens, their activity is tightly regulated at different levels in the signaling cascade. The
ability of BMP binding to its receptor is controlled by several structurally different antagonists ¥,
such as noggin, gremlin, follistatin, sclerostin and chordin and a bone phenotype has been associ-
ated with some of these genes. For example, fibrodysplasia ossificans is a rare genetic disease char-
acterized by congenital malformations of the big toes and by progressive heterotopic bone forma-
tion (Figure 16) %7,

BMPs are nowadays broadly used in the clinic due to their potential to induce bone formation.
Nevertheless, supra-physiological doses are necessary in order to achieve bone formation. More-
over, their ability to induce bone formation combined with the high doses needed and the difficulty
of releasing active BMP in a temporal and spatial way presents a big challenge for tissue engineers.
Serendipity came to help us. Four years after the pioneering work of Urist describing osteoinduc-
tion by DBM, Winter reported a similar occurrence using a sponge of polyhydroxyethylmethacry-

late (poly-HEMA) usually used for breast augmentation '**

. This was the first description of a mate-
rial able to induce bone formation by itself. The Holy Grail of bone tissue engineered seemed to be
not far: a material that was able to induce bone formation ectopically without any biological compo-
nent. From those days till today several materials have shown osteoinductive potential and one
particular class more often than others - calcium phosphate ceramics. Although many years passed
since the first occurrence of osteoinduction by a synthetic material, the mechanism still remains
unknown. It was suggested that BMPs are involved in this phenomena '*. Nevertheless, some
points against this possibility arise: while bone formation by BMPs is mainly endochondral
(depending on the carrier intramembranous ossification can also occur), osteoinduction by bioma-
terials is mainly intramembranous as a cartilage template was never observed **°. Moreover, bone
formation occurs in the pores of material and if BMPs would be involved we would expect to see
bone formation not only inside but also in the surrounding tissue. Therefore, it seems evident that
the material chemistry and structure has a key role in osteoinduction. For example, it has been
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Figure 16 - Regulation of BMP signaling. The scheme shows the canonical BMP-signaling and its key players. On the left we can see
the sequence of events from BMP binding to its receptors to activation of target genes which is mediated via Smad signaling. On the right
we show three levels of modulation of BMP signaling: in the first case inhibitory Smads or smurf can regulate intracellular signaling, in
the second case pseudo-receptors can modulate binding to the receptor and in the third case extracellular antagonists can sequester
BMP, inhibiting binding to the receptor (adapted from ')

shown that, depending on the sintering temperature, two synthetic materials with similar chemis-
try can have different effects, one being more osteoinductive than the other (Figure 17) **'. Parame-
ters such as chemistry, surface reactivity, surface area, micro and macrostructure have been shown
to be involved in the process of osteoinduction.

Figure 17 - Osteoinductive scaffolds. The
figure shows two calcium phosphate ceramics
with distinct osteoinductive potential. Both
have similar chemical composition but show
differences in the microporosity because of
different sintering temperatures. The one on
the left was sintered at 1300°C and the one on
the right at 1150°C (Courtesy Dr. Habibovic)
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Aims and outline of this thesis

The work presented in this thesis comprises a multidisciplinary approach to bone tissue engi-
neering. My aim was to analyze the role of ECM in osteogenic differentiation and to use its instruc-
tive properties for cell-scaffold based tissue engineering applications. In the first part I analyze the
role of ECM in the differentiation of MSCs. Moreover, the involvement of a BMP antagonist in the
proliferation and differentiation of MSCs was studied. Besides studying the differentiation of cells
and the role of soluble factors involved in BMP signaling, I also studied the last component of the
tissue engineering cycle: scaffolds. Chapter 1 gives an overview of the field of tissue engineering
focusing on bone tissue engineering and the key players. Chapter 2 highlights the role of ECM in
tissue engineering with special emphasis on the lessons learned from nature and the steps taken so
far to extrapolate the knowledge gathered into the development of new materials. Chapter 3 ana-
lyzes the role of collagen in osteogenic differentiation of human mesenchymal stem cells and dis-
cusses the major role it plays in this process, both in vitro as well as in vivo. Chapter 4 highlights the
role of collagen crosslinking on the differentiation of a cell line commonly used in tissue engineer-
ing (MC3T3-E1 cells) and the clinically relevant human mesenchymal stem cells. Chapter 5 de-
scribes the development of macroporous scaffolds incorporating crosslinked or uncrosslinked colla-
gen. The in vivo potential of these scaffolds and the response of rat and human MSCs were ana-
lyzed. Chapter 6 analyzes the effect of a BMP antagonist — chordin-like 1 - on proliferation and dif-
ferentiation of human MSCs and found a new role by which a BMP antagonist can influence hu-
man MSCs biology. In chapter 7 the discovery of an osteoinductive scaffold with the potential to
induce de novo bone formation in a critical size defect comparable to autologous bone or BMP-2 is
described. Chapter 8 includes my discussion based on the results of this thesis and my final conclu-
sions and recommendations for the future use of ECM in bone tissue engineering.
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Supplementary data - overview of materials currently used for musculoskeletal repair in Europe and US (adapted from

Chapter 1

MZ]

Composition Twpe Origin Clinical applications Properties
Calcium phosphate, Ceramic Synthetic Bone regeneration, non-loading Bone bonding (bicactivity),
i.e. hydroxapatite; sites, bone void filler biodegradable, tunability
tricalcium phosphate; (cements, granules, coatings) of degradation
octacalcium phosphate
Silica-based calcium phosphate Glass ceramics Synthetic Bone regeneration, non-loading Bone bonding (bicactivity),
sites, hone void filler Biodegradable
(granules, coatings)
Alumina Ceramic Synihetic Joint replacement (knee, shoulder) Highest tensile sirength,
resistance to fatigue,
non-bone bonding,
lubricating capacity
Titanium and alloys Metal Synthetic Bone replacement, load -bearing Bone bonding (bivactivity) in
sites, hip or dental prosthesis, SOME CASES, NON-COITOS Ve,
spinal cages resistance to fatigue, high
specific strength, low elasticity
modulus
Stainless steel Metal Synthetic Bone replacement Corrosive to long term
Cobalt chrome alloys Load-bearing sites, hip or dental
prosthesis, spinal cages, fixations
Polymethylmethacrylate Polymer Synthetic Bone replacement, load-bearing sites, Non-degradable
bone void filler (cement) fixation
of hip prostheses, vertebroplasty
Polyesthers, i.e. poly lactide, Polymer Synthetic Degradable bone fixation, soft tissue Tunability by varying molecular
poly glyeolic acid, poly sutre, bone void filler, soft tissue weight of degradation and
caprolacione, poly (urethane) regeneration®, drug delivery® mechanical properties
Ultra high molecular weight Polymer Synthetic Articulating component for Lubricating capacity
poly ethylene orthopaedic prosthesis, load
bearing siies
Poly poly ethylene oxide Co-Polymer Synihetic Cement stopper, bone void filler, soft Tunahility by varying molecular
terephialaie co tissue regeneration®, drug delivery® weight of degradation and
buiylene terephialaie mechanical properiies, bioactivity
Polyphosphazene Polymer Synthetic Dirug delivery* Erosion degradation mechanism
favorable to long term stability
of the implant
Polyanhydride Polymer Synthetic Drug delivery, hard and soft Erosion degradation mechanism
tissue repair® favorable to long term stability
of the implant
Poly ortho esters Polymer Synthetic Food additive, drug delivery®,
hard and soft tissue repair®
Poly ethylene glycol Polymer Synthetic Dirug and cosmetic excipient, Injectable water gel,
hard and soft tissue repair® degradable
Coral Mineral Natural (sea) Bone void filler High interconnectivity,
degradable
Bone Composite Natural Bone void filler Similar composition as the

Demineralized bone matrix

Collagen
Hyaluronic acid

Alginate

Agarose
Chitosan

Fibrin

mineralfproteins
Proteins

Protein
Polysaccharide

Polysaccharide
Polysaccharide
Polysaccharide

Protein

(human, bovine)
Natural (human)

Natural (bovine)
MNatural (human)

Matural (algae)
Natural (algae)
MNatural

(sea crustaceans)

Natural (human)

Bone void filler, cartilage

host bone

Hard and soft tissue repair
Soft tissues repair

Soft tissue repair
Soft tissue repair*
Soft tissue repair

Soft tissue healing, bone void filler

Biodeg; . natural source
of osteoinductive

proteins (BMPs)
Biodegradable
Biodegradable, injectable
hydrogel, naturally abundani
in joint synovial fluids

Drug load, degradable

Drug load, Degradable
Structurally similar to
glycosaminoglycans
(cartilage proteins)

Sealing capacity

(%} Indicates potential future clinical applications based on preclinical data.
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Abstract

Extracellular matrix is a key component during regeneration and maintenance of tissues and
organs, and it therefore plays a critical role in successful tissue engineering as well. Tissue engineers
should recognize that engineering technology can be deduced from natural repair processes. Due to
advances in such distinct areas as biology, engineering, physics and chemistry and the possibility of
using robotics to facilitate the search for new treatments, we can identify the basic principles and
extrapolate them into tools to mimic the regenerative process. Ubiquitously distributed throughout
the body, the extracellular matrix surrounding the cells plays a key instructive role, in addition to
the previously recognized supportive role. In this review we will highlight the role of the extracellu-
lar matrix and discuss the latest technological possibilities to exploit the extracellular matrix in tis-
sue engineering.
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Chapter 2

Extracellular matrix and its properties
“Tissue engineering is an interdisciplinary field that applies the principles of engineering and
life sciences toward the development of biological substitutes that restore, maintain, or improve

» 1

tissue function” *. These substitutes usually comprise a three dimensional (3D) scaffold providing
support to cells, and growth factors to direct the differentiation of those cells.

In our body, the cell’s direct environment is composed of an intricate 3D network of fibrillar
proteins, proteoglycans and glycosaminoglycans (GAGs), collectively termed extracellular matrix
(ECM, Figure 1A). It is the combination of cells and ECM which define the tissues in our body. For
example, tissues like cartilage and bone are mainly constituted by ECM. In the first case, chondro-
cytes are entrapped in a highly hydrated ECM, whereas in the case of bone, ECM is highly mineral-
ized conferring the rigidity typical of that tissue. In addition, collagen proteins secreted by cells in
ligaments and tendons align along the long axis of the tissue, thus conferring resistance to load and
strain. In contrast, collagen fibers in the intestine are arranged in a spiral allowing contractions that
will guide the bolus through.

For a long time considered a static entity providing only support to the tissues, we now know
that ECM also plays a critical role in cell signaling and tissue homeostasis, i.e., in maintaining a
balance between anabolic and catabolic activities whereas the turnover of a tissue is replaced by
new ECM and cellular milieu *. ECM acts as a sensor, conveying information from the exterior of
the cell to the inside and vice-versa. Cells are exposed to a myriad of different forces and the balance
between internal and external forces will elicit a cellular response (Figure 1B) **. This phenomenon
is easily visualized if we think of a tennis player: the bones in the arm that the player uses the most
are usually thicker than the ones in the other arm. This means, that the external stimulus (hitting
the ball) triggers a change in the inside (bone growth). Somehow, ECM provides the bone forming

Physical signals _y, - -\ Soluble signals Shear
« Fibronectin NPT « Growth factors
« Vitronectin b ode ) « Cytokines
- Laminin Y > « Chemokines
« Collagen & .-
« Fibrillin A
- GAGS, PGs >
>4 Tensile
« Cadherins
- CAM's
S, p
Cell fate o and
R |OF @ vioe i
2 Differentiation > 3 membrane A AN F
3 Migration LS ext
4 1Sis
R e

[ | [ Figure 1 - A. Overview of the cell microenvironment.

of all cell fate The cell’s surrounding is composed of a highly hydrated
Tissue formation Tissue regeneration

O Tiosu homocstass
} o

environment containing physical and soluble signals,
which can control signalling and activation of certain
target genes. The activation of these genes will control the
phenotype of the cell (Reprinted with permission from "7,
©2005 Nature Publishing Group). B. Schematic represen-
tation of a cell and the forces applied to it. Note that ECM
plays a key role in force transmission to and from the cell
(Reprinted with permission from °).
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cells with a signal (so-called outside—in signaling) and the cell will respond accordingly by changing
its gene expression profile. The external signals perceived by a cell can be as different as shear stress
due to fluid flow, tensile forces via binding to ECM with different molecular composition resulting
in differences in stiffness, surface topography or cytoskeletally generated forces*. The way cells
sense and respond to the stimulus provided by ECM is mainly via membrane receptors called in-
tegrins and/or mechanosensitive ion channels (for a comprehensive review see references ®7).

The critical role of ECM in tissue formation and homeostasis is unveiled by mouse mutants
for certain ECM proteins as well as some human disorders ®. Diseases like osteogenesis imperfecta
(OI), Ehlers-Danlos (ED) syndrome and epidermolysis bullosa (EB) are caused by mutations in
genes encoding structural proteins such as collagen, resulting in a range of symptoms including
skin blisters and erosions in the case of EB, to fatal outcomes such as disruption of blood vessels in
ED syndrome °*.

Examples describing crosstalk between ECM and cells are reported in the literature. For ex-
ample, it has been shown that during skin wound healing, a fibrin matrix is formed in the wound
bed serving as a scaffold, allowing migration and proliferation of dermal fibroblasts ' (Figure 2A).
Another example of cell-ECM crosstalk is matrix elasticity, which can control the differentiation of
mesenchymal stem cells (MSCs) into different lineages. Soft matrices mimicking brain tissue are
neurogenic, stiffer matrices mimicking muscle are myogenic and rigid matrices mimicking bone are
osteogenic, indicating that ECM properties can guide gene expression and control cell fate 5
(Figure 2B).

Overall, due to its 3D architecture, its mechanical properties and signaling potential, ECM is
an interesting candidate for the material scientist looking for appropriate 3D scaffolds with favor-
able biological properties ***7.

In this review we will first describe the composition of natural ECM and applications in tissue
engineering based on natural ECM-derived materials. We will show the state-of-the-art of tech-
nologies aiming at substituting natural ECM and in the end we will identify the challenges for the
future.

Natural ECM — the nature’s best scaffold?

Leonardo da Vinci was one of the firsts to comprehend that understanding nature is a pre-
requisite to engineer solutions. Centuries later, tissue engineers striving to mimic ECM have to
analyze and study natural ECM prior to designing scaffolds with similar characteristics.

The first mission is to identify the components of ECM. An obvious choice is to start with the
most abundant protein: collagen. More than 20 genetically different types of collagen have been
identified so far. Collagen molecules consist of three polypeptide a chains, each of them containing
at least one repeating Gly-X-Y sequence, where X and Y are usually proline and hydroxyproline,
respectively ' . The three chains are supercoiled around a central axis in a right-handed manner to
form a triple helix. Collagen molecules self-assemble into collagen fibrils, which form the collagen
fibers after crosslinking. During the biosynthesis of collagen, the molecule undergoes several post-
translational modifications, i.e. hydroxylation and glycosilation of particular residues. Depending
on their structure and supra-molecular organization, collagens can be classified into fibrillar
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Figure 2 - A. Classical wound healing process. When skin is damaged, new tissue formation occurs followed by remodelling. Initially a
scar is formed at the surface of the wound and new blood vessels appear. Fibroblasts migrate to the area and deposit a new disorganized
collagen matrix which will be remodelled in a later stage. Alternatively, regenerative medicine provide us with tools to interfere with the
classic healing process in order to avoid scar tissue formation and to recreate the original tissue with the same structure and function as
the damaged tissue (reprinted with permission from ', ©2008 Nature Publishing Group). B. Matrix stiffness influences the differentiation
of human mesenchymal stem cells. By controlling the level of crosslinking the stiffness of the gel can be adjusted to match that of ECM
of the desired tissue. Depicted in the figure are the differences in cell morphology, during time, for cells seeded on matrices with different
stiffness. Note that for the stiffness typical of the brain (E. 0.1-1 kPa] cells present a branched neuron-like morphology, in the stiffness of
the muscle (E- 8-17 kPa) cells showed an elongated morphology typical of myoblasts and on the stiffness of the bone (E. 25-40 kPa) cells
showed a spread and cuboidal morphology typical of differentiated osteoblasts (Reprinted and adapted with permission from ", ©2006
Elsevier).

(accounting for 9o% of all collagens) and non-fibrillar collagens. For example, fibrillar collagens
provide torsional stability and tensile strength and can be found in tissues such as bone, cartilage, or
skin. In contrast, basement membrane collagens such as collagen type IV are more flexible giving
the basement membrane its typical characteristic **** In general, collagens are mainly seen as struc-
tural proteins although they contain small sequences responsible for binding to cellular receptors.

Elastin is a protein which can be found in ECM of tissues that have the ability of transiently
stretching such as skin, oesophagus, lungs or blood vessels. Tropoelastin is the soluble precursor of
elastin which, upon secretion to the extracellular space, can be stabilized by covalent crosslinking
between the side chains of lysine, resulting in massive macro-arrays of mature elastin. Due to the
extensive crosslinking there is a decrease in the solubility. The elastic properties of elastin have
been attributed to the conformational entropy between the non-polar peptide sequences and lysine
sequences which are extensively crosslinked **. In short, collagen and elastin may be considered as
the bricks of ECM due to their contribution to the mechanical properties of ECM.

Another mode of action can be seen with the GAGs, which contribute to the gel-like charac-
teristics of ECM. GAGs are long unbranched carbohydrated polymers consisting of repeating disac-
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charide units. These units are composed by one of two modified sugars — N-acetylgalactosamine or
N-acetylglucosamine. They are responsible for growth factor sequestration and, due to their ability
to retain water, they contribute to the characteristic appearance of ECM. When hydrated, GAGs are
responsible for increase in tissue stiffness as they act as water pumps under mechanical loads. The
reason for this can be due to water molecules binding to GAGs anionic groups as previously pro-
posed *. In articular cartilage, this results in an osmotic pressure of 0.1-0.2 MPa that accounts for
approximately 50% of static mechanical stiffness under compression **. Chondroitin sulphate A and
B, heparin, heparin sulphate and hyaluronic acid are among some of the GAGs that can be found in
ECM **%'. Chondroitin sulphate and hyaluronic acid contribute to frictional resistance against inter-
stitial fluid flow. They are applied in cartilage tissue engineering as natural components of hydrogel
-like scaffolds, because they can promote chondrocyte redifferentiation 3. An extensive review of
proteglycans is beyond the scope of this review and can be found elsewhere®. Cell attachment is
another important role of ECM in many tissues. As such, some ECM proteins can be considered as
the glue of ECM. Two of the most common proteins responsible for cell adhesion are fibronectin
and laminin. Fibronectin (FN) is the second most abundant protein in ECM, where it is organized
into a fibrillar network. It is a large glycoprotein dimer and each monomer contains three types of
repeating units designated type I, IT and III. In these units we can find functional domains responsi-
ble for interaction with cell surface receptors and with fibronectin itself. It can be found in two
forms: soluble (in the blood plasma) or insoluble (present in ECM). Fibronectin is rich in Arg-Gly-
Asp (RGD), a tripeptide important in cell adhesion via the o5p1 integrins as well as in cell growth.
Plasma fibronectin is involved in wound repair contributing to the formation of a provisory matrix
whereas cellular fibronectin is incorporated into the fibrillar matrix secreted by the cell ¥#. In
addition to the RGD sequence other important sequences can be found in FN. For example, coating
of materials with the FN fragment FNIIL ,, or with the collagen mimetic peptide GFOGER en-
hanced osteoblastic differentiation in bone marrow stromal cells compared to uncoated materials +
44.

Laminin is a complex adhesion molecule especially found in the basement membrane of al-
most every tissue. It is composed of «, p and y subunits arranged to form a large coiled-coil
quaternary structure consisting of three short arms and one long arm 3*#. It has globular domains
at the end of its arms which mediate the interaction with other molecules. Laminin has been
involved in cell differentiation, migration and proliferation and plays a critical role in angiogenesis
46748.

Fibrin is a fibrillar protein that plays a key role in the process of wound healing. It is formed
by polymerization of fibrinogen in the presence of thrombin and subsequently undergoes crosslink-
ing mediated via transglutaminases contributing to the clot formation during wound healing ",
Fibrin matrices are currently used in the clinics and they can be used as drug delivery systems for
proteins such as bone morphogenetic proteins, incorporation of bioactive peptides or as cell deliv-

52-56
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Use of natural derived ECM proteins in regenerative medicine

All these ECM proteins have a common origin: the cell. Thus, the easiest way to obtain these
proteins for tissue engineering applications is to allow cells to produce them and, after ECM deposi-
tion, to remove the cells. This is usually accomplished using detergents or other methods that will
leave a decellularized matrix with most proteins in the native state ¥.

The use of decellularized matrix has revealed a pivotal role of ECM on cell fate. For example,
laminin is the major component of an ECM-derivative widely used in tissue engineering — Ma-
trigel®. Matrigel® is a solubilized basement membrane preparation derived from a mouse sarcoma
cell line, a tumor rich in ECM proteins. Matrigel® is able to mediate endothelial differentiation and
it is also used in invasion assays to analyze tumour progression. When human umbilical vein endo-
thelial cells (HUVECs) are seeded on Matrigel® they adopt a tube-like structure, characteristic of
the first steps of vessel formation, in contrast to HUVECs seeded in normal tissue culture plates 5.

An elegant example where ECM influenced cell fate came from a study using ECM derived
from embryonic stem cells. Cancerous pigment cells seeded onto ECM deposited by embryonic
stem cells changed their gene expression profile from one typical of cancer cells to one resembling
normal pigment cells. This exemplifies the ability of ECM to reprogram cell fate . Similarly,
bone marrow derived mesenchymal stem cells grown on murine decellularized ECM from bone
marrow cells, showed increased proliferation compared to normal culture. In vivo, mesenchymal
stem cells (MSCs) expanded on ECM displayed enhanced bone and bone marrow formation .

Lessons from basic science are already being applied in tissue engineering. For example, a
bioartificial heart was generated by seeding cardiac and endothelial cells on ECM of a decellular-
ized heart * (Figure 3). Another application has been coating of titanium with ECM prior to seeding
of MSCs. Titanium meshes were coated with MSCs and decellularized after the cells had formed a

% Figure 3 - Decellularization of whole rat heart. The
™ @ figure shows the sequential process of decellulariza-
N tion upon perfusion of the heart with a detergent. The
\ inset shows that no intact cells or nuclei are present
* 3 after the process and that vasculature conduits were
) preserved during the decellularization (asterisks)
(Reprinted with permission from %, ©2008 Nature
Publishing Group).

confluent layer and had deposited ECM on the metal. Next, the material was re-seeded with MSCs
and ECM-functionalized scaffolds showed enhanced calcium deposition compared to uncoated
titanium .

There is increasing evidence that ECM proteins also play an important role in stem cell
niches. Stem cell niches are anatomical structures, including cellular and acellular components,
which integrate local and systemic factors to regulate stem cell proliferation, differentiation, sur-
vival and localization. They are responsible to maintain the self-renewal potential of stem cells and,
at the same time, replenish the body with differentiated cells when necessary . A critical role of
ECM proteins in the stem cell niche has been demonstrated in the case of tendon tissue. Depletion
of biglycan and fibromodulin, two ECM proteins, affected the differentiation of tendon stem/
progenitor cells, thus impairing tendon formation in vivo *.
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Some ECM-derivatives have found their way to the clinic. Acellular human dermal matrices
generated by freeze-drying are used to treat skin wounds “. Another product commonly used in the
clinic as a bone graft substitute is demineralized bone matrix (DBM). DBM is obtained by acid ex-
traction of the mineralized component of bone, while maintaining the organic component com-
prised of collagen and non-collagenous proteins. Among these proteins, an important role in DBM
osteoinductivity is played by the presence of bone morphogenetic proteins (BMPs), which contrib-

ute to the differentiation of local MSCs into the osteogenic lineage **7°.

Plagiarism allowed. Scientists attempt to copy nature.

An important strategy of tissue engineering is to enhance the natural regenerative capacity of
the adult human body. It has been a long way from the stage of a single cell to the multicellular
organism we are today. Tissue engineers cannot expect to mimic the complexity of a multicellular
organism using a single technique. Rational combination of techniques will allow us to walk on a
road that nature followed for thousands of years and, by analyzing ECM that constitute this multi-
cellular organism, we can try to copy nature’s best scaffold.

While designing ECM-inspired tissue engineering grafts one needs to take in consideration
the advantages and limitations of the available techniques, such as decellularization of natural tis-
sues, hydrogel polymerization and electrospinning. Such techniques will influence many properties
such as mechanical, adhesion/signalling, architecture and remodeling. Implications on the above
mentioned techniques and on their bias on the resulting ECM-inspired scaffolds are discussed here-
after.

Mechanical properties

To mimic the mechanical properties of ECM, three biomaterials/techniques are commonly
used: hydrogels, electrospinning and rapid prototyping. Due to their capacity to swell and entrap
water, hydrogels are considered as a logical choice to mimic hydrated ECM. In the presence of a
crosslinking agent, these biomaterials form a crosslinked fibrillar network, at micro and nano scale
dimensions, when dissolved in an aqueous medium. Cells can be encapsulated in the liquid form of
the biomaterial and entrapped in the 3D fibrillar network during the crosslinking reaction (Figure
4A and 4B). Increasing the percentage of the material dissolved results in hydrogels characterized
by a network with increased stiffness but decreased pore size and nutrient diffusion properties 77,
Therefore, when designing hydrogel scaffolds for tissue engineering it is critical to maintain a
balance between mechanical and diffusion properties to allow scaffold integrity and cell viability
during tissue development.

Hydrogels that found applications in tissue engineering comprise natural and synthetic poly-
mers, or combinations thereof forming semi-interpenetrating networks. Among natural polymers,
fibrin glue is successfully used in the clinics as a wound repair scaffold 77+ Synthetic hydrogels are
also considered, because their non-toxicity (biocompatibility) and bulk properties can be controlled
during synthesis. Photopolymerizable hydrogels like poly(ethylene glycol-diacrylate) (PEGDA)
have found promising applications in cartilage regeneration (Figure 4C) 7. Thermosensitive hy-
drogels such as poly(N-isopropylacrylamide) (PNIPAAm) and Pluronic” (polyethylene oxide —
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polypropylene oxide — polyethylene oxide block copolymers) are also interesting biomaterials for
connective tissues, myocardic and bone tissue engineering 7.

Electrospinning of polymers is gaining considerable attention because it allows the deposi-
tion of fibers with a nano to micrometer resolution, which resembles ECM fibrillar composition *
8 These fibers can be produced using natural ECM proteins or synthetic polymers **. By varying
the processing parameters, it is possible to achieve fibers with variable architecture and surface
topology, which are known to influence cell adhesion ®*. Interestingly, when scaffolds are
comprised of micro (& ~ 2-15 pm) and nanofibers (& ~ 100-9oo nm), cell-material interactions are
enhanced and synthetic polymers gain further instructive properties for tissue regeneration com-
pared to the same polymeric scaffolds made of larger pore diameter (> 100 pm) **. Thus, micro-
and nano-scaled fibers may acquire some of the natural ECM functions.

Hydrogels and electrospun micro and nano fibrous scaffolds can mimic the physicochemical
properties and the topographical and structural features of ECM, but unfortunately do not match in
most cases the mechanical properties of the tissues to be regenerated. To do so, rapid prototyping
fabrication technologies might be a good alternative. It has been shown that with these techniques
it is possible to generate scaffolds with modulable physicochemical and mechanical properties
while maintaining a completely interconnected pore network for cell migration and nutrient diffu-
sion *9¢%. These 3D structures can be optimized to match the mechanical properties of a number
of soft and hard tissues like meniscal and articular cartilage *. However, rapid prototyping
techniques are limited by the resolution of the main struts composing 3D scaffolds, which is
confined to the order of hundreds of micrometers. As ECM has physical features well below this
limit, ranging from the micron to the nano scale, perhaps the best solution to fabricate ECM-
inspired scaffolds passes through the combination of the above mentioned biomaterials and tech-
niques to create a structure with matching physicochemical and mechanical properties. Theoretical
modeling elegantly disclosed properties of collagen molecules which can be crucial for the design of
new materials. When the complexity of a biological system can be introduced in such models, scien-
tist can gain insights on the mechanical properties which, for the time being, are only partially un-
derstood *.

Adhesion/signaling properties

When designing new materials, tissue engineers should achieve biofunctionalization of those
materials in order to improve cell adhesion and, at the same time, provide biological cues able to
recruit cells and control their activity. For example, peptides derived from two ECM proteins
(laminin and N-cadherin) were incorporated in fibrin and tested for their potential application in
nerve regeneration. Mixing these peptides with fibrin resulted in an 85% increase in the number of
regenerated axons when compared with unmodified fibrin **. Similarly, laminin-derived recogni-
tion sequences such as IKLLI or IKVAV preserved viability, reduced apoptosis and increased insu-
lin secretion of B-cells *. Modification of the PEGDA backbone with RGD peptides, the peptide
motif responsible for binding to the integrin family of adhesion receptors, was essential to achieve
embryonic stem cell adhesion and their subsequent differentiation into the chondrogenic lineage
1 In another example, a collagen mimetic peptide was used to endow biomaterials with properties
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to attract growth factors, such as vascular endothelial growth factor (VEGF). This resulted in im-
proved morphological features of endothelial cells, indicative of tubulogenesis **.

A key issue in improving the biological properties of biomaterials is the density at which the
biological moieties are presented to the cells. An important advance in this area has been achieved
by using molecular self-assembly. For instance, functionalized synthetic amphiphilic peptides have
been used to support differentiation of neurons, mineralization of bone hydroxyapatite, enamel
formation and regeneration and adhesion of bladder smooth muscle cells to branch-peptide-
amphiphile functionalized scaffolds, which open a new window of possibilities for tissue engineer-
ing *>"*°. Amphiphilic peptides possess a hydrophobic and hydrophilic region. Functional groups
such as the RGD peptide can be incorporated in the molecule to provide control over biological
functions (Figure 4D) #5715 Tt has been shown that tethered small molecules could directly

influence the cell fate of human mesenchymal stem cells (hMSCs), with charged phosphate groups
116

leading to osteogenesis and hydrophobic ¢-butyl groups inducing adipogenesis *°. Another impor-
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Figure 4 — A. Schematic diagram of the photoencapsulation process of cells in a hydrogel. Cells, a polymer macromer and a photoinitia-
tor are combined and exposed to light in order to form a crosslinked polymeric network containing cells surrounded by a highly hydrated
network (Reproduced with permission from ¥, ©2005 Wiley-VCH). B. Changes in the morphology of human mesenchymal stem cells
encapsulated in a functionalized degradable PEG gel. First, cells present a round morphology which will change to a more spread and
tissue-like structure during time due to interactions between the cells and the hydrogel (From ™. Reprinted with permission from AAAS).
C. Example of a tissue engineered hydrogel with a pre-defined shape and spatial separation of cell types. The hydrogel was designed to
mimic the shape of the articular condyle and, in a two step process, mesenchymal stem cells committed either into the chondrogenic or
in the osteogenic lineage were encapsulated. Upon implantation in an immunodeficient mouse the construct was recovered and the
presence of bone and cartilage could be observed (reproduced from 7 with kind permission of Springer Science and Business Media). D.
Chemical structure of a peptide amphiphile with key structural features (1 - long alkyl tail (hydrophobic), 2 - four cysteine residues, 3 -
flexible linker consisting of three glycine residues, 4 — phosphorilated serine to drive hydroxyapatite mineralization, 5 - RDG adhesion
ligand), the molecular model and finally the self-assembly scheme of the peptide amphiphile into a cylindrical micelle. (From %
Reprinted with permission from AAAS).
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tant aspect of biomaterial functionalization is the difficulty to attach functional groups to the mate-
rials. Each moiety has to be combined with a material of interest in a separate process of chemical
synthesis. Considering the enormous number of possible variables in material functionalization, i.e.
using peptide sequences or antibodies, streamlining this process is an important step towards bio-
functionalization and high throughput screening of biomaterials. An elegant approach to achieve
this uses ureido-pyrimidinone (UPy) moieties, which form non-covalent hydrogen bonds strong
enough to create mechanically viable biomaterials. In addition, a UPy-functionalized biomaterial
can be functionalized with libraries of UPy-functionalized peptides by simple mixing. It has been
shown that by using UPy-functionalized polymers in combination with UPy-modified biomolecules
cell adhesive materials can be created 7. Libraries of functionalized biomaterials can be screened on
material arrays. For instance, robotic spotting technology has been applied to analyze combinations
of ECM domains immobilized on a hydrogel surface. Thirty two different combinations of five dif-
ferent ECM molecules were tested for their capacity to maintain the phenotype of rat primary hepa-

118,119

tocytes or to induce differentiation of mouse embryonic stem cells

Spatial organization in ECM

In the previous paragraphs we have seen that it is possible to control the mechanical proper-
ties and molecular cues of biomaterials such that they mimic those of ECM of the tissue of interest.
So far, both properties and also cell seeding have been homogenous throughout the material,
whereas body tissues are complex structures in which multiple cell types and their respective ECM
are spatially highly organized. For instance, an endothelial cell layer covers the inside of a blood
vessel, smooth muscle cells surround the tube to support it, and an ECM separates the two cell
types "*°. Evidently, engineering the correct spatial control of cells and ECM molecules within tissue
engineered constructs is a challenge in which chemical science can create valuable tools. For in-
stance, dielectrophoretic forces have been applied to control the spatial deposition of articular chon-
drocytes within photopolymerizable PEG hydrogels. Clusters of 3 to 18 cells each were created in a
hydrogel and their cluster size, dose-dependently, determined deposition of a cartilage matrix by
the cells. This shows that micro-organization (a previously uncontrolled variable) influences cell
behavior (Figure 5A) **'. Another technique which can be used to introduce heterogeneity in scaf-
fold architecture is electrospinning. By changing the parameters during the deposition process, one
can fabricate multi-layered scaffolds, each with unique properties as seen in tissues with a layered
hierarchical architecture such as cartilage ' Increased complexity can be added by electrospraying
different cell types at the same time as the electrospun fibers are deposited. This allowed, for exam-
ple, the creation of tubular scaffolds seeded with smooth muscle cells, which maintained viability
through a thickness of 300-500 pm, supporting successful vascular regeneration .

Spatial organization occurs not only at the tissue level, as demonstrated by the examples
above, but also at the single cell level. For example, a muscle cell is elongated because this repre-
sents the most optimal mechanical properties, whereas lipid storage is most optimal in a spherically
shaped adipocyte *#*. In these examples, form follows function and technology to control cell
shape will benefit cell function. However, biologists are increasingly aware of the fact that function
can also follow shape. Several manuscripts describe that geometric presentation of ECM proteins to
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a cell is a powerful tool to influence cell function. A classical example of this is a study in which a
poly(dimethyl siloxane) (PDMS) stamp was used to create patches of fibronectin of variable sizes
on a glass surface (Figure 5B). Subsequently, MSCs were allowed to adhere to the surfaces and it
was found that depending on the patch size, the MSCs either differentiated into fat cells or bone
cells (Figure 5C and 5D) " . Using similar technology, the choice between life and death of a cell
was influenced by the shape the cell was forced into ***. Even more delicate examples show that it is
possible to deposit, with well-defined geometries, different ECM components at a subcellular reso-
lution using automated printing techniques based on atomic force microscopy. Sub-cellular feature
sizes of 6-9 pm were achieved using two components: fibronectin and a commercially available
mixture of laminin/collagen type IV. The ratio between these components varied and affected cell
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Figure 5 - A. Production of hydrogels with controllable incorporation of cells. Cells are localized using dielectrophoretic forces in
micropatterned gaps of the dielectric layer. Exposure to UV light polymerizes the hydrogel thus keeping the cells embedding in a defined
position. Once polymerized the gel can be removed and used for further applications. This process can be repeated using every time
different cell organization schemes, cell types or hydrogel formulations. (Legend: DCP - dielectrophoretic cell patterning; ITO - indium
tin oxide) (Reprinted with permission from '?', ©2006 Nature Publishing Group). B. Scheme of ECM protein deposition onto a surface
using microcontact printing. A PDMS stamp is produced using photolithography and ECM proteins are coated on the stamp and trans-
ferred to the substrate prior to treatment with a non-adhesive compound (Reprinted and adapted with permission from '*, ©2005
Elsevier]. C. Examples of microscale patterns created using photopatterning. Viability of the cells in the different patterns is indicated by
fluorescent dyes. Scale bar is 500 pm (Reproduced from '?® with permission of FASEB; permission conveyed through Copyright Clearance
Center, Inc.). D. Controlling cell fate by cell shape. A fibronectin spot with a defined size was deposited and cells seeded on the protein
were cultured in a mixed medium allowing differentiation either into adipocytes or osteoblasts. Cells that grew on the smallest fi-
bronectin spot (1024 um?) became adipocytes whereas the cells grown in the larger spots (10000 um?) became osteoblasts (Reprinted and
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adapted with permission from %, ©2004 Elsevier).
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Remodeling

As if mechanical and cell signaling properties and spatial organization do not already provide
sufficient engineering challenges, time is another variable in tissue function. Tissues are not fixed
structures but undergo constant remodeling and a bio-mimetic approach for ECM engineering
needs to address this aspect as well. Many ECMs are degraded by cell-secreted proteases, such as
matrix metalloproteinases (MMP) and serine proteases **'*. ECM remodelling is not only impor-
tant for ECM maintenance but also to allow cells to migrate. Furthermore, during ECM remodel-
ling, growth factors entrapped in the matrix will be released, which can act as morphogens control-
ling tissue formation. Proteases are highly specific and degrade ECM at defined sequences. This has
been used to design materials with specific proteolytic sites which allow ECM remodelling and new
tissue ingrowth in the implant * %%+ For instance, protease-functionalized hydrogels loaded with
the bone inducing growth factor BMP-2 showed that the extent of bone formation depended on the
proteolytic activity of the matrix ',

Challenges for the future

In this review we have highlighted the biological complexity of the ECM and discussed engi-
neering solutions to design ECM-mimicking scaffolds for tissue regeneration. Scaffolds from the
next generation will not merely function as mechanical support, but act as instructive matrices that
guide cells to correct tissue regeneration, growth, and development. So far, efforts have focused on
chemical modifications of the biomaterial backbone by inserting peptide sequences or on physical
processing by downscaling the characteristic dimensions of the base elements (for example, fibers,
struts and pore walls) forming the 3D scaffolds. As nature has provided us with multidimensional
and multifunctional tissues, we should aim at mimicking this complexity more closely. A possibility
is to combine different scaffold fabrication technologies at different scales, to recreate scaffolds with
physical and mechanical properties resembling those of ECM. This would also mean incorporating
different biomolecules in different regions of the scaffold to hierarchically replicate the biological
signals that govern tissue development and homeostasis. In a further effort to bring the worlds of
biology and material chemistry together, it could be even envisioned creating chemically modified
biomaterials that allow recruitment of cells and biological molecules in situ, thus preventing cell
culture techniques in vitro before implantation. Possibilities are seemingly unlimited, as more and
more biomaterials are synthesized every day and technologies are being developed. Since investi-
gating each single combination would require extensive costs and resources using standard biologi-
cal evaluation, the search for the most optimal ECM-like scaffold should pass through initial high-
throughput screening. High content screening of cell/material interaction allows studying the influ-
ence of thousands of biomaterials and ECM proteins on cellular activity. Nevertheless, the integra-
tion of mechanical and biological cues is still not optimal. When designing ECM-inspired scaffolds
we need to overcome a major hurdle limiting their use for tissue engineering applications: nutrient
diffusion limitations. A compromise between mechanical properties and diffusion capacity as to be
achieved so the scaffold can have desirable mechanical properties without impairing diffusion of
nutrients or by-products of the metabolism. Additionally, spatial control of ligands is a challenge for
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both biologists as well as material scientists as the decision on which biological cues and their spa-
tial distribution can dictate cell fate. In that respect, degradation properties and the concomitant
release of degradation products need to be carefully controlled in order to retain the properties of
the scaffold, to avoid inflammatory responses as well as an increase in the local concentration of
certain compounds capable of hindering cellular functions. Integration of different technologies can
also be hampered by the need of combining different processing techniques which can result in
incompatibility of building blocks or creation of fracture/degradation zones within the constructs.
When considering the use of biological systems in an attempt to produce recombinant ECM pro-
teins for incorporation in scaffolds one should be aware that most available systems are not capable
of mimicking the complex post-translational modifications necessary to have a functional protein.
Most likely, new systems to produce and isolate these proteins need to be develop.

We have witnessed the eras of genomics and proteomics but we envisage the era of materiom-
ics to bridge the gap between natural and engineered tissue development.
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Abstract

Human multipotent mesenchymal stromal cells (hMSCs) are multipotent cells, which in the
presence of appropriate stimuli can differentiate into different lineages such as the osteogenic,
chondrogenic and adipogenic lineage. In the presence of ascorbic acid (Asap), multipotent mesen-
chymal stromal cells (MSCs) secrete an extracellular matrix (ECM) mainly composed of collagen
type I and we assessed a potential role of collagen in hMSC differentiation and stem cell mainte-
nance. We observed a sharp reduction in proliferation rate of hMSCs in the absence of collagen
type I, concomitant with a reduction in osteogenesis in vitro and bone formation in vivo. In line with
a positive role for collagen type I in osteogenesis, gene expression profiling of hMSCs in the ab-
sence of Asap demonstrated increased expression of genes involved in adipogenesis and chondro-
genesis and a reduction in the expression of osteogenic genes. We also observed that matrix remod-
elling and anti-osteoclastogenic signals were high in the presence of Asap. The presence of collagen
type I during the expansion phase of hMSCs did not affect their osteogenic and adipogenic differen-
tiation potential. In conclusion, the collagenous matrix supports both proliferation and differentia-
tion of osteogenic hMSCs but on the other hand presents signals stimulating matrix remodelling
inhibiting osteoclastogenesis.
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Introduction

Tissue engineering focuses on the restoration, maintenance or improvement of diseased or
damaged tissues 3. Currently, when a tissue is damaged or lost, autografts or synthetic prostheses
are used in an attempt to restore its function. Nevertheless, problems such as multiple surgeries,
insufficient material availability, risk of infection, failure of graft materials or rejection by the host,
are commonly associated with these treatments. Presently, research is focused on the use of autolo-
gous cells for tissue engineering applications in an attempt to increase integration of grafts as well
as to enhance the biological efficacy of cell-based therapies +5. Over the past decade, there has been
much interest in the use of human multipotent mesenchymal stromal cells (hMSCs) for tissue engi-
neering. hMSCs are multipotent cells, able to differentiate, depending on the stimulus, into several
lineages including the osteogenic, chondrogenic and adipogenic lineage in vitro ®7. Because these
cells can be easily isolated from bone marrow aspirates and expanded in vitro, they can be used for
various cell-based therapeutic approaches such as tissue-engineering, cell therapy, and as cytokine
and growth factor factories ®. In stem cell biology, the growth factor milieu is acknowledged as very
important for maintenance of stemness. For example, propagation of undifferentiated pluripotent
mouse embryonic stem cells is dependent on the cytokine leukemia inhibitory factor (LIF) °. Simi-
larly, during in vitro culture of hMSCs, basic fibroblast growth factor is used to enhance their
growth rate and to select for a sub-population of hMSCs with a more extensive expansion potential
*°. Growth factors and other diffusible molecules, such as dexamethasone, cyclic adenosine 3, 5’ -
monophosphate (cAMP), 1,25-dihydroxy-vitaminD (vitD3) and bone morphogenetic protein 2
(BMP-2) are also used to drive osteogenic differentiation of hMSCs . On the other hand, the
presence of extracellular matrix (ECM) proteins can be crucial for maintenance of stemness and
differentiation. For instance, the tendon stem cell niche is dependent on the presence of biglycan
and fibromodulin, which highlights the instructive potential of these molecules in addition to the
well known structural role of ECM proteins '+

hMSCs are typically expanded in the presence of ascorbic acid (Asap), which plays a key role in
the synthesis of ECM *. Asap is an essential cofactor for the enzymes prolyl and lysyl hydroxylase,
which hydroxylates proline and lysine residues, respectively, in collagen, during post-translational
modifications of this protein 7. As such, hMSCs are expanded in the presence of a matrix which is
mainly composed of collagen type I. Collagen type I is also the most abundant protein in ECM of
bone and no collagen is produced in the absence of Asap **. It has been reported that addition of
Asap to the culture medium greatly enhanced the growth rate and extended the lifespan of hMSCs
12 In addition, Asap has been shown to promote differentiation and mineralization of MC3T3-E1
preosteoblast cells by enhancing the accumulation of mature collagen in ECM **. Based on the
known instructive role of ECM in some contexts, it can be expected that the matrix deposited by
culture-expanded hMSCs has an effect on the stemness and differentiation potential of the cells
growing on it.

Cells attach to ECM proteins mainly via specific transmembrane receptors called integrins.
They consist of an a- and a B-subunit and play an important role in relaying information from
ECM towards the cell (“outside-in-signaling”) and from the cell towards ECM (“inside-out-
signaling”) during cellular adhesion and migration **?. The interaction of integrins with intracellu-
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lar proteins such as focal adhesion kinase (FAK) initiates a cell signaling cascade which regulates
cell proliferation and differentiation and controls adhesive properties of the cell. For instance, bind-
ing of FAK to the o, integrin cytoplasmic tail leads to the formation of focal adhesion sites ***.

ECM also plays an important role during chondrogenic differentiation. During this process,
cells change from the characteristic fibroblast-like morphology to large round cells surrounded by
abundant ECM, due to a dynamic reorganization of the cytoskeletal network *. This ECM is a
dense connective tissue, consisting of a highly organized network of collagen (mostly type II) and
large aggregating proteoglycans **. In hMSCs, SOXg regulates expression of the gene encoding type
IT collagen during chondrogenic differentiation *. Collagen type II is not expressed by hMSCs cul-
tured in proliferation or osteogenic medium °.

In this study we investigated the effect of the collagenous matrix deposited during expansion of
hMSCs. We confirmed the positive effect of collagen type I on osteogenic differentiation of hMSCs
and we investigated whether the presence of collagen type I during the expansion phase has a con-

sequence for subsequent adipogenic, osteogenic and chondrogenic differentiation.

Materials and Methods

Cell culturing

Bone marrow aspirates (5-15 mL) were obtained from patients who had given written informed
consent. hMSCs were isolated and proliferated as described previously, unless stated otherwise *.
Briefly, aspirates were resuspended using a 20-gauge needle, plated at a density of 5x10° cells/cm?
and cultured in MSC proliferation medium, which contains minimal essential medium (o-MEM,;
Life Technologies, Gaithersburg, MD), 10% foetal bovine serum (FBS; Life Technologies), 0.2 mM
L-Ascorbic acid 2-phosphate magnesium salt (Asap; Life Technologies), 2 mM L-glutamine (L-glut;
Life Technologies), 100 U/mL penicillin (Life Technologies), 100 pg/mL streptomycin (Life Tech-
nologies) and 1 ng/mL basic fibroblast growth factor (bFGF; Instruchemie, Delfzijl, The Nether-
lands). Cells were grown at 37°C in a humid atmosphere with 5% CO,. Medium was refreshed twice
per week and cells were used for further subculturing or cryopreservation on reaching near conflu-
ence. hMSC basic medium was composed of hMSC proliferation medium without bFGF, hMSCs
osteogenic medium was composed of hMSC basic medium supplemented with 10® M dexa-
methasone (dex; Sigma) and hMSC mineralization medium was composed of basic medium sup-
plemented with 10®*M dex and 0.01 M B-glycerophosphate (BGP; Sigma).

Cell proliferation assay

Cell proliferation was assessed using an Alamar blue assay according to the manufacturer’s
protocol. Briefly, culture medium was replaced with medium containing 10% Alamar blue solution
(Biosource, Camarillo, CA, USA) and cells were incubated at 37°C for 4h. Fluorescence was meas-

ured at 590 nm on a Perkin Elmer LS50B plate reader.
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Chapter 3

ALP flow cytometry

To analyze the role of Asap in ALP expression of hMSCs, cells were grown in the presence or
absence of Asap either in basic or in osteogenic medium. Different concentrations of Asap were
used and its effect on ALP expression was analyzed.

After 7 days of culture, cells were trypsinized and incubated for 30 minutes in block buffer (PBS
with 5% bovine serum albumin (BSA; Sigma) and 0.05% NaN,) and in PBS with 1% BSA plus pri-
mary antibody (anti-ALP Bg4-78; Developmental Studies Hybridoma Bank, University of Towa,
Towa City, TA) for 30 minutes or with isotype control antibody (mouse anti-human IgG,; BD Biosci-
ences). Cells were then washed three times with washing buffer (PBS with 1% BSA and 0.025%
NaN,) and incubated with secondary antibody (rat anti-mouse IgG, PE; BD Biosciences) for 30
minutes. Cells were washed two times and resuspended in 300 pL of washing buffer plus 10 pL of
Viaprobe (BD Biosciences) for live/dead cell staining and only living cells were used for further
analysis. ALP expression levels were analyzed on a FACSCalibur (Becton Dickinson Immunocy-

tometry Systems, Mountain View, CA).

Mineralization and calcium assay

For mineralization experiments, hMSCs were seeded in triplicate at 5000 cells/cm* in T25 cul-
ture flasks in basic or osteogenic medium, either in the presence or absence of Asap. In each experi-
ment, hMSC mineralization medium was used as a positive control and hMSC basic medium con-
taining BGP as a negative control. The total calcium deposition was assayed using a calcium assay
kit (Sigma Diagnostics) according to manufacturer’s protocol. Briefly, the culture medium was aspi-
rated, cells were washed twice with calcium- and magnesium-free PBS (Life Technologies) and
incubated overnight with 0.5 N HCI on an orbital shaker at room temperature. The supernatant
was collected and the calcium content was measured at 575 nm (Perkin Elmer, Lambda 40).

Adipogenic assay

hMSCs were seeded in triplicate at 25 ooo cells/well in 24-wells plates and grown in adipogenic
medium containing Dulbecco’s modified Eagle’s medium (DMEM, Gibco), 10% FBS, 100 U/mL
penicillin with 100 pg/mL streptomycin, 0.2 mM Indomethacin (Sigma), 0.5 mM isobutylmethylx-
anthine (IBMX; Sigma), 10° M dexamethasone and 10 mg/mL human insulin (Sigma). As a nega-
tive control, DMEM with 10% FBS, 100 U/mL penicillin and 100 pg/mL streptomycin was used.
After 21 days, cells were fixed for at least 4h in 0.5 g CaCl,.2H,0 (Merck) in 45 mL MilliQ and 5 mL
of 4% formaldehyde (Sigma), rinsed with water, incubated for 5 minutes in 60% isopropanol
(Sigma) and stained for 5 minutes in freshly filtered (0.22 pm) Oil Red O solution (3 mg/mL in 60%
isopropanol, Sigma). After rinsing with demineralized water, pictures of the stained cells were
made using a Nikon digital sight DS-Fi1 camera.

Chondrogenic assay

To test the chondrogenic potential of hMSCs, 200 ooo cells per well were seeded in round-
bottom g6-wells plates and pelleted by centrifugation. Chondrogenic medium consisted of DMEM
supplemented with 40 pg/mL proline (Sigma), 50 ug/mL insulin transferrin selenium (ITS-premix;
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Sigmay), 100 U/mL penicillin, 100 pg/ml streptomycin, 50 pg/mL Asap, 100 pg/ml sodium pyruvate
(Gibco), 10 ng/mL TGF-B3 (R&D systems), 107 M dexamethasone and 500 ng/mL BMP-6 (kindly
provided by Genera Incorporated). After 21 days, pellets were fixed with cold formalin for histologi-
cal analysis, dehydrated, embedded into paraffin and stained with alcian blue 8GX (Sigma). For
analysis of glycosaminoglycans (GAG), pellets were digested with 1 mg/mL proteinase K (Sigma),
lysed and absorbance was measured after adding 1,9-dimethylmethylene blue chloride (DMMB)
solution in PBE buffer (14.2 g/L Na,HPO4 and 3.72 g/L Na,EDTA, pH 6.5; Sigma). To correct for
cell number, Cyquant cell proliferation assay kit (Invitrogen) was used according to the manufac-
turer’s instructions.

Collagen biochemical analysis

We determined the collagen content and the ratio hydroxyproline/proline (Hyp/Pro) as a meas-
ure of collageneous to non-collageneous proteins. To determine the collagen contents, hMSCs were
cultured for 21 days in the presence or absence of Asap, either in basic or in osteogenic medium.
After 21 days, samples were hydrolyzed (110°C, 20-24h) with 750 uL 6 M HCI, dried and redissolved
in 8oo uL of water containing 10 uM pyridoxine (internal standard for hydroxylysylpyridinoline
(HP) and lysylpyridinoline(LP)) and 2.4 mM homoarginine (internal standard for amino acids;
Sigma). Samples were diluted 5-fold with 1% (vol/vol) heptafluorobutyric acid (HFBA; Fluka) in
10% (vol/vol) acetonitrile for crosslinking analysis; aliquots of the 5-fold diluted sample were diluted
20-fold with 0.1 M sodium borate buffer (pH 8.0) for amino acid analysis. Derivation and subse-
quent chromatography of the amino acids, as well as chromatography of the crosslinks were per-
formed as described 3% Collagen content was calculated from the total amount of Hyp in each
sample, assuming 300 Hyp residues per collagen molecule and a molecular weight of collagen of
300 kD.

Microarray analysis

To analyze the role of Asap in the gene expression profile of hMSCs we seeded 5000 cells/cm?
in T25 flasks either in basic or in osteogenic media, in the presence or absence of Asap, for 10 days.

Total RNA was isolated using an Rneasy mini kit (Qiagen) and on-column DNase treated with
10U RNase free DNase I (Gibco) at 372C for 30 minutes. DNase was inactivated at 722C for 15 min-
utes. The quality and quantity of RNA was analyzed by gel electrophoresis and spectrophotometry.

Affymetrix 900649 GeneChip® Human Exon 1.0 ST Arrays were hybridized and the fluores-
cence intensity was normalized by dividing the fluorescence intensity of each sample by the me-
dium intensity of the array. The fold induction reflects the ratio between the fluorescence intensity
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