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INTRODUCTION



CHAPTER 1

BONE REPAIR

1.1 Bone tissue: biology, structure, and function

Bone is a dynamic, highly vascular, and mineralizednective tissue, characterized by its
hardness, resilience, growth mechanisms, and jitsbdlity to remodel itself throughout the life-time
of an individual.

Bone performs several key functions within the bdtyot only provides structural support
and protection to bodily organs, but is also resfie for maintaining mineral homeostasis, andhés t
primary site for the synthesis of blood cells. Rartnore, it is capable of maintaining an optimadsh
and structure throughout life, via a continuouscpss of renewal and remodelling, through which it's
able to respond to changes in its mechanical emviemt, in order to meet different loading demands,
thus maintaining an optimal balance between forthfanction [1].

Simply, bone is a dense multi-phase composite, nuigpdef cells embedded in a very well-
organized matrix, which is composed of both orgamd inorganic elements; however, both structure
and proportion of its components widely differ wibe, site and history, resulting in many different
classifications of bone that exhibit various mecgbalnand functional characteristics.

Histologically, mature bone is classified in twdfelient types of tissue, one of which is
relatively dense, known as cortical bone, while dltger consists of a network of struts or trabezula
surrounding interconnected spaces, known as trédreou cancellous bone (Fig.1). Bone surfaces
consist of cortical bone, and the thickness of pinigective layer increases in mechanically dentandi
regions, such as the shafts of long bones, whiteatbous bone is found in the interior of boneghsu

as within the femoral head, and vertebra.



Bone as an organ is composed of three main elesm@nbone matrix, providing mechanical
strength and acting as the body’'s mineral stoiig,bine cells, responsible for maintaining the
structure of the matrix, regulating its oxygen andrient supply, and storing or releasing mineeas
required, and (iii) bone marrow with its associatescular network, providing the source of stem

cells and representing the main means of commuoicand interaction with the rest of the body.
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Fig.1l. Schematic diagram of cortical and trabecular bst®wing the different microstructures
(Reproduced from Hayes WC: Biomechanics of cortiaatl trabecular bone: Implications for
assessment of fracture risk).

Bone extracellular matrix has two main componetit® organic collagen fibres and the

inorganic bone mineral crystals. Together they mgkapproximately 95% of the dry weight of bone,



the remainder being composed of other organic mé#sc collectively known as the non-collagenous
proteins.

Collagen accounts for 70-90% of the non-mineralicethponents of the bone matrix; it
consists of carefully arranged arrays of tropogdta molecules, which are long rigid molecules
composed of three left-handed helices of peptikieswn aso-chains, which are bound together in a
right-handed triple helix. Bone contains mostlyaylpcollagen, which is composed of tropocollagen
molecules containing two identical and one dissimitchains ¢1(1), a2).

The main inorganic phase within the bone matrixugially incorrectly referred to as
hydroxyapatite (HA), a hydrated calcium phosphaeuic, with a similar crystallographic structure
to natural bone mineral, which has a chemical féanw Ca(PQy)s(OH),; however, bone-apatite is
characterized by calcium, phosphate and hydroxjicidacy, internal crystal disorder, and ionic
substitutions, thus resulting in the presence ghiftant levels of additional trace elements withi
bone mineral: it is not a direct analogue of HAt wre closely a carbonate-substituted apatite. All
these factors contribute to an apatite that islitde enough for stability, yet sufficiently reactito
allow the in vivo crystallites to be constantlyasgsed and reformed as required by the body.

The most important non-collagenous organic corestitsi of bone matrix are four proteins:
osteocalcin (OC), bone sialoprotein (BSP), ostetpd@®P) and osteonectin (ON). They are produced
by bone cells and their relative composition withit@ bone matrix appears to be self-regulating
through a feedback effect on their expression ligatdasts. They all appear to be multi-functional,
and are all involved in regulating bone mineralaiand remodelling.

Bone matrix also contains a great number of grofattiors, including fibroblast growth
factors (FGFs), insuline-like growth factors (IGF9)lateled-derived growth factors (PDGF),
transforming growth factor-beta (T@Fsuperfamily, and bone morphogenic proteins (BME®y
play several critical roles in regulating cell giedation and differentiation, inducing the complet
sequence of endochondral bone formation, whenagetiforms first and is subsequently replaced by
bone.

The major types of bone cells are osteoblasts,oogtes and osteoclasts, respectively

responsible for production, maintenance, and réworpof bone; they are highly specialized



differentiated cells, and they generally don't geshte. Less differentiated cells of the samedge

are required for the control of bone cell populasioand, as demands are made on or by the bone,
these cells proliferate and differentiate as remliisuch cells are generally known as stem ceitjra

the case of bone formation are often referred wsésogenic cells.

The osteogenic bone-forming cells originate from ilesenchymal bone marrow stromal cell
line and exist in the endosteum and periosteum Bi&jchemical signalling molecules stimulated
during remodelling and fracture healing, resuldilocal increase of this cell population. Howevhe,
local environment also determines the route okdgtiation undertaken by osteogenic cells, rexyilti
in the evolution of either osteoblasts or chondsstd: if the environment surrounding a differemit
osteogenic cell has a high vascular content, dseadthy bone, the cell will differentiate into an
osteoblast which will produce bone; once the ods=bliinas been surrounded by bone, it differentiates
into an osteocyte, and becomes involved in theitimtrand maintenance of the local bone. In
contrast, if the environment surrounding a diffél@mg osteogenic cell has little or no vascular
content, as in a recent fracture site, the cell differentiate into a chondroblast and cartilagé e
produced; once the chondroblast is surrounded hitacge, it then differentiates into a chondrocyte,
which maintains the surrounding collagenous mairi#l it's replaced by bone during endochondral
ossification.

In contrast osteoclasts are derived from monocytes, they originate from the haemopoietic
stem cell lineage: under the influence of specffignalling proteins or cytokines, mononuclear
monocytes migrate to the resorption site and fugk @ither other monocytes or a multi-nucleated
macrophage, before differentiating into the spemdl osteoclast, an aggressive cell responsible for

bone resorption [3].



1.2 Bone formation: development, healing, and repair

Bone is unique among all the vertebrate tissuds ibility to heal via formation of new bone:
most of the other tissues, such as heart, musdéain heal by replacement with connective tissue
rather than original tissue. Furthermore, in a meatnimal, the molecular and cellular patterns of
bone repair after injury are similar to bone forimatn an embryo, suggesting analogous mechanisms
for the control of bone formation in adult and ewydmic skeletons [4]. In an embryo, a condensation
of primitive mesenchymal cells can transform intmé via either intramembranous or endochondral
ossification: intramembranous ossification occutemw the mesenchymal cells are transformed into
osteoprogenitor cells and then directly into oskastis, resulting in the direct formation of bone;
endochondral ossification occurs via a two-stepcgse where mesenchymal cells transform into
chondroblasts which lay down a collagenous tempfatbsequently ossified by invading osteoblasts.
The final mature bone formed by both processesrigally indistinguishable, and the mechanisms
dictating which route is taken are poorly underdtoo

Fractured bone heals through endochondral ossifita haematoma is formed, resulting
from injury to the periosteum and local soft tissas a consequence of this disruption in the blood
supply, osteocytes nearest to the fracture digyltneg in local necrosis of the bone around the
fracture; simultaneously, there is a demand fordpair of the bone, the stabilization of the daethg
area and the removal of the dead tissue; in regpnthis, macrophages and fibroblasts are recruite
to the site to remove tissue debris, and to expegg®cellular matrix, respectively. In response to
growth factors and cytokines released by thesanmfiatory cells, mesenchymal stem cells recruited
from the bone marrow and periosteum, proliferatd differentiate into osteoprogenitor cells. This
leads to an apparent thickening of the periostenchthe production of collars of external fracture
callus around the fracture site. Those osteoprtgerdells that lie close to undamaged bone,
differentiate into bone osteoblasts and form amaidt which is rapidly calcified into bone, while
those farther away become chondroblasts and fortitagge; concurrent angiogenesis is induced, and,
as soon as cartilage has formed and the fractteestsibilized, it is replaced by cancellous borge vi

endochondral ossification, in which osteoclasts astboprogenitor cells invade the cartilaginous



callus preceded by capillary formation. The und&di material is then resorbed, and new bone is
deposited on the remaining spinicules of calcifiedtilage. Woven bone is finally remodelled into

lamellar bone, bone marrow is restored within coge regions, and successive layers of bone
gradually fill the spaces between trabeculae oficrbone. Load-bearing capabilities and a new
vascular network are thus restored.

Although the vast majority of bone defects spontaiséy heal with minimal treatment, among
the 6 millions fractures occurring every year ie thnited States, 5-10% require further treatment fo
compromised healing because of either interposiifosoft tissue, improper fracture fixation, lods o
bone, metabolic diseases, impairment of blood supplinfection. Furthermore, in certain clinical
settings, large pieces of bone must be resecteddabbenign and malignant tumours, osteomyeéss,
well as bone deficiences, and abnormal loss imthegillo-facial area; in addition, bone is typically
subject to progressive degeneration as a resalj@fnd disease (i.e. osteoporosis).

Considering all these challenging situations, béumgction can often be restored only by
surgical reconstruction: bone grafting, the procedaf replacing missing bone with material from
either the patient's own body (autografting) orttbha donor (allografting) is used in the surgical
procedures since many years. Autologous bone hadr@®m donor sites such as the iliac crest,as th
preferred treatment [5]: grafts of this kind aréeosonductive (they provide a scaffold on whichdyon
cells can proliferate), osteoinductive (they indymeliferation of undifferentiated cells and their
differentiation into osteoblasts), and osteogeriey provide a reservoir of skeletal stem and
progenitor cells that can form new bone); howetlex,amount of bone that can be safely harvested is
limited, while the additional surgical procedureyniiee complicated by donor-site pain and morbidity.
Modern allografting using material stored withinneobanks overcomes these difficulties; however,
the demand exceeds the supply, there is no assucdriceedom from disease, and healing can be
inconsistent [6].

As an alternative to these two types of bone grafigide variety of synthetic substrates have
been developed and are actually in clinical uséh wiixed success and surgical acceptance: such
materials in fact are generally biocompatible argteoconductive, thus supporting adhesion,

proliferation, and differentiation of osteogenidledrom surrounding tissues, and ultimately legdin
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to bone formation; however, these materials areost#oinductive, providing only the scaffold which
has to be invaded by bone-forming bioactive céells{]: reasoning that they typically give good
results only when implanted in small defects, whinteractions between material’s surface and local
cells and proteins are sufficient to repair the ebalefect. In addition, metals, although providing
immediate mechanical support at the site of theaggxhibit poor overall integration with the tiss
at the implantation site, and can fail becausenédction or fatigue loading; on the other hand,
ceramics have very low tensile strength and aretldgrithus they cannot be used in locations of
significant torsion, bending, or shear stress [9].

Thus it's clearly seen that repair of bone defastactually still a big challenge for the
orthopaedic, reconstructive, and maxillo-facialggams: it's in this scenario that a promising fiefd

science called Tissue Engineering is emerging dimedast few years.
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CHAPTER 2

CELL-BASED ENGINEERING OF BONE TISSUE

2.1 General concepts

As defined by Langer and Vacanti [1], tissue engiimg is an interdisciplinary field of
research that applies the principles of engineeaing) the life sciences towards the development of
biological substitutes that restore, maintain, wmprove tissue function. In contrast to classical
biomaterials approaches, it's based on the undelista of tissue formation and regeneration, and
aims at inducing new functional tissue, rather timplanting new spare parts: researchers foresee to
reach this goal by combining knowledge from physidsemistry, engineering, materials science,
biology and medicine in an integrated manner.

Engineering of osteoinductive grafts can be aclidweloading 3D scaffolds with either bone
morphogenetic proteins, or osteogenic cells: raggrthe first approach, the growth factor can be
incorporated within a polymer scaffold, which, bggdadation, will release the factor with defined
kinetics, or, alternatively, injected directly dtet site, together with an osteoconductive material,
aiming at recruitment and differentiation of medgmoal progenitor cells localized in the neighboring
original bone tissue. The second approach doesreegsteogenic cells, which can be obtained from
biopsies of different tissues (i.e. bone marrowjigsteum, adipose tissue...): typically, osteogenic
cells are obtained from the bone marrow, where tepyesent a very small percentage (approximately
0.01%) of the total number of nucleated cells. €fae, to obtain a sufficient number of cells for
bone tissue engineering applications, BMSC arectllyi first selected and expanded in vitro by
sequential passages in monolayer (2D) prior toifmpohto three-dimensional (3D) porous scaffolds,
which prime cell differentiation towards the ostenig lineage and provide the template for the in

vivo bone-like tissue formation [2, 3].
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The growth factor-based approach, since it doagajtire ex vivo cell processing, appears
more simple, but, on the other hand, it opens giol questions, such as how the overdose of one
single molecule could recapitulate the complexo$etolecular events physiologically involved in the
safe and stable formation of bone tissue. The baskd approach, although it's apparently less
convenient in terms of logistics and costs, is @ttubecoming more and more appealing because
based on more physiologic signals, possibly indycrechanisms of regeneration which are closer to
those naturally occurring in normal functional tigi organisms. However, 2D-expanded BMSC have
a dramatically reduced differentiation capacitycamparison with those found in fresh bone marrow
[4, 5], placing potential limits on their clinicatility.

Required components for cell-based bone tissueneagng are cells, extracellular matrix,
intercellular communications, cell-matrix interacts, and growth factors; in addition, since bonge ha
a three-dimensional (3D) configuration, a 3D stuuet a scaffold, is typically used, in order to
provide the template for tissue development in an&ihner.

The in vitro culture of 3D cell-scaffold construaisider conditions that support efficient
nutrition of cells, possibly combined with the apption of mechanical forces to direct cellular
activity and phenotype, is another important stapards the development of functional grafts for the
treatment of lost or damaged tissues [6].

Thus, for a successful cell-based engineering téoosductive grafts, the following issues
should be carefully addressed and combined: (Ntifieation of a reliable cell source, (ii) selai of
the right scaffold material and architecture, @évelopment of the adequate 3D cell-scaffold celtu

system, and (iv) use of the appropriate cultureianedpplements.

2.2 Cell sources

Cell sourcing is the first issue to deal with farvedlopment of engineered bone grafts. The

characteristics of an ideal cell source include: immmunorejection, graft-versus-host disease or
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tumorigenicity, availability in pertinent quantisie controlled cell proliferation rate, consistent
osteogenic potential, as well as controlled integnan the surrounding tissues.

The first and most obvious choice for non-immunagénis the use of autologous osteoblasts
harvested from a biopsy of the patient himself;ouninately, relatively few cells are available for
harvesting, potentially resulting in some degrealafior-site morbidity, and their expansion rate is
relatively low, limiting the number of cells avéila to be seeded on the scaffolds, even following
expansion in vitro [7].

An alternative is the use of xenogenic cells (of#di from non-human donors): this
methodology would solve the issue of the low ceiinber, but potentially it would introduce serious
problems, such as the immunogenic response arithtigmission of infectious agents [8].

It is in this context that stem cell biology appeas the most valid and promising solution.
Stem cells are defined as undifferentiated cellh whe capacity for self- renew, and multilineage
differentiation [9]. However, stem cells have difiat degrees of differentiation potential, ranging
from the totipotency (ability to form the embryodatne trophoblast of the placenta) of the zygaie, t
the pluripotency (ability to differentiate into abst all cells that arise from the three germ linefs)
embryonic stem cells, and lastly to the multipatity (capability of producing a limited range of
differentiated progeny, related to the embryoniigiorof the tissue where they are found) of adult
stem cells, which are present in the fully diffdrated tissues [9].

In the field of bone tissue engineering, there hasn a special interest in the stem cells
located in the bone marrow, known as Mesenchyn&hStells (MSC). The idea that bone marrow
contained some kind of osteogenic precursor célistesl in 1963, when it was shown that by
implanting pieces of bone marrow under the renpbake, it was possible to obtain an osseous tissue
[10]. After this, some in vivo studies by Friedenstrevealed the possible existence of osteogenic
stem cells in the bone marrow [11], [12]: to bettaderstand the nature and origin of these cells, h
then developed a method to isolate fibroblast-tk##s from the marrow, basing on their ability to
adhere to cell culture plastic [13]; later he cdirike term colony-forming units fibroblastic (CFY-f
to describe the fibroblastic, non-phagocytic arehobenic nature of these cells [14]. AImost twenty

years later, Caplan gave these cells the namehiénay today, Mesenchymal Stem Cells [15], and he
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showed that these cells, when placed in the adeqoaiditions, can differentiate into different sedf
mesenchymal origin, capable of giving origin to épnartilage, fat, tendon, as well as all the other
tissues of mesenchymal origin [16].

Although their high differentiation potential maké®m a very appealing candidate as a cell
source for bone tissue engineering, there are akkey issues that still need to be addressedhéi)
percentage of MSC present in the bone marrow ig v (1 in every 10 cells) [16], thus their
expansion is highly time consuming; (ii) with arcieased number of passages, MSC progressively
loose their differentiation potential [17]; (iii)lthough several stem cell surface markers for the
isolation and characterization of MSC were desdiiiee high heterogeneity of MSC cultures actually
makes very difficult the establishment of universarkers to identify the MSC with multilineage
potential within the whole bone marrow cell popidat[18].

For these reasons, attempts have been recently tmaselate MSC from alternative tissues
rather than the bone marrow, e.g. fat [19] or #eiom [20]; however, in spite of the rather invasiv
procedure of bone marrow harvest, and the limitedl lsighly variable amount of cells that can be
isolated from this tissue [21], MSCs from bone roarrcurrently represent the most reliable and
widely used cell source for the experimental indurcbf bone tissue formation.

Based on these considerations, the experimentabrsysve developed for generating
osteoinductive constructs was based on MSC fronbdime marrow, alternatively called bone marrow

stromal cells (BMSC), or mesenchymal progenitolsc@fiPC).

2.3 Scaffolds

Bone matrix in vivo is a 3D scaffold for bone celfgoviding them with a tissue-specific
environment and architecture, and serving as auwaiseof water, nutrients, cytokines, and growth
factors: in this sense, and in order to restoretfan or regenerate bone tissue, one needs a tnala
scaffold, that will act as a temporary matrix fedlgroliferation and extracellular matrix depaositj

with consequent bone in-growth until the new bassue is totally restored or regenerated, as vgell a
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a template for the vascularization of the neo-gsdthis means that an appropriate 3D scaffold is an
essential component for a successful tissue engigestrategy.

A wide number of biodegradable and bioresorbabl¢erizds, as well as scaffold designs,
have been experimentally and clinically studiedealty, a scaffold should have the following
characteristics: (i) three-dimensional and highdyqus interconnected structure, with a large serfac
to-volume ratios, for cell growth and flow transpasf nutrients and metabolic waste; (ii)
biocompatible and bioresorbable composition, wittoatrollable degradation and resorption rate to
match cell/tissue growth; (iii) suitable surfaceewhstry for cell attachment, proliferation, and
differentiation; (iv) mechanical properties to nfatbose of the tissue at the site of implantatarg
(v) easy structure to manufacture, sterilize anttihain the surgery room [22].

Regarding the selection of the adequate materabdoe tissue engineering applications, up
to now several possibilities have been proposedh @i metals, ceramics, and polymers; metals
however, as well as some ceramics, are not biodagta, which reduces the choice of an appropriate
material to: (i) biodegradable ceramics, both froatural (e.g. coralline hydroxyhapatite), or sytithe
origin (e.g. synthetic hydroxyhapatit@;tricalcium phosphate); and (ii) synthetic polymdesg.
collagen, fibrinogen, hyaluronic acid, polycarb@satpolye-hydroxyacids, polyanhydrides) [23].

Ceramics are well known to support the osteogehienptype of osteoblasts [24], and to
prime the differentiation of MSC towards the format of bone tissue [3]. Even though it seems
possible to design a standardized hydroxyapatitentie scaffold with the help of rapid prototyping
techniques [25], the scaffold architecture (i.gesand interconnectivity of the pores), as welitas
mechanical properties, are better controlled usiyigthetic polymers [26]; on the other hand, the
ability of synthetic polymers to induce osteogetiiferentiation is generally much lower than thét o
ceramics, unless growth factors are incorporatedeleased in a controlled fashion.

Based on these considerations, our experimentdkeraysvas based on porous ceramic
scaffolds (8 mm diameter, 4 mm thickness) madeD6PA hydroxyapatite, and with a porosity of 83%

(Fin-ceramica Faenza, Faenza, Italy).
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2.4  3D-culture systems

Bone is a highly structured and mechanically ac8izetissue: the biological environment is
derived from a dynamic interaction between actieflscexperiencing mechanical forces, and a
continuously changing 3D matrix architecture [2iiJorder to develop engineered bone tissue in vitro
it is thus needed to establish adequate cell/ddaffature systems mimicking the dynamics of the in
Vivo environment.

The first step in establishing the 3D culture is ttell seeding on 3D scaffolds, that is the
dissemination of cells within a scaffold; there akedences that the cell seeding phase might play a
crucial role in determining the progression of usdormation [28]: the initial distribution of cell
within the scaffold in fact, has been related ® distribution of tissue subsequently formed witthie
final engineered construct [29], suggesting thafoam cell-seeding could establish the basis for
uniform tissue generation. Although static loadirigells onto scaffolds is by far the most commonly
used seeding method, several studies reporteddedirsy efficiencies [30, 31] and non-uniform cell
distributions within the scaffolds [32], owing, jpart, to the manual and operator-dependent nafure o
the process.

In addition, if the obtained 3D cell/scaffold consts are cultured in static conditions,
although a three-dimensional structure is provittedhe cells during their expansion, not only the
dynamics of the in vivo environment are far froningereproduced [33], but even the needed supply
of oxygen and soluble nutrients within the congsuepresents a challenge: in this regard, itieas
shown that in static culture conditions, due to sraansport limitations, viable osteogenic cells ba
supported into 3D scaffolds for only short distamfrem the scaffold surface [34].

Therefore, the use of bioreactors, both for cedidémg on the 3D scaffolds, and for the
subsequent culture of the obtained cell-scaffolustmicts, likely appears to be a promising solutmn
overcome the above mentioned limitations of thatistapproach”.

Up to now, four main representative models of laoter systems for cell seeding and/or
culture have been proposed: (i) spinner flasks, [@6kre scaffolds are attached to the needles h@ngi

from the lid of the flask, and connective forcesngrated by a magnetic stirrer bar, allow contiisuou
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mixing of the medium surrounding the scaffolds,stlemhancing external mass-transfer; (ii) rotating
wall vessels reactors [36], where scaffolds arentaiied floating on an horizontal axis by a dynamic
laminar flow; (iii) bioreactors applying computeosrirolled mechanical forces, such as dynamic
compression [37, 38], where constructs can be eeged under physiological loading conditions; (iv)

bioreactors based on flow perfusion [27], wherd sespensions are perfused through the scaffold,
and a very efficient and homogeneous cell distidouand nourishment throughout the scaffold can be
achieved [32], thus increasing the mineralized ixakeposition [27].

In our study we aimed at obtaining a uniformly sskaonstruct, where cell growth and
differentiation could be further sustained by efit and widespread nourishment throughout the
entire construct: considering how beneficial isfpgion flow for achieving these results, a perfasio
bioreactor system was used in this work both fdirseeding and subsequent culture of BMSC on 3D

porous ceramic scaffolds.

2.5 Culture media supplements

As a common basis of the many different approacheeently considered for cell-based
engineering of bone tissue, there is the worldwédeepted concept that during the culture of
osteogenic cells, it's appropriate to apply specifirowth factors, in order to enhance cell
differentiation and proliferation, thus obtainingifficient numbers of osteogenic cells which,
combined with an osteoconductive scaffold, can theeimplanted as an osteoinductive graft.

Growth factors are cell secreted cytokines whighbimding to specific receptors, initiate
intracellular signalling pathways, leading to diffet events such as promotion or prevention of cell
adhesion, proliferation, migration, and differenta, by up- or down-regulating the synthesis of
several proteins, growth factors and receptorthérfield of bone regeneration, Urist first popided
the concept of a bone-generating protein in 196f&nwhe made the discovery of bone morphogenetic
proteins (BMP) [39], which are including the mosbpplar molecules used for bone tissue

engineering.
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Among the several different cocktails of growth téas currently proposed as the most
appropriate for inducing osteogenic differentiatiohMSC, the most typically used is containing
dexamethasondi-glycerophosphate, and ascorbic acid [40]. On tteerohand, given the limited
amount of available MSC, their proliferation is #rer key issue to keep into account in culturing
them: it has been shown that, among different dgndadtors, fibroblast growth factor-2 (FGF-2) i th
most effective in (i) promoting MSCs expansion iitro; and (ii) maintaining them in a more
immature state [3]. Interestingly, the combinatair-GF-2 and dexamethasone, results not only in a
high proliferation rate, but also in a final cetiqulation with a high osteogenic commitment andebon
forming capacity [41]. Nevertheless, it's still ¢moversial among the researchers whether it's worth
aiming at obtaining a cell population highly difetiated, or if it's better to maintain it in a reor
immature state.

In order to increase both MSC proliferation anditlosteogenic differentiation capacity, in
our experimental system culture medium containatglfbovine serum was supplemented with FGF-

2, dexamethasone, and ascorbic acid [3, 41, 42].
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CHAPTER 3

A NOVEL APPROACH FOR CELL-BASED ENGINEERING OF
BONE TISSUE

3.1 Rationale

One of the major challenges to be faced for théimewclinical use of engineered bone-tissues
is related to their manufacturing process, whighprasent, is costly, impractical, and not enough
standardized.

In this context, we consider that likely in the urg, specific tissues could be engineered
within closed bioreactor units, with advanced conslystems, that would facilitate streamlining and
automating the numerous labour-intensive stepsti@iafrom a patient’s tissue biopsy, a bioreactor
system could isolate, expand, seed and differentigtecific cell types on a scaffold, thereby
performing the different processing phases withéimgle closed and automated system (Fig. 2), [1].

Such a bioreactor would (i) minimize operator hargll (i) eliminate the need for large and
expensive GMP (good manufacturing practice) faedlit and (iii) enable competent hospitals and
clinics to carry out autologous bone-tissue engingefor their own patients, thus eliminating
logistical issues of transferring specimens betwleeations. This would result in reducing the costs
for engineering osteoinductive substitutes, whiabuld not remain confined within the context of
academic studies or restricted to elite socialselasbut would become easily accessible for thithhea

system and the community.
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Fig. 2. Vision for a closed-system bioreactor for the awdted production of tissue-engineered grafts.
(a) The surgeon would take a biopsy from the pated introduce it into the bioreactor located on-
site at the hospital. (b) All reagents (e.g. cd@taredium, medium supplements, and scaffolds) would
be stored in compartments under appropriate comdit{i.e. temperature, humidity). The bioreactor
system could then (c) automatically isolate thdscétl) expand the cells, (e) seed the cells onto a
scaffold, and (f) culture the construct until atably developed graft is produced. (g) Environmenta
culture parameters and tissue development woulchdigdtored and inputs fed into a microprocessor
unit for analysis. In conjunction with data deriviedm clinical records of the patient (h), the itgu
would be used to control culture parameters atdpfered optimum levels automatically (i) and
provide the surgical team with data on the develamnof the tissue, enabling timely planning of the
implantation (j). Figure generated by M. Morettr€hds Biotechnol. 2004;22:80-6)

25



3.2 Goals and experimental system

The main aims of this thesis were (i) to identifygdadevelop a system that could be
reproducibly used to streamline manufacture ofasthictive grafts based on human bone marrow
stromal cells (BMSC) in the context of regeneratiwedicine (Chapter 4), (ii) to characterize the
developed system in order to identify the key eletsi@esponsible for its reproducible and efficient
performance (Chapter 5), and (iii) to extend its tesa sheep cell source (Chapter 6), thus opeheng
way to test the osteoinductivity of orthotopic impts in a large animal model, as a first step tdaar
the potential extension of its use to clinical aions.

In this work we used a previously developed biot@asystem [2] for perfusing three-
dimensional (3D) porous ceramic scaffolds firsthwitells (seeding phase), and subsequently with
culture medium (expansion phase) within a singlé elesed environment: as shown in Fig. 3, 3D
scaffolds were placed within chambers (one scaffmd chamber) which were positioned at the
bottom of two vertical Teflon tubes, and conneatadh other at their base through a U-shaped tubing,
whereas the top of the tubes were connected witmgputer-controlled syringe pump (Fig. 4A).

To avoid any risk of mechanically induced cell dgem&om a pumphead, the flow path didn’t
recirculate the cell suspension through the sadffoid the pump: based on the bioreactor design
previously developed for efficient and uniform ce#leding [2], the flow pathway was designed to
pump the headspace above the cell suspension Inackoeth from one Teflon tube to the other,
thereby generating an alternating flow of the seépension through the scaffolds. Cell settling and
cell attachment to bioreactor components were muach by its vertical orientation, component
material properties, and by minimizing the surfacea of horizontal surfaces where cells would tend
to accumulate (Fig. 4B).

3D scaffolds were lightly press-fit and clampedhmitthe scaffold chamber, such that fluid
flow couldn’t deviate around the scaffold, but htdflow through its pores. The chamber was
manufactured from polycarbonate and polished urdihslucent, thus permitting the detection of

possible air bubbles (Fig. 4C). Teflon FEP tubesn(@® i.d.; Cole Parmer) were connected to
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disposable three-way stopcocks (Hi-Flow™; Medex @inkia polypropylene luer adaptors (EM-

Technik GmbH), and stopcocks were then connectéitetscaffold chamber via its luer connections.

/

Air pressure tubing

4 syringe pump

pe= e

Teflon tube

1 Cell suspension

Scaffold chamber
3D Scaffold

Three-way stopcocks

——— U-shaped tubing

Fig.3. Schematic representation of the developed periusimreactor system for uniform seeding and
culture of BMSC on 3D porous scaffolds.

After isolating the nucleated cells from human barerow aspirates, they were resuspended
in medium containing fibroblast growth factor-2 (F@), dexamethasone, and ascorbic acid, and cell
suspension were introduced within each tube: stafiom a status of equilibrium in the level of
liquid present in the two "twin" tubes connectedtbg U-shaped tubing, flow of the cell suspension
was induced by the use of the computer-controfethge pump, at the flow rate inserted by the user
(400 pum/sec); the direction of the flow was then reversétwn the selected volume ()Vof cell

suspension had been perfused: in the followingusérh sequence, a double volume R2) was thus
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C. Scaffold chamber

B. Perfusion bioreactor

Fig. 4. Main components of the perfusion bioreactor syste
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perfused in the opposite direction. This patterrs wlzen repeating itself until all the cells were
attached to the scaffold (5 days).

Because scaffolds were press-fit into the chamther, cell suspension could not deviate
around the scaffold, and was therefore forceddw through its pores. At the end of the cell segdin
phase, stopcocks were simply rotated to divert flitnough Interlink® injection sites (Becton
Dickinson), which were connected to empty syringdmjs collecting the old medium without
removing the system from the incubator; old medivas then replaced by fresh medium through an
other syringe placed on the other side of the ayssémilarly connected to the stopcock of the twin-
tube via Interlink® injection sites. Medium was mtheerfused through the constructs at a lower
velocity (100 um/sec) for additional 14 days (cell expansion phas&h two media changes per

week.

Fig. 5. Complete bioreactor system placed in the incubator.
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Following the total 19 days of perfusion within thiereactor system (Fig. 5), constructs were
either removed from the system and ectopically angdd in nude mice in order to assess their
capability of bone formation, or further perfuseilhacollagenase and trypsin solutions, respectively
for 60 and 20 minutes, in order to extract the exed cells from the generated constructs, and thus
characterize them through several in vitro assegh iumber, colony-forming units efficiency [CFU-
f], Quantitative Real-time Reverse Transcriptionyfwerase Chain Reaction [Real-Time PCR],
Fluorescence-Activated Cell Sorting Analysis [FALSs described in detail in the following three
Chapters.

Using the defined experimental system, we firsestigated whether human BMSC can be
seeded, expanded and differentiated in 3D ceracaffadds by perfusing the nucleated cells of
marrow aspirates through the scaffold pores, bypgsthe conventional process of monolayer
expansion. We then compared the osteoinductivitthefresulting 3D constructs with that obtained
using monolayer-expanded BMSC (Chapter 4, [3]).

In order to validate the possibility of extenditg tuse of the developed 3D-culture system for
generating osteoinductive grafts of clinically relat size, we then investigated whether a minimum
cell density is required for the reproducibile baissue formation (Chapter 5).

We finally investigated whether the use of the dgyed 3D-culture system could be extended
to engineer osteoinductive constructs based oredBMSC (Chapter 6, [4]): this would allow us to

test the osteoinductivity of orthotopic implantsaiisheep model.
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CHAPTER 4

THREE-DIMENSIONAL PERFUSION CULTURE OF HUMAN
BONE MARROW CELLS AND GENERATION
OF OSTEOINDUCTIVE GRAFTS

Enclosed is the pdf-file of the Paper publishe&tiem Cells 20023:1066-1072.
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ABSTRACT

Three-dimensional (3D) culture systems are critical to inves-
tigate cell physiology and to engineer tissue grafts. In this
study, we describe a simple yet innovative bioreactor-based
approach to seed, expand, and differentiate bone marrow
stromal cells (BMSCs) directly in a 3D environment, bypass-
ing the conventional process of monolayer (two-dimensional
[2D]) expansion. The system, based on the perfusion of bone
marrow-nucleated cells through porous 3D scaffolds, sup-
ported the formation of stromal-like tissues, where BMSCs
could be cocultured with hematopoietic progenitor cells in

proportions dependent on the specific medium supplements.
The resulting engineered constructs, when implanted ectopi-
cally in nude mice, generated bone tissue more reproducibly,
uniformly, and extensively than scaffolds loaded with 2D-
expanded BMSCs. The developed system may thus be used
as a 3D in vitro model of bone marrow to study interactions
between BMSCs and hematopoietic cells as well as to stream-
line manufacture of osteoinductive grafts in the context of
regenerative medicine. STEM CELLS 2005,23:1066—1072

INTRODUCTION

Bone marrow stromal cells (BMSCs) have received increas-
ing experimental and clinical interest, owing to their surprising
degree of plasticity [1-3] and their potential use for treatment of
genetic [4] or immunologic [5] pathologies. In the field of regen-
erative medicine, BMSCs have been most extensively used for
bone repair because their default pathway seems to be osteogenic
[6]. This has led to encouraging findings in heterotopic models
[7, 8], in orthotopic implants [9, 10], and in a few clinical cases
[11]. Given their low frequency among bone marrow—nucleated
cells (approximately 0.01%), BMSCs are typically selected and
expanded by sequential passages in monolayer (two-dimensional
[2D]) cultures. However, 2D-expanded BMSCs have a dramati-

cally reduced differentiation capacity compared with those found

in fresh bone marrow [12, 13], which limits their potential use for
therapeutic purposes [6, 14].

Reasoning that a three-dimensional (3D) culture system may
represent a more physiological environment than a Petri dish for
avariety of cells [15, 16] and that fluid flow is an important com-
ponent for seeding and culturing BMSCs in 3D environments [17,
18], we aimed in this work at developing an innovative procedure
to seed and expand BMSCs directly into porous 3D scaffolds
under perfusion. We demonstrated that perfusion of bone mar-
row—nucleated cells through the pores of 3D ceramic scaffolds
resulted in the efficient expansion of clonogenic BMSCs and in
the generation of highly osteoinductive grafts. Moreover, the
developed system allowed us to coculture BMSCs with hemato-

poietic cells and to support hematopoiesis.

Correspondence: Ivan Martin, Ph.D., Institute for Surgical Research and Hospital Management, University Hospital Basel, Hebelstrasse
20,ZLF,Room 405, 4031 Basel, Switzerland. Telephone: 41-61-265-2384; Fax: 41-61-265-3990; e-mail: imartin@uhbs.ch Received Jan-
uary 4, 2005; accepted for publication June 25,2005; first published online in STEM CELLS ExprEss July 7,2005. ©AlphaMed Press 1066-
5099/2005/$12.00/0 doi: 10.1634/stemcells.2005-0002
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MATERIALS AND METHODS
Bone Marrow Cell Culture

Bone Marrow Aspirates

Bone marrow aspirates (20- to 40-ml volumes) were obtained
from eight healthy donors (36—54 years old) during routine ortho-
pedic surgical procedures in accordance with the local ethical
committee (University Hospital Basel) and afterinformed consent.
Nucleated cells were isolated from aspirates by Ficoll density-gra-
dient centrifugation. The initial number of BMSCs, defined as the
number of fibroblast colony-forming units (CFU-F) in the fresh

marrow aspirates, averaged 21 + 7 per 10° nucleated cells.

Culture Medium

Unless otherwise stated, medium (o-modified Eagle’s medium)
containing 10% fetal bovine serum was supplemented with
5 ng/ml fibroblast growth factor-2, 10 nM dexamethasone, and
0.1 mM L-ascorbic acid-2-phosphate to increase BMSC prolif-
eration and osteogenic commitment [8, 19]. In some experiments,
medium was alternatively supplemented with 2 ng/ml interleu-
kin-3, 10 ng/ml stem cell factor, and 20 ng/ml platelet-derived
growth factor-bb to support maintenance of hematopoietic cells
in culture [20] (hematopoietic medium).

3D Culture

Using a perfusion bioreactor system we previously developed
for cell seeding of 3D scaffolds [18], an average of 18.4 + 6.6 mil-
lion freshly isolated bone marrow—nucleated cells were perfused
through 8-mm-diameter, 4-mm-thick disks of porous (total poros-
ity, 83% =+ 3%; pore size distribution: 22%, <100 um; 32%, 100-200
um; 40%, 200-500 um; 6%, >500 wm) hydroxyapatite ceramic
(Engipore; Fin-Ceramica Faenza, Faenza, Italy, http://www.fin-
ceramicafaenza.com) at a superficial velocity of 400 pm per sec-
ond (previously determined to result in efficient and uniform cell
seeding). Based on CFU-F assays of five marrow aspirates, an esti-
mated average of 4.8 2.6 x 10> BMSCs was perfused through each
disk, corresponding to 4 BMSCs per cm? of ceramic surface area.
Such clonogenic BMSC seeding density was previously described
to prolong BMSC lifespan and differentiation potential [14]. After
5 days (cell seeding phase), harvested medium was plated in tis-
sue culture dishes to quantify the fraction of CFU-F not seeded.
Fresh medium was then added to the system, and the cell-ceramic
constructs were perfused for an additional 14 days (cell expansion
phase) at a velocity of 100 wm per second (previously determined
to support cell viability throughout the scaffold thickness), with
medium changes twice a week. As a control, bone marrow—nucle-
ated cells from each donor were plated on tissue-culture dishes (2D
expansion) using the same initial cell number/surface area as in the
3D ceramic disks and cultured for 19 days without passaging, with
the same schedule of medium changes as for the 3D culture.
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Bone Formation Assays

Construct Implantation

Constructs from four independent experiments, after the cell
seeding or cell expansion phases of 3D culture, were implanted
ectopically in recipient nude mice (CD-1 nu/nu, 1 month old;
Charles River Laboratories, Sulzfeld, Germany, http://www.
criver.com/index.html) in accordance with institutional
guidelines. As a control, we implanted ceramics seeded with
2D-expanded BMSCs at the same density as measured in the
corresponding 3D cultured constructs after the cell expansion
phase. Seeding of 2D-expanded BMSCs was performed by
static loading of a cell suspension. We previously reported that
the fraction of cells retained in the scaffolds after seeding by
static loading was similar to that obtained using the described
perfusion device, although cells seeded statically were less
uniformly distributed [18].

Quantitative Assessment of Bone Tissue Formation

Eight weeks after implantation, constructs were fixed in 4% for-
malin, decalcified (Osteodec; Bio-Optica, Milan, Italy, http://
www.bio-optica.it), paraffin embedded, and sectioned at six dif-
ferent levels (5-um-thick sections at 600-um intervals). For each
cross-section, stained by hematoxilin/eosin, six images (cover-
ing most of the total cross-sectional area) were used to quantify
the amount of bone tissue normalized to the total available pore
space, as previously described [21]. The uniformity of bone tis-
sue formation was quantitatively determined from the average (¥)
and standard deviation (s) of the bone amounts measured in each
cross-section [18] as follows:

% uniformity = IOOX(I—(%))

Cell Characterization

Scanning Electron Microscopy

Constructs cultured in the 3D system after the cell expansion
phase were fixed in 4% formalin, dehydrated, critical point
dried, and coated with 20 nm of Au. Scanning electron micros-
copy observation was performed with an ESEM XL 30 (Philips,
Amsterdam, The Netherlands, http://www.philips.com) with 10-
kV acceleration.

Quantitative Real-Time Reverse Transcription-Polymerase

Chain Reaction

mRNA was extracted using TRIzol (Invitrogen, Carlsbad, CA,
http://www.invitrogen.com), treated with DNAse, and retrotran-
scribed into cDNA, as previously described [19]. Polymerase
chain reaction was performed and monitored with the ABI Prism
7700 Sequence Detection System (PerkinElmer/Applied Biosys-
tems, Rotkreuz, Switzerland, http://www.perkinelmer.com), and
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expression levels of genes of interest (bone sialoprotein [BSP],
collagen type I [CI], and osteopontin [OP]) were normalized to
the 18S rRNA. Previously determined levels of expression of the
genes of interest in human osteoblast cultures, also normalized to
18SrRNA [19], were used as reference.

Cell Extraction

After the cell expansion phase in the 3D culture system, cells
were extracted from the ceramic pores by perfusing a solution of
0.3% collagenase and 0.05% trypsin/0.53 mM EDTA at 400 um
per second. Extracted cells were assessed for the ability to form
fibroblastic and hematopoietic colonies and characterized by
flow cytometry, as described below.

CFU-F Assay

CFU-F assays of expanded cells were performed by plating four
cells per cm? in tissue culture dishes. After 10 days of culture,
cells were fixed in 4% formalin and stained with 1% methylene
blue, and the number of colonies was counted.

Hematopoietic Colony-Forming Unit Assay

Hematopoietic colony-forming unit assays were performed
as previously described [22] to quantify the following types of
hematopoietic clonogenic cells: neutrophils, macrophages,
burst-forming-unit-erythroid, and granulocyte-erythroblast-
macrophage-megakariocyte. Briefly, 2.5 x 10° cells per ml were
cultured in medium containing 1.75 U/ml erythropoietin, 2.625
ng/ml granulocyte-colony stimulating factor, 40 U/ml granulo-
cyte macrophage colony stimulating factor, 40 U/ml interleukin-
3,and 62.5 ng/ml stem cell factor. After 14 days, the colonies were
classified and counted.

Fluorescence-Activated Cell Sorting Analysis

Cell suspensions were incubated with antibodies against CD105
(Serotec), STRO-1, BSP, CI, OP (all from Developmental Stud-
ies Hybridoma Bank, Iowa City, IA, http://www.uiowa.edu/
~dshbwww), nerve growth factor receptor (NGFR), or CD45
(both from Becton, Dickinson and Company, Franklin Lakes,
NJ, http://www.bd.com) and analyzed using a FACSCalibur
flow cytometer (Becton, Dickinson and Company). Reactions
with anti-BSP, -OP, or -CI were proceeded by membrane per-
meabilization with BD Cytofix/Cytoperm Plus Kit (Becton,
Dickinson and Company). Positive expression was defined as the
level of fluorescence greater than 95% of corresponding isotype-
matched control antibodies.

RESULTS AND DISCUSSION

BMSC Expansion Under 3D Perfusion
Using a bioreactor system recently developed for efficient and
uniform seeding of anchorage-dependent cells into 3D scaffolds

Perfusion Culture of Human Bone Marrow Cells

[18], we perfused the nucleated cells of human bone marrow
aspirates in alternate directions through the pores of disk-shaped
ceramic scaffolds, and we hypothesized that BMSCs would attach
to the ceramic substrate and proliferate. The number of BMSCs
perfused through each scaffold, estimated by CFU-F assays,
averaged 4.8 2.6 x 103 cells. Medium was first changed after 5
days (cell seeding phase), which resulted in the elimination of the
non-attached cell population, containing negligible numbers of
CFU-F (<1% of those seeded in the scaffolds). Fresh medium was
further perfused for an additional 14 days (cell expansion phase),
during which time the total number of cells, monitored by Alamar
blue, was found to increase at a nearly exponential rate (Fig. 1). At
19 days, the number of BMSCs found within the ceramic pores,
calculated as the CD105* fraction of the extracted cells, averaged
9 + 3 x 10° cells for each scaffold. These data demonstrate that
BMSCs can be seeded and extensively expanded (average of 8.2
+0.9 doublings in 19 days) by perfusion of bone marrow cell sus-
pensions through 3D porous scaffolds, thereby avoiding typical
2D expansion.

Bone Formation by Expanded BMSCs

The osteoinductivity of the constructs resulting from BMSC
seeding and expansion in the porous ceramic under perfusion
(total of 19 days culture) was verified by ectopic implantation
in nude mice. Reproducible, extensive, and markedly uniform
bone formation was found in implanted constructs from four
out of four independent experiments, performed using aspirates
from different donors. Mature lamellar bone, organized in typi-
cal bone/marrow ossicles [23], filled an average of 52.1% + 7.7%
of the total available pore space and was distributed throughout
the scaffold volume with high uniformity (Fig. 2). In contrast,

Number of cells / construct
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- 0 B
104
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Figure 1. Total number of cells per construct detected in the three-
dimensional (3D) system by Alamar blue assays. Atday 0, the num-
ber of cells corresponds to the total number of cells added to the 3D
system. Atday 5, after removing the non-adherent cells with the first
medium change, the total number of cells corresponds to the cells
attached to the scaffold.
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when 2D-expanded BMSCs from the same donors were loaded
into ceramic scaffolds at the same density as measured in the
corresponding 3D cultured constructs, bone tissue was formed
in only one of the four experiments. Moreover, in those con-
structs positive for bone formation, bone tissue filled only 9.6%
+ 2.7% of the total available pore space and was localized to
scattered peripheral regions (Fig. 2). The increased osteoinduc-
tivity of constructs generated using the developed system may
have been supported by the ceramic substrate used for BMSC
expansion [24], the 3D cell-cell interactions during culture
[25], the regimen of fluid flow applied [17, 26], or combinations
of these variables that remain to be further elucidated. Interest-
ingly, constructs implanted immediately after the cell seeding
phase, in which BMSCs were attached to the ceramic but had not
significantly expanded, were never osteoinductive. This sug-
gests that a critical density of osteoprogenitor cells is necessary

Bone tissue amount Bone tissue distribution
(% available space) (% uniformity)
100% 100%
] Rl
80%  [ap B0% Osp
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40% 40%
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domor1 donor2  domor3  donord donor1  donor2 donord  donord

Figure 2. Bone tissue formation by bone marrow stromal cells
(BMSCs) expanded in monolayers (two-dimensional [2D]) or under
three-dimensional (3D) perfusion. (A, B): Representative hema-
toxilin/eosin-stained cross-sections of BMSC-ceramic constructs
implanted ectopically in nude mice and harvested after 8 weeks.
BMSCs expanded directly in the ceramic scaffolds in the 3D system
yielded massive and uniformly distributed bone tissue (A), in con-
trast to BMSCs loaded in the ceramic after traditional 2D culture (B).
White spaces correspond to the decalcified ceramic (c), whereas scaf-
fold pores are filled with fibrous (f), adipose (a), or bone (b) tissue. Bar
=400 um. (C,D): Quantitative image analysis of constructs generated
using bone marrow aspirates from four independent donors further
highlighted the increased reproducibility, amount (C), and uniformity
(D) of bone tissue formation after BMSC expansion under 3D com-
pared with 2D. Values are presented as mean and SE of the percent-
ages calculated for each cross-section. The crosses indicate no bone
formationin any of the implanted constructs.
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to initiate bone formation and points out the limit of approaches
based on direct implantation of scaffolds mixed with bone mar-
row aspirates, especially considering the known variability in
the number of BMSCs per aspirate volume [27].

BMSC Characterization

We then preliminarily characterized the morphology, pheno-
type, and clonogenicity of cells seeded and expanded within the
developed 3D system. Scanning electron microscopy indicated
the formation of a stromal-like tissue within the ceramic pores,
consisting of a 3D network of spheroidal cells in contact with
heterogeneously shaped fibroblastic cells (Fig. 3A). The mRNA
expression levels of genes encoding for the osteoblast-related
proteins BSP, CI, and OP averaged, respectively, 3.6%, 35.3%,
and 48.0% of those previously quantified in human osteoblast
cultures [19] (Fig. 3B). Levels were similar to those measured in
2D-expanded BMSCs and lower than those measured in BMSCs
after osteogenic differentiation [19]. Fluorescence-activated cell
sorting analyses indicated that 68% =+ 18% of the cells extracted
from the ceramic scaffolds were positive for CD105, a surface
marker typically expressed by cells of the mesenchymal lineage
(Fig. 3C). These CD105* cells expressed low levels of STRO-1

mRNA expression levels
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Figure 3. Morphology and phenotype of cells expanded under three-
dimensional (3D) perfusion. (A): Scanning electron microscopy
images of the constructs generated by perfusion of bone marrow—
nucleated cells through the pores of ceramic scaffolds for 19 days.
The ceramic pores were filled with a stromal-like tissue, consisting
of a 3D network of heterogeneously shaped cells and extracellular
matrix. Bar =10 um. (B): mRNA expression levels of bone sialopro-
tein (BSP), collagen type I (CI), and osteopontin (OP) in the cells.
Values are presented as mean and SE of three independent experi-
ments. (C-H): Surface markers expressed by cells extracted from the
ceramic scaffolds after 19 days culture. Cells positive for (C) CD105
expressed low levels of (D) nerve growth factor receptor (NGFR) and
(E) STRO-I and high levels of (F) BSP, (G) CI, and (H) OP. Light
line, isotype control; dark line, specific antibody.
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(proposed as a marker of early mesenchymal progenitors [28])
and NGFR (proposed as a marker of multipotent BMSCs [29, 30])
and high levels of BSP, OP, and CI (Figs. 3D-3H). The percentage
of CD105* cells capable of forming a fibroblastic colony (CFU-
F) was markedly higher after expansion in the 3D than in typical
2D cultures (29.4% vs. 10.7%, respectively). Taken together, these
data suggest that BMSCs generated in the developed 3D system
were neither early undifferentiated mesenchymal precursors nor
fully differentiated osteoblast-like cells but comprised a large
population of clonogenic osteoprogenitor cells. Future studies
should address whether changes in the substrate used (e.g., scaf-
fold composition or architecture), flow rate, and culture medium
composition will regulate the phenotype, proliferation, and mul-
tilineage differentiation capacity of the expanded BMSCs.

Hematopoietic Cell Characterization

The finding that a substantial fraction of the cells cultured in the
developed 3D system was not of the mesenchymal lineage, as sug-
gested by the rounded morphology and demonstrated by the lack
of expression of CD105, induced us to investigate whether both
hematopoietic and mesenchymal cells were cocultured within
the ceramic pores. Indeed, in the engineered constructs we found
cells positive for CD45, a surface marker of hematopoietic cells,

at percentages (30% + 15%) equivalent to those of cells negative
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Figure 4. Fraction and clonogenicity of hematopoietic cells. (A-H):
Representative profiles of cells labeled for CD105 or CD45 after two-
dimensional (2D) or three-dimensional (3D) culture in standard or
hematopoietic medium (HM). Light line, isotype control; dark line,
specific antibody. (I): Percentages of CD105* and CD45* cells in the
above conditions. Values are presented as mean and SE of four inde-
pendent experiments. (J): Quantification of the following types of
hematopoietic colony-forming units present within the populations
generated in the above conditions: neutrophils (CFU-N), macro-
phages (CFU-M), burst-forming-unit-erythroid (BFU-E), and gran-
ulocyte-erythroblast-macrophage-megakariocyte (CFU-GEMM).
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for CD105 (Figs. 4A—41). Itis likely that cocultured hematopoietic
cells, possibly including CD14-positive adherent macrophages,
regulated the phenotype of BMSCs [31] and played a critical role
in determining the osteoinductivity of the constructs, possibly by
maintaining a higher fraction of clonogenic BMSCs. It has been
described that upon transplantation into a host animal, BMSCs
form an ectopic ossicle in which bone cells, myelosupportive
stroma, and adipocytes are of donor origin whereas hematopoiesis
and the vasculature are of recipient origin [23]. Considering that
in our 3D system human hematopoietic cells were coimplanted
with BMSCs, future studies should aim at determining whether
human cells contributed to hematopoiesis in this model.

We next hypothesized that, through the addition of specific
medium supplements, the developed 3D culture model allows
the regulation of the relative proportions of hematopoietic and
mesenchymal cells. Using supplements typically used for culture
of hematopoietic cells (i.e., interleukin-3, stem cell factor, and
platelet-derived growth factor-bb, hematopoietic medium) [20],
the fraction of CD45* cells found after 19 days of 3D culture was
increased to more than 90% (Fig. 41) whereas BMSC prolifera-
tion capacity was still sustained (average of 4.5 + 0.7 doublings
in 19 days). Interestingly, the use of this culture medium further
increased the percentage of CFU-F within CD105* cells from
29.4%-38.8% and generated relevant fractions of hematopoi-
etic CFUs, including those with a mixed phenotype, indicative
of early multilineage progenitor populations (Fig. 4)). Remark-
ably, the use of the same medium supplements in 2D cultures was
not able to modulate the fractions of hematopoietic/mesenchymal
cells nor their clonogenicity, possibly due to the fact that most of
the non-adherent cells were not entrapped within the 3D niches
of the ceramic or newly formed stromal-like tissue and were thus
discarded during medium changes. This evidence further high-
lights the potential of the developed culture system, in which the
3D configuration under perfusion flow provides an extension of
the concept of stromal feeder layer for the support and develop-
ment of hematopoietic cells [23, 32] and thus modifies standard

paradigms for culture of bone marrow cells.

CONCLUSIONS

Our study validates the simple but innovative concept that BMSCs
can be seeded and expanded by perfusion culture through the
pores of 3D scaffolds starting from minimally processed bone
marrow aspirates and avoiding 2D culture expansion. The devel-
oped approach was used for the reproducible, spatially uniform,
highly efficient, and simplified manufacture of osteoinduc-
tive grafts. Incorporating in the system features like automated
medium change, monitoring and control of pH, gases, and metabo-
lites are likely to lead to the development of a closed system for the
automated and controlled production of autologous BMSC-based
bone substitutes. Compared with previously proposed perfusion
systems [17, 33], the elimination of the 2D culture would allow for
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aone-phase, streamlined procedure that could thus generate engi-
neered bone grafts at reduced costs and make them commercially
viable against alternative off-the-shelf osteoinductive materials
(e.g., based on the delivery of growth factors). In this context, how-
ever, scaling up of the procedure to clinically relevant sizes will
have to address the challenge of maintaining cell viability in larger
constructs, both during in vitro culture and upon grafting.

Beyond the relevance in the field of bone tissue engineering,
our results validate the developed process as a first step toward
ex vivo tissue engineering of bone marrow as a model to inves-
tigate proliferation, differentiation, and interactions among dif-
ferent types of bone marrow cells in a more physiological envi-
ronment than previously established systems (e.g., Petri dishes or
spinner flasks [20]). The developed culture system may be fur-
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ther explored for the expansion under perfusion of CD34* hema-
topoietic stem cells from bone marrow or cord blood within an
engineered 3D stromal network. Finally, the same paradigm of
bypassing 2D expansion by direct 3D perfusion culture may be
used for the engineering of other 3D tissues and organs.
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CHAPTER 5

THE OSTEOINDUCTIVITY OF ENGINEERED BONE
CONSTRUCTS IS RELATED TO THE DENSITY OF
CLONOGENIC BONE MARROW STROMAL CELLS
IMPLANTED

Enclosed is the Paper currently in preparation.
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Abstract

Reproducibility in bone formation is a key issue generating bone substitutes based on bone
marrow stromal cells (BMSC) and three-dimensioB&al)(scaffolds for clinical use. The concept that
BMSC seeding density on 3D scaffolds may influettice reproducibility of subsequent bone
formation may seem intuitive, but limited data aterently available. In this study we hypothesized
that presence or absence of bone in ectopicallyaimd constructs is related not to the number of
total BMSC, but to the number of clonogenic BMS@I¢ny forming unit-fibroblast, CFU-f) present
in the constructs at the time of implantation.

Human BMSC were seeded and expanded on 3D poreamicescaffolds by perfusing the
nucleated cell fraction of marrow aspirates, and tfenerated constructs were assessed for cell
number, cell clonogenicity, and for their osteoiciakity following ectopic implantation in nude mice

The number of clonogenic BMSC, but not the numbtrtatal BMSC, was positively
correlated to the initial cell seeding density. Thuenber of total BMSC was similar in osteoinductive
and not osteoinductive constructs, whereas thatasfogenic BMSC was significantly different: an
apparent threshold (at around 3.0E+05 CFU-f) cobll observed, discriminating between
osteoinductive and not osteoinductive constructs.

These results indicate that CFU-f play a fundanienta in determining the capability of the
constructs to form bone. The identification of speenarkers for clonogenic BMSC after expansion
will be necessary to establish protocols for prac bone formation and/or to enrich CFU-f

populations within expanded BMSC.

Key words. Bone marrow stromal cells, clonogenicity, CFU-fonk tissue engineering,

osteoinductivity.
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I ntroduction

One of the most typical approaches for engineasstgoinductive tissues is based on seeding
and possibly culturing bone marrow stromal celldM@&C) into three-dimensional (3D) porous
ceramic scaffolds, which prime cell differentiatitmwvards the osteogenic lineage and provide the
template for in vivo bone tissue formation [1, BMSC, which are typically defined by their capacity
to adhere on plastic [3] and form a fibroblastidooy (CFU-f) [4], represent a very low fraction
(approximately 0.01%) [5] among the nucleated a#lihe bone marrow. In order to overcome such a
low frequency, prior to statically loading themdnteramic scaffolds, BMSC are typically expanded
in monolayer (2D). Culture expansion in 2D causBtSE to progressively lose their early progenitor
properties [6] and differentiation potential [7hdato decrease their capability to form colonidsaied
to induce bone tissue formation upon ectopic imjalion in nude mice [6].

We recently demonstrated that human BMSC can bensixely expanded in 3D ceramic
scaffolds by directly perfusing the nucleated ceflsnarrow aspirates through the scaffold porass th
bypassing the conventional process of 2D-expar{fSipBBMSC expanded in the 3D perfusion system
were found to be more clonogenic than those exmghimd@D, possibly due to a variety of reasons,
including the maintenance of hematopoietic cellsuiiure. When the ceramic constructs containing
the 3D-expanded BMSC were ectopically implantechuile mice, bone tissue formation was more
reproducible, abundant and uniform as compareccaffadds loaded with the same number of 2D-
expanded BMSC [9]. In order to validate the podisibof using the developed perfusion-based
approach for the generation of osteoinductive graft amounts sufficient for clinical use, it is
mandatory to identify a lower limit of cell densigflowing for reproducible bone tissue formation
across different donors. The concept that BMSCingetknsity may influence the reproducibility of
bone formation in tissue-engineered constructs segm intuitive, but limited data are currently
available to support this conclusion. Recent saidiwed that when hydroxyapatite scaffolds seeded
with different BMSC densities were ectopically impted in nude mice, constructs with higher
seeding densities appeared to contain significantye bone [10]. However, it is difficult to esteshi

a reproducible relation between cell seeding dgnaitd bone forming capacity of engineered
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constructs if cells are not uniformly distributédaddughout the entire scaffold, as it typically occid
cells are statically loaded into porous scaffoltds [

In this study, we aimed at investigating the relatbetween cell density and in vivo bone
forming capacity of constructs generated in theetigped 3D-system and then implanted in nude
mice. The perfusion system used for generating cihrestructs allowed uniform cell distribution
throughout the scaffolds, and the following ectapiplantation of the generated constructs alloveed t
determine their intrinsic osteoinductive propertiea supporting but not inducing environment.

Considering the previously established associdigween the higher clonogenicity of BMSC
expanded in the 3D-system and the more reproduaiideextensive osteoinductivity of the resulting
constructs, as compared to those based on 2D-exgaBMSC, we now hypothesized that the
presence or absence of bone in the constructsmMiolipectopic implantation is related not to theatot
number of implanted BMSC, but to the number of CFfresent in the construct at the time of

implantation.

Materials and Methods

Cedll isolation and culture

Bone marrow aspirates. Bone marrow aspirates (20-40 ml volumes) wereinbthfrom 9 healthy

donors (36-54 years old) during routine orthopesdicgical procedures, in accordance with the local
ethical committee (University Hospital Basel) aniteiainformed consent. Nucleated cells were
isolated from aspirates by Ficoll density gradigemtrifugation.

CEU-f assay. The initial number of bone marrow stromal cells (8®), defined as the number of
colony-forming units fibroblastic (CFU-f) in theelsh marrow aspirates, was identified by plating
3.5E+03 nucleated cells/ énm tissue-culture dishes. Following 10 days otund, cells were fixed in
4% formalin, stained with 1% methylene blue, anal tamber of colonies counted. Clonogenicity of
marrow aspirates was expressed as the percentae afitial nucleated cells which were able to

form a fibroblastic colony.
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Culture medium. Medium @-Modified Eagle’s Medium) containing 10% fetal bogi serum was

supplemented with 5 ng/ml fibroblast growth fac2rt0 nM dexamethasone, and 0.1 mM L-ascorbic
acid-2-phosphate, in order to increase BMSC pmaltfen and osteogenic differentiation capacity [12,
13].

Cdll culture. Using a perfusion bioreactor system we previodslyeloped for seeding and culture of
BMSC into the pores of 3D scaffolds [9, 11], frgsldolated bone marrow nucleated cells were
perfused through disks (8 mm diameter, 4 mm thidk)orous (total porosity: 83 + 3%; total surface
area: 1260 cf total volume: 200 cf hydroxyapatite ceramic (Engipore, Fin-ceramicariza,
Faenza, Italy) at a superficial velocity of 400 gew (previously determined to result in efficientla
uniform cell seeding), at concentrations rangingmfr7.50E+05 to 2.25E+07. At the first medium
change, after 5 days, unseeded cells were reirgeadinto the system with fresh medium; the cell-
ceramic constructs were then perfused for an aofditi 14 days at a velocity of 100 pm/sec
(previously determined to support cell viabilityrabhghout the scaffold thickness), with medium
changes twice a week. The presence of unseededf @Fthe medium following the first medium

change was negligible.

Expanded cells characterization

Cdll extraction. Following 19 days of culture under perfusion, celisre extracted from the ceramic
pores by perfusing a solution of 0.3% collagenaseaf 0.05% trypsin/0.53 EDTA at 1000 pm/sec,
respectively for 60 and 20 minutes. Efficiency efl @xtraction, evaluated by assessing the amdunt o
DNA in the cell-extracted scaffolds as previousbsdibed [14], averaged 85%. Extracted cells
were assessed by cytofluorimeter for mesenchymddeanopoietic surface markers expression and
their ability to form fibroblastic colonies as debed below.

Cytofluorimetric analysis. Suspensions of extracted cells were labeled wRIECAonjugated antibody

against CD45 and FITC-conjugated antibodies ag&lbst4, CD44, CD90, CD105, or PE-conjugated
antibodies against CD34, CD29, CD73, or CD166ffalh Becton Dickinson and Company, Franklin
Lakes, NJ). Positive expression was defined atval lef fluorescence greater than 97% of the

corresponding isotype-matched control antibodiesitRe expression of CD45 was used to identify
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cells of the hemopoietic lineage. Negative exporssif CD14 and CD34, and positive expression of
CD105, CD29, CD44, CD73, CD90, and CD166 (typicasanchymal markers) were used to identify
the mesenchymal lineage of CD45 negative celledftar referred to as BMSC.

Cell praliferation. The number of BMSC doublings was calculated from initial number of CFU-f

seeded and the total number of CD45- cells extlaftemn the constructs after 19 days culture,
assuming that all seeded CFU-f attached to théaddaf[9].

CFU-f assay. CFU-f assays of the expanded cells were perforpyeglating 35 cells/cfin tissue-
culture dishes. Following 10 days of culture, cellere fixed in 4% formalin, stained with 1%
methylene blue, and the number of colonies cour@émhogenicity was expressed as the percentage

of expanded BMSC, and was used to calculate tla immber of CFU-f in the ceramic scaffolds.

Bone formation assay

Following 19 days of culture under perfusion, 3astoucts from 16 experimental groups generated in
9 independent experiments, i.e. with cells fromffecent donors, were harvested from the bioreactor
system and ectopically implanted in recipient natdee (CD-1 nu/nu, female, 1 month old; from
Charles River, Germany), in accordance with ingthal guidelines. Two constructs from the same
experimental group were implanted in separate dsinfight weeks after implantation, constructs
were fixed in 4% formalin, decalcified (Osteodedp-Bptica, Italy), embedded in paraffin, cross-
sectioned at 3 different levels (5 um thick sedjomt 500 um intervals), and stained by

Hematoxilin/Eosin.

Statistical analysis

Values are presented as mean * standard devidifferences among experimental groups were

assessed by two-tailed Studerittest or the Welch modifiettest, in accordance with Levene’s test

for homogeneity of variances, after assessmentoaohality by skewness and kurtosis. A value of

p=0.05 was selected as the threshold of statissmalificance. Correlations were assessed using

Pearson’s test (two-tailed), and considered st significant withp< 0.05.
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Results

Initial clonogenicity and cell seeding densities
Based on the clonogenicity of the marrow aspiratdgch averaged 0.013% = 0.005% of the initial
nucleated cells, an estimated 60 to 4500 BMSC wetially perfused through the porous ceramics

(Table 1).

Initial number CFU-f Initial number
Donor of nucleated cells in the marrow aspirate of BMSC
number  per scaffold (% of nucleated cells) per scaffold

1 9.00 E+06 0.010 900
2 4.20 E+06 0.016 670
3 8.40 E+06 0.010 840
4 1.00 E+07 0.010 1000
5 7.50 E+06 0.010 770
6 9.00 E+06 0.022 2000
7 2.50 E+06 0.014 350
7 7.50 E+06 0.014 1100
7 2.25 E+07 0.014 3200
8 7.50 E+05 0.008 60
8 7.50 E+06 0.008 600
8 2.25 E+07 0.008 1800
9 7.50 E+05 0.020 150
9 2.50 E+06 0.020 500
9 7.50 E+06 0.020 1500
9 2.25 E+07 0.020 4500

Table 1. Initial cell densities.

Characterization of extracted cells

Cell lineages. Cells extracted from ceramics were analyzed fo #xpression of CD45 by
cytofluorimetry to quantify the relative fraction$ CD45+/- cells and to further characterize the-no
hemopoietic (i.e., CD45-) population. The CD45-<fran was confirmed to be of the mesenchymal
lineage by the expression of adhesion moleculesAdCand CD166), integrin CD29, and additional

mesenchymal markers (CD73, CD90, CD105) [7], andhleylack of expression of CD34 and CD14

(Fig. 1).
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Fig. 1. Phenotype of expanded BMSC. Expression levels @CHlonjugated anribodies against
CD14, CD44, CD90, CD105, and PE-conjugated antdmdgainst CD34, CD29, CD73, CD166, by
expanded CD45 negative cells.

Cdl praliferation. As shown in Fig. 2a, as the initial number of CFuhfconstructs increased, a

higher fraction of the final cell population corisi$ of hemopoietic cells (from 10%-52%). The
complementary mesenchymal fraction of the finalydafion was constituted by variable amounts of
BMSC (Fig. 2b), ranging from 4.8E+05 to 2.4E+06 penstruct, with no correlation to the number of
initial CFU-f. The proliferation rate of BMSC deased significantly with increasing initial CFU-f,
such that the total number of doublings throughHdutays of culture ranged from a maximum of 13
BMSC doublings to a minimum of only 8 (Fig. 2c).

Clonogenicity. In all experimental conditions, the final numbefs<CFU-f following 19 days of culture
were higher than the initial number seeded. Finahlbers of CFU-f in the constructs were positively
correlated to the initial numbers of CFU-f loadedthe ceramic scffolds (Fig 2e). Interestingly,
increasing initial CFU-f densities gave rise to marlonogenic final BMSC populations, with

percentages of CFU-f reaching 50% of the final BM&@ulation (Fig. 2d).
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Fig. 2. Positive correlations between the initial numberseéded CFU-f and the final fraction of
hemopoietic cells (A), the final fraction of CFUD), and the final number of CFU-f (E). Negative
correlation between the initial number of seedet@m@nd the number of doublings of BMSC in 19
days (C). No correlation between the initial numbeseeded CFU-f and the final number of BMSC

(B).
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Boneformation

A total of 32 specimens from 9 independent expeamnisi@vere ectopically implanted in nude mice.
Following 8 weeks in vivo, extensive and uniformnboformation was found in 16 implanted
constructs, whereas only fibrous tissue was obdanvthe other 16 implants. The presence or absence
of bone formation was then related to the numbeCi-f and/or BMSC within the ceramics at the
time of implantation. There was no significant drfnce (p = 0.164) between the final number of
BMSC in constructs that contained either bone dy tbrous tissue (Fig. 3a). In fact, constructghwi
BMSC densities ranging from the low through highl ef our range resulted in both osteoinductive
and non-osteoinductive grafts. In contrast, theas & significant difference (p = 0.010) between the
final number of CFU-f in constructs that generatede or no bone (Fig. 3b). An apparent threshold in
the number of implanted CFU-f could be observesirininating between ostoinductive (containing>

3.0E+05 CFU-f) and not osteoinductive (containing.0E+05 CFU-f) constructs (Fig. 3c).
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Fig. 3. Relation between the presence (shaded) or absehde)of bone in the generated constructs
and the number of implanted BMSC (A) or CFU-f (B)steoinductive and not osteoinductive
constructs contained similar numbers (p = 0.16B8MEC (A) but statistically different numbers (p =
0.010) of CFU-f (B). In C, each dot representsrinenbers of implanted BMSC and CFU-f in each
experimental group (2 constructs per group) wharmed bone (filled dots) or fibrous tissue (unfille
dots). The dashed line indicates the thresholdha number of CFU-f (3.0E+05) discriminating
between osteoinductive and not osteoinductive cocist
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Discussion

The aim of this study was to identify a relatioriviieen cell density and in vivo bone forming
capacity of constructs based on bone marrow strareid (BMSC) and porous ceramic scaffolds
ectopically implanted in nude mice.

By using a recently developed 3D-system for théoum seeding and culture of BMSC on 3D
porous ceramic scaffolds, we demonstrated that fammeing capacity of the generated constructs is
related to the number of implanted colony-formingits fibroblastic (CFU-f). We identified in
3.0E+05 CFU-f the apparent threshold discriminatieywveen osteoinductive and not osteoinductive
constructs. These results indicate that constargsteoinductive if containing a minimum number
of CFU-f, and suggested that the presence of highuats of CFU-f plays a fundamental role in
determining the capability of the constructs tarfdyone.

Several factors could promote the production ostriets containing high numbers of CFU-f.
The most obvious parameter influencing the finahbar of CFU-f is their initial number: in fact we
observed that increasing initial densities of CFké$ulted in a final BMSC population which was
much more clonogenic than that obtained seedingiamvbers of CFU-f. In addition we observed that
increasing initial numbers of CFU-f resulted inirsaf population containing higher fractions notyonl
of clonogenic BMSC, but also of hemopoietic celiasing on recent studies indicating the existence
of a crosstalk between hemopoietic and mesenchipora marrow cells enhancing the number of
CFU-f [15], the high clonogenicity obtained in tlesteoinductive constructs could have been
determined by the co-culture of high fractions efrfopoietic cells. Further studies should invesigat
the correlation between the maintenance of highctias of hemopoietic cells and the
osteoinductivity of the generated constructs.

On the other hand we observed that the total numb&nal BMSC is related neither to the
number of CFU-f initially seeded nor to the bonariimg capacity of the generated constructs: these
results suggest that that final number of BMSC oarre considered as a parameter to predict the
osteoinductive capacity of the constructs.

The phenotypic characterization of BMSC expandethe developed 3D-system showed a

uniform expression of mesenchymal markers: thiscatds that the markers monitored in this study
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could not discriminate between clonogenic and hmiagenic BMSC. There has been an increasing
interest in the last decade in the identificatidnspecific markers for the osteoprogenitor cells
contained in the bone marrow. Simmons demonstrfiédl the use of STRO-1 antibody for
enrichment of mesenchymal precursors: this antibedg shown to bind to all the cells associated
with CFU-f activity of human bone marrow [17] anésvused to identify CFU-f of the bone marrow
with osteoprogenitor properties [18]. Other studiE®-21] suggested several other markers (CD73,
CD49a, CD63/HOP-26, CD166/SB-10) identifying bonarmw subsets containing all the CFU-.
The identification of specific markers for clonogeBMSC following in vitro expansion, will allow

to prospectively isolate CFU-f-enriched populatipnsr to their implantation.

Considered that (i) constructs were osteoindudfiv®ntaining at least 3.0E+05 CFU-f, (ii)
this final number of CFU-f was achieved by seedideast 1.5E+03 CFU-f, and (iii) the typical
clonogenicity of human bone marrow aspirates €402 CFU-f per million of nucleated cells, we
can derive that by seeding at least 1.5 E+07 ntezdlezells per scaffold, the resulting constructgtho
be predictably osteoinductive. Therefore, in orderscale-up the generation of osteoinductive
constructs based on 100% hydroxyapatite scaffadgpfoducing implants of clinical-relevant size
(e.g. scaffolds of 5 cfjy at least 3.75 E+08 nucleated cells per 5 soaffold should be seeded.
However, preliminary studies should demonstrat¢ tha increment of the scaffold size would not
negatively effect (i) the uniform cell distributiaand nourishment within the scaffold during in @itr
culture, and (ii) the in vivo survival of the cetlsroughout the entire construct, which were oladin
in this study. In addition, such a large humbenotleated cells cannot be easily obtained from the
typical amount of harvested bone marrow (20-40 r@lpmbining protocols for the selection of
purified populations of CFU-f from the bone marr{®?2] and/or culture conditions for the selective
survival of subset of cells enriched in CFU-f [B]will be likely possible in the future to obtafrom
limited bone marrow volumes highly clonogenic gapulations, i.e. containing sufficient numbers of

CFU-f for generating reproducibly osteoinductivesioucts of clinically-relevant size.
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CHAPTER 6

ENGINEERING OF OSTEOINDUCTIVE GRAFTS
BY ISOLATION AND EXPANSION OF OVINE BONE MARROW
STROMAL CELLSDIRECTLY ON 3D CERAMIC SCAFFOLDS

Enclosed is the pdf-file of the Paper published in Biotechnol. Bioeng. 2005
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Abstract: In this work, we investigated whether osteo-
inductive constructs can be generated by isolation
and expansion of sheep bone marrow stromal cells
(BMSC) directly within three-dimensional (3D) ceramic
scaffolds, bypassing the typical phase of monolayer (2D)
expansion prior to scaffold loading. Nucleated cells from
sheep bone marrow aspirate were seeded into 3D ceramic
scaffolds either by static loading or under perfusion flow
and maintained in culture for up to 14 days. The resulting
constructs were exposed to enzymatic treatment to assess
the number and lineage of extracted cells, or implanted
subcutaneously in nude mice to test their capacity to
induce bone formation. As a control, BMSC expanded in
monolayer for 14 days were also seeded into the scaffolds
and implanted. BMSC could be isolated and expanded
directly in the 3D ceramic scaffolds, although they
proliferated slowerthanin 2D. Upon ectopic implantation,
the resulting constructs formed a higher amount of bone
tissue than constructs loaded with the same number of
2D-expanded cells. Constructs cultivated for 14 days
generated significantly more bone tissue than those
cultured for 3 days. No differences in bone formation
were found between samples seeded by static loading or
under perfusion. In conclusion, the culture of bone
marrow nucleated cells directly on 3D ceramic scaffolds
represents a promising approach to expand BMSC and
streamline the engineering of osteoinductive grafts.

© 2005 Wiley Periodicals, Inc.

Keywords: mesenchymal stem cells; perfusion; 3D culture;
bone formation; bone marrow cells; tissue engineering

INTRODUCTION

Bone marrow stromal cells (BMSC) represent a phenotypi-
cally and functionally heterogeneous population of mesen-
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chymal precursors providing support for hematopoieses and
contributing to the physiological regeneration of bone,
cartilage, adipose, muscle, and other connective tissues.
For bone tissue engineering applications, BMSC are typi-
cally first expanded in monolayer (2D), in order to overcome
their very low fraction among bone marrow cells. The
expanded cells are then statically loaded into three-dimen-
sional (3D) porous ceramic-based scaffolds, which prime cell
differentiation towards the osteogenic lineage and provide
the template for bone tissue formation (Haynesworth et al.,
1992; Martin et al., 1997). The resulting constructs have
been demonstrated to be osteoinductive in ectopic models
(Cancedda et al., 2003; Muraglia et al., 1998), and to support
repair of large segmental defects in sheep (Kon et al., 2000;
Petite et al., 2000) and in humans in a few clinical cases
(Quarto et al., 2001). In some studies, it was further proposed
that in vitro culture of 2D-expanded BMSC in 3D scaffolds
under appropriate conditions could accelerate and enhance in
vivo bone tissue formation (Kruyt et al., 2004; Mendes et al.,
2002; Sikavitsas et al., 2003b; Wang et al., 2003).

In all these approaches, the phase of BMSC expansion in
2D is associated not only with biological concerns, such as
the loss of cell differentiation capacity with serial passaging
(Banfi et al., 2000), but also with a non-standardized and
labor-intensive production of the osteoinductive grafts (e.g.,
for serial passaging or seeding of the expanded cells into a 3D
scaffold). In addition, the static loading of the cells into 3D
scaffolds may result in non-uniform distributions, with
higher cellular density at the surface layers (Wendt et al.,
2003).

Based on these considerations, in this study we aimed at
generating osteoinductive constructs exclusively within a 3D
culture environment. In particular, we tested the hypothesis
that ovine BMSC can be isolated and expanded within 3D
ceramic scaffolds by direct loading and culture of bone
marrow nucleated cells into the scaffold pores. The ectopic



osteoinductivity of the resulting constructs was compared to
that of ceramics loaded with 2D-expanded BMSC or with
bone marrow nucleated cells, implanted without 3D pre-
culture. Moreover, based on the demonstrated efficacy of 3D
perfusion systems to improve the efficiency and uniformity
of cell seeding within porous 3D scaffolds (Bancroft et al.,
2002; Sikavitsas et al., 2003; Wendt et al.,, 2003), we
investigated whether dynamic perfusion seeding of bone
marrow nucleated cells within 3D ceramics could improve
the amount and uniformity of bone formed in vivo as
compared to static cell loading.

MATERIALS AND METHODS
Generation and Implantation of Constructs

Isolation of Bone Marrow Nucleated Cells

Bone marrow aspirates (10 mL volume) were obtained from
the iliac crest of two adult sheep (average age: 3 years) under
total anesthesia and diluted 1:3 with phosphate buffered
saline (PBS). Bone marrow nucleated cells were isolated
using a density gradient solution (Ficoll, Histopaque™,
Sigma Chemical, Buchs, CH) and counted with a standard
nuclear stain (methylene blue, Fluka Chemie GmbH, Buchs,
CH).

Culture Medium

Cells were cultured in alpha-modified Eagle’s medium
(«-MEM) supplemented with 10% fetal bovine serum
(FBS), 2 mM glutamine, 100 U/mL penicillin, 100 pg/mL
streptomycin, 10 mM HEPES buffer, | mM sodium pyruvate,
and 1 ng/mL fibroblast growth factor-2 (FGF-2). FGF-2 was
used in order to enhance BMSC proliferation and main-
tenance of the post expansion bone formation capacity
(Martin et al., 1997). All cultures were performed within
37°C/5% CO, humidified incubators.

Scaffolds

Ceramic scaffolds (Engipore, Finceramica Faenza, Italy)
were porous discs (8 mm diameter, 4 mm thick) with
80% + 3% macro-porosity. The scaffolds were made of
100% hydroxyapatite, with a 1.67 Ca/P ratio, 0.63 g/cm’
density, and 0.93 m?/g specific surface, resulting in about
1,200 cm?/scaffold.

Bone Marrow Cell Culture in 3D

Freshly isolated bone marrow nucleated cells were seeded in
the pores of the ceramic scaffolds (1.1E + 07 nucleated cells/
scaffold) either by static loading or by direct perfusion. For
static loading, scaffolds were pre-wet in culture medium,
blotted dry on a sterile gauze, and transferred into 12-well
plates previously coated with a thin layer of 1% agarose, in
order to prevent cell adhesion. Cells were resuspended at a

density of 2.8E + 08 cells/mL, and 40 pL aliquots of the
suspension were slowly dispersed over the top surface of
the scaffolds with a micropipette. After 1 h, 4 mL of culture
medium were gently added along the side of the wells.
Constructs were maintained in culture for up to 14 days, with
medium changes twice a week.

For perfusion seeding, 1.1E + 07 bone marrow nucleated
cells were resuspended in 4 mL of medium and perfused in
alternate directions at a flow rate of 1.2 mL/min through the
pores of each scaffold, using a previously developed bio-
reactor system (Wendt et al., 2003). After 3 days, constructs
were transferred into 12-well plates in fresh medium, and
maintained in static culture for up to an additional 11 days
(total = 14 days from the beginning of cell seeding), with
medium changes twice a week.

Bone Marrow Cell Culture in 2D

Freshly isolated bone marrow nucleated cells were plated
in plastic dishes (approximately 1E+05 cells/cm?), with
medium changes twice a week. After approximately 10 days,
when dishes were subconfluent, attached cells were har-
vested with 0.05% trypsin/0.53 mM EDTA and replated at
3E + 03 cells/cm”. Following 14 days of 2D expansion, cells
were statically loaded into ceramics using a number equi-
valent to, or 10-fold higher than the number of BMSC
measured in the 3D cultured constructs.

Construct Implantation

The osteoinductive capacity of generated constructs was
assessed by ectopic implantation in nude mice (CD-1 nu/nu,
Charles River, Sulzfeld, Germany) for 8 weeks. Constructs
based on 3D culture of bone marrow cells were implanted 3 or
14 days after the beginning of the seeding. Ceramics seeded
with 2D-expanded BMSC were directly implanted, without
3D pre-culture. Three constructs for each experiment and
experimental group were implanted in separate mice.

Analytical Methods

Fibroblastic Colony Forming Unit (CFU-f) Assays

In order to determine the fraction of clonogenic fibroblastic
cells in the bone marrow aspirate, 2E 4 05 nucleated cells
were plated in 28 cm? tissue culture dishes; medium was
changed after 3 days and twice a week thereafter. When
colonies were clearly visible but not yet overlapping (after
approximately 2 weeks), they were fixed in 4% buffered
formalin, stained with 1% methylene blue and counted.

Scanning Electron Microscopy

Following 14 days of 3D culture, constructs seeded by static
loading or perfusion were assessed for cell morphology by
scanning electron microscopy. Scaffolds were washed in
cacodylate buffer at 4°C for 10 min, fixed in 2.5% buffered
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glutaraldehyde for 30 min at 4°C, and washed three times
in cacodylate buffer at 4°C. Scaffolds were then dehydrated
and imaged (Leo Stereo Scan 440 S, link-GEM, Oxford,
UK).

Stain for Living Cells

The spatial distribution of living cells within the scaffold
after the seeding phase was qualitatively assessed by staining
with MTT (Sigma, St. Louis, MO). Constructs seeded by
static loading or by perfusion were bisected, rinsed in PBS,
placed in 12-well plates, and incubated at 37°C for 1.5 h with
3 mL of 0.12 mM MTT. Insoluble purple salts formed in the
presence of living cells.

Cell Proliferation

Following 14 days of 3D culture, cells were extracted from
the pores of the scaffolds by sequentially perfusing the
constructs with 0.3% collagenase for 30 min followed by
0.05% trypsin/0.53 mM EDTA for 10 min (Braccini et al.,
2005). To evaluate the efficiency of cell extraction, the
amount of DNA in the cell-extracted scaffolds was then
assessed using the CYQUANT® Cell Proliferation Assay Kit
(Molecular Probes, Eugene, OR), following overnight
digestion with 1 mL protease K solution, using amounts of
known cell numbers as standards (Wendt et al., 2003). Cells
expanded in 2D were also detached after 14 days, using the
same reagents. Cell proliferation was defined as the number
of doublings during the expansion phase, based on the initial
number of CFU-f seeded.

Cytofluorimetric Analysis

Analysis with collagen type I labeling was performed to
identify the fraction of mesenchymal cells in the different
experimental groups. Cells expanded in 2D or extracted from
3D scaffolds were permeabilized with 250 pl Cytofix/
Cytoperm Plus™ (Becton Dickinson, San Diego, CA),
incubated with an antibody against collagen type I (SP1DS,
Developmental Studies Hybridoma Bank, Iowa), rinsed,
stained with FITC-conjugated goat anti-mouse IgG, and
assessed cytofluorimetrically using a FACSCalibur flow
cytometer (Becton Dickinson).

Quantification of Bone Formation

Explants were fixed in 4% buffered formalin for 24 h,
decalcified with Osteodec (Bio Optica, Milan, Italy) for 5 h,
paraffin embedded, cross-sectioned (5 pum thick) at six
different levels and stained with hematoxylin—eosin. All
sections were quantitatively analyzed by computerized bone
histomorphometry following acquisition of microscopical
images both in transmitted and fluorescent light (excitation
wavelength 546 nm, emission wavelength 590 nm), as pre-
viously described (Martin et al., 2002). Briefly, the amount of
bone tissue was quantified in each section as the area of

fluorescent tissue, and the area available for tissue ingrowth
was determined by subtracting the area of undegraded
scaffold, quantified in the transmitted light images, from the
total cross-sectional area. For each section, the amount of
bone tissue was then calculated as a percentage of the total
space available for tissue ingrowth. Each construct was
assessed in two cross-sections at each of the six levels of
depth. For each construct, the amount of bone formation was
determined as the average of the percentages measured in
the 12 sections. The percent uniformity of bone tissue
formation was determined as 100% x (1—Cv), where Cv is
the coefficient of variation (i.e., the standard deviation
divided by the average) of the percentages measured in the 12
sections.

Statistical Analysis

Two experiments were independently performed using cells
from the different sheep. Data on bone tissue formation are
presented as mean = standard deviation of values determined
for each construct in the two independent experiments (N =3
constructs per experiment). Differences were assessed using
Mann—Whitney U-tests and considered statistically signifi-
cant with P < 0.05.

RESULTS

Cell Morphology and Lineage

Seeding and culture of bone marrow nucleated cells in the
ceramic scaffolds resulted after 14 days in the presence of
cells adhered to the scaffold surface (Fig. 1). The morphology
of the cells did not appear different following seeding by
perfusion (Fig. 1A) or by static loading (Fig. 1B).

Enzymatic extraction of cells from the ceramic scaffolds
under perfusion was highly efficient, with less than 15% of
the total cells remaining in the scaffolds. Essentially all cells
extracted from the constructs after 14 days of 3D culture,
independent of the seeding modality, were positive for the
expression of collagen type I, similarly to cells expanded in
2D (Fig. 2). This result indicates that cells isolated and
expanded in the 3D system, starting from the diverse
population of bone marrow nucleated cells, were of mesen-
chymal and not hematopoietic lineage. Consistent with the
typical findings in 2D cultures, these mesenchymal cells are
thus the progeny of the initial CFU-f, and will be referred to
as BMSC.

Cell Proliferation

The average number of CFU-f in the fresh bone marrow
aspirates was 0.011% £0.005% of the total number of
nucleated cells. Assuming that all CFU-f attached to the
ceramic scaffolds, approximately 1.2E+03 CFU-f were
initially seeded in each scaffold. After 14 days of 3D culture,
the average number of extracted cells was increased to
SE+05 per scaffold. The fact that cells were of the
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Figure 1.

Scanning electronic microscopy of three-dimensional (3D) constructs. Representative images of ceramic 3D scaffolds cultured for 14 days

following seeding of bone marrow nucleated cells by perfusion (A) or static loading (B). Cells were adhered to the ceramic scaffolds and displayed a similar

morphology in the two conditions. Scale bar = 10 pm.

mesenchymal lineage, based on the expression of collagen
type I, indicates that a large progeny of BMSC was generated
within the ceramic scaffolds by extensive proliferation of the
seeded CFU-f (Fig. 3). The number of doublings was similar
if cells were seeded by static loading or by perfusion, but
significantly higher if cells were expanded in 2D for the same
time period.

In Vivo Bone Formation

Ceramic scaffolds seeded with bone marrow nucleated cells,
either by static loading or by perfusion, with or without
additional 3D culture, were all able to form bone tissue upon
ectopic implantation in nude mice for 8 weeks, as assessed
by hematoxylin—eosin staining. In all groups, the pattern of
bone formation was typical of the so called “ossicles,” with
bone tissue starting from the ceramic surface, gradually
filling the pore cavities and leaving space for marrow
elements (Bianco et al., 1998) (Fig. 4A). The extent of bone
tissue ingrowth within the ceramic pores qualitatively appe-
ared more progressed in constructs implanted after 14 days of
3D culture (Fig. 4C) than in those implanted immediately
after the 3 days required for cell seeding (Fig. 4B).

The amount of bone formed in the different experimental
conditions, expressed as a percentage of the area available for
tissue ingrowth, was quantified using computerized image
analysis (Fig. 5A). After 8 weeks of implantation, constructs

200
00

generated by 3D culture of bone marrow cells formed
approximately twice the amount of bone than those directly
implanted following seeding. The modality of the cell
seeding (i.e., by static loading or by perfusion) did not
influence the amount of formed bone. Scaffolds loaded with
2D expanded cells formed bone tissue at amounts compar-
able to those of 3D cultured constructs only if they were
seeded with 10-fold the number of cells measured in the 3D
constructs. The percentages of bone formation measured in
this study were overall comparable to those reported in
previous works using goat (Kruyt et al., 2004) or human cells
(Martin et al., 2002).

The uniformity of bone tissue formation appeared to
be higher in constructs cultured for 14 days than in those
implanted directly after cell loading, independent of the
seeding modality (Fig. 5B). However, due to the relatively
large variabilities, no statistically significant differences
between experimental groups were found.

DISCUSSION

In this study, we demonstrated that osteoinductive grafts can
be generated using exclusively a 3D culture system, by direct
isolation and expansion of ovine BMSC within 3D porous
ceramic scaffolds. Upon ectopic implantation, the resulting
constructs formed more bone tissue than those implanted
without any 3D pre-culture or those based on the same
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Figure 2. Expression of collagen type I. Representative cytofluorimetric analysis of collagen type I expression by bone marrow cells seeded on 3D scaffolds
by perfusion (A) or by static loading (B), as compared to cells expanded in 2D (C). In each group, essentially all cells were positive for collagen type I and thus

appeared to belong to the mesenchymal lineage.
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Figure 3. Cell proliferation in 2D or 3D. Cell proliferation was measured
after 14 days of culture either in monolayer (2D) or within 3D ceramic
scaffolds, seeded by perfusion or by static loading of a cell suspension. Cells
proliferated extensively in all experimental groups, although the number of
doublings was significantly higher by 2D expansion.

number of 2D-expanded cells. Moreover, the amount of bone
formed was similar if bone marrow cells were seeded by
static loading or by perfusion.

BMSC isolation and expansion within 3D scaffolds was
achieved by seeding the whole population of bone marrow
nucleated cells, containing only a minor fraction of clono-
genic mesenchymal precursors (CFU-f). During culture,
BMSC were selectively expanded due to their capacity to
attach to the ceramic surface, whereas cells of the hema-
topoietic lineage were progressively eliminated from the
system, likely due to the lack of specific medium supple-
ments and/or to the removal of non-adherent cells at each
medium change. The possibility of selectively expanding
BMSC directly within 3D scaffolds opens new opportunities
to the simplified and streamlined production of osteoinduc-
tive grafts, bypassing the typical phases of 2D cell passaging
and 3D scaffold seeding/culture. Interestingly, the density of
CFU-finitially seeded, calculated from the surface area of the
scaffold and the fraction of CFU-f in the marrow aspirate,
was as low as 1 cell/cm?. While it is remarkable that a large
number of BMSC could be generated within the scaffolds
starting from such a small density of CFU-f, it would be
important for scale-up purposes to identify a minimal thres-
hold in the CFU-f density, which is sufficient for the gene-
ration of osteoinductive grafts in our system.

The finding that BMSC directly expanded in 3D scaffolds
were able to induce more efficient formation of bone than
cells expanded in 2D for the same time could be explained
by a number of factors, including (i) cell interactions with a
ceramic substrate (Ducheyne and Qiu, 1999; Ohgushi et al.,
1996), (ii) the lower number of cell doublings, known to be
associated with a progressive decrease in the osteogenic
capacity (Banfi et al., 2000; Derubeis and Cancedda, 2004;
Sugiura et al., 2004), and/or (iii) the likely deposition of
pericellular and extracellular matrix during 3D culture
(Bancroft et al., 2002; Mendes et al., 2002; Sikavitsas et al.,
2003). It is noteworthy that as compared to cells expanded in
3D scaffolds, BMSC expanded in 2D could generate similar
amounts of bone tissue if seeded at a 10-fold higher number.

Figure 4. Histological sections of explants. Representative hematoxilin—
eosin stained cross-sections of constructs implanted ectopically in nude mice
and harvested after 8 weeks. A: In all groups, bone tissue formation displayed
the typical pattern of an “‘ossicle,” with lining osteoblasts (0) depositing
bone matrix (b) starting from the ceramic (c) surface, gradually filling the
pore cavities and leaving space for marrow elements (m). Constructs were
implanted after 3 days (B) or 14 days (C) of 3D culture, following static
loading of bone marrow cells. Similar results were achieved following
perfusion seeding of bone marrow cells. Arrows in B and C indicate
deposited bone matrix. Scale bar =100 pm (A) or 300 um (B, C). [Color
figure can be seen in the online version of this article, available at
www.interscience.wiley.com.]
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Figure 5. Bone tissue quantification. The amount (A) and uniformity (B) of bone tissue formation were quantified by computer-based image analysis in
constructs implanted ectopically in nude mice and harvested after 8 weeks. Constructs were implanted after 3 or 14 days of 3D culture, following bone marrow
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(1x) or 10-fold higher (10x) density of cells measured following 3D culture, and immediately implanted. Statistically significant differences are indicated with

asterisks.

Considering that BMSC proliferation was considerably
faster in 2D than in 3D (i.e., approximately eight more
doublings in 14 days), it follows that under the described
conditions the typical 2D expansion of BMSC would support
the generation of larger osteoinductive constructs as
compared to expansion in 3D scaffolds. Thus, while the
demonstrated paradigm of expanding BMSC directly in 3D is
highly relevant to overcome practical issues of 2D—-3D cell
manipulation in the generation of osteoinductive grafts,
future studies will have to address the development of
improved protocols for BMSC expansion in 3D, which might
also lead to enhanced cell proliferation.

Scaffolds loaded with bone marrow cells and pre-cultured
for 14 days generated higher amounts of bone than those
implanted only 3 days after seeding. A prolonged cultivation
time may have enhanced the osteoinductivity of the engin-
eered grafts by allowing (i) more efficient colonization of the
scaffold pores by an increased number of cells, (ii)) BMSC
differentiation towards a more committed osteoblastic
phenotype, and/or (iii) increased deposition of a bone-like
matrix within the scaffold. The deposition of extracellular
matrix has been previously postulated as the main reason why
3D pre-culture of 2D-expanded BMSC within 3D scaffolds
enhances the osteoinductivity of the resulting implant (Kruyt
etal.,2004; Mendes et al., 2002). It is worth noting that in our
system the deposition of extracellular matrix would not
require an additional culture phase, but would be accom-
plished during cell expansion within the porous scaffold.

Using a recently developed perfusion bioreactor system
(Wendt et al., 2003), we demonstrated that ovine BMSC can
also be seeded within ceramic scaffolds by perfusing bone
marrow nucleated cells in alternate directions through the
scaffold pores. Although this seeding technique did not result
in superior uniformity or amount of bone tissue formation as
compared to static cell loading, the method would be more
suitable for standardization in closed bioreactor systems. In
addition, considering the importance of perfusion flow for

enhancing mass transport and application of shear forces
during the culture of osteogenic cells in a 3D environment
(Bancroft et al., 2002; Botchwey et al., 2003; Cartmell et al.,
2003; Gomes et al., 2003; Martin et al., 2004; Mauney et al.,
2004; Meinel et al., 2004; Sikavitsas et al., 2003a,b; Wang
et al., 2003; Wendt et al., 2003), it will be interesting to
address whether prolonged perfusion after the phase of cell
seeding would further enhance the osteoinductivity of the
grafts engineered in our system as compared to a static 3D
culture.

In conclusion, in this work we have demonstrated the
possibility, starting from ovine bone marrow, to generate
osteoinductive grafts using exclusively a 3D culture system,
bypassing the conventional phase of BMSC expansion in 2D.
Ongoing studies are aimed at using the same principle to
generate constructs of size and shape relevant for orthotopic
implantation in experimental bone defects. These experi-
ments, together with the recent finding that the described
paradigm is also applicable to a human cell source (Braccini
etal., 2005), will open the way to the streamlined engineering
of osteoinductive grafts for use in defined clinical applica-
tions.

We thank Roberta Martinetti (Finceramica, Faenza, I) for provision of
the ceramic scaffolds and to Mauro Alini (AO Research Institute,
Davos, CH) for the procurement of sheep bone marrow.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

7.1 Summary: aims and results of this work

The main aims of this thesis were (i) to identifgdadevelop a system that could be
reproducibly used to streamline manufacture ofaisthictive grafts based on human bone marrow
stromal cells (BMSC) in the context of regeneratimedicine, (ii) to characterize the developed
system in order to identify key elements respoesibl its reproducible and efficient performance,
and (iii) to extend its use to a sheep cell soufves opening the way to test the osteoinductigfty
orthotopic implants in a large animal model.

Bone Marrow Stromal Cells (BMSC), which are typigalefined by their capacity to adhere
on plastic [1] and form a fibroblastic colony (CFUZ], represent a very low fraction (approximatel
0.01%) among the nucleated cells of the bone marfdwrefore, to obtain a sufficient number of
cells for bone tissue engineering applications, BM&e typically first selected and expanded in
monolayer (2D) prior to loading into 3D scaffoldslowever, 2D-expansion causes BMSC to
progressively lose their early progenitor propera@d differentiation potential [3-5], and to dese
their capability to form colonies and to induce &drssue formation upon ectopic implantation [3],
placing several potential limits on their cliniadllity. To bypass the process of 2D-expansion igd
associated limitations, we used an innovative bici@r-based approach to seed, expand, and
differentiate BMSC directly in a 3D ceramic scaff¢6]. Nucleated cells, freshly isolated from a &on
marrow aspirate, were introduced into the bioraasystem and perfused through the pores of 3D
ceramics for five days, then further cultured unplerfusion for an additional two weeks. Using the
developed procedure, BMSC could be seeded andsixddnexpanded within the 3D environment of

the ceramic pores. Interestingly, we found that ®ie-generated constructs contained both
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hemopoietic cells and BMSC, whose relative fracti@mould be modulated by appropriate media
supplements, and that a consistent fraction of m@a BMSC was clonogenic. In contrast, following
the typical 2D-expansion, cells of the hemopoititieage could not be maintained, and, consistently
with previous studies, only a minor fraction of arded BMSC was still clonogenic. When constructs
were ectopically implanted in nude mice, those eeglied in the bioreactor reproducibly generated
bone tissue that was uniformly distributed throughtbe scaffold volume and filled up to 60% of the
ceramic pores. In marked contrast, when similar rens of 2D-expanded BMSC were loaded into
ceramic scaffolds and implanted, bone was infretiyegenerated, and even in the most
osteoinductive constructs, it was localized to geeral regions, filling only 10% of the ceramic @or
volume [6].

Considering the need of reproducibility or at leafgpredictability in the osteoinductive ability
of the constructs for their standardized clinicsg uin order to validate the possibility of extenygthe
use of the developed bioreactor-based approaclydoerating osteoinductive grafts of clinically
relevant size, we then investigated whether a mimneell density was required for the reproducible
bone tissue formation. Based on the establishedciat®n between the higher clonogenicity of
BMSC expanded in the 3D-system and the more repiblduand extensive osteoinductivity of the
resulting constructs, as compared to those base@Dsaxpanded BMSC, we demonstrated that
presence or absence of bone in the constructsMiolipectopic implantation is related not to theatot
number of implanted BMSC, but to the number of OFflesent in the construct at the time of
implantation. In particular, we identified an apgatrthreshold in the amount of CFU-f discriminating
between osteoinductive and not osteoinductive cocist

The developed bioreactor-based approach has bdidated in a heterotopic model. Before
envisioning a clinical trial in human, a study idaage animal model is needed to validate the pafet
and the surgical feasibility of the overall procedluThus, in the perspective of testing our novel
approach for repairing experimental bone defects §heep model, it was first necessary to validate
our system using ovine BMSC. We demonstrated thsomductive constructs can be generated by
perfusing 3D ceramic scaffolds with the nucleatelll fraction of ovine bone marrow aspirates [7].

Ongoing studies in the context of an EU-funded €ubpre aimed at testing the capability of the
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generated constructs to repair large bone defectshéep (i.e. defects around titanium implants
inserted into trabecular bone of the proximal huregland postero-lateral spinal fusion in lumbar-

region).

7.2 Relevance of the achieved results and futuigppetives

Possible uses of the developed system

This study has significant implications for clinicapplications of osteoinductive grafts
considering that the elimination of the 2D-expangibase would facilitate the development of a more
streamlined, effective, reproducible, and economisanufacturing process of autologous BMSC-
based bone grafts [8].

The developed system represents also a promisprgagh towards establishing a 3D in vitro
model system of bone marrow, which could be useihvtestigate interactions between different
populations of bone marrow cells in a more phygjmal environment than previously established
systems [9].

The same paradigm of bypassing 2D-expansion byctdB® culture under perfusion of
BMSC on 3D scaffolds may be used for generatingroissues and organs of mesodermic origin (e.qg.
cartilage [10, 11], tendons and ligaments [12] rbEs]).

The innovative 3D-culture system used in this wlmrkgenerating osteoinductive grafts gave
the interesting result of yielding a final BMSC pibgtion which was more clonogenic than following
the typical 2D-culture. Thus, the developed systeuld be used to extensively expand cells for all
those therapeutic purposes where large amountgsémehymal progenitors are needed [14, 15].

Finally, the characterization by microarrays offeliéntial gene expression in 3D- and 2D-
expanded BMSC, could open the way to identify gests involved in the maintenance of progenitor

cells features.
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Up scaling of bone tissue engineering

One of the most obvious relevance of the presemk worepresented by the possibility to
extend the innovative bioreactor-based approachthto generation of osteoinductive grafts of
clinically-relevant size. In this context, sevesslues should be addressed.

First of all scaling up the procedure to clinicalgfevant sizes will have to face the challenges
of uniformly seeding the cells throughout largenstoucts, and maintaining their viability both di
in vitro culture and upon grafting. Even followisgccessful seeding and culture, cell viabilitydrge
constructs cannot be maintained after in vivo fiemsinless early blood supply is achieved. Howgver
invasion of host blood vessels requires severas dayveeks, depending on the size and porosity of
the construct. Therefore, cells in the center efdbnstruct which are not supplied by diffusion lgou
die before they can be reached by growing vesgkis. of the possible solutions to the mentioned
issue is constituted by co-culturing BMSC with etiaddial progenitor cells, which could potentially
generate a new vascular network after implantasypoanastomosing to the host vessels directly and/or
by releasing angiogenic factors [16].

In this work we established a relation betweendlo@ogenicity and the osteoinductivity of
BMSC. In order to predictably generate osteoindecgrafts of clinically relevant size, based on our
results, a very large amount of CFU-f should badaly seeded. However, relatively limited numbers
of CFU-f can be easily obtained from the typicaloamt of harvested bone marrow. Recent studies
proposed several markers identifying CFU-f in tresii bone marrow with osteoprogenitor properties
[17-20]. Further studies should identify specifiankers for clonogenic BMSC after expansion, thus

allowing the establishment of protocols for enmchCFU-f populations within expanded BMSC.

Role of hemopoietic cells

The high clonogenicity of BMSC cultured in the 3ibieactor system could be due to a
variety of factors, including the maintenance dbstantial fractions of hemopoietic cells in culture
which was observed in our system. Interestinglyemvhigh numbers of cells were initially seeded, we

observed an up-regulation of both fractions of heoietic cells and CFU-f.
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Recent studies indicate the existence of a créssitiveen hemopoietic and mesenchymal
bone marrow cells enhancing the growth of CFU-fl[Based on the established association of the
high clonogenicity of BMSC both with the co-cultuné hemopoietic cells and with a reproducible
osteoinductive capacity of the resulting construdtgther studies should investigate whether
hemopoietic cells enhance the osteoinductivity loé tconstructs not only indirectly (e.g., by
maintaining BMSC more clonogenic) but also dire¢#yg., by releasing specific cytokines in vivo).

In our study we demonstrated that fractions of hgoretic and mesenchymal cells can be
modulated by using specific culture conditions: wbuld be interesting to test whether by
maintaining/expanding an increased number of hemtpcells, it could be possible to enhance the

osteoinductivity of the generated constructs.

Possibleimprovements of the developed system

The approach used in this work for cell-based esgging of osteoinductive grafts was based
on (i) bone marrow nucleated cells as a sourceM$8, (i) 100% Hydroxyapatite (HA) ceramics as
3D scaffolds, (iii) 3D perfusion flow as a cultusgstem, and (iv) culture medium containing fetal
bovine serum, and supplemented with FGF-2, dexaamsette, and ascorbic acid. The combination of
these parameters gave rise to the reproducibléromi and extensive bone formation upon ectopic
implantation of the generated constructs in nudeemResults obtained in this study were very
encouraging, but alternatives for the mentionethelgs could further improve the developed system.

Cedll source. The ideal source of autologous mesenchymal progrenills should provide
large number of cells from living individuals withibusing invasive procedure, meaning without any
patient morbidity: such a cell source could be espnted by human blood. Very recent studies
indicate the presence of human circulating CD14qaogtes exhibiting mesenchymal differentiation
potential [22], and of circulating osteoblast-ligeacells expressing bone-related markers [23].1\.ike
in the future, the development of methods to harleagie amounts of these cells from peripheral
blood might lead to generating bone substitutel miinimal patient morbidity.

Scaffolds. The ideal 3D-scaffold for engineering bone shouldvigle an initial support for

osteoprogenitor cells to deposit mineralized boagrimy then it should be slowly resorbed at the sam
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time newly formed bone tissue grows inside the fetthf A high porosity and a high degree of
interconnection among the pores are an absolutgresgent for the vascularization of the implant and
the new bone formation; chemical composition playgnajor role in the resorbability of the
biomaterial. Scaffolds used in this study (100% HhWa)e high osteoconductive properties and high
porosity (83%), but low resorption rate. Composstaffolds based on tricalcium phosphate/HA
(TCP/HA) have been recently proposed as a valeirative to the 100% HA ceramics for their faster
resorption upon orthotopic implantation in largenzad models [24]. Ongoing studies are aimed at
determining the feasibility of using our perfusiblereactor system to generate osteoinductive grafts
based on several types of biphasic bioceramicaldaf{e.g. TCP/HA, carbonated/HA, collagen/HA).
In addition, adsorption of extracellular matrix moliles such as fibronectin [25] or collagen [26]oon
the HA surface has been shown to significantlyease cell adhesion and proliferation, and thus
represents a further potential improvement of gsten.

3D-culture system. Concerning the perfusion bioreactor system usedhia study for

order to make it clinically usable at large scad automated, reproducible, controlled, GMP-

compatible production unit for the generation afieeered bone should include (i) on-line monitoring

and control of the chemico-physical parametershef ¢ell-culture (e.g. pH, gases, metabolites) in
order to monitor cell growth, predict the effectimember of cells present in the graft and determine
the appropriate time for implantation, (ii) autoedtmedium change, thus excluding manual
intervention and reducing costs of manufacture isid of contamination, and (iii) reduced size, in

order to allow easy location in dedicated areassipdy within hospitals.

Culture media supplements. In our system BMSC were cultured in medium contajniietal

bovine serum (FBS) and supplemented with sevembtr factors. However, for widespread clinical
applications, contact with FBS must be minimizedcsi it is putative source of prion or virus
transmission, and the use of exogenous recombigiawth factors should be avoided for their
unknown long-term effects in human cells. Platéysts releases a wide variety of growth factors
including FGF-2, and platelet lysate has been técerscribed as a powerful and safe substitute for

fetal bovine serum, promoting BMSC proliferationtlvaut loss of their intrinsic differentiation

70



properties [27]. Likely in the future, the platelgsate, being itself a source of growth factormyld

be considered not only as a substitute of FBSalsat as the only culture medium supplement needed
during culture of BMSC to be used in clinical apptions. Based on recent studies in large animal
models, BMSC combined with platelet-rich plasma @n@ven to be potent angiogenic inducers [28],
thus representing a promising solution not onlpyercome problems related to the use of serum and
growth factors during in vitro culture, but also fwssibly improve the in vivo bone graft

vascularization and integration.

7.3 Schematic summary

The most relevant results generated in this workbsasummarized as follow:

. Human or ovine BMSC can be seeded and extensiwggneled on 3D ceramic scaffolds by
perfusing directly the nucleated cell fraction ohmow aspirates through the scaffold pores,
thus bypassing the conventional 2D-expansion phase.

. 3D-generated constructs are more reproducibly,nsitely and uniformly osteoinductive than
those based on 2D-expanded cells.

. The used bioreactor-system allows co-culture ofdypmietic cells and BMSC.

. The relative fractions of hemopoietic cells and BBM&an be modulated by using appropriate
media supplements.

. 3D-expanded BMSC are more clonogenic than follovdiBgexpansion.

. Bone formation occurs if a sufficient density of (GFis implanted.

. Bone formation is not related to the number of mmpéd BMSC.

. High initial cell densities generate constructstaonng high fractions of both hemopoietic cells

and of CFU-f.
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