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Summary
Mesenchymal progenitors are a powerful tool in negative medicine, but suffer from a
rapid loss of differentiation potential during irtre expansion (1). The recent discovery that
well-characterized stem cells, like HSC, maintdeitt stemness during self-renewal through
the interaction with specialized microenvironmensl)ed stem cell niches, prompted us to
investigate the existence of a niche compartmerdlm mesenchymal progenitors.

In Chapter 4 of this thesis we described the estailent of a niche/progenitor system
in vitro for bone marrow mesenchymal stem cells ISWe asked whether the non-
adherent fraction of human bone marrow culturestatned early progenitors which can
constitute a reservoir for the mesenchymal compamtnand whether the adherent cells,
instead, could provide a niche function for the mtemance and regulation of these
progenitors.

Replating the non-adherent fraction in a new distha first medium change, we found
that a population of bone marrow non-adherent neggnal progenitors (BM-NAMP) was
present and their number was 2684% of the initial CFU-f. The replating in the samiish,
instead, did not increase the number of coloni@8%25.1% vs 99.823.5%, p=n.s.) and no
change in the average diameter size was observB#0(5 mm vs 5.80.6 mm, p=n.s.),
indicating that BM-NAMP were stably non-adherenawgver, further investigation showed
that, when serially replated in new dishes, BM-NAMIre able to steadily increase in
number, self-renewing as non-adherent progenitondewgenerating at the same time
adherent colonies. The diameter size evaluatiorwstiothat BM-NAMP could produce
colonies with 2-fold larger diameter (Plate1=1&Z21 mm vs Plate0=5.%8.45 mm, p<
0.01), indicating a significantly higher prolifei@ capacity. However, the colonies produced
in the following replating steps were progressivetyaller, indicating a gradual loss of BM-

NAMP proliferation potential (Plate2= 886.7 mm, Plate3= 7:#9.3 mm, Plate4= 6#0.3



mm). Together with increased proliferation, fireplated BM-NAMP progeny cells
displayed a higher differentiation potential conguhto standard CFU-f both in vitro and in
vivo. In vitro assays revealed that they could etd#htiate towards the adipogenic,
chondrogenic and osteogenic lineage and, when mgdain vivo, they produced 3-fold
higher amounts of bone tissue. Taken togetherettata indicate together that BM-NAMP
show features of earlier progenitor features argtysst a biological difference between BM-
NAMP and the initially adhrering CFU-.

Serial replating experiments performed with serulbne@ showed that BM-NAMP
critically required FGF-2 for their initial seleosh and maintenance in culture. Furthermore,
FGF-2 removal, at different time points during akrreplating, always caused the
disappearance of BM-NAMP. This observation is catiigpe with the data that described
FGF-2 role in the selection of a subset of eapieripotent mesenchymal precursors within
initial CFU-f (3). Interestingly, blocking receptexperiments showed that the maintenance
of BM-NAMP in culture was mediated through FGFR&msling, which has been shown to
be involved in vivo in the balance between proéifean and differentiation of skeletal
progenitors (4).

When replated in a new dish, BM-NAMP regeneratedm$elves as non-adherent
progenitors, but at the same time they always gepecto adherent colonies. We, therefore,
hypothesize that BM-NAMP were in close interactieith the adherent cells, and that these
provide a niche function for them. BM-NAMP were radtle to survive when replated either
on agarose-coated dishes or on human fibroblasis. Suggests that BM-NAMP required
specific signals from the adherent progeny and th& fraction constitutes a unique
environment for BM-NAMP survival and self-renewéh. fact, when kept in contact with
initial CFU-f progeny for 14 days instead of beswyially replated, BM-NAMP were able to

produce 3-fold more colonies (26815.8% vs 61.88.0%). Furthermore, the colony



diameter analysis showed that, unlike the serg@htieng which caused a gradual loss of BM-
NAMP proliferative activity, the continuous cultuire the primary plate could preserve BM-
NAMP proliferation potential (9£.5 mm and 980.4 mm at the start of culture
respectively vs 68).3 mm after serial replating, p<0.05). Furthermdrkept in the original
plate, BM-NAMP could generate a progeny that alsspldyed a higher differentiation
capacity. Taken together, these results suggesthegthat CFU-f progeny provides a niche
function for BM-NAMP. When an adherent fraction wast present, due to serial replating in
empty dishes, BM-NAMP could regenerate their nith at the cost of gradually losing
their proliferative and differentiation potential.

In Chapter 5 we sought at investigating the preseot a class of non-adherent
progenitors in human adipose tissue stromal vasdtaation (SVF), which constitute an
abundant source of mesenchymal progenitors, tordate whether the NAMP compartment
was specific to bone marrow or they could constituteservoir also in other tissues.

NAMP were present in adipose tissue SVF culture3-KBAMP) with a similar
frequency as observed in the bone marrow @16 vs 20.43.6% respectively) and the
replating of the non-adherent fraction in the saiish revealed that they were stably non-
adherent. The main difference compared to BM-NAM&swhe inability of AT-NAMP to
self-renew as non-adherent progenitors upon segfdating, since only few colonies were
present in the last replating step. However, thadenies had a significantly increased
diameter. This suggests that, when serially reg|add-NAMP do not undergo proliferation
but rather a selection for the very rare progesiteith the highest proliferation ability.
Similarly to BM-NAMP, when kept in contact with theitially adhering CFU-f, AT-NAMP
could proliferate without loss of their proliferati capacity. This suggests that, as for bone
marrow cells, adherent CFU-f provide a niche fumttfor the non-adherent progenitors,

regulating the maintenance of their early-progerptoperties.



In conclusion, these data show that, although aispy important tissue-specific biological
differences, NAMP are present in the mesenchymaggmitor compartment of different

tissues and they represent a reservoir of eanaggnitors compared to standard CFU-f.



Chapter 1.

Bone and bone marrow:; structure and function



1.1 Bonetissue: biology, structure, and function

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

Bone performs several key functions within the badyot only provides structural
support and protection to bodily organs, but i algsponsible for maintaining mineral
homeostasis, and is the primary site for the swishaf blood cells. Furthermore, it is capable
of maintaining an optimal shape and structure thhout life, via a continuous process of
renewal and remodelling, through which it's ableréspond to changes in its mechanical
environment, in order to meet different loading dents, thus maintaining an optimal
balance between form and function (1).

Simply, bone is a dense multi-phase composite, nuigdef cells embedded in a very
well-organized matrix, which is composed of botlgaoiic and inorganic elements; however,
both structure and proportion of its componentselyiddiffer with age, site and history,
resulting in many different classifications of botieat exhibit various mechanical and
functional characteristics.

Histologically, mature bone is classified in twdfelient types of tissue, one of which is
relatively dense, known as cortical bone, while diger consists of a network of struts or
trabeculae surrounding interconnected spaces, knasvrirabecular or cancellous bone
(Figure 1). Bone surfaces consist of cortical bare] the thickness of this protective layer
increases in mechanically demanding regions, suchha shafts of long bones, while
cancellous bone is found in the interior of bongasch as within the femoral head, and
vertebra.

Bone as an organ is composed of three main elem@phtsone matrix, providing

mechanical strength and acting as the body’'s mirstoae, (ii) bone cells, responsible for
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maintaining the structure of the matrix, regulatitsgoxygen and nutrient supply, and storing
or releasing minerals as required, and (iii) boragrow with its associated vascular network,
providing the source of stem cells and represerntiegmain means of communication and

interaction with the rest of the body.

Epiphyseal line

/ Yo -\ Al \\-Cartilage
Y - = b "g" «
09 IERAE St 5
W b e Yo

7/ Y. l

’ Ny
\ !/ Trabeculae

. Osteoclast
Trabecular Bone |

Medullary
(marrow) N\
cavity

Osteoblasts

Osteocytes

Cortical—
(compact)
bone

Capillaries in
haversian and={
Volkmann's—
canals

2 Concentric
. lamellae

Periosteume=gil;

Capillaries in

haversian

canals SCapillary in
i Volkmann's
P canal
Interstitial —f
lamellae

, [NOsteocyte

Circumferential subperiosteal lamellae

Figure 1. Schematic diagram of cortical and trabecular bone, showing the different
microstructures (Reproduced from Hayes WC: Biomeicsaof cortical and trabecular

bone: Implications for assessment of fracture risk)
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Bone extracellular matrix has two main componethts:organic collagen fibres and the
inorganic bone mineral crystals. Together they mgkapproximately 95% of the dry weight
of bone, the remainder being composed of othemicgaolecules, collectively known as the
non-collagenous proteins.

Collagen accounts for 70-90% of the non-mineraligechponents of the bone matrix;
it consists of carefully arranged arrays of troplagen molecules, which are long rigid
molecules composed of three left-handed helicgseptides, known ag-chains, which are
bound together in a right-handed triple helix. Baonatains mostly type-1 collagen, which is
composed of tropocollagen molecules containing isemtical and one dissimilar-chains
(al(l)202).

The main inorganic phase within the bone matrixgsally incorrectly referred to as
hydroxyapatite (HA), a hydrated calcium phosphaemic, with a similar crystallographic
structure to natural bone mineral, which has a dt&mformula of Cay(POy)s(OH)y;
however, bone-apatite is characterized by calciphmsphate and hydroxyl deficiency,
internal crystal disorder, and ionic substitutiotigys resulting in the presence of significant
levels of additional trace elements within bone enath it is not a direct analogue of HA, but
more closely a carbonate-substituted apatite. ldbe factors contribute to an apatite that is
insoluble enough for stability, yet sufficientlyaive to allow the in vivo crystallites to be
constantly resorbed and reformed as required bipals.

The most important non-collagenous organic corestitsl of bone matrix are four
proteins: osteocalcin (OC), bone sialoprotein (B®B)eopontin (OP) and osteonectin (ON).
They are produced by bone cells and their relatiomposition within the bone matrix
appears to be self-regulating through a feedbafdctebn their expression by osteoblasts.
They all appear to be multi-functional, and areiralblved in regulating bone mineralization

and remodelling.
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Bone matrix also contains a great number of grdecthors, including fibroblast growth
factors (FGFs), insuline-like growth factors (IGFshateled-derived growth factors (PDGF),
transforming growth factor-beta (T@F superfamily, and bone morphogenic proteins
(BMPs): they play several critical roles in regingt cell proliferation and differentiation,
inducing the complete sequence of endochondral barneation, when cartilage forms first
and is subsequently replaced by bone.

The major types of bone cells are osteoblastspogtes and osteoclasts, respectively
responsible for production, maintenance, and réworf bone; they are highly specialized
differentiated cells, and they generally don’t geshte. Less differentiated cells of the same
lineage are required for the control of bone cefpydations, and, as demands are made on or
by the bone, these cells proliferate and diffeegatias required: such cells are generally
known as stem cells, and in the case of bone faomare often referred to as osteogenic
cells.

The osteogenic bone-forming cells originate frone tmesenchymal bone marrow
stromal cell line and exist in the endosteum andopteum (2). Biochemical signalling
molecules stimulated during remodelling and fraetuealing, result in a local increase of this
cell population. However, the local environmenatetermines the route of differentiation
undertaken by osteogenic cells, resulting in thelwion of either osteoblasts or
chondroblasts: if the environment surrounding dedantiating osteogenic cell has a high
vascular content, as in healthy bone, the cell differentiate into an osteoblast which will
produce bone; once the osteoblast has been suaduoyl bone, it differentiates into an
osteocyte, and becomes involved in the nutritiod amaintenance of the local bone. In
contrast, if the environment surrounding a difféi@mg osteogenic cell has little or no
vascular content, as in a recent fracture sitec#ilewill differentiate into a chondroblast and

cartilage will be produced; once the chondroblastsurrounded by cartilage, it then

13



differentiates into a chondrocyte, which maintating surrounding collagenous matrix until
it's replaced by bone during endochondral ossificat

In contrast osteoclasts are derived from monocytiess they originate from the
haemopoietic stem cell lineage: under the influentespecific signalling proteins or
cytokines, mononuclear monocytes migrate to therpt®n site and fuse with either other
monocytes or a multi-nucleated macrophage, befaiferentiating into the specialized

osteoclast, an aggressive cell responsible for bes@ption (3).

1.2 Bone formation: development, healing, and repair

Bone is unigue among all the vertebrate tissuassiability to heal via formation of
new bone: most of the other tissues, such as heasgle and brain heal by replacement with
connective tissue rather than original tissue. Harrore, in a mature animal, the molecular
and cellular patterns of bone repair after injurg similar to bone formation in an embryo,
suggesting analogous mechanisms for the contrbboé formation in adult and embryonic
skeletons (4). In an embryo, a condensation of ipriemmesenchymal cells can transform
into bone via either intramembranous or endochdndssification: intramembranous
ossification occurs when the mesenchymal cellstramsformed into osteoprogenitor cells
and then directly into osteoblasts, resulting ia threct formation of bone; endochondral
ossification occurs via a two-step process wheresemehymal cells transform into
chondroblasts which lay down a collagenous templstdsequently ossified by invading
osteoblasts. The final mature bone formed by botitgsses is virtually indistinguishable,
and the mechanisms dictating which route is takerpaorly understood.

Fractured bone heals through endochondral ossditaa haematoma is formed,
resulting from injury to the periosteum and localftstissue; as a consequence of this

disruption in the blood supply, osteocytes neatesthe fracture die, resulting in local
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necrosis of the bone around the fracture; simutiasly, there is a demand for the repair of
the bone, the stabilization of the damaged areatencemoval of the dead tissue; in response
to this, macrophages and fibroblasts are recruaetthe site to remove tissue debris, and to
express extracellular matrix, respectively. In oes|e to growth factors and cytokines
released by these inflammatory cells, mesenchyreh sells recruited from the bone
marrow and periosteum, proliferate and differestiato osteoprogenitor cells. This leads to
an apparent thickening of the periosteum and tloeymtion of collars of external fracture
callus around the fracture site. Those osteoprogrecells that lie close to undamaged bone,
differentiate into bone osteoblasts and form aeamdt which is rapidly calcified into bone,
while those farther away become chondroblasts and tartilage; concurrent angiogenesis
is induced, and, as soon as cartilage has formedhenfracture site stabilized, it is replaced
by cancellous bone via endochondral ossificatianyhich osteoclasts and osteoprogenitor
cells invade the cartilaginous callus precededdpjliary formation. The uncalcified material
is then resorbed, and new bone is deposited orethaining spinicules of calcified cartilage.
Woven bone is finally remodelled into lamellar bprwne marrow is restored within
cancellous regions, and successive layers of baduglly fill the spaces between trabeculae
of cortical bone. Load-bearing capabilities andeav wascular network are thus restored.
Although the vast majority of bone defects spontaiséy heal with minimal treatment,
among the 6 millions fractures occurring every ygathe United States, 5-10% require
further treatment for compromised healing becauseither interposition of soft tissue,
improper fracture fixation, loss of bone, metabaliseases, impairment of blood supply or
infection. Furthermore, in certain clinical setndarge pieces of bone must be resected to
treat benign and malignant tumours, osteomyelssyell as bone deficiences, and abnormal
loss in the maxillo-facial area; in addition, bome typically subject to progressive

degeneration as a result of age and disease teoprosis).
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Considering all these challenging situations, bfumetion can often be restored only
by surgical reconstruction: bone grafting, the phae of replacing missing bone with
material from either the patient’'s own body (ausdtgng) or that of a donor (allografting) is
used in the surgical procedures since many yeantoldgous bone harvested from donor
sites such as the iliac crest, is the preferrectrivent (5): grafts of this kind are
osteoconductive (they provide a scaffold on whiohdocells can proliferate), osteoinductive
(they induce proliferation of undifferentiated sedind their differentiation into osteoblasts),
and osteogenic (they provide a reservoir of skekttan and progenitor cells that can form
new bone); however, the amount of bone that casabely harvested is limited, while the
additional surgical procedure may be complicatedidayor-site pain and morbidity. Modern
allografting using material stored within bone bamvercomes these difficulties; however,
the demand exceeds the supply, there is no assudodrfreedom from disease, and healing
can be inconsistent (6).

As an alternative to these two types of bone gradtswide variety of synthetic
substrates have been developed and are actualflinical use, with mixed success and
surgical acceptance: such materials in fact arenrgdig biocompatible and osteoconductive,
thus supporting adhesion, proliferation, and défgiation of osteogenic cells from
surrounding tissues, and ultimately leading to bfmmmation; however, these materials are
not osteoinductive, providing only the scaffold waiihas to be invaded by bone-forming
bioactive cells (7), (8): reasoning that they tglli give good results only when implanted in
small defects, where interactions between matsrslrface and local cells and proteins are
sufficient to repair the bone defect. In additionetals, although providing immediate
mechanical support at the site of the defect, epdor overall integration with the tissue at

the implantation site, and can fail because ofdtd@ or fatigue loading; on the other hand,
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ceramics have very low tensile strength and atdégrthus they cannot be used in locations
of significant torsion, bending, or shear stregs (9

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

field of science called Tissue Engineering is enmgrgince the last few years.

1.3 The bone marrow structure

The marrow, one of the largest organs in the hubaaly, is the principal site for blood
cell formation. Until the late Icentury hematopoiesis was thought to be the painazjof
the limph nodes or the liver and the spleen. In81&&uman and Bizzozzero independently
observed nucleated blood cells in material squeézed the ribs of human cadavers and
proposed that bone marrow was the major sourcéotikxells.

The bone marrow is found within the central cawitief axial and long bones. It
consists of hematopoietic tissue islands and adimpedls surrounded by vascular sinuses
interspersed within a meshwork of trabecular bdite inner surface of the bone cavities and
the outer surface of the cancellous bone trabeoulden the cavities are covered by an
endosteal lining consisting of a single layer @it filbone-lining cells” supported by a thin
layer of reticular connective tissue; osteoblastd asteoclasts are also found within the
endosteal lining.

Macroscopically, the bone marrow is composed by medrow (hematopoietic) and
yellow marrow (adipose), whose proportions varyhvége in agreement with the Neumann’s
law, according to which, at birth, all the bonestean red marrow, whereas, as age increases,
the extension of hematopoietic marrow contractsato® the axial skeleton and the
peripheral bones contain only yellow marrow.

Microscopically, the bone marrow structure follothie organization of the vasculature.
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Bone marrow has an extensive blood supply: in lboges, one or more feeding canals
(containing one artery and lor 2 veins) pass thrahg cortical bone entering the marrow
cavity obliquely. In flat bones, the marrow is ssthby numerous blood vessels of various
sizes entering the marrow via large and small canal

In a long bone, the feeding artery enters the maravity and runs parallel to the
longitudinal axis in the central part. Its branchas perpendicularly the bone cortex, forming
specialized vascular structures — the bone marinusss — composed by endothelial cells
only, which function as entry site for the maturenfatopoietic elements ready for the
circulation. The sinuses coalesce into venuleschvform then the central vein, running side
by side with the artery and the two exit the marmavity together. Blood flow, therefore,
takes place in a radial direction from the centerthie cortex and viceversa. The space
between the vessels is occupied by the hematopaetds, in which the maturation of the
different blood elements takes place. The hama#étigoactivity is highest close to the
sinuses in the periphery of the marrow cavity iaxmmity of the endosteal surface, whereas
adipocytes are most in the central part. A sinsiaucture, with the hematopoietic islands
located close to the endosteal surface of the ¢rtdhe, is present, even though less defined,

also in the spongy bones, where the majority oftdtkmatopoiesis takes place.

18



Figure 2. Bone Marrow Structure B= bone; Art= central artery; CV= central vein; S=
marrow sinus; C= hematopoietic cord; E= erithropsis; G= granulopoiesis; M=

megakariocytes (reproduced from (10)).

Within the hematopoietic cords, it is possible &ragnize two dinstinct cellular
compartments, which have different ontological msg and functions: the stromal
compartment and the hematopoietic compartment. fdtun of the different blood lineages
takes place in distinct compartments: 1) erythrepisi takes place in the erythroblastic
islands located around a central macrophage, wuciounds the maturing hematopoieitc
elements with thin cytoplasmatic projections, fdarl@ast two thirds of their surface; 2)
megakariopoiesis takes place under the sinus esldothy where small cytoplasmatic
processes anchor the megakariocyte to the sindssalh 3) granulopoiesis, instead, takes

place in foci always associated with a reticuldk. ce
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The stromal compartment, instead, forms the compilege-dimensional structure of
the hematopoietic cords. Two cell types, the matwagps and the reticular cells, play an
important role for the stroma structure.

Macrophages are located in proximity of the sinusesl in the center of the
erythroblastic islands. They are also responsible the generation of the osteoclastic
compartment.

The reticular cells can be visualized by silveiirstay of the reticular fibers to which
they are associated in the extra-cellular matrixsufspopulation of reticular cells, defined as
adventitial reticular cells, is located close te 8inuses, forming an adventitial layer on the
wall of the vessel, similar to pericytes. Thesdsceénd thin cytoplasmatic processes from in
the hematopoietic cords, where they enter in comé@t processes of other reticular cells,
forming in this way, a three-dimensional scaffotit the hematopoietic compartment. The
non-adventitial reticular cells are often locatedthe center of the granulopoiesis islands,
where they also have a regulatory function.

The bone-lining cells are a population of flat sethat covers the bone endosteal
surface. Reticular cells, pre-osteoblasts, ostetdbland osteoclast can be found in the same
location. These cells also include the mesenchymmajenitors cells or mesenchymal stem
cells (MSC), whose anatomical location remaind stintroversial. All these cell types,
except those of the osteoclastic lineage, shamranon cytochemical characteristic that sets
them apart from all other bone marrow cells: thpregsion of alkaline phosphatase (ALP),
which is considered a marker for the osteoblastiealge. At a morphological level, some
electron microscopy studies revealed that all #iks ¢that make up the stromal structure, are

functionally connected through gap-junctions (JHig@re 3).
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Figure 3. Schematic representation of the connections betwre different cell types of the
stromal structure in the bone marrow. The arrowdi¢ate the gap-junctions (Reproduced

from (11)).

A gap-junction connects anatomically and functipnalvo cells, allowing the direct
exchange of molecules up to 2 KDa of weight throtighcytoplasm. Calcium ions can pass
through, but also growth factors and cytokines im&d in bone remodeling and in the
regulation of hematopoiesis. Therefore, the retetinip between reticular cells, stromal
progenitors and osteoblasts comes from anatomiadgiece, from the common expression of
the alkaline phosphatase, from the absence of keliltor macrophage markers and from

the common synthesis of collagen type | and IlI.
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The stroma, with its complex structure and the eddht cell elements, therefore
represents the support for the hematopoietic cammeasat. Among the cells that compose the
stromal tissue, the mesenchymal progenitors or nobyenal stem cells (MSC) received, in
the past years, plenty of attention from the sdiencommunity for their ability to
differentiate into the different mesenchymal lines,g

In the next chapter of this thesis (Chapter 2),lihsic aspects of MSC biology will be
discussed, focusing on the issues that still renaintroversial and on MSC potential
application for clinical purposes.

In Chapter 3, instead, we will described an impdrtaspect of the bone marrow
function, illustrating the data currently availaldbout the specialized microenvironments,

called stem cell niches, responsible for the ragnaof the stem cell function.
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Chapter 2:

Bone Marrow Mesenchymal Stem Cells
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2.1 History

The bone marrow is a highly cellularized and richdgcularized tissue contained in the
cavity of long bones and in the intra-trabeculaaicgs of spongius bones. Being the major
site of adult hematopoiesis, the main function ohd marrow is to provide a specialized
environment to protect hematopoietic stem cellsyasg their maintenance and, therefore, a
continuous production of all types of mature bloeds.

Besides containing hematopoietic precursors, theebmarrow contains different non-
hematopoietic cells including reticular, fat andletmelial cells, fibroblasts, osteoblasts and
mesenchymal progenitors. All together, these adisstitute the bone marrow stroma, which
support hematopoiesis, providing structural and ¢nansignals which regulate the stem cell
function. Among the fully differentiated cells, akcomponent of the bone marrow stroma is
represented by the mesenchymal progenitor cellschware able to differentiate into the
mesenchymal lineages both in vitro and after inovivansfer ((1), Figure 1). The first
evidence that it was feasible to ectopically getgef@one and bone marrow, after bone
marrow transplantation, dates back to th& ééntury (2). In 1968, the work of Tavassoli and
Crosby clearly established the capacity of boneromarto form bone ectopically, even
though the cells holding the osteogenic potentiateannot identified. Only the studies of
Friedenstein (3) demonstrated that the ectopic bomeation was due to the presence in the
bone marrow of a specific rare cell population. Séhecells were characterized by a
fibroblastic morphology, suggesting a stromal-cortipant origin, and by their capacity to
rapidly adhere to plastic. Furthermore, when plaetbw density, they were able to form
discrete colonies originated by single cells, tHéJd, the colony-forming unit fibroblastic
(3). Friedenstein and Owen named them osteogéene sells (4) or bone marrow stromal
stem cells (5) and in 1991 Caplan defined them asemchymal stem cells (MSC). In the

beginning, these discoveries about MSC arousedntieeest of the hematologists, also in
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concomitance with the publication in 1978 of Schlafis hypothesis, about the presence in
the bone marrow of a specialized microenvironmehiclv regulates hematopoietic stem
cells. Only later, the concept of a bone marrownstell, distinct from the hematopoietic one
and that could differentiate into the different m@shymal lineages, became popular (6), (7)

and MSC were identified as an interesting targetédl therapy in different fields (8), (9).
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Figure 1. MSC are able to differentiate into the mesenchylimahges both in vitro and in
vivo (solid arrows). The transdifferentiation int®ells of other lineages (ectoderm and
endoderm) is still controversial in vivo (dashedaavs). (Adapted from Uccelli et al., Nat

Rev Immunol. 2008 Sep; 8(9):726-736)

Although in the last years a lot of studies had M&Csubject, several issues of their

biology still remain unclear. The aim of this chapis to give a an updated picture of MSC,
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describing their main characteristics, but alsoeulwing the still controversial aspects of

their biology and illustrating their potential alal applications.

2.2 In vitro proliferation and differentiation potential

The main attractiveness of MSC is based on the wdbkewhich they can be isolated
from bone marrow and on their ability to proliferatadily in vitro. However, since their
identification, MSC have been classified as a logfeneous population, in terms of
morphology, proliferation capacity and differenoat potential. At a clonal level, they
display different phenotypes: fibroblastic elongatells, large flattened cells and thin star-

shaped cells (10) (Figure 2).

Figure 2. Phenotype of cultured human MSC. Three cell pheestyere observed in BMSC
colonies: spindle shaped cells (A), large flatteweds (B) and starshaped cells (C) (Bar, 40

M) (Reproduced from Muraglia A et al, J Cell Sdd@®\pr; 113 (Pt 7): 1161-6)

The colonies derived from single CFU-fs show a vaiyed diameter size, indicating a
different proliferation capacity of the cells thegiginated from (Figure 3). The potential to
undergo several cell divisions is one of the maatdres which characterize stem cells and
progenitors and it is, instead, limited or lostmore committed cells. MSC proliferative

potential has been shown to be increased by segsyaith factors, including EGF, PDGF
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and FGF-2 (11). FGF-2 was found to have the stretnggtogenic effect compared to FBS
alone, since CFU-fs could generate colonies withsignificant increased diameter.
Furthermore, Martin and colleagues showed that B@Ecreased the expression of markers
of osteogenic differentiation such as alkaline phaesase (ALP). FGF-2 was also able to
maintain in culture the osteoprogenitors, sincdscekpanded with FGF-2 were able to
deposit more mineralized matrix in vitro and toteedifferentiate in vivo, introducing the
concept that also for MSC, as for other stem call®wth factors can be crucial for

influencing the commitment process.

Figure 3. (a) Colonies derived from single CFU-f show a widderogeneity in diameter
size, which reflects a different capacity to pesiite and a different stage of commitment.

(b), (c) images at a higher magnification of camwith different proliferation capacity.

Few years later, Bianchi and colleagues showedRG&:-2 operates an actual selection
of a population of earlier progenitors among MSQ)(1 The assessment of the telomere

length, medium switch experiments and a decreashannumber of the initial colonies
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indicated that FGF-2 could select for the surviviatells with an increased proliferation and
differentiation potential. In fact, when FGF-2 wadded to the culture, MSC life span could
increase up to 70 doublings, compared with aboutw&@out it, and the chondrogenic
differentiation potential could be retained up 1 &oublings. These data confirmed how
FGF-2 could be a relevant component of MSC ex-wuliure to exploit their full potential
for clinical applications.

However, FGF-2 wasn’t able to maintain MSC probtere activity in vitro, since the
telomere length was decreasing with the expandiah Eurthermore, even when cultured in
presence of FGF-2, MSC lost the ability to genecatenies and colonies with a decreased
diameter were formed at increasing population dagbl suggesting a commitment of the
population. Other data supported these findingsficning that in vitro expansion could
cause a gradual loss of MSC early progenitor chamatics (13). MSC dramatically slowed
their proliferation rate already by the second pgesand this was also associated to a change
in the morphology, from the spindle shaped to th#ehed one. A parallel loss in the multi-
lineage in vitro differentiation potential was alsbserved with the increasing proliferation,
both for the bulk population and for clones derivieain single CFU-f. Moreover, when
implanted in vivo after the first passage, cultukd8C displayed a poor osteogenic potential
compared to fresh bone marrow, indicating thataalyethe primary expansion could affect
MSC commitment and differentiation.

Another aspect, that rise from these findings drad should be taken in consideration,
is the heterogeneity of the starting populationgdding the differentiation potential, in fact,
not every CFU-f is multipotent when transplantedvivio (14), (15). As mentioned before,
FGF-2 is capable of selecting a population of eafirogenitors among the whole pool of
initial CFU-f, indicating the presence of differemtSC subpopulations characterized by a

mixed stage of commitment. Since studies on thé& Ipapulation could not bring much
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information about this aspect, an extensive stutdylones was conducted in the past (10).
The authors showed that a significant percentag#o)lof the analyzed clones were able to
differentiate in vitro into the three common medgmal lineages, ostegenic, chondrogenic
and adipogenic. Some clones were bipotent and # peraentage could only differentiate
into the osteogenic lineage. Interestingly, addi@gF-2 to the culture, the percentage of
tripotent clones increased from 17 to 34%, configna selection for earlier progenitors.
Furthermore, with increasing expansion, clones laiga a loss of the multi-lineage
differentiation potential, which was not randomlgteimined. In fact, the adipogenic
potential was the first to be lost; the osteogeamd the chondrogenic potentials, instead,
diverged only very late with the loss of the chag#mic ability and the preservation of the
osteogenic lineage pathway, suggesting the presaricea hierarchy in the MSC
differentiation pathway. These results describecheav aspect of MSC biology and
contributed to support the relevance of FGF-2 fds®/culture, underlining how growth-
factors could affect in vitro expansion of earlpgenitors.

In addition to this, other factors seem to be intguatrin regulating MSC fate decision.
Engler and colleagues showed that MSC are sengiiithe matrix elasticity and that the
stiffness of the substrate they grow on can infbgetheir commitment towards a specific
lineage (16). These data, therefore, suggest teeeral elements can influence MSC
behavior. Further studies are necessary to claofy the different regulations are linked and
combined to determine MSC fate in vivo. Moreovhg factors involved in the regulation of
the hierarchical relationship between differentssés of MSC and of the maintenance of
their multipotent capacity still need to be invgated.

Ex-vivo expansion is of crucial importance for atgrdial application of MSC for
therapeutic purposes. However, the applicatiorhe$é cells has to deal with the problem of

a heterogeneous starting population and with tiffecdty of obtaining a number of cells
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which is clinically relevant and, at the same tipeeserving MSC early progenitor features.
Ex-vivo MSC expansion should, therefore, aim tdrae culture procedures and conditions

for selecting and maintaining early progenitor gdapans.

2.3 Assessment of salf-renewal

The main features which characterize a stem celltlae self-renewal, defined as the
capability to generate at least one daughter chichvretain the stem cell fate and the
differentiation potential, which is the ability tgive rise to a defined set of mature
differentiated progeny. When MSC were characterlzgériedenstein for the first time, they
were classified as multipotent, for their abilitydifferentiate into the different mesenchymal
lineages, and, therefore, thought to hold one efpitoperty found in stem cells. Even though
the term mesenchymal stem cells is broadly usedaisessment of the other indispensable
requirement to be defined as stem, the self-renestdll remain controversial. In several
studies the self-renewal is associated to the dromt culture or to the retention of
multipotency after in vitro expansion. However, a®f these studies proved the self-renewal
at a single cell level and, moreover, it was naeased as the reconstitution of both a
differentiated and a stem cell compartment in viVhe only stem cell for which the self-
renewal has been soundly proven is the hematopattim cell, founded on the capability to
serially regenerate the whole pool of mature hepwatic cells in lethally irradiated
recipients (17), (18). For several years there avémck of experimental evidences on MSC
self-renewal and studies on the bulk populatiomiatt demonstrated a loss of proliferation
and differentiation potential with increasing ex«wiexpansion (13), (10), suggesting a
progressive commitment without self-renewal.

It has been recently shown that a subpopulatiohuofian bone marrow stromal cells

are able to differentiate into osteoblasts and hepwéesis supporting stroma and to
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maintain, at the same time, the characteristicslmiogenic mesenchymal progenitors (19).
A fundamental characteristic of this population whg expression of the melanoma-
associated adhesion protein, MCAM/CD146, which washogeneously present when only
freshly isolated bone marrow nucleated cells wevg in clonogenic conditions. In the
bone marrow, CD146+ cells correspond to the adti@htieticular population which is
located in proximity of the sinusoids and which esds processes to contact the
hematopoietic cells. When transplanted subcutamgansnude mice, expanded CD146+
MSC could form bone and the presence of bone maimdigated that they could also bring
in vivo the hematopoietic microenvironment. Furthere, cells were harvested from the
heterotopic ossicles after 8 weeks and expandsigingicant number of clonogenic CD146+
cells could be obtained, indicating that this pagioh, when transplanted in vivo, could
function as self-renewing mesenchymal progenitdhe experiments were performed both
pulling together different clones and implantinge tlprogeny of a single CFU-f,
demonstrating, therefore, that the results were alalid at a single CFU-f level.
Interestingly, when FGF-2 was added to the culttive,expression of CD146 decreased and
no bone marrow formation and no human CD146+ adhedrtells were found in vivo. Only
the osteogenic potential was maintained, suggestisig-GF-2 selects a different population
of progenitors with a distinct function.

These observations indicated for the first time @ssible the role of specific
mesenchymal progenitor population in the bone mamehe and supported the evidence
that the self-renewal is a property also sharetddne marrow MSC. However this is just the
tip of the iceberg of a completely new aspect ofUM8ology. Other questions, in fact, needs
to be answered, such as, for example, which isfréguency of these cells in vivo and

whether the same property belongs to MSC derivea other tissues.
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2.4 Phenotypic characterization

A highly controversial aspect of MSC charactermatiregards their phenotypic
properties. The rarity of this population in theneanarrow represents a challenging barrier
for the identification of specific antibodies fdreir isolation and enrichment. Furthermore,
most of the markers identified up to now are noécdic for MSC since they are also
expressed by cultures of fibroblastic cells frommas tissues and they are widely modulated
during in vitro culture. Little is still known abbWMSC characteristics in vivo and about a
possible differential marker expression among tifferént classes of MSC. The majority of
the information collected so far is based on thalyams of expanded MSC. This contributed
to generate confusion about their phenotype andwitteig assumption that any marker
expressed on cultured-expanded MSC was also likdhg present in vivo.

Both non-expanded and expanded MSC have been skovie negative for any
hematopoietic or vascular endothelial marker, sagfCD45, CD14 and CD34. One of the
first antibodies that was identified, instead, twieh for CFU-f in fresh human bone marrow
is STRO-1 (20). STRO-1 is not expressed on hematpaeells and its selection results in a
10- to 20-fold enrichment of CFU-f, compared to eperated bone marrow. Analysis of the
expression of a wide range of cell surface molecdle CFU-f demonstrated that other
markers, including CD105, CD49a, CD73 and CD90,(413), (23) could be used for CFU-f
enrichment. These markers are also expressed cenméegp MSC and, to date, they are
commonly used to characterize culture-derived MSC.

Recently, Sacchetti and colleagues showed that M@AM46, which marks in human
bone marrow the adventitial reticular cells, carubed to isolate a population of in vivo self-
renewing osteogenic progenitors (19). After in vivansfer, they could form bone and they
could also be localized in the same adventitialitipzs This indicated the importance of

identifying, in addition to markers of un-expandaad cultured MSC, markers for in situ

34



localization, to find in situ counterparts of CFW@yid to follow the fate of the implanted cells

in vivo, especially when aiming to find evidences $elf-renewal.

2.5 Clinical applications

After the discovery of their biological property differentiating into the common
mesenchymal lineages, bone marrow MSC were thoafgbeing responsible for the normal
turnover and maintenance of adult mesenchymaldssg24). This led to the identification of
MSC as an attractive cell source for therapeutieations in different fields of regenerative
medicine.

The most obvious application was to apply MSC fa tegeneration of mesenchymal
tissues, such as bone and cartilage. In fact, dimsbng the others, tissue engineers tried to
exploit MSC properties for the repair of bone defeand for the treatment of various bone
disorders. Up to date, autologous bone graft spresents the first choice for site-specific
bone defect repair, although it is associated wéheral complications such as, donor site
morbidity, infection or loss of graft function (25)he combination of a biomaterial and ex-
vivo expanded MSC is thought to represent a vdlerrmative to functionally replace host
bone tissue. In the past years, novel approaches haen developed to improve the
performance of the tissue engineered constructsnibetic material properties, including
surface roughness and porosity, have been investigdo enhance MSC adherence,
proliferation and differentiation (26), (27), (28The presence of MSC promoted bone
formation in vivo and MSC were able to acceleratameb repair in femoral and cranial
critical-size defects and spinal fusion both irglaand small animal models (29), (30), (31).
Based on these preclinical studies, clinical trfalsbone repair have been conducted (32),
(33), (34) with promising outcomes. As mentionedobe expanded MSC have been also

used as a potential treatment for cartilaginousrieg in humans, showing a contribution also
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in cartilage repair (35), (36). This indicated thane marrow MSC represent a valid cell
source for clinical tissue engineering applicatiomgen though further investigation of their
biology and optimization of culture conditions atél needed to fully exploit their potential.

Another clinical application that appeared verymiging was the use of MSC as an
innovative treatment for genetic diseases. Thet fagplication was in patients with
osteogenesis imperfecta (Ol), which defines a bgtreous group of genetic disorders,
characterized by bone fragility and skeletal defte®s as osteoporosis. Clinical trials were
started infusing ex-vivo expanded MSC in childréiected by Ol (9),(37),(38). The results
indicated that MSC were able to engraft into slatlsttes and cause the enhancement of
patient growth. However, the authors also showad ttie total bone mineral content did not
significantly increase and they suggested thatopiged in vitro expansion, affecting MSC
osteogenic capacity, could compromise the outcontieeostudy.

This observation, together with the data about ltes of differentiation potential
described in the previous section, underlines thalimited in vitro expansion is of
fundamental importance for a clinical applicationregenerative medicine fields. The low
frequency of MSC in the bone marrow and the ramds| of their progenitor-like
characteristics during exapnsion, therefore, regmssone of the main limitations for the
establishment of MSC-based therapies. StrategiesF@GF-2 supplementation (12) and
growth on extracellular matrices (39), (40), shobll considered in order to retain MSC
progenitor features during ex-vivo expansion. Indiadn, different culture strategies,
alternative to the standard 2D-expansion on plaBage been explored in the past, in order
to recreate a more physiological environment tesgmne the MSC characteristics. A very
promising approach is represented by bioreactonschwshowed to promote cell viability,
shear-stress stimulation and a better maintenahddS& differentiation potential during

expansion (41), (42), (43), (44). The results aésth studies indicated the relevance of
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bioreactors as an important tool for MSC ex-vivgpaxsion in order to optimize culture
conditions and, therefore, to enhance MSC in viedgymance. Furthermore, in Chapter 4 of
this thesis we will describe the use of a bioreasistem to reconstruct in vitro the bone
marrow stem cell niche, underlining the relevanteswch a system, not only for MSC in
vitro expansion, but also for the development phgsiological bone marrow stroma.

Although the pioneer clinical studies on MSC hageuked on their ability to repair
damaged tissues, new findings about their biologlych as their immunomodulatory
properties and their possible role in the bone avamiche, open interesting perspectives.
Several studies showed the ability of MSC to mo@uiammune responses both in vitro and
in vivo, by nonspecifically targeting cells of themune system. This characteristic seems to
be due to the ability to block immunocompetentscétiirough the inhibition of cell division,
preventing their activation and maintaining themainquiescent state (45). The clinical
efficacy of MSC would therefore depend on theirligbito modify the environment of
injured tissues, releasing anti-inflammatory molesuand trophic factors, which promote
tissue regeneration. So, the therapeutic poterdfalMSC could be traced to their
physiological activity. The current data about MS@nti-inflammatory and
immunosuppressive features support their potergigplication for immune-mediated
diseases, offering alternative therapeutic strategifhe effect of infused MSC has been
successfully shown in acute graft-versus-host dee446), and, recently, it is being tested
for the treatment of Crohn’s disease, investigat§C contribution to the regeneration of
gastro-intestinal epithelial cells (47).

On the other hand, the recent findings about tiweltvement of MSC in the bone
marrow stem cell niche opened new lines of reseafths could lead to the identification of
new molecular targets for the treatment of diseasesvhich stem cell function is

disregulated, either through degeneration, suchpéastic anemias, or excessive expansion
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and lack of differentiation, such as hematologicabplasias. A deeper knowledge in the
niche biology is therefore needed in order to idgrdll the regulatory players and the
mechanisms by which MSC might maintain and regutat@atopoietic stem cells.

In the next chapter, the main characteristics eftitbne marrow stem cell niche will be
described, focusing on the niche function and om diata currently available about the

regulatory factors which contribute to hematopgistem cells maintenance.
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The Bone Marrow Stem Cell Niche
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3.1 The hematopoietic stem cell

Stem cells are self-renewing, multipotent progesitthat are responsible for the
growth, maintenance and repair of several tissligsy are present in different compartments
of the body, including the skin, the intestinalteplium and the hematopoietic system. The
best characterized stem cell is the hematopoitgio gell (HSC). In the past few years a lot
of progress has been done to advance the knowlathpet HSC and, recently, the
development of new tools for labeling HSC in sitsoaallowed the characterization of the
microenvironment which regulates HSC, the bone ovastem cell niche.

The most common assay to assess the stemness imsHISCability to reconstitute all
the blood-cell lineages in lethally irradiated ments. Furthermore, the fact that this property
can be maintained upon serial transplantation icershows the capability of these cells to
undergo self-renewal, i.e. to give rise to a ddfdrated progeny and preserving, at the same
time, the stem cell properties. The optimizatiorttedse assays also helped to identify cell
surface molecules for the characterization, andseguently for the isolation, of HSC.
Murine HSC do not express any of the markers pteserfully differentiated hematopoietic
cells, but they express high levels of stem-ceilgem 1 (SCA 1) and c-KIT and, according to
this, they are named ad LKS cells. Moreover, largatrepopulating HSC have been shown
to be negative for CD34 and positive for CD150 (2), However, the studies in which the
presence of these markers was correlated to tlopuégiing function showed that only 1 in
100 LKS is able to save from irradiation (3). Rabersome studies have started to define
HSC gene-profiling, moving the first steps towatius clarification of the mechanisms which
regulate HSC function (4), (5).

The regulation of self- renewal and differentiatiogpresents probably the most
fascinating aspect of HSC biology. Self-renewingsions in vivo contribute to maintain the

size of the stem cell pool. This can be achievedqving the balance between symmetrical
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and asymmetrical divisions, by which a single stath gives rise to two different daughter
cells, one maintaining the stem cell features &edother becoming fully differentiated. Two
possible different mechanisms have been describedhieve the asymmetry: the divisional
asymmetry, which occurs before the cell divisiamj ghe environmental asymmetry, when it
is determined after the cell division (Figure 1).

In the divisional asymmetry (Figure 1a), only orighe daughter cells receives, during
mitosis, the determinants for initiating the comment process. This mechanism has not
been shown in any vertebrate stem-cell type in Moud several in vitro studies have shown
that HSC may undergo asymmetrical divisions (6), Eurther investigation is, therefore,
needed to confirm whether this reflects the in \¢eaditions.

The environmental asymmetry (Figure 1b), insteaddetermined through extrinsic
signals provided by the surrounding microenvironméiter a symmetrical division, one
daughter cell will remain in contact with the niclpeeserving the stem cell fate; the other
one, instead, will be exposed to an external enmrent and will receive signals starting
differentiation (8), (9). Even though there is &kiaof experimental evidences that this
mechanism can occur in vertebrates in vivo, regentitro studies indicated that some
molecular pathways for divisional asymmetry are seowed between invertebrates and
vertebrates. Therefore, this raises the possilitiat HSC can undergo both divisional and
environmental asymmetry in vivo in order to driveugdhter cells to different fates.

The environmental asymmetry introduces the impedanof a specialized
microenvironment, the niche, in providing signats promote self-renewal and avoid

differentiation.
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Figure 1. Possible mechanisms of asymmetric cell division. (a) Divisional asymmetry: the
fate is determined during cell division when onlyecof the daughter cells receives the
determinants, keeping the stem cell features, dred dther one starts the commitment
process. (b) Environmental asymmetry: after a sytmeneell division, which generates two
identical daughter cells, one remains in the nighreserving the stem cell fate, and the other
one is exposed to an external environment whicimptes differentiation. (Modified from

Trumpp A & Wilson A, Nat Rev Immunol. 2006 Feb):6@106)

3.2 Stem cell niche function

Subsequently to the localization of stem cells iWoy several studies have indicated
that adult stem cells don’t divide frequently ahdttcan be quiescent for long periods of time
(10), (11). In the bone marrow, quiescent HSC Haeen identified close to the endosteal
surface in the trabecular bone (12). It is, thesfanlikely that they are crucial players for

the homeostasis of the hematopoietic tissue wghhigh turnover. They may constitute,
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instead, a reserve pool which is stored in theéseent niche” and which can be mobilized in
case of tissue injury (Figure 2a). It has been shaw fact, that, when the hematopoietic
system is damaged, HSC are mobilized from the Ibomew, enter the circulation and start
to divide in order to restore hematopoieis. They tteen home back to the bone marrow
niches and be quiescent again (13), (14).

However, quiescence is not a characteristic atatih cells. Embryonic stem cells have
to undergo several divisions but they preservestieen cell fate and fetal-liver HSC can
reconstitute hematopoieisis even being highly fedtive (15), (16). This could be
associated to the difference between “fetal” anduté stem cells. However, in tissues with
high regeneration rate, such as the hematopoigster®, stem cells have to divide also
during homeostasis, to produce progenitors thatttem, generate the differentiated progeny
during regular turnover. This indicates that anottype of niche, the self-renewing niche
(Figure 2b), might exist and its function would theguarantee that one of the daughter cells
maintain the stem cell features and the other oitiates the differentiation process. In this
case the niche structure would be more complex, eogelf-renewing niche would be
fundamental to maintain standard tissue homeostAsigossible structure of this type of
niche would require that quiescent stem cells achared in a protected part of the niche,
while self-renewing stem cells would be locatedomoximity of the external environment
from which they can receive signals that could state cell division and/or differentiation.

Up to date, whether a single niche can providettral stem-cell-niche-functions or
multiple niches are required in vivo remains stitknown. However, the two possible model
proposed above are both compatible with the norh@heostatic conditions; further
investigation conducted in vivo will clarify whicbf the two reflects the bone marrow

condition.
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Figure 2. Different types of niche. (a) Quiescent storage niche: it contains restirgnscells
and it produces signals that repress differentiatend/or cell division. Stem cells can be
mobilized from this site in case of need and theghtireturn for storage and self-renewal.
(b) Self-renewing niche: quiescent stem cells wdnddocated in the centre of the niche,
while self-renewing stem cells would be preserthatinterface between the niche and the
external environment. At this interface, stem celight be exposed to proliferative signals,
undergoing divisional or environmental asymmetrpisTwould allow both self-renewal,
since stem cells will remain attached to the nicrel initiation of differentiation, leading to
different stem cell fates (A and B). (Modified frénampp A & Wilson A, Nat Rev Immunol.

2006 Feb; 6(2): 93-106)
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3.3 The bone marrow stem cell niche

In 1978 Schofield coined the term “niche” to deserithe HSC bone marrow
microenvironment. He also proposed that HSC aobage contact with the bone and that this
contact was responsible for the maintenance of El&facteristics.

More recently, studies in mutant mice, in which lagopoiesis is affected by defects in
bone development or remodeling, have identifiedeasiasts and/or osteoclasts in the
formation and function of the niche (17), (18), X1Buthermore, when HSC phenotype or
activity was localized in proximity of the endodtsarface, while differentiated cells were
found more in the central region of the bone mayrthe evidence of a niche close to the
endosteum was provided (20), (11), (21). Althoughquantification of HSC at the endosteal
surface is still controversial, depending on thiéedent criteria used to localize HSC in situ,
several studies made the general point that prenpprogenitors are enriched in that area of
the bone marrow. The first experimental evideneg tells involved in bone formation could
support HSC was provided by studies in which marsk human osteoblasts were shown to
produce several cytokines that stimulate HSC m@ifon (22). However, a direct role of
osteoblasts in HSC regulation was shown only inesonvivo studies in which mutants, with
increased or decreased number of osteoblasts, ampked (23), (11). Modulating the
osteoblast number was possible to increase or aseithe HSC number, supporting the idea
that osteoblasts are an essential part of the raodethey crucial for limiting the niche size
and acitvity. It has been also shown that the gelisontact with HSC belong to a specific
subset of osteoblasts which express N-cadherin @dyvever, following studies failed to
detect N-cadherin expression (24), raising the tipesof an actual involvement of this
molecule in HSC regulation.

Several models of the adhesion of HSC to osteablzste been proposed and widely

discussed in the literature. However, the dateectdld so far do not identify a unique model,
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remaining compatible with different ways by whicimdesteal cells can support HSC
maintenance (Figure 3). Furthermore, other cekks$ypresent in the bone marrow can secrete
molecules, such as angiopoietin, thrombopoietin@KEL12, questioning whether they also

contribute to niche formation, activity or archiiee.
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Figure 3. Possible mechanisms by which niche specialized cells can regulate HSC
function. (a) A possible model would imply a direct contactween HSC and niche
specialized cells. (b) Another possibility is tlwallls at the endosteum secrete regulatory
factors which may regulate HSC. According to thisdel HSC can be also located in
proximity to the endosteal surface, excluding &clicontact with the niche regulatory cells.
(c) A third possibility is that endosteal cells prote HSC maintenance by modulating the
function of intermediate cells, which are fundarmaéim the formation of other niche types

away form the endosteum (as the vascular niche).
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The localization of a significant amount of CD158$C in proximity of the sinusoidal
walls in the bone marrow raised the hypothesis 8mather specialized microenvironment
could affect HSC regulation (20). It has been shdhat there is a close developmental
relationship between the hematopoietic and the thetlal lineages (25), (26) and HSC seem
to originate from a perivascular progenitor duriegibryonic development (27), (28).
Moreover, the presence of HSC in the yolk sac, aagonad-mesonephros region and
vitelline arteries suggests they reside and undbaegoatopoiesis in association with blood
vessels. The endothelial cells harvested from theg®ns have been shown to support the
expansion of adult HSC LKS cells in vitro (29), Y3(h contrast, endothelial cells isolated
from adult organs don’t display a HSC supportivavayg in vitro (31). These observations
indicate that the endothelial cells of bone marreimusoids hold distinct functional
characteristics from endothelial cells presenttirentissues; in fact, they have been shown to
produce factors important for mobilization, homiagd engrafment for HSC, such as
CXCL12, VCAM1 and E-selectin (32), (33). Some ewvides about the existence of a
vascular niche were already present, since in césmjury HSC can detach from the
endosteum and migrate to the vascular region obtre marrow from where they restore
hematopoiesis (34), (35). Moreover, although owme more recent findings confirmed the
presence of CD150+ HSC close to the sinusoidspdtissibility that a vascular niche could
exist during homeostasis can easily find an expianaln fact, label-retaining HSC have
been localized in the endosteal niche, showing tt@tmost dormant HSC reside there and
that this type of niche serve as a quiescent nich@ self-renewing niche containing both
quiescent and self-renewing HSC. The proliferatt8C, instead, are close to the vasculature
(20) and therefore it is possible that the vascuiene contains the self-renewing HSC rather

than dormant HSC. Furthermore, this position woaldw HSC to constantly sense the
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concentration of blood factors that reflects thaust of the hematopoietic system and to be
rapidly activated in case of need; more HSC cathbe mobilized from the endosteal niche
if necessary. However, it has been shown that wisteoblasts are deleted hematopoiesis
occurs extramedullary (36), indicating that the cudar niche is not sufficient to support
long-term hematopoiesis and it might represencarsgary niche in the bone marrow.
Although the role of all the niche cells has noemelarified and the mechanisms by
which they regulate HSC fate need to be furtheestigated, strong experimental evidences
support the hypothesis that the endosteal and &iseular niche act together to maintain

hematopoietic homeostasis or restore it after demag

3.4 Molecular crosstalk in the endosteal niche

Some recent studies have identified few moleculéschv are expressed both by
osteoblasts and HSC and which are thought to beortaapt for mediating the signals
exchanged in the niche (22). However, some otheliet have focused on the identification
of factors directly in situ showing their involventan the modulation of HSC function.

Notch signaling has been shown to be involved @mstell fate decision in several
tissues. The data about its expression in the bwareow (37) led to the hypothesis that it
could also had a role in HSC regulation. Moreogecpnfirmation came from some in vitro
studies in which the authors showed the importafidéotch signaling for HSC maintenance
(38). In addition, in mutants with an increased bemof osteoblasts, Notch ligand Jagged-1
is upregulated, suggesting that Notch signalinglccdae responsible for the consequent
augmentation in HSC number (23). In contrast, sother studies showed that a deletion of
both Notch-1 and Jagged-1 from bone marrow doefhiaat any effect on hematopoiesis in

vivo (39). This suggests that Notch is not a ciu@guirement of the niche, but it is maybe
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important only in some circumstances, and thatr¢igellation of HSC maintenance involves
the complex combination of different factors.

Components also involved in HSC regulation are s@raeins contained in the
extracellular matrix. It has been shown that odtesib can modulate the number of HSC
secreting osteopontin (OPN), an acidic glycoprotéithe bone matrix (40). In mice in which
a deletion of OPN was induced, the number of HSfifcantly increased and the same
increased was observed transplanting wild type HBdicating that OPN production by the
osteoblasts has a negative regulatory effect on QL Some in vitro experiments showed
that OPN induces apoptosis in HSC and that in tbhleenplays a role in maintaining HSC
quiescence (41), (42).

Stem cell factor (SCF) binds and activate c-KIT ebhis highly expressed by label
retaining HSC. It has been previously shown thatatmns which affect the membrane
bound SCF have an influence on migration and diffeation of primordial germ cells,
neural-crest derived melanoblasts and hematopaietis (43). Furthermore, osteoblasts in
the bone marrow produce a significant amount of brame-bound SCF, which has the
capacity to enhance the adhesion of HSC to stroeils (44), suggesting that osteoblasts can
influence the adhesive characteristics of the eledbsiiche by modulating the functional
state of specific integrins. In vivo, the hampepedduction of SCF causes a reduced HSC
activity (17), (45), indicating that SCF is an egsd component of the endosteal niche.
Moreover, SCF is also important for osteoblastsviigtin vivo (46). It would be therefore
interesting to investigate whether it mainly exates its effect directly, acting on HSC, or
indirectly, affecting niche specialized osteoblasts

Other factors have been described to affect HSGlagn. TIE2, which is expressed
by HSC, is activated by angiopoietin-1 (Angl) ahd &ctivation of this pathway contributes

to maintain HSC quiescence both in vitro and imovig7), (12). MYC is expressed, instead,
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during initiation of HSC differentiation (48) andWC overexpressing HSC are lost because
of differentiation mainly for their inability to beetained in the niche. Although it has been
shown that WNT signaling pathway is involved in HS&€f-renewing divisions in culture, its
role remains still controversial and it has to berified whether it is fundamental for HSC
function.

These observations together contribute to dest¢hbeendosteal niche as a complex
interactive structure that combines positive andgatige signals for the regulation of stem
cell activities. Open question still remain andngigant advance in the knowledge is still
needed to better understand the mechanisms of tims®environments, in order to

modulate endogenous stem cell function.

3.5 Perspectives

In the past few years, the theory proposed in 804 about the presence in the bone
marrow of a specific stem-cell microenvironments laceived the right attention. A great
amount of data, trying to identify interactions @t the molecular and cellular levels, has
been collected. Nevertheless, we are still far dngletely elucidate all the mechanisms
present in the niche and, moreover, as the chaizatien of the niche will proceed, it is
likely that new paradigms will be uncover. Furthevestigation is still needed to clarify
whether different niche types exist in the bonerovay how many HSC are contained in each
niche and the precise role of every niche durirggrtbrmal turnover or in case of injury. In
fact, it will be interesting to distinguish betwe@mechanisms that maintain HSC under
homeostasis or that are activated under stresstmoTg] since some experimental evidences
suggest that some factors, such as Notch and WN&xdample, are crucial only in some
circumstances. In addition, even though osteoblaat® been identified as key players for

the niche function, very little is known about theharacteristics, especially about their
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differentiation stage. It will be important to dsliah if the niche-specialized osteoblasts
correspond to the osteoblasts which then diffeagmtin ostocytes or whether they undergo a
different differentiation pathway. Recent studiemvé revealed that other cell types like
endothelial cell, osteoclasts and mesenchymal pitaye are important in the establishment
of the niche function, opening new areas of reseafbis contributes to underline that the
eventual reconstruction in vitro of active nichesl wrobably require more than a feeder
layer and a mix of different cytokines. In fact,will need the reconstitution of a three-
dimensional structure, which can include the défercellular players and the deposition of a
physiological extracellular matrix. The combinatioihcell-and-molecular biology and tissue
engineering can lead to a significant advance ie field, which will facilitate the
development of new stem-cell-based therapies.

In this regard, in Chapter 6 will illustrate thetgatial of a bioreactor system as a tool
to reconstruct in vitro the interactions preserhi@ bone marrow niche. We will focus on the
plasticity of the system, underlining the advansageuch as the three-dimensional
environment, and the modulating variables, like gbaffold composition and the possibility
of multiple cell types co-culture. We will propose innovative application of a perfusion
bioreactor-based system, not only for HSC expanserbioreactors were meant so far, but
also as a valid system to reproduce the bone mapioxiological microenvironment. The
final aim will be to use such a device to recreatgable stem-cell-niche unit, in which the
physiological interactions are respected, promoHiS maintenance and the formation of a
functional supportive tissue composed by strombs$,cehich preserve their progenitor-like
features. This will, therefore, have important ircglions not only for stem cell biology but
also for the tissue-engineering field, represent@inghysiological environment for MSC and

moving the first steps to overcome limitations éadkto standard MSC culture.
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Furthermore, beyond clarifying mechanisms of HSGldgy that have been already
identified in two-dimensional culture conditiondjig three-dimensional system can be
applied to investigate basic aspects of MSC bigldigpe the regulation of the hierarchical
relationship between different classes of MSC ahthe maintenance of their pluripotent
capacity, which remain still widely unknown. Althglu a three-dimensional setup would
have constituted a more physiological environmerg, started answering these questions
using the standard two-dimensional system andddk&ehypothesis that, as HSC in the bone
marrow, also MSC require their own niche to presaheir progenitor-like features. In the
following chapter (Chapter 4), we will describe #&tablishment of a MSC niche system in
vitro by the maintenance of a self-renewing, higiplgtent, non-adherent mesenchymal

progenitor population.
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Chapter 4

FGF-2/FGFR2c signaling generates a niche-progenitor systemin
vitro by selecting and maintaining a self-renewing, highly potent,

non-adherent mesenchymal progenitor population
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4.1 I ntroduction

The bone marrow stromal system is defined as thaexdive tissue elements providing
structural and functional support for hematopoieas well as containing a population of
multipotent mesenchymal progenitors. Recent studmese revealed that specific
microenvironments, often referred to as “stem o&hes” regulate stem cell function by
providing architectural support, together with huad@nd cell-contact dependent signals (1).
It has been also shown that stem cell niches adivasse as the stem cells they sustain and
that they can be specialized to support differamgsmlogical functions. In the endosteal
niche, hematopoietic stem cells (HSC) have beemvsho be in contact with specialized
niche osteoblasts (2) and the mutual signal exan@gesponsible for the regulation of self-
renewal and inhibition of differentiation (3, 4).u@ently it is postulated that HSC
maintenance is achieved by environmental or dimsi@symmetry (5), by which one of the
daughter cells can preserve the stem cell fateth@dther one initiates the commitment
process. The main function of the niche is, theeefdo guarantee the normal tissue
homeostasis and to provide the environment foem stell reservoir that can be activated in
case of stress or injury. Although osteoblasts Haeen identified as an essential component
of the endosteal niche (2), it has recently beawshthat other cell types, like endothelial
cells, contribute to the formation of HSC niches{b Moreover, a recent study showed that
human CD146+ clonogenic osteoprogenitors, thatleegerivascularly in the bone marrow,
are able to regenerate the hematopoietic microemwient in vivoafter transplantation (8),
suggesting a role of mesenchymal progenitors, ditiat to differentiated osteoblasts, in the
bone marrow niche. Human mesenchymal progenito®w shifferences in terms of
proliferation capacity (9) and differentiation poti@l in vitro at a clonal level (10), indicating
a wide heterogeneity in their stage of commitmatthough the presence of different classes

of mesenchymal progenitors was already describedrrimdstein in the 1980s (11), the
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hierarchical relationship between them and the ladigmm of the maintenance of their

pluripotent capacity are still largely unknown (1®&ven though significant progress has
lately been made to identify HSC niches, it s#imains unclear if also mesenchymal cells
require their own niche to maintain their progenltke characteristics in vivo.

Recently, Wan and coworkers (12) reported the pasef multipotent mesenchymal
cells in the non-adherent fraction of freshly pthteiman bone marrow cultures, which gave
rise to adherent colonies if replated on new diskesthermore, it has been shown that a
population of non-adherent mesenchymal progendarsbe cultured in suspension and that
the maintenance of the non-adherent status is iassocwith the preservation of an
uncommitted phenotype (13).

In analogy to the relationship between the HSCtardstromal niche, we hypothesized
that non-adherent stromal cells constitute a reseof earlier progenitors/stem cells for the
mesenchymal compartment and that the adherentdinggtovides the niche function for the
maintenance and regulation of these progenitors.

In this chapter, we investigated the self-renewal differentiation capacity of bone
marrow non-adherent mesenchymal progenitors (NAMRBJitro in different experimental
settings. We show that the NAMP are a class of ipatknt cells, which can generate an
adherent progeny while self-renewing as non-adhgrergenitors. NAMP progeny showed
an increased proliferation capacity and greatefemiftiation potential than that of the
initially adherent CFU-f. The selection, the mairgace and the biological function of
NAMP is exquisitely dependent on FGFR2c signalind @ requires the adherent fraction to
provide signals which prevent adherence and colfmmgnation, while supporting self-

renewal, therefore providing niche function for thaMP.
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4.2 Matherials and Methods

Cell culture

Bone marrow aspirates were obtained from a tot&4ohealthy donors (27-64 years
old) during routine orthopaedic surgical proceduiiesaccordance with the local ethical
committee (University Hospital Basel) and after omhied consent. Bone marrow
mononuclear cells (BM-MNC) were counted after stagnwith Crystal Violet 0.01%
(Sigma) in phosphate-buffered saline, pH 7.2 (PB8)determine colony forming efficiency
(CFE) and for serial replating experiments, cellsravplated at clonal density (4.5 x°10
cells/cnf) and cultured in alpha-MEM (GIBCO) with 10% fetadvine serum (FBS). When
indicated, medium was further supplemented with 236 ng/ml, R&D System) or PDGF-
BB (10 ng/ml R&D System). After 2 weeks cells wehen washed with PBS, fixed with
3.7% formaldehyde in PBS, stained with Crystal ¥iqiSigma) for 10 min, washed with tap
water and the colonies were counted. All deternonat were performed in triplicate and
CFU-f frequency in the fresh marrow sample was usethlculate the population doublings
of first-confluence cultures.

For progeny expansion, freshly isolated BM-MNC wplated at a density of 1 x 10
cells/cnt (Flask0, CFU-f progeny cells) and after 3 days tlem-adherent fraction was
transferred into a new flask (Flaskl, NAMP progeejls). After 2 weeks of expansion in
presence of FGF-2, the cells were detached with%.€ypsin/0.01% EDTA (Gibco) and
counted for the population doubling determinatihiquots of the pooled cells were used for
flow cytometry analysis, in vitro and in vivo difentiation assays, or replated for growth

curve determination.

I n vitro adipogenic differentiation

Adipogenic differentiation was induced in 2D cuéisras previously described (14).
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Briefly, CFU-f and NAMP progeny cells were seededbiwell plates at a density of 5 x*10
cells/cnf and cultured in alpha-MEM with 10% FBS until theyached confluency. Medium
was then supplemented with fi§/ml insulin, 10 M dexamethasone, 1Q0M indomethacin
and 500uM 3-isobutyl-1-methyl xanthine (adipogenic inductionedium) for 72 h and
subsequently with 1@ug/ml insulin (adipogenic maintenance medium) for 24This 96-
hours cycle was repeated for four times and cefisevthen cultured for an additional week in
adipogenic maintenance medium.

Readout: Cell layers were harvested for mRNA extraction aRBAR-gamma
expression assessment (see RT-PCR section) orifixed% isopropanol for 2 minutes and
incubated with oil red (Sigma) 0.1% in 60% isopmoglafor 20 minutes. To determine the

number of adipocytes, oil-red positive cells wepartted in at least 10 different fields.

I n vitro chondrogenic differentiation

Chondrogenic differentiation was induced in petleltures using a defined serum-free
medium, as previously described (15). Briefly, CFand NAMP progeny cells were
resuspended in alpha-MEM supplemented with *fT&L0 pg/ml insulin, 5.5 pg/ml
transferrin, 5 ng/ml selenium, 0.5 mg/ml bovineuseralbumin, 4.7ug/ml linoleic acid
(Sigma, St.Louis, MO), 0.1 mM ascorbic acid 2-phwdp (Sigma, St.Louis, MO), 1.25
mg/ml human serum albumin, 1dexamethasone (Sigma, St.Louis, MO) and 10 ng/ml
TGFB1 (R&D system, Minneapolis, MN). Aliquots of 5 x *16ells/0.5 ml were centrifuged
at 1,200 rpm for 5 minutes in 1.5 ml polypropylecmnical tubes (Sarstedt, Numbrecht,
Germany) to form spherical pellets. Pelletes wetttuoed in a humidified incubator at 37 °C
with 5% CQ for 3 weeks and the medium was changed twice pekw

Readoutsfor histological analysis, cell pellets culturedchondrogenic medium were

fixed in 4% formalin for 24 h at 4C, dehydrated in a ethanol series, embedded irffipara
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and 7um thick-sections were stained with Safranin-O ttedaine the presence of sulfated
glycosamminoglycans (GAG). For biochemical analysiSell pellets cultured in
chondrogenic medium were digested in 1 m of pramerK solution (1 mg/ml proteinase-K
in 50 mM Tris, 1 mM EDTA, 1mM iodocetamide and @/ml pepstatin-A) for 15 h at 56
°C. GAG content was measured spectrophotometricadifter reaction with
dymethilmethylene blue (16). Known concentratiofisclwondroitin sulfate were used as a
standard. The amount of DNA was measured using @u@sgt cell proliferation assay kit

(Molecular Probes, Eugene, OR) and used to norm#iieg GAG content.

I n vitro osteogenic differentiation

Osteogenic differentiation was induced in 2D cwtuas previously described (17).
Briefly, CFU-f and NAMP progeny cells were seedediwell plates at a density of 5 x*10
cells/cnf in alpha-MEM supplemented with 10% FBS, 10 rMlycerophosphate (Sigma),
10 nM dexamethasone (Sigma) and 0.1 mM L-ascorbid-Zphosphate (Sigma) and
cultured for 3 weeks, with medium changed twicepeek.

Readout:Cells layers cultured in osteogenic medium wereewmarvested for mRNA
extraction and BSP expression assessment (see RTsP@ion) or washed twice with PBS,
fixed for 10 minutes in 4% formalin and washed ®viwith water. Fixed cells were then
incubated for 10 minutes with alizarin red 2% istillled water and extensively washed with

water.

Real-time PCR

Total RNA was extracted from cells using TRIzolvitrogen, Carlsbad, CA), treated with
DNAse and retrotranscribed into cDNA, as previousdscribed (18). Real-time PCR was

performed with the ABIPrism 77000 Sequence Detactystem (Perkin Elmer/Applied
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Biosystem, Rotkreuz, Switzerland) and expressiorel¢e of the genes of interest bone
sialoprotein (BSP) and PPAR gamma were normaliagtie 18S rRNA. Primers and probe
sets and PCR conditions for BSP and 18S were usguexiously described (18). PPAR-

gamma primers and probe (Hs00234592 m1) were prd\bgt Applied Biosystem.

Assessment of bone formation in vivo

In vivo ectopic bone formation was assayed as pusly described (19). Briefly, on
reaching their first confluence, 1 x®i6f CFU-f and NAMP progeny cells were resuspended
in 30 ul of Fibrinogen (20 mg/ml Baxter, Austria), quickhyixed with 30ul of Thrombin (6
IU/ml Baxter, Austria) and loaded onto B of bovine bone-derived granules (Bio-Oss
Geistlich Switzerland). The constructs were tramsté for 15 minutes in a humidified
incubator at 37 °C with 5% CQo allow fibrin polimerization and implanted sult@aeously

in CD-1 nu/nu nude mice (Charles River, GermanyftelA8 weeks, the constructs were
harvested, fixed overnight in 4% formalin, compligtelecalcified with Osteodec (Bio-
Optica, Milan, Itlay) for 2 hours at 37 °C, parafembedded and @m-thick-sections were
obtained from different levels. Sections were stdiwith hematoxilin and eosin (H&E) and
observed microscopically to detect the formatiorbofe tissue for qualitative analysis and
assessed by computerized bone histomorphometryreasopsly described (20) for bone
tissue quantification. Briefly, fluorescent imageé sections at different depth of each
construct were taken and used to measure the aveaed with bone tissue by computerized

image analysis (Scion Image, Scion Corp., FredehtR).

Flow cytometry analysis

CFU-f and NAMP progeny cells (3-5 x 26ells) were resuspended into 2@(f 0.5% BSA

in PBS (FACS Buffer) with fluorochrome-conjugatettibodies against the indicated protein
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or an isotype control and were incubated for 30utes at 4 °C. The antibodies used were
CD146-PE, CD49a-PE, CD90-FITC, CD73-PE, IgG1-FITg;1-PE, 1gG-APC (all from
Becton, Dickinson and Company, Franklin Lakes, NJR271-APC (Miltenyi Biotech,
Bergish Gladbach, Germany), CD105-FITC (Serotec Oikford, UK). All the antibodies
were used at a dilution of 1:50, except CD105-FIWbjch was used at 1:20. Cells were
washed twice with FACS buffer, resuspended in PB$analyzed with a FACSCalibur flow

cytometer (Becton, Dickinson and Company).

FGF receptor signaling

To block specific FGF receptors, freshly isolated-BINC where incubated on ice for 30
minutes in the presence of anti-hFGF R1 Illb isorfdR&D System) or anti-hFGF R3 llib,
llic isoforms (R&D System) or anti-hFGF R2 llib,Idlisoforms (R&D System). The cells
were then seeded at a density of 4.5 X teélls/cnf and cultured in alpha-MEM
supplemented with rhFGF-2. To stimulate specificcR@ceptors, cells were cultured with
rhFGF-5 (R&D System) or rhFGF-19 (R&D System) iastef FGF-2. After 3 days the non-
adherent fraction was resuspended in fresh medsupplemented with the same blocking
antibody and/or growth factors, and replated iree wlish. The medium was changed twice

per week and after 14 days the colonies were stand counted.

Statistical analysis

Data are presented as means * standard error. ifh#iceance of differences was
evaluated using analysis of variance (ANOVA) folexivby the Bonferroni test for multiple
comparisons. For single comparison, Mann-Whitney weas used? < 0.05 was considered

statistically significant.
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4.3 Results

A population of stably non-adherent progenitors (NAMP) is present in bone marrow MSC

cultures

Mesenchymal progenitor cells have traditionally rbeefined by their capacity to rapidly
adhere on plastic and grow as discrete coloni¢ist®d by single cells (colony forming unit
fibroblastic, CFU-f) (21). After CFU-f adherenceen\3-4 days unattached cells, which are
mainly hematopoietic, are typically discarded witledium changes. Recently, multipotent
mesenchymal progenitors were also found in the adiverent fraction of human bone
marrow cultures (12). We, therefore, addressed hdnethe non-adherent population
contained clonogenic cells and determined theirlmenmFor these experiments, human fresh
bone marrow nucleated cells were plated at cloeasidy (4.5 x 18cells/cnf) on cell culture
dishes (Plate0) in presence of FGF-2 and after ¥ dhe non-adherent fraction was
resuspended in fresh medium and replated in a nslw (@latel). After 14 days, Platel
contained a number of colonies equal to 28.8% of the colonies present in Plate 0 (n=4),
indicating that 1 in 6 clonogenic progenitors iguatly in the non-adherent fraction. To
assess whether these CFU-f were stably non-adheredisplay delayed adherence, fresh
bone marrow nucleated cells were plated at cloeasity (4.5 x 18cells/cnf) on cell culture
dishes and at each medium change (days 3, 7 anthd Xjon-adherent fraction was either
discarded (Plate 0) or collected, resuspendedeshfmedium and replated in the same dish
(Plate 0*, Figurela). The replating of the non-adhe cells in the same dish did not
significantly increase the number of colonies (NH#3}+25.1% vs 99.623.5%, p=n.s., Figure
1b). The diameter of the colonies was measuredrpare cell proliferation capacity and no
significant difference was found between the average in Plate 0 and Plate 0* (n=5,
5.50.5 mm vs 5.80.6 mm, p=n.s., Figure 1c). We further analyzed drstribution of

colony diameters (n=5) and found that a very smathber of larger-size (diameter > 10
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mm) colonies was present in the replated dishextg®r*, 98' percentile = 9 mm vs 8 mm,
number of colonies >10 mm= 9% vs 1%, Figure 1dygssting that the adherent fraction
contains cells with an increased proliferation pot# which could adhere if maintained
longer in the same dish. However, the bulk of gopulation was stably non-adherent in the

primary culture.
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Figure 1. A population of stably non-adherent progenitors (NAMP) is present in
bone marrow MSC cultures. (a) Plate 0 (NAMP discarding) and Plate 0* (NAMP rafphg
in the same dish at every medium change) were aauifa investigate a potential delayed
adherence of NAMP. No statistical change could bgeoved in the total clonogeniciti, (
expressed as percentage of the colonies presdpfaie 0) and in the colony diameter size
(c). (d) The analysis of colony diameters distributionwgbd that colonies in Plate 0 didn’t

differ from the ones in Plate 0* (PlateO= white b&lateO*=black bar).
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NAMP are salf-renewing progenitors

We next asked whether NAMP would exhaust themsetvggenerating adherent colonies or
could also self-renew in vitro as non-adherent pniigrs. To test this question, serial
replating experiments were performed. Human freBhiNB were plated at clonogenic
density in presence of FGF-2 and after 3 days treaudherent fraction was collected from
Plate0O and replated in a new dish (Platel). At dayhe non-adherent fraction was removed
from Platel and replated in a fresh dish (Plat@2(l, so on until Plate4 at dayl4 (n=5, Figure
2a). After 14 days from each plating, not only cods were always present, but surprisingly
their number was steadily increased across 3 seghting steps (Platel=2329%,
Plate2=49.115.1%, Plate3=72#12.5%, Plate4=86#26.5%, p<0.05, Figure 2b).
Furthermore, NAMP gave rise to colonies that wegaicantly larger than the immediately
adhering CFU-f (average diameter Plate1=1681731 mm vs Plate0=5.%0.45 mm, p< 0.01,
Figure 2c¢). This doubling of average size was du global shift in the diameter distribution
(Figure 2d, 98 percentile = 15 mm vs 8 mm for Platel and Plagspectively), suggesting
that NAMP are a distinct subset of progenitors vatimigher proliferation ability than the
traditional CFU-f. During the serial replating stepthe self-renewing NAMP gave rise to
always larger colonies than initial CFU-f (Plate28+0.7 mm, Plate3= 74#5.3 mm, Plate4=
6.4+0.3 mm) but gradually smaller (Figure 2c), untié @' replating, where diameters were

similar to PlateO.
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Figure 2. NAMP are sdf-renewing progenitors (a) Schematic representation of serial
replating experiments: the non-adherent fractiorswallected at each medium change and
NAMP were replated in a fresh dish) (The analysis of the number of colonies found for
each replating step (expressed as percentage afdlomies in Plate0) showed an increasing
trend and indicated that NAMP were able to formexdint colonies, but also to self-renew as
non-adherent progenitorsc) The average diameter of the colonies in Platdate2, Plate3
was significantly bigger than the one in Plate & (01). Plate 4, instead, didn’t differ from
Plate 0 (P>0.05), indicating that the serial replag induced a proliferative stress and a
gradual loss of the proliferation potentiald)(After the first replating NAMP gave rise to
colonies (Platel) which displayed the largest diensize, confirmed by an actual shift in

the diameter size distribution (Plate 0= white bRfatel= red bar).
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NAMP progeny display an increased proliferation capacity and a greater differentiation

potential in vitro

Colony diameter analysis showed that when NAMP vipdaged at clonal density they could
give rise to a progeny with an increased proliferatapacity compared to initially adherent
CFU-fs. In order to compare the proliferative catyaof NAMP and CFU-f progeny cells
during expansion, human BMNC were seeded at atyenisi x 1G cells/cnf in cell culture
flasks (Flask0). After 3 days the non-adherenttioacwas transferred in new flasks (Flaskl)
and after 2 weeks cells harvested both from Flaskt) Flaskl were replated at 2 x10
cells/cnt for 3 further passages. After 14 days, NAMP progead expanded 16-fold more
(4 population doublings) than the CFU-fs progenscd5.6:1.2 vs 11.9.0.9 doublings in
14 days, n=3, p<0.05, Figure 3a). In the followmpagsages, however, the rate of proliferation
was similar between the two populations, indicatingt the increased proliferative capacity
is an exclusive property of the initial progeny MAMP, but is subsequently lost during
expansion. We then investigated whether NAMP prggeould also show a greater
differentiation ability compared to CFU-f progenglls. After 2 weeks of expansion, cells
from FlaskO and Flaskl were harvested and expasdiférentiation conditions towards the
main mesenchymal lineages (adipogenic, chondrogardoostegenic). NAMP progeny cells
consistently differentiated better than the inijiaddherent CFU-f (n=2). When cultured in
adipogenic medium, they gave rise to#2% (p< 0.05) times more adipocytes in culture, as
detected by oil-red staining (Figure 3b and 3cN&MP and CFU-f progeny respectively)
and expressed significantly greater levels of tthi@agenic transcription factor PPR-gamma
(4.1£0.7 mRNA fold increase, Figure 3d). When -cultured c¢onditions promoting
chondrogenesis, NAMP progeny cells produced pellatis an increased matrix deposition
and clear chondrocyte lacunae (Figure 3e and 3f, NAMP and CFU-f progeny

respectively), confirmed by 1.8-fold higher amouot GAG (Figure 3g). Following
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osteogenic stimulation, NAMP progeny cells dispthye significant increase in calcium
deposits, as detected by alizarin red stainingufiéiggh compared to CFU-f progeny Figure

3i), and a 7.8-fold expression of bone sialopro{®8P) mMRNA levels (Figure 3l).
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Figure 3. NAMP progeny display an increased proliferation capacity and a greater
differentiation potential in vitro (a) NAMP progeny obtained after the first replatiagpp
(red line) proliferated faster than standard CFUdblack line, P<0.05). However, the
population doubling determination showed that themes no difference in the proliferation
rate in the following passages, indicating that NAMrogeny’s advantage is lost during

expansion.ly), (c) representative fields for NAMP and CFU-f progengpectively of oil red
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staining after adipogenic differentiation (size ba&00 tm); NAMP progeny cells showed a
greater differentiation potential which was quaietif by the number of adipocytes per field
and by PPAR-gamma expressiod, plack bar= NAMP progeny, white bar= CFU-f
progeny); ), (f) Safranin-O staining of cell pellets obtained frdlAMP and CFU-f progeny
cells respectively (size bar= 1Q@m). Increased chondrogenic potential of NAMP prggen
cells was confirmed by glycosamminoglycan depasiantification ¢, black bar= NAMP
progeny, white bar= CFU-f progeny)h), (i) alizarin red staining for NAMP and CFU-f
progeny cells respectively and determination of BS#ression I( black bar= NAMP

progeny, white bar= CFU-f progeny).

NAMP progeny cells have greatly increased osteogenic potential in vivo

In vitro differentiation assays are a high-througthgurrogate of actual differentiation
capacity which can be rigorously determined onlyrbyivo functional assays. Therefore, we
investigated whether NAMP progeny cells displayirareased osteogenic potential in vivo
compared to CFU-f progeny cells. Both progeniesewsdstained and expanded as described
for the assessment of the in vitro differentiaticapacity. As it is shown in Figure 4, a
qualitative analysis revealed that after 8 weekih IicFU-f and NAMP progeny cells could
generate bone in vivo (Figure 4a and 4c respeglivéhe matrix was characterized by an
intense eosin staining and by the formation of @ste lacunae. Fluorescent images of the
histological sections showed that collagen fibeerevcompact and deposited orderly in
parallel orientation (Figure 4b and 4d for CFUrbgeny cells and NAMP progeny cells
respectively), confirming the formation of a deheme-like matrix. The histological analysis
also showed an increased amount of bone tissireiodnstructs loaded with NAMP progeny
cells compared to the ones containing CFU-f progesils (Figure 4c-4d and 4a-4b

respectively). This observation was confirmed lguantitative analysis, which revealed that
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NAMP progeny cells gave rise to 3-fold higher amooibone tissue (1.G0.1 vs 3.30.4,
n=2, Figure 4e). The assessment of the clonoggnimfore implantation showed that
number of clonogenic cells, present in the constraonsidered for the quantitative analysis,
was equivalent for CFU-f and NAMP progeny cell2¢.0°+3.8x10 and 2.1x18+9.7x10
per construct respectively). This indicates tha thgher amount of bone tissue formed
represents a true increase in the bone formingiefity (BFE) of the clonogenic cells within

NAMP progeny cells compared to the ones prese@HU-f progeny cells.

CFU-f progeny NAMP progeny

Figure 4. NAMP progeny cells have greatly increased osteogenic potential in vivo.
Representative fields of histological sectionsarfstructs loaded with CFU-f (a) and NAMP

(c) progeny cells respectively (H&E staining). Htescent pictures confirmed the formation
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of compact bone-like matrix (b, d for CFU-f and NRNdrogeny cells respectively) (size
bar= 100 m). (e) Bone tissue formation quantification: NAi®geny cells gave rise to an
increased amount of bone tissue (3-fold increasenpared to CFU-f progeny cells,
confirming the in vitro results and indicating arctaal difference in the differentiation

potential of the two populations.

NAMP and CEU-f progeny cells display a similar phenotype

We then asked if the greater differentiation capyaeias related to a specific
phenotype. Also in this case the analysis was padd on the progeny cells, but we chose
an early time point to limit as much as possibke ¢ixpansion on plastic. Cells from FlaskO
and Flaskl, harvested after 7 days from the platveye immuno-stained with a panel of
different markers, which are commonly used to otter&ze human BMSC (CD105, CD90),
subpopulations of clonogenic cells (CD73, CD49d)(2arlier mesenchymal progenitors
(CD271) (23) or MSC able to carry the hematopoieticroenvironment in vivo (CD146)
(8). As shown in Figure 5, the two progenies diddiffer for the expression of CD73,
CD105, CD49a and CD271 (Figure 5a, 5b, 5c, 5d ms@dy). NAMP progeny cells showed
a slightly increased expression of CD146 (Figurg &id a lower expression for CD90
(Figure 5e). These data indicate that the surfaaekens commonly used for MSC are not
able to capture NAMP characteristics or that adiresind following expansion on plastic

change NAMP phenotype.
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Figure 5. NAMP and CFU-f progeny cells display a similar phenotype Phenotypical
characterization showed that NAMP progeny (greem)liand CFU-f progeny cells (blue
line) didn't differ for the expression of the med®ymal markers CD73aj, CD 105 b),
CD49a €), and CD271d). A decreased expression for CD@Pdnd a higher expression for
CD146 §), instead, could be observed (orange and red Inepsesents isotype controls for

NAMP and CFU-f progeny cells respectively).

Maintenance of NAMP is exquisitely dependent on FGF-2 signaling through FGFR2¢

Since FGF-2 was shown to select a particular subkeells with early-progenitor
characteristics (24), we asked whether FGF-2 waessary for the maintenance of NAMP in
culture. Serial replating experiments were perfatnmepresence or absence of FGF-2 and the
number of colonies was determined after 2 weeksfi®oing the results shown in Figure 2b,

in presence of FGF-2 the number of NAMP increadedagh replating step (respectively
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Platel= 21.2%3.1, Plate2= 47.49%410.7, Plate3= 85.4%6.8, Plate4=123.5%.0 of the
number of initially adherent CFU-f, n=3) (Figure, &ack line). However, removal of FGF-2
completely abolished the presence of NAMP (Figurelue line). In fact, only 2.2%4..0 of
the initial number of colonies was present in Rlatad no colonies could be observed in the
following replating steps.

Because proliferating cells undergo a stage of diownand semi-detachment from
plastic during the M phase of cycle, we investigatéhether NAMP were a specific non-
adherent population or simply a fraction of theivady proliferating adherent cells. We
therefore performed serial replating experimenpa@ng FGF-2 with PDGF-BB, which also
efficiently stimulates mesenchymal cell prolifecatiin culture. As shown in Figure 6a (red
line), the number of colonies present in all raptatsteps with PDGF-BB was not different
from the condition with serum alone (Plate1#R %% vs 2.92.3% of the colonies in Plate O,
respectively, n=3, p=n.s.), completely disappeatiygthe second replating. These results
strongly indicate that NAMP are a population of raathering progenitors distinct from the
proliferating fraction of adherent cells. Furthemmotheir presence in vitro critically and
specifically depends on FGF-2 signaling.

We next asked whether FGF-2 was continuously nacgdser the maintenance of
NAMP function after initial selection, and convdyserhether NAMP could be induced by
FGF-2 from the initially adherent fraction at aelatstage. Therefore, we performed a
medium-switch experiment (n=3). Fresh human BMNGewserially replated as before.
However, in some conditions FGF-2 was removed dfterfirst (3 days) or the second
replating (7 days). Similarly, they were also crétll without FGF-2 throughout the serial
replating, or FGF-2 was added to the medium affterfirst or second replating steps (3 and 7
days, respectively). When FGF-2 was removed affterfirst 3 days of culture (Figure 6b,

dash-dotted line), the number of colonies in tH¥wang replating steps dropped to zero like
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in the no-FGF condition (Figure 6b, blue line). WHeGF-2 was removed after the second
replating step (7 days) (Fig. 6b, dashed line}emd, the number of NAMP derived colonies
stopped increasing in the following replating stapsl actually decreased slightly, but not
disappeared. No colonies were ever observed whdaZF®as added after the first 3 or 7
days of culture, suggesting that FGF-2 is critiimal NAMP survival and selection in the
initial stage of culture.

Since selection and maintenance of NAMP in vitres watically dependent on FGF-2
signaling, we therefore investigated which receptediates this specific function of FGF-2,
which is known to be quite pleiotropic and bind iffedtent receptors (FGFR1b, FGFR1c,
FGFR2c, FGFR3c and FGFR4) (25). To assess theofdi&FR1b, FGFR2c and FGFR3c,
monoclonal blocking antibodies were used. Instsatte blocking antibodies for FGFR1c
and FGFR4 were not commercially available, we u$&dF-5 and FGF-19, which
respectively bind to FGFR1c/2c and FGFR4, to sethef stimulation of these specific
receptors could maintains NAMP in culture. BMNC w@lated at clonogenic density (n=3)
and only the first replating step was performed d@ys replating). The medium was
supplemented either with the blocking antibody gh@F-2 or with FGF-5 or FGF-19 and
after 14 day the colonies were stained. As ihswa in Figure 6¢, in the presence of FGF-
19 the number of NAMP derived colonies in Plates wanilar to the one with serum alone
(Figure 6¢c, 20.45.9% vs 25.83.9% respectively, values are expressed as pegeenfahe
colonies in the FGF-2 condition), suggesting th@FR4 is not involved in maintenance of
NAMP in culture. Blocking antibodies for FGR1b aRGFR3 did not significantly affect
colonies in Platel compared to the condition wiGF2 only (Figure 6¢, 91#11.6% and
87.%11.9%, respectively, p=ns). However, when the FGBR2king antibody was added to
the culture, the number of colonies decreased fgignily (Figure 6¢, 43:88.4%, p<0.05).

Furthermore, by stimulating FGFR1c and FGFR2c W@F-5 it was possible to partially
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restore NAMP derived colonies in Platel (Figure &8,1+15.2%). Although these results

cannot exclude a role of FGFR1c, they togethercatdi the involvement of FGFR2c in

mediating NAMP survival and self-renewal.
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Figure 6. NAMP maintenance in vitro is exquisitively dependent on FGF-2 signaling
through FGFR2c (&) NAMP could self-renew as non-adherent progenitond increase in
number when FGF-2 was added to the culture (blawk)l When the medium was, instead,
not supplemented (blue line), the number of cobmethe serial replating dropped to zero
from the second replating step. In presence of lmrogjrowth factor which stimulates the
proliferation of adherent CFU-f, as PDGF (red lindJAMP could not regenerate them-

selves similarly to the condition with serum alofikis suggests that NAMP are not the semi-
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adherent proliferating CFU-f and indicates FGF-2esfficity for NAMP maintenanceb)
The removal of FGF-2 after 3 days (dash-dotted)linegatively affected NAMP self-
renewal. In fact, the number of colonies in théof@ing replating steps was the same of the
condition with serum alone (blue line). When FGi&s removed after 7 days (dashed line),
the FGF-2 condition trend (black line) was abolidhgince there was no increase in the
number of NAMP derived colonies, indicating that =& is necessary for NAMP self-
renewal in culture. € In presence of FGF-19, which stimulates FGFR4& tlumber of
colonies in Platel was similar to the conditionlws#erum alone (white bar), indicating that
FGFR4 doesn't mediate NAMP self-renewal. When FGR#4%ich stimulates FGFR1c and
FGFR2c, was added to the culture NAMP gave riseatbigher number of colonies,
suggesting the involvement of at least one of W receptors. Blocking FGFR1b and
FGFR3, no reduction in colony number could be obsér In presence, instead, of FGFR2
blocking antibody, the colony number significardfcreased, suggesting a role of FGFR2c
in NAMP maintenance. (Colony number representsniedoin Platel and is expressed as

percentage of the colonies in FGF-2 condition).

The adherent cells provide the niche for NAMP

We showed that the non-adherent fraction of bonerowa cultures contains a
population of stably non-adherent mesenchymal priegres, which can produce adherent
colonies while regenerating them-selves upon segjahting. Furthermore, the results of the
serial replating experiments suggest that NAMP néwsel adherent fraction for their
maintenance. We now hypothesized that the adhesdlst constitute a niche that provide
specific signals to preserve NAMP characterisficstest our hypothesis we investigated the
niche function of the adherent fraction by complatagy loss of function and gain of

function approaches.
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For the loss of function approach, we cultured-ieplating derived NAMP in agarose-
coated dishes, thus preventing the formation addirerent cell layer. After 4 or 7 days (day7
and dayl1 respectively) cells were transferredlastiz cell culture dishes for CFU-f assay.
The total absence of colonies indicated that NAM#eanot able to survive in the absence of
an adherent progeny. We next asked if the CFUNANKP adherent progeny cells constitute
a unique environment for NAMP or if also other dglbes could provide the same signals.
Therefore, first-replating derived NAMP were replhon an irradiated feeder layer of human
skin fibroblasts. After 4 or 7 days (day7 or day&spectively) the cells were transferred to
plastic on cell culture dishes. The number of casrgenerated after both 4 and 7 days on
skin fibroblasts was negligible, suggesting thas ttell type could not provide the required
signals for NAMP survival.

Taking a gain of function approach we hypothesitdeat, if CFU-f progeny cells
provided the niche function for NAMP, keeping themcontact with the adherent cells
would avoid the gradual loss of their early protnsi characteristics, which is observed
during serial replates in empty dishes. The noresgtit fraction was maintained in PlateO for
7 or 14 days before replating to a new culture .digter two weeks the number of colonies
was compared with those obtained in the seriahteqg to establish if expanding the putative
niche, we could also expand the non-adherent fnactColony diameter was measured,
instead, to assess whether the contact with theergould preserve NAMP high proliferative
potential (n=2). As shown in Figure 7a, when NAMEr& kept on the originally adherent
cells for 14 days (Plate4*), they generated gretitan 3-fold more colonies compared to
when they underwent a serial replating for the same (Plate4) (Figure 7a, 26&85.8% vs
61.0t8.0%); if NAMP were not replated to a new dish, lkewer, no extra colonies grew in
the initial plate after 14 days, confirming theuks in Figure 1b. Colonies generated after 14

days of continuous culture in the primary platetiiged a significantly ad consistently larger
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diameter compared to those generated by seriaplateel cells at the same time point
(9.8£0.4 mm vs 6.80.3 mm, p<0.05, Fig 7b). Furthermore, colonies latd2* were similar

in diameter to the ones in Platel (diameter=0.8 mm 9.20.5 mm respectively, p=ns)
indicating that NAMP compartment can expand onatkerent fraction without losing the
proliferative potential. In parallel, we comparéeé differentiation capacity of NAMP kept on
the originally adherent cells for 14 days (Platetthe ones that were serially replated for
the same time (Plate4). Progeny of both populatiass generated replating the non-adherent
fraction in new flasks and after 1 week of expanstells were exposed differentiation
conditions to assess differentiation capacity inoviwvhen NAMP were kept in contact with
their niche, they generated a progeny which disggagn increased differentiation potential
compared to the one derived from serially repldNéd/IP. In fact, they gave raise to a higher
number of adipocytes (Figure 7c and 7d for Plated Blate4*-progeny respectively) and
they could better differentiate towards the ostecgkneage (Figure 7e and 7f for Plate4 and
Plate4*-progeny respectively).

These data collectively suggest a niche functiantlie adherent cells. When this function
was absent due to serial replating in empty disN@gvIP could regenerate the niche but at

the cost of gradually losing their proliferativedadiifferentiation potential (Figure 2c).
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Figure 7. The adherent cells provide the niche for NAMP (a) when NAMP were kept in
contact with CFU-f progeny (Plate4*), they producgdold more colonies compared to
when they were serially replated for the same t{Rlate4); (b) As shown from the colony
diameter size evaluation, Plate4*-progeny presertteel proliferation capacity compared
cells generated from serially replated NAMP; (@) (epresentative fields for Plate-4 and
Plate-4* progeny respectively of oil red staininffea adipogenic differentiation; (e), (f)
alizarin red staining for Plate4 and Plate4*- prexgy cells respectively. Red arrows indicate

calcium deposits.

85



4.4 Discussion

The data presented in this study indicate that pulation of stably non-adherent
mesenchymal progenitors (NAMP) is present in hurbame marrow cultures. NAMP
display the following distinct biological featuresompared to standard CFU-f: 1) an
increased proliferation and differentiation capaat their immediate progeny in vitro; 2) a
greater efficiency in generating bone tissue iroyand 3) the ability to give rise to adherent
colonies while self-renewing as non-adherent prigenin vitro. Both their maintenance
and self-renewal are strictly dependent on FGFg@ading and on the presence of adherent
CFU-f progeny cells, suggesting the establishméatroche-progenitor system in vitro.

Bone marrow-derived mesenchymal progenitors aralalywheterogeneous population in
terms of both proliferation and differentation pdtal (26). A model about lineage hierarchy
in vivo has been proposed (27) and in vitro studieshe clonal level have revealed the
presence of different classes of progenitors wittie CFU-f population in a specific
hierarchical relationship, with progressive loss roflti-differentiation potential towards
adipogenesis and chondrogenesis and commitmeihietodteogenic lineage (10). Our data
identify a population of mesenchymal progenitorsiolvhappears to represent a more
primitive entity than classic CFU-f within the haechy of mesenchymal progenitors.
Features currently accepted as defining a stenépitay cell are 1) the high proliferation
capacity, 2) the multilineage differentiation pdtehand 3) the self-renewing ability (28).
When serially replated, NAMP gave rise to colometh a significantly increased diameter,
indicatating a higher proliferation activity at ol density. When plated at high density,
however, NAMP progeny showed a faster rate of fan@tion only until the first confluence.
These data indicate that the adherent progeny maiesiaintain the properties of the NAMP
from which it derives, which rather reside in tref$enewed non-adherent fraction. The

differentiation potential has been described tptogressively lost during expansion pointing
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to a commitment of the population (29). Even thoaglkhe first confluence NAMP progeny
cells had expanded 16-fold more (4 population dogb) than CFU-f progeny cells, it still
displayed a greater differentiation potential. Rartnore, NAMP are able to regenerate them-
selves and at the same time to produce adheremies| but they cannot be induced from
the initially adherent fraction at a later staghe3e data together suggest that NAMP are a
distinct population hierarchically upstream of igiy adherent CFU-f which displays earlier
progenitor features and which is biologically difet from classically-defined CFU-f.

Serial replating experiments performed in the absenf FGF-2 revealed that, unlike
initially adherent CFU-f, NAMP require FGF-2 botbr ftheir selection and maintenance in
culture. FGF-2 has been shown to crucially cortnel selection of a subset of initial CFU-f
enriched in pluripotent mesenchymal precursors. (Btgrestingly, removal of FGF-2, at
different time points during serial replating, al@acaused the disappearance of NAMP. This
is in contrast to the effects on CFU-f, where FGH@uces, instead, an immediate and
permanent selection within the clonogenic progesjtsuggesting a different biological
response to FGF-2. Furthermore, blocking receptpeements showed that FGF-2 mediates
the maintenance of NAMP in culture through FGFR2naing. The FGFR2 gene encodes
two splice variants, FGFR2b which in mice seemisaee a unique role in skin development
and FGFR2c, which is, instead, preferentially egpeel during osteogenesis (30). In
FGFR2¢ mice the balance between proliferation and difféation of skeletal progenitors is
shifted towards differentiation, leading to prematioss of growth and defects in the skull
and in long bones (31). Conversely, in gain of fiorcexperiments, which were used as a
model for human Crouzon and Pfeiffer syndromes,amistshowed a significant increase in
the number of osteoprogenitors cells (32). Thesa dallectively suggest that NAMP have a
role as reservoir of early mesenchymal progenitomd that the activation of FGFR2c

signaling is fundamental for their function in vivo
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A fundamental property that characterize stem ¢gltbe self-renewal, which is defined
as the cycles of division that generate at leastdaughter equivalent to the mother cell with
latent capacity for differentiation (33). Demonstya of self-renewal in vivo implicates both
the generation of a differentiated progeny andréoenstitution of a stem cell compartment.
In the bone marrow, the contact with the specidlizavironment of the niche regulates
hematopoietic stem cells survival and self-rendlypl Our data show that NAMP are able to
maintain them-selves and proliferate in suspenshart, that they require the adherent
mesenchymal fraction for their maintenance. Theegaion of adherent daughter cells can
be achieved by two different mechanisms, 1) adnhesioa non-adherent progenitor and
proliferation as fibroblastic colony or 2) a diwsi, in which only one of the daughter cells
lose the non-adherent feature and the other masmtaistead NAMP features. The first
mechanism would implicate that NAMP are able to ergd division in suspension to
maintain them-selves in the non-adherent statugnBwought further experiments are
required to address this point, our data show thiagn serially replated, NAMP are subject
to a proliferative stress due to the generatiothefadherent fraction. In fact, the generation
of adherent daughter cells happens with slow gilaldsa of potential, as after 4 steps of
serial replating, NAMP proliferative potential isrslar to that of initially adherent CFU-f.
However, the self-renewal capacity is maintainechlse they are still able to generate non-
adherent clonogenic progenitors in constantly iasirey numbers. A similar mechanism has
been described for hematopoietic stem cells, whalen maintaining their stem cell
properties, lose telomere length, and thereforéferative activity, when they are subjected
to the proliferative stress of bone marrow repoporain bone marrow transplantation
recipients (34, 35). In our experimental set up NABElf-renewal is not assessed at a single
cell level in vivo. However, our data show thatvitro NAMP are able to maintain them-

selves and to give rise to a progeny, which displalfferent biological features.
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Furthermore, the loss of potential, taking placéhwhe serial generation of the adherent
progeny, does not occur maintaining the cultur®lAMP on the initial adherent fraction. In
this experimental condition, in fact, NAMP undergeater expansion compared to when
they are serially replated (12-fold vs 4-fold in tldys, Figure 6a) without any loss of
proliferation and differentiation potential. Thigtsof data, therefore, suggests that the
adherent CFU-f provide a niche function for NAMPomioting their expansion and self-
renewal as early progenitors in vitro.

Even though mesenchymal progenitor cells are tHgesu of extensive interest in
regenerative medicine, the knowledge about thegulegion in vivo, including the need of a
specific microenvironment for their maintenanceseserely insufficient. Sacchetti et al. (8)
identified for the first time the presence of selirewing stromal cells, which can be selected
ex vivo only in the absence of FGF-2. This popolaiis characterized by CD146 expression
and is able to generate osteoblasts, adventitiauitar cells and the hemopoiesis-supporting
niche in vivo, while maintaining them-selves asndgenic stromal progenitors. Our data
suggest a complementary model, showing that FGRsBad, selects a different population
of progenitors from the common bone marrow pool.MNAare self-renewing in vitro, can
differentiate towards the classic mesenchymal @esea(adipogenic, chondrogenic and
osteogenic in vivo) and generate a niche suppottiegr own self-renewal, but lose the
ability to support hemopoiesis in vivo. In factthalugh we could observe a moderate shift of
CD146 expression in NAMP progeny, they could ngbpsut bone marrow formation in
vivo. It would be interesting to investigate thelercof FGF-2 in selecting different
populations in vivo, which perform different furmtis in the complex bone marrow
environment.

In conlcusion, our data identify a niche/mesencHypragenitor organization in vitro,

suggesting the novel concept that the progenyléfegewing mesenchymal progenitors can
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provide the regulatory microenviroment from the sgmogenitor it derives from.
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Chapter 5

Adipose tissues stromal vascular fraction (SVF) cultures contain a
population of non-adherent mesenchymal progenitor (NAMP)
which are FGF2-dependent and require an in vitro niche for their

maintenance
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5.1 Introduction

Although mesenchymal progenitors cells were origyndescribed in the bone marrow (1),
they have been also found in the stromal vascuation (SVF) of white adipose tissue and
more recently in a variety of other tissues, suglplacenta, synovium and dental pulp (2).
This led to the current hypothesis that multipoteesenchymal progenitors are present in all
tissues of the body, possibly in a perivasculaites representing a common reservoir of
regenerative cells.

Our findings described in Chapter 4 showed that-amimerent progenitors of bone
marrow stroma (BM-NAMP) represent the most pringtcompartment of MSC, are capable
of establishing their own niche in vitro and, iresle conditions, can self-renew without loss
of proliferation and differentiation capacity. Bdsen these results, we sought to determine
whether the NAMP class of progenitors was spedificoone marrow stroma or could
represent a common feature of other mesenchymapaxments, like for example the SVF

of adipose tissue.
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5.2 Material and Methods

Cell isolation

Subcutaneous adipose tissue in the form of lipoatgs was obtained from h2althy donors
(21-69 years old) during routine lipoaspirationerminformed consent from the patient and
following protocol approval by the local ethical nemittee. The tissue was digested in
0.075% collagenase type 2 (Worthington, Lakewood) for 45 minutes at 37C on an
orbital shaker. The suspension was thereafter ibapd at 309 for 10 minutes, and the
resulting SVF pellet was washed once with phospbatiered saline (PBS), resuspended in
alpha-minimal essential medium (MEM) (Gibco, Graisthnd, NY), and finally filtered
through a 10Qum strainer (BD Falcon; BD Biosciences, San Diegda)cleated cells were
counted after staining with Crystal Violet 0.01%g(8a) in phosphate-buffered saline, pH
7.2 (PBS). For FACS analysis, freshly isolatedscelere resuspended into 2@0of 0.5%
BSA in PBS (FACS Buffer) with fluorochrome-conjugdtantibodies against the indicated
protein or an isotype control and were incubated3fbminutes at 4 °C. The antibodies used
were CD146-PE, CD90-FITC, CD73-PE, CD14-PE, CD45-Bb31-APC, CD34-APC,
SSEA4-FITC, IgG1-FITC, IgG1-PE, IgG-APC (all frome&on, Dickinson and Company,
Franklin Lakes, NJ), CD105-FITC (Serotec Ldt. OxifddK). All the antibodies were used at
a dilution of 1:50, except CD105-FITC, which wasdsat 1:20. Cells were washed twice
with FACS buffer, resuspended in PBS and analyzid av FACSCalibur flow cytometer

(Becton, Dickinson and Company).

Cell culture
To determine colony forming efficiency (CFE) and ferial replating experiments, cells
were plated at clonal density (9 cellsf¢rand cultured in alpha-MEM (GIBCO) with 10%

fetal bovine serum (FBS). When indicated, mediurs Wwather supplemented with FGF-2 (5
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ng/ml, R&D System) or PDGF-BB (10 ng/ml R&D SysterAfter 2 weeks cells were then
washed with PBS, fixed with 3.7% formaldehyde inS?Btained with Crystal Violet (Sigma)
for 10 min, washed with tap water and the colomese counted. All determinations were

performed in triplicate.

Statistical analysis

Data are presented as means + standard deviati@nsignificance of differences was
evaluated using analysis of variance (ANOVA) folexivby the Bonferroni test for multiple

comparisonsP < 0.05 was considered statistically significant.
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5.3 Resaults

A population of non-adherent mesenchymal progenitors is present in adipose stromal
vascular fraction (SVF) cultures

To assess whether the non-adherent fraction obadiSVF cultures contained a population
mesenchymal progenitors and to determine their muprucleated cells were isolated from
fresh human adipose tissue, plated at clonal dei8itcells/crd) on cell culture dishes
(Plate0) in presence of FGF-2 and after 3 days,nthreadherent fraction was collected,
resuspended in fresh medium and replated in a new(Blatel, Figure 1a). After 14 days
from the plating, the dishes were stained to asdesaumber of colonies. Plate 1 contained
17.49.1% of the colonies present in Plate 0 (n=13)jcaithg that a population of non-
adherent mesenchymal progenitors (adipose tissUg-NAMP) was present in adipose

tissue stromal cell cultures.
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Figure l. (a)Schematic representation of the replating of the-adherent fraction in a new

dish (Plate 1); (b) Quantification of the numbercofonies in Plate0 and Platel.
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AT -NAMP are stably non-adherent

To investigate whether these clonogenic cells wstably non-adherent and not a
subpopulation that displayed delayed adherencdeatec cells of freshly isolated adipose
tissue were plated at clonal density in presencBGiF-2 and at each medium change, the
supernatant containing the non-adherent fractioa &ther discarded (Plate0O) or collected,
resuspended in fresh medium and replated intoghee glish (Plate0*) (Figure 2a). After 14

days, the colonies were counted. The number ofngedoin PlateO and in Plate0O* did not

differ significantly (12.63.3% and 11.52.8% respectively, p=n.s., n=4, Figure 2b). Colony
diameter was also measured to compare the prdidaraapacity and no significant

difference was found (Plate0=4@8mm and Plate0*=4#®.2mm, p=n.s., n=4, Figure 2c).
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Figure 2. (a) Schematic representation of the replating of tha-adherent fraction in the
same dish (Plate0*); (b) Quantification of the nwenlof colonies in PlateO and Plate0*; (c)

Average diameter size of colonies present in PlateDPlate0*.

AT-NAMP do not self-maintain upon serial replating
We next asked whether AT-NAMP could maintain thelwesseas non-adherent progenitors or
if they would exhaust themselves in generating eatttecolonies. To address this question,

we performed serial replating experiments, as desdrin the previous chapter for BM-
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NAMP (Chapter 4, page, Figure 3a). At each replating step, the numbercabnies
decreased as compared to the initial CFU-f (Platé139.0%, Plate2=8#9.7%,
Plate3=1.62.9%, Plate4=040.3%, n=11, Figure 3b). Three of the analyzed dosbowed
colonies only in the first replating step (23%) ady two of them (18%), instead, showed
few colonies up to the last replating. The siz¢hef colonies increased from PlateO to Platel
(4.3:0.5mm and 640. 7mm respectively). In the following two replagisteps (Plate2 and
Plate3), however, there was no increase in thengosize (5.21.4mm and 5. £0.8mm).
Interestingly, the few colonies present in Platdéplayed instead an increased diameter

(9.5£0.7mm, Figure 3c).
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Figure 3. (a) Schematic representation of serial replatizxgeriments; (b) Quantification of
the number of colonies generated through the seeplating; (c) Average diameter size of

the colonies generated in each replating step.

AT-NAMP require FGF-2 for initial survival
We next asked whether FGF-2 could have a rolegraBM-NAMP, for AT-NAMP survival.
Serial replating experiments were performed in gmes or absence of FGF-2. Confirming

the results in Figure 3b, in presence of FGF-2 g, red line), although the number of
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colonies decreased, few colonies were found inrgpllating steps (Plate1=2%B5%,
Plate2=17.121.8%, Plate3= 4#B.4%, Plate4=42811.6%, n=8). Removal of FGF-2 (Figure
4, black line), instead, abolished the presenceotdnies already by the second replating
(Platel= 4.83.6%, Plate2=080.6%, no colonies were present in Plate3 and RBlate=8).
We then wanted to investigate whether FGF-2 wasifspéor AT-NAMP survival or if they
could be maintained by other mitogenic growth festoPDGF-BB, which similarly
stimulated initial CFU-f proliferation (size of tfemlonies 4.20.4 and 4.320.9 mm, for FGF-

2 and PDGF-BB respectively), was tested in theabegplating setting. As shown in Figure 4
(blue line), the number of colonies present inrgfilating steps with PDGF-BB was similar
to the condition with serum alone (Platel= ¥B2%, Plate2=0£1.5%, no colonies were

present in Plate3 and Plate4, n=3), almost disajmgehy the second replating.
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Figure 4. Number of colonies generated in serial replatingeskments in presence of FGF-2

(red line), PDGF-BB (blue line) or with serum alofi@ack line).

102



Initially adhering colonies promote AT-NAMP maintenance and proliferation as non-
adherent progenitors

In Chapter 4 we showed that, when replated orallytadherent CFU-f progeny, BM-NAMP
were able to proliferate in suspension without ladstheir progenitor properties. We,
therefore, hypothesized that initially adherent GfFtisplayed a niche function for BM-
NAMP. The data described above showed that AT-NAMPe not able to maintain them-
selves upon serial replating. We then asked whetlagmtaining them in contact with initially
adhering CFU-f progeny they could proliferate as-adherent progenitors and preserve at
the same time their proliferation capacity.

Nucleated cells of freshly isolated adipose tisseee plated at clonal density in presence of
FGF-2 and the non-adherent fraction was resuspemdée@sh medium and replated into
PlateO at each medium change. After 7 or 14 dagsnon-adherent fraction was plated into a
new dish and the number of colonies and their dianeas assessed after 14 days. As shown
in Figure 5a, when AT-NAMP were kept in the oridinesh for 7 or 14 days they could
proliferate in suspension, since when transferredinew dish they generated a higher
number of colonies compared to when they underaesdrial replating for the same time (at
day 7 Plate2=12. #83.2%, Plate2*=56816.5%; at day 14 Plate 4=@03%,
Plate4*=129.1266.0%). The colony diameter assessment showed thaintaining AT-
NAMP in contact with the initially adherent CFU-f was possible to preserve their
proliferation capacity. In fact, there was no sfigaint decrease in the size of the colonies,
despite  AT-NAMP underwent proliferation in suspemsi (Plate0=4.80.8mm,

Plate2*=5.41.1mm, Plate4*=641.8mm).
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Figure 5. (a) Quantification of the number of colonies getedawhen AT-NAMP were
serially replated or kept in the initial dish for(Plate 2 and Plate2*) or 14 days (Plate4*);

(b) average diameter size of the colonies in theltmns described above.

AT-NAMP frequency does not correlate with the presence of specific subpopulations, but is
positively related to theinitial clonogenicity

Due to the heterogeneity of the initial populatiere investigated whether the presence of
NAMP and their number was correlated with the pmeseof specific subpopulations.
Therefore we analyzed the primary isolated celtstii@ expression of markers specific for
mesenchymal (CD105, CD90, CD73, CD146, SSEA-4),otradial (CD31, CD34) and
hematopoietic (CD14, CD45) lineages, and determitied correlation coefficient of the
frequency of positive cells with the colony formiafficiency of first replated AT-NAMP. A

statistically significant correlation would suggeash enrichment of AT-NAMP in the
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subpopulation positive for that marker. A directlysis of AT-NAMP phenotype is made
impossible by their exceedingly low frequency ie firimary isolated population. As shown
in Table 1, AT-NAMP frequency, indicated by the CBE3 days replated cells, did not
correlate with any of the markers, even those desdrto characterize early mesenchymal

progenitors.

CFE 3 days
R? p
CD 105 0.256 n.s. (0.200
CD 90 0.360 n.s. (0.088
CD 73 0.013 n.s. (0.775
CD 146 0.001 n.s. (0.802
CD 31 0 n.s. (0.989)
CD 34 0.153 n.s. (0.298
CD 14 0.110 n.s. (0.383
CD 45 0.007 n.s. (0.522
SSEA-4 0.047 n.s. (0.605

Table 1. Correlation coefficients (B calculated between the colony forming efficienty
first replated AT-NAMP and the frequency of speafibpopulations in the primary isolated
AT SVF, detected by FACS analysis for differentemgsymal, endothelial and hemopoietic

markers. n.s. = not statistically significant (p0=05).

AT-NAMP frequency did, instead, significantly cdate with the initial colony

forming efficiency (B= 0.705, p=0.046, Figure 6a), but not with the diten of the initially
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adherent colonies (& 0.009, p=0.816, Figure 6b). This indicates th&tMAMP are a fixed
fraction in the initial CFU-f population and thdteir frequency is independent from the

proliferation rate of initially adherent CFU-f.
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Figure6. Correlation plots between the CFE of three-daydatega AT-NAMP and CFE (a),

or the colony size (b) of initially adhering CFU&olony Dia.= colony diameter.
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5.4 Summary and Conclusions

The results presented above show that a populatibmon-adherent mesenchymal
progenitors is also present in human adipose tiSMkecultures.

Similarly to BM-NAMP, AT-NAMP did not simply dispha delayed adherence, but
were stably non-adherent, since the replating ®hbn-adherent fraction in the original dish
could not increase the number of colonies. Furtbeemno change in the colony size was
observed, indicating that the maintenance of the-adtherent fraction in the same dish did
not enrich the adherent cells with a highly probteng subpopulation.

Upon serial replating, however, AT-NAMP could notimtain themselves. In fact,
unlike the experiments performed with BM-NAMP, tmaimber of colonies steadily
decreased in each replating step, indicating tiaNAMP were not able to maintain them-
selves as non-adherent progenitors, while at thmesame forming adherent colonies.
Interestingly, the very few colonies found in thestl replating step had a significantly
increased diameter. This suggests that, in theselittans, AT-NAMP may undergo a
selection for the very rare progenitors with thghleist proliferation ability, but without an
actual amplification.

In Chapter 4 we have shown that BM-NAMP required=FGfor their initial selection
and their self-renewal as non-adherent progeniidrs.experiments performed with the SVF
of adipose tissue indicated that FGF-2 plays aronapt role also for AT-NAMP survival,
without however supporting their self-renewal asi-adherent progenitors when serially
replated. As for BM-NAMP, PDGF-BB, although indugia similar rate of proliferation of
the initially adhering CFU-f, was not able to sustAT-NAMP survival at a level
comparable to FGF-2. This indicates that AT-NAMRqgluency is not a function of the
proliferative status of the initially adhering CEUexcluding as well that they are a fraction

of the actively proliferating adherent cells, sianiy to BM-NAMP.
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Since serial replating experiments showed that AAM® were not able to regenerate
as non-adherent progenitors when plated in an emligty, we asked whether at least the
initially adhering CFU-f could provide a niche fulmn to AT-NAMP, as was found for BM-
NAMP. The results indicated that AT-NAMP, when k@ptontact with the initially forming
niche, could expand as non-adherent progenitorg. dinlysis of the colony diameters
showed that, despite this expansion, AT-NAMP fydhgserved their proliferation capacity,
suggesting they were able to undergo self-renevdivisions in these conditions, and,
therefore, a niche function for the initially adimgyr CFU-f progeny.

AT-NAMP frequency did not correlate with the freqag of any specific
subpopulation in the freshly isolated SVF cellg, ibwas only positively related to the initial
CFE, indicating that they represent a fixed fractiof the initially adhering CFU-f.
Interestingly, AT-NAMP frequency did not show a i@ation with the colony size of the
initial CFU-f, confirming that they do not represea fraction of the most actively
proliferating adherent cells.

In conclusion, the presence of NAMP appears to beommon property of the
mesenchymal progenitor compartment of differerdugs and not specific to bone marrow
stroma alone. However, the data showed in this tehaguggest some important tissue-
specific biological differences, particularly ineih ability to regenerate their own niche and

therefore to self-renew upon serial replating.
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Chapter 6:

A three-dimensional bioreactor-based culture system to engineer the

bone marrow niche
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6.1 I ntroduction

6.1.1 Stem cell niches

Adult stem cells are responsible for the mainteaased turnover of several tissues.
The main features that characterize stem cellsharself-renewal, by which they are able to
maintain the size of the stem cell pool, and theemial to give rise to all the differentiated
cell types of one tissue. Adult stem cells can keeenely long-lived and display very low
proliferation rates under homeostatic conditiomsstituting a reservoir that can be triggered
in case of stress or damage. Typically, stem ceBge in a specialized microenvironment,
the stem cell niche, which, apart from physicalhglaoring stem cells, also produces signals
necessary to regulate stem cell quiescence, sedfara, differentiation and stress response.
Stem cells niches have been identified in manyésdncluding the brain (1), the skin (2),
the intestine (3) and the hematopoietic system.

Recently, a lot of progress has been done in ldoglithese microenvironments in vivo
in different tissues. Neural stem cells (NSC) hheen localized close to endothelial cells,
rising the possibility that through the vasculattd®C can receive signals for quiescence or
activation (4). In the skin, epidermal stem celis lmcated below the epidermis and they can
be responsible for the turnover of the hair follidhe sebaceous glands and the intrafollicular
epidermis (5), (6). In the intestine, instead, aeh@opulation of stem cells, which is located
at the crypt base, has been recently identifiedl{3)as been shown that a population of cells
holding stem cell features, is present also in aesdand that it resides in a unique niche
composed by extracellualr matrix (7). These findingpdicate that different cellular
components and extracellular substrates can pleg@al role in regulating the stem cell
function and that stem cell biology is moving thestf steps towards identifying these

components and understanding the mechanisms aftdractions present in the niche.
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Although stem cells of other tissues have beentifilesh the best-characterized adult
stem cell remains the hematopoietic stem cell (H3Mas the clonal capacity to provide
life-long reconstitution of all hematopoietic lirges after transplantation into lethally
irradiated mice. In the bone marrow, HSC are foumthe trabecular areas of the bones near
bone surfaces (endosteal niche) or associated thweéhsinusoidal endothelium (vascular
niche). The bone marrow niche has been the subjeeveral studies so far, and this allowed
the identification of its main components. Among fttellular players, the osteoblast, was
shown to be of great importance, since the modwdadif its numbers led either to a decline
or to an increase in the numbers of HSCs in theebmarrow, showing its relevance for
controlling the niche size (8), (9), (10). Howevather cell types, like osteoclasts,
endothelial cells and mesenchymal progenitors éweed in (11)) seem to be involved in the
regulation of HSC fate.

Also molecules produced by bone marrow stromalscedn influence stem cell
behavior, including membrane bound SCF (12), (@8jgopontin (14), (15) angiopoietin (8),
TPO (16) and SDF-1 (17). Furthermore, several adhasolecules, such as VCAM-1 (18)
and N-cadherin (8), present on osteoblasts, haeeladen indicated in HSC support.

In addition, other physical factors are very impattfor HSC regulation. Results from
calcium sensing receptor knock-out mice have shinaha low Ca2+ environment is favored
by HSCs and the inability to sense it lead to alidecof HSC numbers and increased
mobilization to the periphery (19). Moreover, HS&e preferentially found in the regions of
the bone containing least oxygen, suggesting tmattche for quiescent HSCs is hypoxic
(20), (22).

These observations indicate that the bone marroherdisplays a complex structure, in
which interactions are crucial to maintain HSC fime. Up to date, a lot of studies aimed to

recreate the in vivo conditions, mainly for HSC ampion for clinical purposes, without,
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however, succeeding in maintaining HSC in cultimdact, standard 2D HSC culture applys
a stromal feeder layer as surrogate of the nicemgh however, far from reproducing the in
vivo conditions. In the next sections, we will 8luate the state of the art regarding HSC in
vitro culture, underlining the issues which remsiitl controversial. We will also describe

alternative culture methods which have been deeelap past to overcome the limitations of
standard 2D cultures, highlighting the still exigtineed of new 3D culture systems to

reproduce the complex niche organization.

6.1.2 Standard HSC culturein vitro

Hematopoietic stem cells are the basis of bone awnanransplantation and are
attractive target cells for hematopoietic gene @apgr However, these important clinical
applications have been severely hampered by thgingnnumbers of HSC available for
transplantation, which are isolated for examplemfrmobilized blood or umbilical cord
blood. Therefore, the ex vivo expansion of funcilotiSC is crucial. Furthermore, a
functioning ex vivo human hematopoietic system dadrve as an analytical model to study
the basic biology of hematopoiesis and HSC nicheractions. Such a test system would also
provide an alternative to animal studies, with #dded benefit of generating data from
human cells.

To date there is quite a large body of studieshisdubject. However, although many
different media compositions and culture conditionave been tested, expansion of
functional repopulating HSC in sufficient numbersr ftransplantation has remained
inefficient. One major drawback in comparing thenewous studies is the evaluation of stem
cell activity. The gold standard for HSC functiantheir ability to engraft in a host and to

maintain hematopoiesis over a long period of tim& (months) or during serial transplants.
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Their ability to form colonies in methylcellulosativthe addition of several cytokines also
scores for more differentiated progenitor cellg treve already lost self-renewal capabilities.

Classically, two-dimensional HSC cultures in dishes done either on stromal feeder
layers (OP9 cells or bone marrow stromal cellsuoder stroma-free conditions with the
addition of cytokines. Mainly these cultures arefgrened to score hematopoietic potential in
bone marrow cells of a certain source (e.g. gealétialtered mice) in respect to their
proliferation and differentiation potential, ancean feeder free cultures therefore provided
with the appropriate cytokines to allow their fdifferentiation.

Whereas HSC grown on feeder layers are shown ®epenly very limited expansion
potential but retain their repopulating capabisitieHSCs grown in cell and serum-free
cultures with the addition of several cytokines wsha very marked potential for rapid
expansion. The outcome in terms of functional stefis is, however, very much dependent
on the exact composition of cytokines. In theseuces typically SCF, flt-3 ligand, TPO and
IL-11 are used among others (IL-3, IL-6, M-CSF, GH}. Numerous studies have been
performed comparing the potential of different &yb@ combinations and concentrations to
promote survival, self-renewal and differentiatioh primitive HSCs in vitro, as shortly
summarized below.

SCF and flt-3 ligand belong to the early actingokytes, as they were shown to be
essential to promote proliferation and enhance igainof primitive HSCs in vitro. Each
cytokine alone was not very efficient, however immbination and together with other
cytokines they were shown very potent in inducingliferation and enhancing survival
(reviewed in (22). However, the expression of thesceptors (c-kit and flt3) is not
exclusively restricted to primitive HSCs and theref they also affect more differentiated
cells. SCF is for example absolutely essential doythroid and myeloid differentiation

(reviewed in (23)). TPO was first discovered todbmaturation factor for mekakaryopoesis
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(24). In vivo TPO/MPL signaling has recently beenown to be necessary for the
maintenance of long term hematopoietic stem cé&lleatment of HSCs in vitro with TPO
alone has almost no effects, however, together 8@ it acts synergistically in promoting
proliferation. IL-11 is another major hematopoietigtokine shown to act on preserving
repopulating activity in cultures treated with S@#d flt3 ligand.

It should be mentioned that the signaling outcoriha certain cytokine in vitro might
differ dramatically from the in vivo situation, @&swill always depends on other signaling
events which might be changed or absent in vitler&fore, although a modest increase in
HSC activity was reported (22), (25) using SCF3 fligand, TPO and IL-11, the ideal
composition that promotes symmetrical self-renewtlinggsions while supporting survival

and differentiation is still to be found.

6.1.3 Alternative systemsfor HSC in vitro culture

As an alternative to long established 2D culturelet®, bioreactor-based systems have
been employed in an attempt to gain better cootref culture conditions as well as to mimic
aspects of the three-dimensional environment otbthree marrow. Several types of systems
have been used for HSC culture, including fixed i§2€), (27) and stirred suspension
bioreactors (28), rotating wall vessels (29) andysson chambers (30), (31). These different
systems, which recapitulate specific aspects of thigeu in vivo, have been shown to
preserve HSC function, affecting the growth, défgration and cytokine receptor expression
(32), (33). Moreover, the possibility to monitordacontrol culture conditions (e.g., pH and
oxygen) and to scale up the ex vivo cell expanstwrtherapeutic purposes, has led to the
identification of bioreactors as a valid tool fos8 culture.

While conventional 2D model systems necessitateisieea of stromal layer, one of the

first bioreactor based cultures of HSC avoided riked for this layer by supplementation
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with cytokines, such as SCF, IL-3 and IL-6 (34)vhieheless, rates of HSC expansion could
be increased in stroma-dependent systems (30), $2gpesting an important role of this

component for bioreactor culture systems as welenEthough a significant expansion of

human CD34+ hematopoietic progenitors could beeae, these systems were unable to
provide a stable environment that could promoteydstm HSC self-renewal and prevent

HSC differentiation or death, most likely becaus¢he lack of a stable stem cell niche unit.

The importance of hematopoiesis supporting celisH8C culture was supported by new

findings on the interaction between HSC and nigrexmlized cells in the bone marrow (35),

(10), (9). (8).

Although these studies underlined the importancesetifcell cross-talk, some recent
approaches still focused only on the role of thellaar components of the bone marrow
environment (36), showing that human hematopoiptecursors could be cultured on a
scaffold which mimicked the ECM composition in tladbsence of a stromal layer.
Furthermore, new high-throughput technologies, sasmicrofabricated culture platforms,
have been described as useful tools to investitp@tenicroenvironmental signals regulating
stem cell fate (37), without however including firesence of any accessory cells. Lutolf and
colleagues recently showed that hydrogel-microaetys are a suitable system for exposing
single HSC to soluble or immobilized proteins atutging how single molecules can affect
HSC self-renewal and commitment (38). Although ¢éheystems have the advantage of
analyzing stem cells and dissecting the multipliat the niche signals in a high-throughput
manner, they may lack the complexity of the in vemvironment, excluding the complex
interactions between the different cell types pmegethe niche.

A more relevant, although also more challengingpnstitution of the in vivo signals
should allow the assembling of both cellular anellatar components organized into a three-

dimensional structure, promoting the formation abanplex functional tissue. We, therefore,
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propose a three-dimensional culture system compbsed 3D scaffold and a perfusion
bioreactor system as a potential tool to reconstincvitro the bone marrow niche
environment. Unlike the approaches used in the pastim not only to the expand HSC ex-
vivo, but to establish a stable and more complete sell niche unit, composed by cellular
and acellular compartments. The system has thentay@ of providing a more physiological
three-dimensional structure combined with a biomatewhich can modulate both HSC
function and influence niche specialized cellsatihtiation.

In the next sections we will highlight the advamsagof this system to modulate
different variables for HSC culture and we will gia perspective about the implications of

the development of this system both for scientfid clinical applications.
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6.2 A 3D-perfusion bioreactor system and engineering of 3D- stromal tissue

We previously described a bioreactor for the pesfusf cell suspensions through the pores
of 3D scaffolds in alternate directions, resultinchighly efficient and uniform cell seeding
(Fig. 1a) (39). We then used this system in anvatioe approach to seed and culture freshly
isolated human bone marrow nucleated cells, inowdboth the stromal and the
hematopoietic fraction, directly onto hydroxyapastaffolds, thereby bypassing the standard
2D expansion phase on plastic (40). Using this @gogr, the osteoprogenitor cell population
could be significantly expanded directly within ti8® scaffold, and when implanted
ectopically in vivo, the cell-scaffold constructsproducibly formed bone tissue (Fig. 1b).
Furthermore, the loading of freshly isolated bonarnow nucleated cells allowed the
formation of a network of fibroblastic cells whigkere found in strict contact with spheroidal
cells, suggestive of hematopoietic cells (Fig.li)vitro assays revealed that, supplementing
the medium with hematopoietic growth-factors (HMpt only committed hematopoietic
cells but also early progenitors could be entrapipethe pores of the scaffold (Fig. 1d).
These results indicate that the system could peowad suitable environment for the
establishment of a stroma-like tissue that could$smembled in a more physiological three-
dimensional environment and which could support d&egpoietic progenitors maintenance in
vitro.

We later extended this concept and demonstratddthibadirect perfusion of human
adipose derived stromal vascular fraction (SVF)scélrough a hydroxyapatite scaffold led,
after in vivo implantation, both to extensive bdoemation and to the generation of human
origin blood vessels ((41), Fig.1e, black arrow=s®blood vessel, red arrow=human blood
vessel), indicating the maintenance of vasculargg@mdgors in the bioreactor-cultured

constructs.
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The presence of osteo and vascular progenitorearconstructs shows that different
precursors can be co-cultured within this systermasgrving their identity and differentiation
potential. We therefore hypothesize that this systan be further extended to culture
additional cellular components of the bone marropgtentially establishing more
physiological microenvironments in vitro, mimickinghe complexity of the niche

compartments in vivo.

Hematopoietic CFU
(colonies/milion cells)

M CFU-GEMM
O BFU-E
CIcFu-m
CFU-N

| 222 —

2D 2DHM 3D 3DHM

Figure 1. (a) Schematic representation of a 3D perfusion daotor-based culture system;
(b) Representative field of hematoxylin and eotamed histological sections of a construct
implanted in vivo for 8 weeks and generated by gkgusion culture of bone marrow
nucleated cells through a ceramic scaffold. Thepdeesin staining and the presence of

osteocyte lacunae within the pores of the scaffalitate in vivo bone tissue formation;
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(c) Scanning Electron microcopy picture of the ¢nrgs generated by perfusion of bone
marrow-nucleated cells through the pores of a cecastaffold. The image shows the
formation of a stroma-like tissue, consisting &&xnetwork of heterogeneously shaped cells
and extra-cellular matrix. (d) Quantification of éhhematopoietic colony-forming units
present within the populations generated after i2ehsional (2D) or three-dimensional (3D)
culture in standard or hematopoietic medium (HM) [n vivo formation of human origin
blood vessels (red arrow) by three-dimensional well adipose-derived cells (the black

arrow indicates a mouse blood vessel).
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6.3 A 3D-perfusion bioreactor based system for HSC culture: a possible
experimental design

The application of a three-dimensional bioreact@sea system to reconstruct the niche
environment represents a fascinating challengeitamduld require a careful experimental
design, which takes in consideration the heterogemeulture requirements of the different
cellular and extra-cellular components of the borarow organization. In this section we
would like to propose a possible basic experimedtdign for applying this innovative
culture system to reproduce the niche interactensivo.

It would be important to first establish a strorealvironment, in order to provide pre-
formed niches to promote HSC homing and avoid dffgation. This would imply the
division of the experiment in two distinct phasbsPhase-1, bone marrow nucleated cells
could be harvested from transgenic mice, for exanmaim Bcl-2 mice in order to minimize
cell death, loaded onto a 3D scaffold and cultuiader perfusion for 4 weeks, to allow
stromal tissue formation (Figure 2a, red arrowscaie the presence of a stromal layer on the
scaffold surface). In Phase-2, LSK cells could tsesl from the bone marrow pool of GFP
mice and loaded onto the pre-established stromapokitivity for GFP would facilitate their
tracking and characterization. After 2 weeks, cetlsld be harvested from the constructs and
the hematopoietic GFP+ cells could be analyzedHerpresence of stem cell markers, like
SCA-1 and c-KIT, to assess the maintenance ofra pteenotype (Figure 2b). In combination
with the analysis of surface markers, further assay vitro and in vivo, would clearly be
required to assess the maintenance of the stem &afiction. Moreover,
immunohistochemical characterization of engineeiisgdue cross-sections could allow to
investigate specific cell-cell and cell-matrix irgetions in the stromal-hematopoietic co-
culture system, as a starting point to formulated tast hypotheses related to bone marrow

stem cell niches.
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This simple experimental plan illustrates a poss#ihrting point for the reproduction
of the in vivo conditions. In the next section bfst chapter, we will describe the variables
that can be modulated in order to optimize cultaomditions for the different niche

components and the parameters that can be chamgs# tifferent biological questions.

Bcl-2 Mice GFP Mice

Bone marrow LSK (Lineage, Sca-1+, ¢c-KIT¥)
nucleated cells cells

2 Weeks
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Figure 2. (a) Possible experimental design for reconstructihg bone marrow niche
environment in a three-dimensional bioreactor baselture system. Phase-titone marrow
nucleated cells harvested from transgenic mice wdd loaded onto porous scaffolds and
cultured under perfusion, to allow stroma formatidifter 4 weeks, some of the constructs
would be analyzed to assess the formation of arsttéayer on the scaffold pore surface (red
arrows). Phase-2LSK cells would be sorted from bone marrow nuedacells obtained
from GFP mice, loaded into the perfusion systento @ne pre-established stromal tissue,
and cultured for 2 weeks in presence of hematoipaigtokines.

(b) Cells harvested from the constructs would belymed by fluorescence activated cell
sorting (FACS) for the presence of stem cell makafter 2 weeks, the GFP+ hematopoietic
could be analyzed for the expression of SCA-1 alktl¢to assess whether the 3D perfusion

bioreactor-based system was suitable to maintgo@ulation with a stem cell phenotype.
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6.4 Modulating variables

One of the major advantages of the three-dimenkionldure system we propose is the
potential modulation of different variables, whiakould allow a more physiological
reconstitution of the in vivo conditions and a megstematic dissection of the mechanisms

involved in the niche environment.

6.4.1 Culture conditions

Since HSC in the bone marrow have been found texpesed to hypoxic conditions,
many groups have examined the effects of dissobsg@en concentrations (DOC) on the
maintenance, proliferation and differentiation &®l during in vitro culture. Several reports
have shown that hematopoieitc progenitor cellslmambetter maintained in vitro by keeping
low levels of DOC (42), (43), supporting the hypedtls that HSC have the tendency to
rapidly lose their stem cell features if culturedniormoxic conditions. Nevertheless, oxygen
related aspects on HSC cultures have not been dlllgidated. In fact, whether the loss of
hematopoietic capacity is due to the oxidizing efief high DOC (44), (45) or is explicated
through more complex cell-cell or humoral factarmslations by niche cells (46), which are
in turn influenced by oxygen levels, has not bdanfeed. Contributing to the uncertainty is
the general lack of monitoring and control of oxygevels in conventional 2D model
systems, leading to poorly characterized culturedimns. In fact, significant oxygen
gradients have been measured throughout the déptagmant culture media in static 2D cell
cultures (i.e., @ applied at surface of media vs measured at tHelesadl) (47), an effect
which could be exacerbated by a highly oxygen comsg confluent stromal feeder layer.
Alternatively, perfusion of culture of media ovéetcells (i.e., within the cell-seeded pores of

a 3D scaffold) can not only mitigate oxygen gratserbut facilitates the monitoring and
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control of oxygen levels in the culture via in-lisensors, and thus, the establishment of a
well-defined and controlled model system.

Similarly to oxygen concentration, pH may affect@ifroliferation and differentiation
in vitro (48). Even if also in this case the molecumechanism of pH influence on HSC has
not been totally elucidated yet, several obsermatisupport the idea that pH should be
maintained in physiological ranges to assure HS@t@@ance in vitro. To deepen the study
on pH effects, and to monitor pH changes over thelavperiod of culture, we propose an
approach equivalent to the one proposed for oxygeasurements, based on non-invasive
sensors able to continuously measure the pH dtinegulture. Ideally, the sensors could be
interfaced with the incubator in order to change @Q percentage to keep constant the pH
at a set value; similarly, a sensor based oxygerralocan be implemented to modify the
DOC based on the experimental setup. This willgftge allow to monitor and modulate
these variables during the culture, adjusting ticenstantly.

Our bioreactor system has, therefore, the potemtiabvercome the limitations of
traditional cell cultures in terms of monitoring ysiical parameters like oxygen and pH,
allowing the establishment of a more controlledura setting and contributing in recreating
a more physiological environment.

Shear stress has been described as another fadtmwh vean influence HSC
maintenance in vitro. The lack of suitable instraitseto directly measure local shear stress
for HSC cultures has so far avoided the clear defmof optimal, or at least well-tolerated,
shear stress forces. In bioreactor systems, ibbas described that high stirring speeds can
negatively affect HSC maintenance and prolifergtiodicating that HSC are relatively
sensitive to shear stress. However, the impacthefirs stress on MSC has been more
extensively investigated leading to the concludiost controlled shear stress can promote

MSC proliferation and differentiation (49), (5051). Combining the effects of shear stress
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on MSC and HSC when co-cultured represents a fatsegn challenge that will require
specific culture systems with a defined geometrgcaffold with definite properties, and
possibly computerized fluid dynamic simulations (Ko more easily predict local stress
values.

According to earlier works on in vitro HSC co-culd with stromal cells, the feeding
rate and the medium exchange show to play a roldenmaintenance and proliferation
potential of hematopoietic progenitors (52). Apmdine the beneficial effect derives by the
active removal of cell produced negative regulatd®y), but other reasons like the addition
of a limiting nutrient, a soluble component or gréactors, and the removal of detrimental
waste products cannot be excluded. As a confirmatb these hypothesises, frequent
medium exchange represented a great advantagerfatbpoietic precursors culture both in
static (54), (55) and dynamic conditions (30).Histregard, the high degree of flexibility of
our perfusion bioreactor for different medium volksnand for the configuration of the
components gives the system an increased valudokntage over traditional supports for

static cell culture in terms of adaptability tofdient exchange schedules.

6.4.2 Scaffold composition

Another feature that makes attractive this systenpmpose is the presence of a three-
dimensional scaffold, whose composition can beedaim order to investigate the influence
of the material in this experimental setting.

In the past years, three-dimensional scaffolds Haeen mainly applied for tissue
engineering purposes, but recently, they startebtw receive attention for answering basic

guestions related to stem cell biology.
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Beside biocompatible, scaffolds are usually desigioebe porous in order to increase
the available surface, guarantee proper adhestes, $0 favour the maintenance of three-
dimensional shape of the cells and facilitate cell-spatial relations.

As reviewed by Panoskaltsis in (56), tissue-engingebiomaterials can be grouped
based on their biological or synthetic derivati®ome of them, both natural and synthetic,
have been tested for HSC culture: macroporous getlacarriers (57), cellulose porous
microspheres (58), porous polyvinyl formal (PVFnmoven polyethylene terephthalate
(PET) (59), porous biomatrix (Cellfoam ™), porouslagin microspheres (CultiSpher G),
nylon filtration screen (60) and polyester nonwovahric porous disc carriers (Fibra-cel)
(58).

Moreover, Rosenzweig (61), proposed a model in Wwhematopoietic stem cell
maintenance was achieved in a tantalum coated pdrimmaterial (TCPB) without the use
of cytokines. Although the molecular mechanism was disclosed in the paper, it opened
many enquiries on the different biological effeots3-dimensional materials, supporting the
hypothesis that mimicking the 3-dimensional micromnment of the bone marrow can play
a crucial role in supporting progenitor viabilitgcapluripotency.

In an attempt to evaluate the influence of physigalperties of the scaffold on
hematopoietic differentiation of Embryonic Stem IEESC), Taqvi (62) tested a poly(L-
lactic acid) (PLLA) porous scaffolds. The scaffalds manufactured with different polymer
concentrations and pore sizes. The results prosdete evidences that a higher seeding cell
density, small pore size (<150 um), increased machbstiffness and coculture with stromal
cells, provide increased ESC differentiation irite hematopoietic lineage.

Beside focusing on the modulation of the pore sind material composition, other
approaches have been tested. The functionalizafitiee scaffold with molecules which can

affect cell behaviour and which can function asvacbiochemical stimuli, recently received
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attention. Jiang and colleagues (63) have demdedtthe efficacy of functionalized PET to
expand umbilical cord blood CD34+ cells. In thisdst, the connecting segment-1 (CS-1)
and RGD motifs were covalently bound to PET andrédseilting material was compared to
traditional polystyrene surfaces. The peptides il the fibronectin domains of the ECM
and the results showed that peptide-functionalssethces were more suitable to sustain cell
expansion compared to non-functionalized polystgrdrhis suggested the importance of the
reconstruction of the ECM to elucidate which adbesnolecules or insoluble factors have a
crucial role in maintaining HSC characteristics.

It would be important to combine these observatwith the data on the influence of
the different scaffold compositions on the celise losteoblasts and endothelial cells, which
are supposed to have a regulatory role in the Inogreow niche environment. Furthermore,
the possibility of modifying and functionalizing éhmaterials currently used in tissue
engineering (like ceramics, natural and synthetitympers, composites, decellularized bone
grafts, various coatings on solid or semi-solid sttdies) should be driven by the new
findings about the molecules which influence HS@ction in vivo. Moreover, it should be
taken in consideration that scaffold materials eaert their influence on HSC in two distinct
manners: by direct contact or indirectly, affectthg differentiation state or the proliferation
of other cell types which have a supportive funttidhis would lead to a paradigm shift, to
create a brand new class of biomaterials, custogiziaccording to the needs, the
environment for HSC culture.

These observations indicate the importance ofngsdithree-dimensional setting with
different material compositions to clarify the amechanisms which regulate HSC function
in the niche. Our system provides the unique pddgillo control culture variables, as
oxygen and pH, combined with the perfusion throaghree-dimensional scaffold, holding a

great advantage compared to standard HSC cultaterss.
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6.4.3 Co-culture of different cell types

As mentioned before, both osteo- and endotheliaggmitors could be maintained in
our perfusion-based culture system, indicating thest system offers proper conditions for
different progenitors co-culture (41). Recentlyvesal studies have shown that multiple
niche compartments are present in vivo and thatentban one cell type is involved in
regulating HSC function in vivo. Beside osteoblqdd®), (9) and endothelial cellsm (64), also
osteoclasts (65), perivascular cell, like reticulzells and megakaryocytes (66), and
mesenchymal progenitors (67) have been recentlcribesl as supportive cells for
hematopoiesis in vivo. In the past years, 2D ctdces of osteblasts, osteoclast and/or
endothelial cells were performed to study the axteons between these cell types, in order to
clarify the mechanisms involved in bone regenematimd remodeling. The co-culture of
different cell types for reconstructing the complervironment and reproducing the
physiological cross-talk of the niche, instead| stipresents a new perspective in stem cell
biology. Compared to standard 2D culture systerhs, advantage of a 3D-perfusion
bioreactor system is represented by the three-diroeal structure, which can allow a three-
dimensional assembling of the different cellulaayelrs and matrix deposition, and by the
perfusion, which provides a proper diffusion of tlieéeased growth factors. The aim would
be, therefore, to establish the culture requiremdat the growth of the different niche
cellular components, in order to promote a corassembly and distribution of the different
niche compartments within the three-dimensionahigecture of the scaffold. To achieve this
purpose, not only the most obvious of the varighles the medium composition, but also
others, like the ones listed in this section, stidu# considered. It would be important, in
fact, to choose a cell source according to the cefhposition and also the proportion
between the different cell types, progenitors andtume cells, since this can be of

fundamental importance for recreating a well-badahoiche environment. Furthermore, cell
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composition can be modulated modifying geneticalyefined cellular compartment, in
order to produce growth factors for the maintenasfoether specialized niche cells, offering
a wide spectrum of conditions to test. In additite design of the biomaterial could include
a mixed composition, which can promote in dista&as of the construct the development of
different niche compartments.

An intriguing consequence of a complete reconstsacof the bone marrow niche
environment would be the establishment of a selfataming system, which doesn’t depend
on external supply of cytokines for HSC preservatidhis would overcome the issues
correlated with the use of recombinant cytokinethm perspective of a clinical application,
coupled with the advantages of reducing the cdstxensive medium components.

Among the several positive aspects of this biomasiystem, a possible drawback
could seem to be represented by the complexitytecdléo the high number of variables
implied. However, the system we propose offergibesibility to systematically test different
conditions in parallel. In would be feasible insthvay to modulate the level of complexity,
starting to analyze one variable at the time, whih possibility to introduce in the following

steps other variables and, in the end, recongtnean vivo conditions.
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6.5 Future perspectives

In the previous sections of this chapter we hidiiteg the potential of a three-
dimensional bioreactor-based system for the ex-vew@onstruction of the complex bone
marrow environment. This system offers the advantaigcombining a highly controllable
culture system and a three-dimensional scaffoldchvbould provide a suitable environment
to promote the correct assembly of the niche aallabmponents and a physiological extra-
cellular matrix deposition. This would lead to #&tablishment of engineered stem cell niche
units, offering, on one hand, a useful system tercame limitations linked to currently
available stem cell expansion for stem-cell basedapies, but also, on the other, a relevant
tool to investigate the interactions between HSE their regulatory environment.

Bone marrow transplantation is the only treatméyt which many cases of
hematopoietic malignancies can be cured. Howeves, amount of HSC that can be
transplanted is limited by the amount that can dedsted, since their in vitro expansion is
not currently possible without loss of their stessieln this regard, an application of the
system we propose for ex-vivo expansion of HSCeeiglly if derived from umbilical cord
blood, generally associated with high quality betited quantity, would be extremely useful.
In fact, a three-dimensional reconstitution ofta# components which form the niche in vivo
would offer a greater possibility, compared to dtd feeder layers, to establish the
physiological signaling cross-talk between HSC asahiches, leading to the maintenance of
their stem cell function. The final goal would bwwever, not only to engineer quiescent
niches, but also microenvironments which suppdftreeewing divisions in order to allow
HSC expansion. Furthermore, the regulation of H§G Istable stem cell niche unit would
not require the external supplementation with ciyteg, since the correct signals and growth
factors for HSC maintenance and expansion will bevided by the surrounding

environment. This will have direct implications falt situations in which HSC number is not
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sufficient for transplantation, as well as for tregluction of the time required for T-cell
reconstitution after bone marrow transplantation.

As indicated above, another field of applicatiortlsd proposed culture system will be
to offer a modular platform to clarify the mechanss by which the niche regulates HSC.
Besides investigating normal homeostatic conditidtngould be important to study the niche
role in pathological conditions. In fact, recemdings raised the possibility that, as for HSC,
also the survival of malignant cells is supportgdtiire niche environment. Acute myeloid
leukemia (AML) has a hierarchical organization $amito that of normal hematopoiesis,
where a small subpopulation of cancer cells, calketkemia stem cells (LSC), holds the
ability to initiate the disease. LSC are charaztstiby a more mature phenotype compared to
HSC (68), but they acquired limitless self-renetvabugh oncogenic transformation (69).
Some studies have shown that LSC receive signas fhe niche that support self-renewal,
exploiting the mechanisms involved in the long-temmaintenance of HSC them-selves.
Furthermore, it has been shown that the microenwent is important for LSC engraftment,
chemotherapy resistance and cell cycle regulafi@). (Treatments currently available for
AML only result in a cure in less than 50% of treses (71). The recent findings regarding
the interaction between LSC and the niche opempdssibility of identifying new targets for
AML therapy. These approaches should be directegetectively stop LSC growth by
interfering and disrupting their interactions witie niche environment and, at the same time,
they should preserve normal hematopoiesis to end®€ regeneration. In vivo studies
should be combined with in vitro screening in ortteinvestigate the mechanisms involved
in a controlled setting, such as the three-dimeraiculture system we propose. Compared
to in vivo studies in mice, it has the potentiaVatage of combining cells harvested from

different strains of transgenic mice with humanliscelt would, therefore, represent a
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powerful system for dissecting the mechanisms edlab LSC maintenance and a useful
platform for drug screening and validation.

HSC are the so far best-characterized stem cellsjding also a framework for the
study of other stem cells, and significant progreas been done in the past few years in
advancing our knowledge about the bone marrow stethniche. Recently, regulatory
environments have been identified also for steniscel other tissues, highlighting the
increasing need for culture systems which bettproduce the complexity of the niche. In
many tissues, like the intestinal epithelium and tair follicle, stem cells occupy fixed
positions within the niche, suggesting that theigparganization can play an important role
in the explication of niche function. In the thymigche, T cell progenitors undergo
expansion and progress through programmed stage$ oéll development, critically
dependent upon interactions with specific thymiorstal compartments. Thymocytes, on the
other hand, contribute to the development and reaarice of the thymic stroma in a bi-
directional cross-talk (72). Furthermore, it hagmbehown that in this setting, the there-
dimensional environment is of essential importatacenable migration of T cell precursors
through the stroma (73). The combination of thetural system we propose and an
appropriate scaffold which sustains the developnoéra specialized thymic stroma, would
constitute an attractive model for creating an so\vhymus. This would help clarify, for
example, the mechanisms involved in the disruptbrthe architectural structure of the
thymic niche caused by aging process.

In Chapter 3 of this thesis, we described the trowestablishment of a niche/progenitor
system for the mesenchymal compartment. As merditrafore for other niche systems, a
deeper mechanistic insight into the regulationhef tnaintenance of MSC earlier progenitors
will also require the reconstruction of a three-einsional bone marrow organization. This

would significantly contribute to clarify severamects of MSC biology, offering in addition
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the possibility to investigate how the co-culturghwother niche cells and the scaffold
composition can modulate their properties. Furtfmgenanother application of this system
would be to evaluate the potential influence of M@Ccancer stem cells. Recent evidence
suggests, in fact, that MSC can migrate towardsgmy and metastatic sites of several solid
tumors and play a role in tumor progression. A méjuitation in the analysis of stroma-
tumor interaction is represented by the lack ofld¢ models. A three-dimensional culture
system combined to a porous scaffold would spargépebetween 2D cultures, which don’t
reproduce the complexity of the in vivo environmeartd animal models, which, although
more physiological, do not allow to address the wfl individual cell populations present at
the tumor site. Furthermore, the establishment gifiysiological stroma will offer a relevant
model for identifying targets for the treatmenthmine-related disorders and for testing the
effect of new therapeutic molecules on bone remiogelt will also have direct implications
in the tissue-engineering field allowing the mamaece of a physiological pool of functional
progenitors, like osteo and endothelial progenjtoexessary for the successful generation of
vascularized bone grafts.

These observations point out the potential andvénsatility of this innovative culture
system, in reproducing the complex interactionghaf niche microenvironment. This can
have a significant impact on regenerative medieiplications, facilitating the development

of stem-cell-based therapies.
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Future Perspectives
The identification of a subpopulation of early peagors in the mesenchymal compartment

offers direct implications for tissue engineeringplcations. In fact, NAMP progeny cells
can be used as an additional powerful source oenodgmal progenitors. NAMP increased
proliferation and differentiation potential coul@lp overcome the limitations of expanded
MSC. Since they can expand on their niche withosinlg differentiation potential, they can
greatly improve the the quality of engineered graft

However, the existence of a niche/progenitor sydtarthe mesenchymal compartment
also opens interesting perspectives for the eltioilaf different aspects of the biology of
MSC. Although the data described in this thesivioled the first evidence of the presence of
a specialized regulatory environment for MSC, fartimvestigation is needed to identify the
pathways involved in the maintenance of the earbgenitor features and to clarify how this
niche mediates its function in vivo. In our expegimal setting, self-renewal was defined as
the ability to undergo expansion without loss abliferation and differentiation potential.
However, the self-renewal was not assessed in \agothe reconstitution of a stem cell
compartment. The next steps should clarify whethdren implanted in vivo, NAMP can
produce bone tissue and, at the same time, maititamselves as an actual reservoir for the
mesenchymal compartment. Ideally, this would emgleryal transplantation experiments, in
order to determine whether the bone tissue formedvio by NAMP contains a self-renewed
NAMP compartment that can be re-isolated and rdantpd.

A parallel direction would be to investigate theama&nisms involved in the regulation
of NAMP maintenance. This would require the idecdifion of the signaling pathways
involved. Initial targets would be chosen by anglegth other well-characterized stem cell
systems, i.e. Notch and Wnt pathways, which havenb&hown to control self-renewal,

asymmetric divisions and cell fate decisions in awpoietic and neural stem cells (5, 6).
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This would offer a mechanistic insight into NAMPolagy, but it would also have practical
implications. In fact, the clarification of the nemisms involved in NAMP maintenance
would offer the opportunity to identify novel molédar targets to stimulate the endogenous
mesenchymal stem cell compartment, leading to paeogic treatments for bone
degenerative diseases, like osteoporosis.

One of the major limitations of standard in vitrgstems applied to the study of the
mechanisms regulating the niche is their marketibdihce from in vivo conditions. In fact,
the reconstruction of active niches in vitro wopldbably require more than a feeder layer
and a mix of different cytokines. In Chapter 6 lotthesis, we illustrated the potential of a
three-dimensional bioreactor-based culture systemtlie ex-vivo reconstruction of the
complex bone marrow environment. Compared to stan@adimensional cultures, this
system offers the advantage of combining a higbhytrollable culture system and a three-
dimensional scaffold, which could provide a suigakhvironment to promote the correct
assembly of the niche cellular components and asiplogical extra-cellular matrix
deposition. The development of such a system wotflel a unique tool to investigate the
interactions between hematopoietic stem cells bhad tegulatory environment.

It was previously reported that the culture of bamarow nucleated cells in the system
we described led to the formation of highly osteoicitve grafts (7). The data described in
Chapter 4 regarding the existence of highly potemt-adherent progenitors within the MSC
population can offer a plausible model explainihg increased bone formation. In fact, we
hypothesize that NAMP can be entrapped in the tdn@ensional network formed within the
pores of the scaffold, instead of being discaraethe early phases of the 2D culture. This
would promote the establishment of a progenitohaisystem, allowing NAMP to undergo

self-renewing expansion before committing to théeogenic lineage. These observations,
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therefore, highlight the importance of a three-disienal culture system also for the
investigation of the mechanisms involved in NAMPimb@nance.

The establishment of a physiological stroma wilNd&avo main implications: 1) it will
offer a relevant model to clarify several aspediavi&C biology; 2) it will be a useful
platform to identify targets for the treatment ohle-related disorders and to test the effect of

new therapeutic molecules on bone remodeling.
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