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Introduction

The loss or failure of an organ or tissue is one of the most frequent,
devastating, and costly problem of human health care (Langer & Vacanti 1993).

In 2012 more than 4,000 transplants were performed in Spain (

Table 1) (Organizacion Nacional de Transplantes 2013), with an associated cost

of 130.9 million euros per year (Organizacion Nacional de Transplantes 2007).

2009 2010 2011 2012

Heart 275 221 241 248
Liver 1099 971 1137 1084
Pancreas 97 94 111 83
Lung 220 239 234 229
Kidney 2328 2098 2498 2551
Bowl 11 0 9 8
TOTAL 4030 3623 4230 4203

Table 1. Number of transplants performed in Spain in the last 3 years. Font: Spanish National
Transplant Organization (ONT).

Loss of failure of organs or tissues may be due to accidents or to pathologies of
different nature, like infectious (hepatitis C), congenital (lung atelectasis),
hereditary (cystic fibrosis), autoimmune (diabetes mellitus) or degenerative
diseases (osteoporosis). Incidence and gravity of these problems is really high
and, with the progressive aging of the population, age-related degeneration of
organs will increase in the future. Just diabetes affects about 371 million people
in the world and causes death of more than 3 million each year, and the World
Health Organization predicts that this figure will double in the next 15 years
(World Health Organization 2013).

Current options for treatment of organ failure or tissue loss are explained

below.
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Allotransplantation: it consists in the substitution of the diseased organ
for a healthy one from a donor. Due to improvement of the techniques,
nowadays it is possible to transplant most organs and tissues, what
translates in an improvement in life quality and an increase in the life
expectancy of the patient. However, allotransplants present two major
problems. The first one is related to immune rejection; a compatible
donor must be found and even then the patient would need to be
treated with immunosuppressive drugs for life. The second one has to
do with donor shortage; waiting lists are very long and unfortunately, a
lot of patients die before they get a compatible organ. Data from the
World Transplant Registry show that in 2008 organ donation only

covered 46% of the organs needed for transplantation.

Autotransplantation: it consists on the extraction of healthy tissue from
the patient for being transplanted into the damaged tissue in the same
patient. This approach avoids the need to wait for an organ to be
available and the problems of immune rejection, so it is promising
alternative for patients that still have enough healthy tissue to be
transplanted into the injured site. Unfortunately, that is only the case
of a few patients, since usually a large amount of healthy tissue or even

a whole organ is needed.

Xenotransplantation: it is the transplantation of a tissue or an organ
from one species into an individual from a different species. While this
approach solves the issue of donor shortage, it presents even worse
immunorejection problems than allotransplantation. Humanized
transgenic animals are being developed to avoid this problem, but
there are still other matters to consider, like the possibility of
transmitting pathogens form other species to humans that could give

rise to diseases, even novel ones (Ogle & Platt 2002).
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e Implantation of biomimetic devices: mechanical devices may be used to
supply the functions of lost or injured organs. Artificial hearts, artificial
heart valves or hip prosthesis, have been satisfactorily implanted in
human patients during the last decades. However, these mechanical
devices are subject to erosion and fracture, and frequently need to be
replaced several times during the life of the patient, thus they don’t

represent a definitive solution.

As it has been shown, there are still important limitations to effective organ
substitution, not being anyone of the current alternatives completely
satisfactory. Thus, there is a need to develop new strategies that overcome the

deficiencies of current replacement therapies.
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Introduction

1. TISSUE ENGINEERING

Tissue engineering (TE) was defined by Langer and Vacanti in 1993 as “an
interdisciplinary field that applies the principles of engineering and the life
sciences toward the development of biological substitutes that restore,

maintain, or improve tissue function” (Langer & Vacanti 1993).

TE arises from the need of solving the deficiencies of classic therapies for tissue
and organ substitution. It brings together the knowledge gained in fields like
cell biology, biochemistry, molecular biology and biochemical and
biomechanical engineering with the objective of developing new substitutes for

human tissues.

Three general strategies have been adopted for the generation of new tissue,
involving one or more of the three TE basic resources: cell transplants,

biomaterials and regeneration-inducing molecules (Fig. 1).

1. Implantation of isolated cells. This approach consists on implanting
certain a cell type that supplies the needed function. Cells may be
injected alone or in combination with a biomaterial that behaves as a
tridimensional biological support (scaffold). This approach avoids the
complications of surgery and permits manipulation of the cells before
infusion. Its potential limitations include failure of the infused cells to
maintain their function in the recipient, and the immunological
rejection of the transplanted cells.

2. In situ tissue regeneration. Based on using tissue repair inducing
substances to stimulate the regeneration of the affected tissue. These
substances may be single molecules (growth factors, hormones, etc.) or
biomaterial scaffolds that, due their structure or composition, stimulate
host cells to regenerate the tissue. The success of this approach

depends on the purification and large-scale production of appropriate

25



Introduction

signal molecules and, in many cases, the development of methods to
deliver these molecules to their targets

3. Growth and implantation of three-dimensional tissues. These
structures are created by assembling biomaterials and cells to obtain a
certain three-dimensional structure. The matrices are fashioned from
natural materials such as collagen or from synthetic polymers as
polyethylene glycol. Immunological rejection may be prevented by

immunosuppressive drugs or by using autologous cells.
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Fig. 1. Schematic representation of the different therapeutic approaches in Tissue
Engineering. Adapted from www.springerimages.com.

1.1. Cell types in Tissue Engineering

A variety of cells has been used for TE. Initial work used fully mature cells taken
from adult tissue but, although these have certain advantages including the
possibility of using autologous cells to avoid immunological problems, they
have low growth potential and a relatively high degree of senescence. Fully

committed cells form foetal tissue have also been used and shown to be a good
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source for TE. These cells have much greater proliferative capacity and show
less senescence than adult cells (Polak & Hench 2005).

Stem cells provide many advantages over mature cells for TE. They are defined
by three basic properties: the ability of self-renew indefinitely, the ability to
differentiate into one or more specialized cell types and the capability for in
vivo reconstitution of some tissues (Zuk et al. 2002).

The most primitive stem cell is the fertilized oocyte (the zygote). Once the
fertilized egg starts dividing, the descendants of the first two divisions are the
totipotent cells, able to form the embryo and trophoblast. After about 4 days,
these totipotent cells forma hollow ball of cells, the blastocyst, containing a
cluster of cells called the inner cell mass from which the embryo develops and

embryonic stem cells (ESCs) are derived (Fig. 2).
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Fig. 2. Pluripotenciality of Embryonic Stem Cells (ESCs). ©Benjamin Cummings 2010.
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Lower down in the hierarchical tree are the multipotent cells. Most adult
tissues have multipotent stem cells that can produce a limited range of
differentiated cell lineages appropriate to their location. At the bottom of the
hierarchical tree are the unipotent stem cells, or committed progenitors, that

generate one specific cell type.

1.1.1. Pluripotent Stem Cells

Among the different types of stem cells, pluripotent stem cells have the
greatest differentiation potential as they can give rise to committed cell
lineages comprising all three germ layers. Furthermore, pluripotent stem cells
have infinite self-renewal capacity. To date, there are only two types of known
pluripotent stem cells, namely embryonic stem cells (ESCs) and induced

pluripotent stem cells (iPSCs).

Embryonic Stem Cells

Human ESCs (hESCs) could potentially be directed to differentiate into adult
stem cells or tissues and be used clinically to reconstitute the depleted adult
stem cell pool or degenerating organs. The following cells types have already
been derived from hESCs: neural tissue, insulin secreting cells, cardiomyocytes,
hematopoietic cells, endothelial cells, osteoblasts and hepatocytes (Lerou &
Daley 2005).
There are some important limitations to the clinical application of hESCs to TE:
e Following extensive cultivation of ESCs, genetic and epigenetic
changes can occur, frequently forming teratomas when implanted
in vivo (Draper, Smith, et al. 2004; Draper, Moore, et al. 2004;
Prokhorova et al. 2009).
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e HESC populations are not homogeneous and selection strategies
are required to obtain populations with a specific differentiation
potential.

e HESCs are allogenic cells, with the associated immunological
rejection problems.

e Ethical considerations and legal restrictions.
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Fig. 3. Possible ways to avoid immune-mediated rejection of tissue transplants derived from
human ESCs. From Odorico et al., 2001.

Solutions for some of these objections have been proposed by several
investigators. Murry and Laflamme (Laflamme & Murry 2011) suggest genetic
selection of the desired progenitor fraction among hESCs population to avoid
heterogeneity and teratoma formation. Odorico et al (13) propose genetic
manipulation for the generation of immunocompatible hESCs, suggesting three
different approaches (Fig. 3). One potential method is to eliminate MHC genes
or replace MHC genes with ones specifically matched to a particular transplant
recipient. The second proposal is nuclear reprogramming by transferring a
nucleus for a somatic cell of an individual to an enucleated oocyte; ESC derived
from this oocyte would express all histocompatibility antigens identical to those

of the person from whom the somatic cell was obtained (Hwang et al. 2005;
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Hwang et al. 2004). The last approach is the transplantation at the same time of
hematopoietic stem cells and the tissue of interest generated from the same
parental ESC line, so a hematopoietic chimera is created, establishing

immunologic tolerance to the second tissue.

Induced Pluripotent Stem Cells (iPSCs)

In 2006 Takahashi and Yamanaka reported the production of pluripotent stem
cells by genetic modification of adult fibroblasts (Takahashi & Yamanaka 2006).
They demonstrated that differentiated cells can be reprogrammed to and
embryonic-like state by the ectopic co-expression of only four genes, under ESC
culture conditions. These cells, designated induced Pluripotent Stem Cells
(iPSCs), exhibit the morphology and growth properties of ESCs and express ESC

marker genes.

The great advantage of these iPSCs compared to ESCs is that they can be
obtained from adult cells from the patient, so they are fully immunocompatible
and they avoid the controversial ethical issues surrounding ESCs.
Reprogramming technology and iPSCs have potential to model and treat human
disease by two different strategies (Fig. 4): in cases in which a disease-causing
mutation is known, gene targeting could be used to repair de DNA sequence
(right), the gene-corrected patient-specific iPSCs would then undergo directed
differentiation into the affected cell type and transplanted into the patient;
alternatively, directed differentiation of the patient-specific iPSCs into the
affected cell type (left) will allow the patient’s disease to be modeled in vitro
and used to screen potential drugs, aiding in the discovery of novel therapeutic

compounds.

Recent research showed the existence of numerous subtle but substantial
molecular differences between ESCs and iPSCs, probably owing to technical

limitations inherent to reprogramming procedure (Robinton & Daley 2012). It is
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also unclear whether iPS would completely evade an immune response when
returned to the patient, because a recent study has shown the immune
rejection of teratomas formed form iPSCs (Zhao et al. 2011), even in syngeneic
mice. These concerns have been addressed, in part, by more recent studies
indicating that these genetic and epigenetic abnormalities may be obviated
with careful generation, culture and selection of iPSCs(Hussein et al. 2011).
Although pluripotent stem cells themselves are capable of forming teratomas in
vivo, once they are differentiated into lineage committed cell fates, it is likely
that the differentiated progeny will maintain their phenotype in vivo (Huang et

al. 2012).
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1.1.2. Multipotent Stem Cells

Multipotent stem and progenitor cells can be derived from a variety of adult
and fetal sources, including bone marrow, adipose tissue, muscle, lung and
pancreas (da Silva Meirelles et al. 2006; Pittenger et al. 1999). Multipotent
stem cells are identified based on their expression of multiple cells surface

glycoproteins, as no one antigen is sufficient.

Unlike pluripotent stem cells, multipotent stem cells have limited self-renewal
capacity and can only give rise to limited types of committed progeny. Since
multipotent stem cells can be harvested autologously and because their
application has lower regulatory hurdles, clinical trials of multipotent stem cells

are furthest advanced in comparison to iPSC or ESC based therapies.

Traditionally, adult stem cells have been viewed as cells committed to
producing mature cells from the tissue of origin but not cells of unrelated
tissues. The first evidence of plasticity or transdifferentiation stemmed from
the observation that, following gender mismatched bone marrow transplants,
some donor cells could be found in multiple organs of the recipient, having
adopted the characteristics of cells of the organ in which they had lodged.
Various reports over the last years challenged this dogma by demonstrating
that adult stem cells, under certain microenvironmental conditions, give rise to
other cells types besides the original cell type, indicating that they can switch

cell fate. This phenomenon has been termed “stem cell plasticity”.

Mesenchymal Stem Cells (MSC)

The most studied adult stem cell, the hematopoietic stem cell (HSC), resides in
the bone marrow. They are responsible of production and maintenance of all
the mature blood cells. Within bone marrow, hematopoiesis occurs in
association with an heterogeneous population of non-hematopoietic cells,

including mesenchymal cells, connective tissue-type cells, and their associated
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extracellular matrix (ECM) components and growth factors, which as a

collective, constitute the stroma of the bone marrow (Bonnet 2003).

Friedestein et al (Friedenstein et al. 1970) were the first to demonstrate the
existence in vitro of stroma cell precursors using the CFU-F assay (colony
forming unit resembling fibroblasts). The considerable heterogeneity of the
CFU-F derived colonies in terms of morphology, size, proliferation, and
developmental potential led to the hypothesis for the existence of a
hierarchical organization of the stroma cell compartment with a pluripotent,
self-renewing stroma stem cell (also known as bone marrow stromal stem cell,
or bone marrow mesenchymal stem cell, BMSC) at the top of this hierarchy

(Owen & Friedenstein 1988).
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Fig. 5. Mesenchymal Stem Cell (MSC) potential. From Singer and Caplan, 2011.

BMSC can differentiate into mesoderm tissues, including bone, cartilage, fat,

tendon, ligament and muscle (Chamberlain et al. 2007; Pittenger et al. 1999;
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Colter et al. 2001; Schaffler & Bichler 2007) (Fig. 5). Although not immortal,
they have the ability to expand manyfold in culture while retaining their growth
and multilineage potential. Furthermore, they are easy to isolate, to maintain
and expand in vitro with minimal requirements. All these properties make
BMSCs promising candidates for TE. However, the clinical use of BMSCs has
presented problems, including pain, morbidity and low cell number upon

harvest (Zuk et al. 2002; Pittenger et al. 1999).

Adipose tissue, like bone marrow, is derived from the mesenchyme and
contains a supportive stroma that is easily isolated. It has been demonstrated
that human adipose-derived mesenchymal stem cells (hAMSCs) have a similar
in vitro differentiation potential that BMSCs (De Ugarte et al. 2003).
Furthermore, AMSCs have shown a superior proliferative capacity (De Ugarte et
al. 2003; Nakagami et al. 2006). Based on this, adipose tissue may represent a
source of stem cells that could have far-reaching effects on several fields. The
advantage of adipose tissue as a source of multi-lineage cells is its relative
abundance and ease of procurement by local excision or suction-assisted

liposuction.

Factors such as donor age, type (white or brown adipose tissue), and
localization (subcutaneous or visceral) of the adipose tissue, type of surgical
procedure, culturing conditions, exposure to plastics, plating density, and
media formulations might influence both proliferation rate and differentiation

capacity of AMSCs (Schaffler & Biichler 2007).

1.2. Biomaterials

The role of biomaterials in TE has evolve from their first applications in
orthopedics, where biomaterials were just synthetic substitutes for bone giving
structural support, to the latest smart materials, that are able to interact with

host cells to induce regeneration and fully integrate into the new formed tissue.
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According to Polak and Lench (Polak & Hench 2005), an ideal scaffold for TE and

regeneration:

is made from a material that is biocompatible, that is, not cytotoxic;
acts as a template for tissue growth in three dimensions;

has an interconnected macroporous network with pore diameters
in excess of 100 um for cell penetration, tissue ingrowth,
vascularization and nutrient delivery throughout the regenerating
tissue;

bonds to host tissue without formation of intervening scar tissue;
exhibit a surface texture and chemistry that promotes cell
adhesion, adsorption of biological metabolites, including growth
factors;

influences the genes in stem cells to enhance differentiation and
proliferation of all the phenotypes required for tissue regeneration
while not altering clonogenic or proliferative potential of the cells.
resorbs as the same rate as the tissue is repaired, with degradation
products that are nontoxic and can be easily excreted;

can be produced in irregular shapes to match the tissue defect;

has mechanical properties sufficient to withstand applied stresses
in clinical applications;

has the potential to be commercially produced to the required ISO
(International Standards Organization) and FDA (Food and Drug
Administration) regulatory standards at a cost suitable for routine
clinical use;

does not alter clonogenic and proliferative potential of stem cells.
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1.2.1. Ceramic Biomaterials

Ceramic materials were the first materials developed for use inside the human
body. They were chosen for their mechanical properties and their “inertness”.
Later, bioactive synthetic ceramics were developed, such as hydroxyapatite
(HA), tricalcium phosphate or calcium phosphate. Ceramics have been used for
clinical bone engineering for more than two decades, as they have proved
osteoinductive and osteoconductive capability, but they present some
important limitations, as a very slow resorption rate and the lack of
interconnected pores, that difficult the ingrowth of new bone (Zippel et al.

2010).

1.2.2. Natural Biomaterials

Tissue-derived materials such as decellularized ECM, collagen, fibronectin,
chitosan, gelatin, hyaluronate and alginate are widely used for tissue
regeneration approaches. These naturally derived materials have the potential
advantage of biological recognition that may positively support cell adhesion
and function. However, they may exhibit immunogenicity and contain
pathogenic impurities. There is also less control over their mechanical
properties, biodegradability, and batch-to-batch consistency. Many of them are

also limited in supply and can therefore be costly.

There are several concerns over the use of natural polymers as scaffolds for TE,
including the risks of pathogen transmission and immunorejection associated

with natural materials from animal and cadaver sources.

Decellularized matrices

Tissues and organs can be completely decellularized preserving their three-
dimensional architecture with the abundant capillary network. Acellular

xenogeneic scaffolds have the unique potential for host cell recolonization
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without inducing an immunogenic response, since the amino acid sequence and
quaternary structure of many ECM proteins are highly conserved among

various species (Fitzpatrick et al. 2010).

Scaffolds derived from xenogeneic ECM have been used in numerous TE
applications for several decades. The safety and efficacy of such scaffolds has
been shown in both preclinical animal studies and in human clinical studies.
They have been used for the repair and reconstruction of numerous body
tissues including musculoskeletal, cardiovascular, urogenital and integumentary

structures (Badylak et al. 1995; Cobb et al. 1996; Kochupura et al. 2005).

These scaffolds are typically prepared from porcine organs such as small
intestine, urinary bladder or heart, which are subjected to decellularization and
sterilization without significant loss of the biologic effects and the mechanical
integrity of the ECM. The composition of these scaffolds includes the structural
and functional proteins that are part of native mammalian ECM, presenting a
three-dimensional organization that distinguishes these decellularized matrices
from synthetic scaffold materials and is associated with constructive tissue

remodeling instead of scar tissue (Badylak 2004).

Collagen

Of the naturally-derived materials, collagen is the most often used. It is the
principal structural protein in mammals, being a main component of ECM of
mammalian tissues including bone, cartilage, tendon, ligament, skin, etc. About
of 25 types of collagen differing in their chemical composition and molecular
structure have been identified so far while type | collagen is known to be the
most abundant one of all (Liu & Ma 2004). Collagen is composed of three

polypeptide chains that form a triple helix (Fig 6).
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Collagen has been used commercially in
various medical applications and wound
dressings since the 1970s. Particularly,
collagen is clinically well established and
FDA approved matrices for wound
healing to treat burns and chronic
wounds (Still et al. 2003; Harding et al. L
2002; Nambu et al. 2011). It is also
widely used in regenerative applications

of different organs and tissue as the

urethra (Micol et al. 2012), the cornea

(Krishnan et al. 2012; Mi et al. 2011),
Fig. 6. Structure of collagen. ©Addison

skin (Gaspar et al. 2011) and skeletal Wesley Longman, Inc.

muscle (Yun et al. 2012), usually in combination with other biomaterials or

growth factors.

Fibrin

Fibrin is a fibrous protein involved in the clotting of blood. It is formed from
fibrinogen by the protease thrombin (Fig. 7). Fibrin-based materials are
biocompatible and biodegradable and support angiogenesis and tissue repair.
In addition, fibrin naturally contains sites for cellular binding and has been
shown to have excellent cell seeding effects and good tissue development (Ye

et al. 2000).

Fibrin can be produced as autologous scaffold material from as few as 50 mL of
the patient’s own blood. Completely autologous production lowers the
possibilities of an inflammatory reaction due to a foreign body reaction or
foreign antigenic epitopes, as well as the possibility of disease transmission
(Cornelissen et al. 2012). Fibrin has the approval of Food and Drug

Administration (FDA) for biomedical applications.
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Furthermore, an interesting characteristic of fibrin gels is that they are obtained
by the mixture of two liquid solutions, which allows the creation of complex
geometries by using molds or the possibility of directly injecting both

components as liquid solutions in the injure site to form the gel in situ.
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Fig. 7. Left: Biological process of fibrin mesh formation. Right: Changes on fibrinogen structure
due to thrombin and Factor Xlll. Adapted from Audesirk et al., 2003.

Fibrin gel use is limited by its mechanical weakness that requires in vitro culture
of tissue-engineered constructs to provide a mechanically stable engineered
tissue backbone. Nevertheless, fibrin has been studied as a biological scaffold in
various TE applications, such as cardiac (Ye et al. 2000; Yuan Ye et al. 2011),
muscle (Liu et al. 2012), spinal cord (Johnson et al. 2010), vascular(Shaikh et al.

2008) and respiratory (Cornelissen et al. 2012) regeneration.

Hyaluronic Acid (HA)

Hyaluronic acid (HA, hyaluronan) is a polysaccharide found in the connective
tissue of virtually all animals and has been assigned important functions in a
number of cellular processes, such as stabilizing and organizing the ECM,
regulating cell adhesion and motility, and mediating cell proliferation and

differentiation (Fraser et al. 1997; Cheung et al. 1999; Entwistle et al. 1996).
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HA is a lineal polysaccharide composed of B—D-glucoronic acid and N-acetyl-j-

D-glucosamine (Fig. 8).
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Fig. 8.Molecular structure of hyaluronic acid.
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HA is easy to produce and modify, hydrophilic and naturally biodegradable,
thus a suitable material for TE. Furthermore, HA is non-immunogenic and has
unique viscoelastic and physiochemical properties with potential use in TE
applications, as for example, in wound healing (Kirker et al. 2002), cartilage
regeneration (Yamane et al. 2005) or development of vascular grafts (Turner et

al. 2004).

1.2.3. Synthetic Biomaterials

The advantage of using synthetic polymers over natural ones is that they are
more readily available, can be produced in large scale with low cost, have no
risk of immunogenicity, and are easier to process and reproduce. Their main
disadvantage is that their degradation products may not be among the
metabolites naturally found in the body and might lead to problems if

accumulated in tissues (Demirbag et al. 2011).

Poly(a-hydroxy acids)

Poly(a-hydroxy acids), including poly(glycolic acid) (PGA), poly(lactic acid) (PLA)
(Fig. 9) and their copolymer PLGA, are the most popular and widely used
synthetic polymeric materials in bone TE. These polymers, having a long history

of use as degradable surgical sutures, have gained FDA approval for certain
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clinical uses as sutures, bone plates pins and screws (Béstman 1991; Middleton

& Tipton 2000) and are reasonably biocompatible.

The ester bonds in these polymers are hydrolytically labile and they degrade
non-enzymatically (Therin et al. 1992). The degradation products of PGA, PA
and PLGA are nontoxic natural metabolites and are eventually eliminated from
the body in the form of carbon dioxide and water (Liu & Ma 2004). The
degradation rates of these polymers can be tailored to satisfy the requirements
from several weeks to several years by altering the chemical composition,
crystallinity, molecular-weight, and molecular weight distribution. These
polyesters are thermoplastics and can be formed into desired shapes by

molding, extrusion, and solvent processing (Hubbell 1995).
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Fig. 9. Molecular structure of poly(lactic) acid (PLA).

These polymers have already been widely used in bone TE research (Kellomaki
et al. 2000; Bolland et al. 2008; van der Elst et al. 1999) and there are ongoing
research efforts in improving the functionality of these polymers to further
expand their applications to areas like cartilage (Puelacher et al. 1994;
Sherwood et al. 2002), central (Hurtado et al. 2011) and peripheral (Hsu et al.
2011; Evans et al. 2002) nervous system regeneration.

Other polymers have also been investigated for TE such as polyanhydrides,
polycarbonates, polyphosphazene, polyfumarates, and poly(butylene

terephthalate)/poly(ethylene oxide).
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Polyethylene glycol (PEG)

Hydrogels made of PEG are highly biocompatible and exhibit versatile physical
characteristics based on their weight percent, molecular chain length, and

crosslinking density (Temenoff et al. 2002).

PEG hydrogels are attractive scaffolds to provide 3D templates in aqueous
environments for tissue regeneration; however, PEG hydrogels typically exhibit
minimal or no intrinsic biological activity due to the nonadhesive nature of PEG

chains (Zhu 2010).
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Fig. 10. Schematic Polyethylene glycol (PEG) modification to obtain bioactive gels. From J. Zhu,
2010.

Inspired by nature, researchers have developed a variety of bioactively
modified PEG hydrogels (Fig. 10) to mimic the natural ECM (Tibbitt & Anseth
2009; Cushing & Anseth 2007). These modified hydrogels have been used in
different TE applications, like cardiac (Shapira et al. 2008), brain (Marcano et al.

2012) or nerve regeneration (Scott et al. 2010).

1.2.4. Composite biomaterials

Most of the scaffolds used in TE are made of more than one material, trying to

take advantage of the properties of each of the components. That’s the case of
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composites of a phosphate ceramic with a degradable polymer, that are widely
used in bone TE since they combine appropriate mechanical and
osteoconductive properties of the scaffold (Charles-Harris et al. 2008).

Composites of collagen with ceramics or demineralized bone particles are also

usual.

1.3. Bioactive Molecules

Recent research has demonstrated the relevance of some molecules, as growth
factors, cytokines, vitamins or hormones, in guiding and modulating the
differentiation of stem cells during tissue regeneration. These molecules
interact with membrane receptors initiating a variety of signal cascades that

result in the activation of proliferation, differentiation or migration processes

(Fig. 11).
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Fig. 11. Schematic representation of the interaction between soluble factors with membrane
receptors and the posterior signal cascades. ©Cell Signaling Technology, Inc., 2008.
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Within the bioactive molecules most frequently used in TE are growth factors

and cytokines. These are proteins that by locally interacting with cell receptors

usually at the membrane level, initiate reaction cascades that transfer

information to the nucleus and stimulate cell specific proliferation and

differentiation events. By stimulating angiogenic and regenerative processes

resulting in better mechanical stability of the differentiated tissue, these factors

have an important guiding role in the engineering of tissue repair to mimics the

natural development process.

The most used growth factors for TE are:

44

Transforming Growth Factor-B (TGF-B). TGF-B is a superfamily of mitogenic
polypeptides that display reversible growth inhibitor activity and stimulate
cell replication and ECM formation (Massagué 1990). They play a crucial
role in cell proliferation, apoptosis and differentiation. Moreover, they are
involved in the regulation of the cell cycle and immune system. TGF-B has
been widely used in cartilage repair (Johnstone et al. 1998; Dickhut et al.
2010; Park et al. 2010).

Bone Morphogenetic Protein (BMP). This protein, a member of the TGF-
B1 superfamily, was first described by Urist about 40 years ago (Urist et al.
1973) and more than 14 types of human BMP have been described since.
BMPs mostly influence bone, but also hematopoietic cell differentiation
(Chadwick et al. 2003). BMPs induce MSC migration and their
differentiation to the osteogenic phenotype (Lind et al. 1996; Reddi &
Cunningham 1993), properties that have been exploited for therapeutic
bone repair and regeneration (Kanakaris et al. 2009; Calori et al. 2008;
Ronga et al. 2006; Grgurevic et al. 2011; Hollinger et al. 1998). Despite the
significant evidence from animal models in support of the bone healing
stimulatory effect of BMPs, future clinical investigations is required to

better elucidate some still open questions, i.e. what is the ideal delivery
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system for human BMPs, the suitable dosage, the actual concentration of
BMPs at the graft sites (Calori et al. 2009), in addition to a better
understanding of oncogenic safety issues surrounding the use of this factor.
Vascular Endothelial Growth Factor (VEGF). VEGF is an endothelial-specific
growth and chemotactic factor. VEGF was initially defined, characterized
and purified for its capacity to induce vascular leak and permeability, as
well as for its ability to promote vascular endothelial cell proliferation
(Senger et al. 1983). Other members of the VEGF family were identified
based on their homology to VEGF, including placenta growth factor (PICF)
(Maglione et al. 1991), VEGF-B (Olofsson et al. 1996), VEGF-C (Joukov et al.
1996) and VEGF-D (Achen et al. 1998).

Fibroblast Growth Factor (FGF). FGF was first described in 1975
(Gospodarowicz 1975). Today, FGF family comprises more of 20 related
proteins involved in bone development. FGF-2, also known as basic
Fibroblast Growth Factor (bFGF) increases cell proliferation and
proteoglycans production. It is also commonly used as an exogenous
culture medium supplement, adopted for the expansion stem cells in
culture (Tasso et al. 2012). bFGF signaling is associated with the
maintenance of a higher degree of “stemness” in a variety of stem cells,
including MSC (Auletta et al. 2011).

Insulin-like Growth Factor (IGF). IGF is a single polypeptide with protein
sequence similar to that of insulin. It plays a key role in cartilage
homeostasis, balancing proteoglycan synthesis and breakdown by the
chondrocytes (Schmidt et al. 2006).

Platelet Derived Growth Factor (PDGF). PDGF is a polypeptide growth
factor secreted from cytokine-laden granules of aggregated platelets early
after tissue injury (Heldin & Westermark 1999). PDGFs comprise a family of
mitogens for connective tissue cells such as smooth muscle cells,

fibroblasts, and glial cells. Besides growth, the cellular effects of PDGFs
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include chemotaxis, differentiation, and modulation of other cell functions
such as the production of ECM components and contraction. Following its
identification as a secretory product of platelets, PDGFs have been shown
to be also synthesized by numerous normal cell types, including endothelial
cells, monocytes/macrophages, smooth muscle cells, fibroblasts, placenta
cytotrophoblasts, neurons, and certain glial cells. The PDGF family includes
three dimeric ligands, PDGF AA, AB and BB, constituted by two polypeptide
chains, PDGF A and B (Hart et al. 1990). In the adult, most of the proposed
functions of PDGF relate to different responses to injury, for example,
inflammation and wound healing (Levéen et al. 1994). This factor promotes
the maturation of blood vessels by the recruitment of smooth muscle cells
to the endothelial lining of nascent vasculature (Richardson et al. 2001).
PDGF has also been shown to induce a potent chemotactic activity towards
cells of mesenchymal origin, including fibroblasts, osteoblasts,
chondrocytes and MSCs, and is thus believed to be capable of enhancing

tissue regeneration and repair. (Phipps et al. 2012; Schmidt et al. 2006).

1.4. Mechanotransduction

Mechanotransduction, defined as the conversion of physical force into
biochemical information, is relevant part of the physiology of many cell types
and a fundamental agent guiding development. It provides the means by which
cells respond to the environment, ensure structural stability, regulate
morphogenetic movements to generate precise three-dimensional structures
(Orr et al. 2006). Mechanical forces, such as applied forces or the rigidity of the
ECM, are ever present in the cellular environment (Table 2) and crucially
influence the form and function of cells and organisms. In the vascular system,
pressure and shear stress from pumping blood influence the morphology and

pathology of the heart and vasculature. Bone is shaped by forces from gravity
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and muscle contraction. Hearing and touch are based on neural responses to

pressure. Inflation and deflation of the lungs regulate their physiology.

Although is clear that common physiological processes expose cells to a variety
of mechanical stimuli, how cells sense and integrate these forces at the
molecular level to produce coordinated behaviors is an open question (C. S.
Chen et al. 2004). The cellular components mainly involved in the signaling
pathways include the membrane structures, such as caveolae, focal adhesions,
stretch-activated ion channels, and integrins; intracellular signaling molecules,
including G-proteins and mitogen-activated protein kinases (MAPK); and the
cytoskeleton (Lionetti et al. 2011) (Fig. 12). However, there still remains the

question of how these cellular structures communicate with each other.
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Table 2. Estimated in vivo magnitudes of mechanical stimuli on cells. From Orr et al., 2006.

The role played by mechanical loading in the differentiation, maturation, and
migration of stem cells during tissue repair/regeneration has begun to attract
increased attention from several researchers. Recent studies showed that
specific in vitro mechanical signals, in specially designed bioreactors, provide
important adjuncts to biochemical signaling pathways for promoting
engineered tissue growth (Doyle et al. 2009). Thus, the biomechanical aspects

in TE become as important as biomaterial considerations.
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Much of the work in this context
has focused on musculoskeletal
differentiation by MSCs, e.g.,
chondrogenesis has been
demonstrated to be enhanced by
dynamic compression in studies
conducted by a number of groups

using scaffolds including agarose,

. RSO Felaase of sobbin tactors TR -
alginate and fibrin-polyurethane (FGF, HGF, S0F-1o. -

TEF-1, MMP]
composites (Angele et al. 2004; Li S .
et al. 2010; Mouw et al. 2007). Stem coll fate and engrafiment

Tissue Hepair

For example, high levels of shear

) . Fig. 12. Proposed mechanisms for stem cell
stress (0.5-1 N/m” ) stimulate MSCs  getivation by mechanical forces in tissue repair.

. . From Lionetti et al., 2011.
to release angiogenic growth

factors and form microvessels (Lee & Niklason 2010), while moderate levels
(<0.01 N/m?) promote differentiation towards the osteoblastic lineage (McCoy

et al. 2012; Sikavitsas et al. 2005; Zhao et al. 2007).

Future studies focused on a better understanding of the biomechanical
pathways involved in mechanical signal transduction in stem cells will hopefully

provide new insight to improve stem cell-based therapies.
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2. CELL AND TISSUE CULTURE
2.1. 3D culture

When cells with therapeutic potential were first discovered, they were initially
cultured and expanded in two-dimensional culture vessels such as plates or T-
flasks. Nevertheless, in the body, nearly all tissue cells reside in an ECM
consisting of a complex 3D fibrous meshwork with a wide distribution of fiber
and gaps that convey complex biochemical and physical information.
Additionally, the 3D microenvironment in which the different cell types are
embedded are considerably different. Two dimensional culture substrates not
only fall short of reproducing the complex and dynamic environments of the
organism, but also are likely to misrepresent experimental findings by forcing
cells to adjust to artificial flat and rigid surfaces (Lee et al. 2008). Thus, culture
of cells in three dimensional structures would provide a more realistic model of

a physiological environment (Fig. 13).

In addition to the biomaterial matrices mentioned in the previous section, a
broad range of commercial matrices is also available, usually combining
structural proteins and/or polysaccharides with an assortment of bioactive
molecules. One of the most widely used is BD Matrigel™, a basement
membrane matrix produced by a mouse sarcoma cell line. This matrix has been
used to cultivate a large variety of cell types, like for example, ESCs (Ludwig et
al. 2006) and iPSCs (Takahashi & Yamanaka 2006), and to perform angiogenesis

assays both in vivo (Kisucka et al. 2006) and in vitro (Maeshima et al. 2001).

The use of these matrices facilitates the systematic analysis of cell behavior and
the molecular events guiding it, significantly helping to improve our

understanding of tissue physiology and pathophysiology.
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Fig. 13. Comparison of natural cell and tissue morphology cultured on 2D and 3D substrates.
Histological images of (A) bone and (D) liver, and (G) scanning electron microscope image of
the thymus. Optical microscope images of (B) osteoblasts, (E) hepatocytes, and (H) co-culture of
lymphocytes and stromal cells. Cellular morphology becomes closer to that of natural tissue
when cultured on 3D matrices; different appearance of (C) osteoblasts, F) hepatocytes, and (1)
mononuclear cells. From Lee et al., 2008.

2.2. Bioreactors

Bioreactors are generally defined as devices in which biological and/or
biochemical processes develop under closely monitored and tightly controlled
environmental and operating conditions (e.g. pH, temperature, pressure,

nutrient supply and water removal)(Martin et al. 2004).

Bioreactor systems play an important role in TE, as they allow safe and
reproducible production of tissue constructs. For clinical applications, the use
of bioreactors should be an advantageous method to produce materials with

low contamination risk, ease of handling and scalability (Portner et al. 2005).
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Bioreactors may also provide reliable model systems to investigate tissue
growth under reasonably realistic conditions, (e.g. fluid flow, shear stress, etc.)
providing technical means to perform controlled studies aimed at
understanding specific biological, chemical or physical aspects of tissue

regeneration.

2.2.1. Stirred-tank bioreactors

The supply of oxygen and soluble nutrients becomes critically limiting for the in
vitro culture of 3D tissues. Because engineered constructs should be at least a
few millimeters in size to serve as grafts for tissue replacement, mass-transfer

limitations represent one of the greatest challenges to be addressed.

(a) r—g] (c)

(b)

(d)

Fig. 14. Representative bioreactors for tissue engineering (TE) application: (a) Spinner-flask, (b)
rotation-wall vessels), (c) hollow-fiber bioreactors, (d) direct perfusion bioreactors. Adapted
from Martin et al.,2004.

External mass-transfer limitations can be reduced by cultivating constructs in a
stirred flask (Fig. 14a). As one of the most basic bioreactors, the stirred flask
induces mixing of oxygen and nutrients throughout the medium and reduces

the concentration boundary layer at the construct surface, but also generates

51



Introduction

turbulent eddies, which could be detrimental for the development of the
tissue.
Depending on the type of cells cultured, it may be necessary to use

microcarriers to allow attachment of adherent cells.

This type of bioreactors has been used for multiple TE applications like the
expansion of hESCs (Krawetz et al. 2010), Neural Stem Cells (NSCs)(Ng & Chase
2008) and MSCs (Frith et al. 2010), the production of ESCs-derived osteoblasts
and chondrocytes (Alfred et al. 2011) or tumor growth (Kang & Bae 2009).

2.2.2. Rotating-wall vessels

A dynamic laminar flow generated by a rotating fluid environment is an
alternative and efficient way to reduce diffusional limitations of nutrients and
waste while producing low levels of shear. Rotating bioreactors provide a
dynamic culture environment to the constructs, with low shear stresses and
high mass-transfer rates (Fig. 14b).

This type of bioreactor has mostly been used for bone (Nishi et al. 2012; Song
et al. 2008) and cartilage (Buckley et al. 2009; Ohyabu et al. 2006) TE.

2.2.3. Hollow-fiber bioreactors

Hollow-fiber bioreactors can be used to enhance mass transfer during the
culture of highly metabolic and sensitive cell types. In one configuration, cells
are embedded within a gel inside the lumen of permeable hollow fibers and
medium is perfused over the exterior surface of the fibers (Fig. 14c). This type
of reactors has been used successfully to maintain the function of highly
metabolic cells, e.g., hepatocytes (Mueller et al. 2011; De Bartolo et al. 2009),

by increasing the mass transport of nutrients and oxygen.
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2.2.4. Direct Perfusion Bioreactors

Direct perfusion bioreactors in which medium flows directly through the pores
of the scaffold can be used for seeding and/or culturing 3D constructs (Fig.
14d). During seeding, cells are transported directly through the scaffold pores,
yielding a highly uniform cell distribution. During culture, medium flowing
through the construct enhances mass transfer, not only at the periphery, but
also within its internal pores.

Perfusion bioreactors are widely used, because they allow to increase the mass
transport of nutrients and oxygen and waste removal from the tissue culture
environment. A particular type or perfusion, called interstitial or direct
perfusion, is considered to be an important stimulus in the mechanobiology of
several three-dimensional tissues, because hydrodynamic shear stresses may

positively affect the cells viability, differentiation and protein production.

Perfusion bioreactors have been used for uniform and high-density cell seeding
into scaffolds (Zhao & Ma 2005; Wendt et al. 2003), culture of cardiomyocytes
(Carrier et al. 2002) and chondrocytes (Pazzano et al. 2000; Davisson et al.

2002), as well as for the study of osteogenic differentiation (Gomes et al. 2003).

2.2.5. Other bioreactors

Bioreactors that apply controlled mechanical forces, such as dynamic
compression, to engineered constructs can be used as model systems of tissue
development under physiological loading conditions, and to generate
functional tissue grafts. Compressive deformation can be applied by a
computer-controlled micro-stepper motor, and the stress on the constructs can
be measured using a load cell. These bioreactors are mostly used for
developing cartilage (Mouw et al. 2007; Puetzer et al. 2012) and bone grafts
(McCoy et al. 2012; David et al. 2008).
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2.3. Animal models

In vivo models are required when in vitro systems cannot provide a
reproducible approximation of the real-life in vivo or clinical setting. Some
obvious and common examples include the kinetics of delivery and distribution
of drugs or bioactive factors; the biocompatibility and degradation properties
of implant materials; the effect of intervention on the local secretion or release
of cytokines and the flux and stability of in vivo cytokine gradients; the patterns
and distribution of gradients associated with the mass transport of oxygen and
other nutrients; the survival of cells and tissue after transplantation; the
migration of cells through vascular systems (both immune/inflammatory
response and stem cell or progenitor cell homing); the multicellular processes
associated with budding angiogenesis and revascularization to reestablish the
flow of blood in a tissue; the heterogeneous environment of mechanical stimuli
associated with muscle contraction and mechanical deformation through
extrinsic forces or intrinsic movement and vascular pulsation, etc. Although
selected aspects of these processes can be studied in vitro, none of these
environments or processes can be created reliably in vitro outside of very
narrow and uniform conditions (Muschler et al. 2010).

Feasibility and bioactivity testing of implants for TE includes assessment of
biocompatibility, toxicity, screening for adverse reactions and effectiveness,
and is almost always done in small mammals, specifically in mice and rats.
Genetic homogeneity (inbreed strains), availability of a great number of
different transgenics, rapid occurrence of biological events, ease of handling
and relatively low cost are some of the principal advantages of these models

when compared with bigger animals.

In some settings, feasibility studies must be advanced into a larger animal, such
as a rabbit, dog, sheep or goat. However, these settings are generally limited to

just a few situations: (1) when the surgical procedure required cannot be
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performed reproducibly in a smaller animal, (2) when the size of the implant or
device under study exceeds the volume capacity of a smaller animal, and,
similarly, (3) when there is the need to model effects of large diffusion
distances or void volumes, as in the case of mass transport limitations in the
survival of transplanted cells, or (4) when the effect of load must be taken into

consideration.

Preclinical studies, where animal models are designed to create an
environment that is as close as possible to the clinical setting in which a therapy
will be applied, are also performed in larger animal species, biologically closer

to human.
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3. NONINVASIVE IMAGING

Despite their success, conventional microscopy methods (histopathological and
cytological) suffer significant limitations when used for biological research. They
usually require chemical fixation of tissues, involve the observation of biological
samples under nonphysiological conditions, generally do not allow to
investigate the dynamics of cellular processes, and most importantly, it has
been very difficult to generate quantitative data using conventional microscopy

(Phair & Misteli 2001).

Noninvasive imaging comprises a group of techniques that allow the monitoring
of both the temporal and the spatial distribution of biological systems or

specific probe molecules inside a living animal.

Noninvasive techniques are non-destructive, allowing the repetitive study of
the same animal and the use of the same or alternative biological imaging
procedures at different time points. Noninvasive procedures reveal dynamic
and meaningful pictures of the progressive changes in biological parameters
under analysis, while at the same time requiring fewer experimental animals,
thus lowering research costs and animal suffering, an also appealing feature on

ethical grounds.

Another benefit of noninvasive imaging assays is their quantitative nature. The
images obtained are usually not just subjective or qualitative, as is the case
with standard use of several conventional medical imaging modalities, but
instead, usually provide meaningful numerical measures of biological
phenomena. Such quantitative data could even be considered more useful that
similar data obtainable in vitro or ex vivo, on account of preserving the

intactness and the physiology of the experimental subject.

There has been considerable progress in the development of non-invasive small

animal in vivo imaging technology. Magnetic Resonance Imaging (MRI),
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Computed Tomography (CT), Positron Emission Tomography (PET) and optical
imaging (bioluminescence (BLI) and fluorescence (FLI)) are the most popular

techniques utilized by researchers in recent years (Table 3).

Imaging Portion of EM Spatial Depth Temporal

Technique radiation  spectrum resolution resolution
used

PET High-energy y rays 1-2 mm No limit 10 s to mins

SPECT Lower-energy y rays 1-2 mm No limit mins

BLI Visible light 3-5mm 1-2cm secs to mins

FLI Visible or near- 2-3mm <lcm secs to mins

infrared light

MRI Radiowaves 25-100 um No limit mins to hours
CT/uCT X-rays 5-200 um No limit mins
Ultrasound  High-frequency sound  50-500 um mmtocm  Secs to mins

Table 3. Summary of the principal noninvasive imaging techniques used in biomedical research.
Adapted from Massoud and Gambhir, 2003.

3.1. Magnetic Resonance Imaging

The fundamental principle underlying MRI is that magnetic dipoles, such as
those of the proton, align themselves with the field lines when placed into a
magnetic field. In a MRI scanner, a strong magnet produces a magnetic field
surrounding the subject under investigation. The instrument contains also a
radiofrequency coil that can produce a temporary radiofrequency pulse (with
the corresponding magnetic component) to change the alignment of the
nuclear spins. Following the pulse, the magnetic dipoles return or “relax” to
their baseline orientation, producing an electromagnetic photon which is
detected as a change in electromagnetic flux (Massoud & Gambhir 2003a) by
the instruments antenna. An important function of the scanner is to determine
the rate at which these dipoles relax to their baseline orientation following

excitation; this measurement is translated into an MR signal. Dipoles, e.g.,
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those of protons, in different physicochemical environments will have different
MR frequencies (Jacobs & Cherry 2001). Thus, one of the main ways by which
image contrast is achieved in MRI consists in using a central computer to scan
the timing parameters of pulse excitation and recording, to probe the magnetic
resonance of the target substance (usually water protons) and generate images
representing levels of magnetic susceptibility. The two most frequently used
timing parameters are known as T1 and T2 weighting. MRI is very sensitive to
soft-tissue differences and abnormalities.

MRI has advantages over other imaging modalities. It produces higher
resolution images, which falls within a micrometer range, compared to those
generated by radionuclides and optical probes in the millimeters range. MRl is
also attractive because of its low toxicity and low energy generating no ionizing
radiation. In certain applications, MRI can simultaneously extract physiological,
molecular and anatomical information. However, a disadvantage of MRI is that

it is less sensitive than radionuclide or optical imaging technique and

considerably more expensive.

Fig. 15: Magnetic resonance images showing the growth of a subcutaneous (sc) tumor in mice.
From top to bottom and from left to right: 9, 11, 13, 16, 18, and 20 days post inoculation.
Adapted from Kersemans et al., 2012.

Recently, developments in animal MRI have focused on the development of

new contrast agents that increase sensitivity and specificity.
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MRI has been used to track MSCs (Bos et al. 2004), to measure tumor volume
(Kersemans et al. 2012) and to monitor T-cell recruitment in tumors (Kircher et

al. 2003).

3.2. Computed Tomography Imaging.

CT imaging is based, as is X-ray imaging, in the differential absorption of
various-rays by tissues. A relatively low-energy X-ray source and a detector
rotate around the subject, acquiring volumetric X-ray density data that a
computer uses to generate 3D images. Most mouse CT images are collected
with high-resolution phosphor screen/Charge Coupled Device (CCD) detectors
to optimize image quality. The system spatial resolution is primarily limited by
the pixel sampling rate, the X-ray source size and blurring in the phosphor
screen. Resolution ranges from a few millimeters (clinical CT) to a few tens of
micrometers (UCT), and even down to 100 nm (synchrotron radiation nano-CT)

(van Lenthe et al. 2007).

CMKS

Contral

Fig. 16. Tridimensional reconstruction of cross-section images by Computed Tomography at 4
and 12 weeks after production of a cavitary defect in the rabbit femur. Adapted from Dai et
al.,2011.
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CT allows the generation of high-spatial resolution images in short periods of
time. A typical scan of an entire mouse at a resolution of 100 um would take

about 15 minutes (Koo et al. 2006).

Unlike MRI, CT generates images with relatively poor soft-tissue contrast, often
making it necessary to administer iodinated contrast media to delineate organs
or tumors. Unfortunately, the use of contrast agent produces an ionization
effect that results in radiation damage via superoxides and free radicals.
Furthermore, the radiation dose of each scan is not negligible (0.6 Gy per scan;
5% of the LDs, for mice), thus this factors limit the possibility of repeated

imaging of the same animal.

CT has been employed in non-invasive in vivo imaging to monitor colonic tumor
growth (Pickhardt et al. 2005), to monitor bone regeneration (Gauthier et al.
2005; Dai et al. 2011) (Fig. 16), to detect tumors (Weber et al. 2004) and to

analyze porous scaffolds (van Lenthe et al. 2007; Bohner et al. 2005).

3.3. Positron Emission Tomography and Single Photon Emission
Computed Tomography.

PET records high-energy y-rays emitted from within the subject. The underlying
principle is that PET isotopes decay emitting B+ radiation (positrons) over time.
Each positron undergoes an annihilation reaction with an electron, which
results in the generation of two high energy y-ray photons in opposite
directions. The high energy y-rays are detected by scintillating crystals and
converted into visible light, which is detected by light sensors and imaging
processing units.

Positron-emitting isotopes frequently used include 130, ®#cu, %2cu, 4, ®Br, Rb
and ®Ga. Most of these isotopes are produced in a cyclotron and then
chemically incorporated into a molecular probe. Labeled molecular probes or
tracers can be introduced into the subject and imaged by PET to monitor their

distribution and concentration. Many of the positron-emitting isotopes used
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have relatively short half-lives of less than hours to days, so that the chemical
reactions leading to incorporation of the isotope into the parent molecule and
subsequent introduction into subject must take place relatively quickly. PET
radiopharmacies exist throughout the world and are capable of providing

commonly used PET tracers on a daily basis.

SPECT is a distinct form of radionuclide imaging that differs from PET in that
isotopes emit only one gamma ray at a time that is detected using different

instrumentation not allowing 3D imaging.

In recent years, small animal micro-PET scanners have been developed.
Development of molecular imaging assays with PET is particularly advantageous
because of the ability to validate probes in cell culture and small animal models
prior to their use in established clinical PET centers. The ability to perform
translational research from a cell culture setting to preclinical animal models to

clinical applications is one of the unique and powerful features of PET

technology.
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Fig. 17. Positron Emission Tomography (PET) imaging of a modified vaccinia virus replication in
pancreatic carcinoma xenografts. Adapted from Haddad et al.,2012.

The major limitations of PET are its spatial resolution and image noise. Spatial

resolution of PET scans is typically about 2*> mm?®. Newer generation scanners
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can achieve a resolution of about 1> mm? and have a relatively high sensitivity
of approximately 10! to 10 mole/I.

PET has been used to localize MSCs implanted on mice and pig models (Miletic
et al. 2007), to target tumor cells (X. Chen et al. 2004; Janssen et al. 2002) and

to determine biodistribution of oncolytic virus (Haddad et al. 2012).

3.4. Ultrasound Imaging

Ultrasound imaging uses high-frequency sound waves to view soft tissues such
as muscles and internal organs. High-frequency sound waves are emitted from
a transductor, reflected in the tissue and then detected by a microphone. Each
tissue reflects the sound with a different frequency based on their density and
therefore, creates contrast images at 50-100 pm resolution (Ray 2011).
Ultrasound is a real-time imaging modality, capturing data at up to 1000 frames
per second. This means that not only is it capable of visualizing blood flow in
vivo, it can even be used to study high speed events such as blood flow and
cardiac function in mice. In addition, contrast agents in the form of
microbubbles, which have different acoustic properties than those of tissues,
can be introduced to highlight vasculature or to target specific receptors
(Deshpande et al. 2010).

Micro-ultrasound systems have been specifically developed for small animal
research, with frequencies ranging from 15 MHz to 80 MHz compared with
clinical ultrasound systems which range from 3-15 MHz (Foster et al. 2009,
p.15). Higher frequencies increase image resolution, however at the expense of
penetration depth. Axial resolutions of 20-80 um are achieved, allowing the
visualization of tiny vascular structures. To image capillaries, this resolution can
be further increased to 3-5 um by injecting microbubble contrast agents.
Furthermore, microbubbles can be conjugated to markers such as av3 integrin
and vascular endothelial growth factor receptors (VEGFR), in order to provide

molecular visualization (Deshpande et al. 2010) (Fig. 18).
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(a) (b) (c)

Fig. 18. Molecular ultrasound images of a sc human ovarian adenocarcinoma xenograft tumor
(arrows) in a nude mouse after intravenous administration of singly-targeted microbubbles,
targeted at vascular endothelial growth factor receptor type 2 (a) or av83 integrin (b), and
dual-targeted microbubbles (c). From Deshpande el al., 2010.

Non-targeted ultrasound contrast agents have been in clinical use for many
years, however, the use of targeted microbubbles is currently still restricted to
preclinical research.

Ultrasound systems present high spatial and temporal resolution, real-time
imaging, non-invasiveness, relatively low costs, lack of ionizing irradiation and
wide availability among the imaging community throughout the world. These
are important advantages that will definitely lead to further development of

this technique, both in preclinical research as well as in clinical applications.

3.5. Optical imaging

Molecular and cellular imaging has provided various techniques for identifying
and tracking transplanted cells. MRI, CT, PET and SPECT offer deep tissue
penetration and high spatial resolution. However, in small animal studies, these
techniques are more costly and time consuming to implement compared with
optical imaging.

Optical imaging techniques have already been developed for in vitro and ex vivo
applications in molecular and cellular biology. An extension of this concept

toward noninvasive in vivo imaging with light photons has led to the
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development of fluorescence and bioluminescence imaging. Progress in optical
molecular imaging strategies has come from the development of targeted
bioluminescence probes, near-infrared fluorochromes, and red-shifted
fluorescent proteins (Massoud & Gambhir 2003b).

A fundamental issue in optical imaging of living subjects is how to detect light
emitted from within the subject’s body, this being relevant to both
bioluminescence and fluorescence imaging. In this regard, several technical
advances for imaging of very low levels of visible light have emerged, based on
the use of highly sensitive detectors. CCD detectors are made of silicon crystals
sliced into thin sheets for fabrication into integrated circuits, using similar
technologies to those used in making computer silicon chips. One of the
properties of silicon-based detectors is their high sensitivity to light, allowing
them to detect photons in the visible to near-infrared range. CCD cameras
operate by converting the light photons that strike a CCD pixel with energy of
just 2-3 eV into electrons. CCDs consist of a two dimensional array of
photosensitive elements that convert incident photons in electrons that
accumulate in potential wells having predetermined capacities. Reading of the
accumulated charge after predetermined times reduces readout noise with an
increase of signal to noise ratio. Moreover, in some devices, during the
movement of electrons to the readout circuitry, an accelerating voltage can be
applied that generates a signal amplifying cascade. In the newer-generation
CCD cameras sensitivity is increased by reducing thermal noise, or dark current
generated in the silicon lattice by thermal release of electrons by cooling to
very low temperatures (-80°C) Dark current falls by a factor of 10 for every 20°C
decrease in temperature (Spibey et al. 2001; Massoud & Gambhir 2003a). BLI
CCD cameras are usually attached to a cryogenic refrigeration unit and

mounted in a light-tight specimen chamber.
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3.5.1. Fluorescence Imaging

Green Fluorescent Protein (GFP), a protein form the jellyfish Aequorea Victoria,
has become very popular over the last decade as a reporter in fixed and live
cells. Wild-type GFP emits green (509-nm) light when excited by violet (395-nm)
light. The enhanced variant eGFP has a shifted excitation spectrum to longer
wavelengths and has increased (35-fold) brightness (Massoud & Gambhir
2003a).

In fluorescence imaging (FLI), an excitation light of wavelength in the visible
light range (396-600 nm) illuminates the living subject, stimulating electrons in
fluorophors to a higher energy state. Return of excited electrons to the ground
state, an event that happens within milliseconds of the absorption, results in
emission of photons of lower energy (longer wavelength) that can be recorded
by a CCD camera to generate images of the emitting source. This allows to
image cells tagged with fluorescently labeled antibodies or that express

fluorescent proteins.

Fig. 19. Whole-body real-time fluorescent imaging of orthotopically-growing and metastasizing
PC-3-RFP human prostate cancer in nude mice 2 and 4 weeks after implantation. Adapted from
Yang et al., 2005.

The two main advantages of FLI are that it can be used as a reporter in both live
and fixed cells/tissues and no substrate is required. However, these systems are
not quantitative and the image information is surface-weighted (anything
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closer to the surface will appear brighter compared with deeper structures).
Moreover, many molecules in living organisms are fluorescent and compete
with the signal from the fluorescent reporter.

FLI has been used to monitor bacterial infection (White et al. 2010; Hope-
Roberts et al. 2011) and tumor growth and metastasis in mice (Yang et al. 2005;
Suetsugu et al. 2012) (Fig. 19) among others.

In contrast to FLI in the visible light range, the use of the near infrared (NIR)
spectrum in the 700-900 nm range maximizes tissue penetration and minimizes
autofluorescence from non-target tissue (Rome et al. 2007). This is because
hemoglobin and water, the major absorbers of visible and infrared light,
respectively, have their lowest absorption coefficients in the NIR region (Fig.
20). Several NIR fluorochromes have recently become available that can be
coupled to affinity molecules (peptides, antibodies) or that are activatable to
bind proteins. This type of NIR fluorescence reflectance imaging is still limited

to targets that are fairly near the illuminated surface.

Abserption coefficient (em™")
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Fig. 20. Absorption coefficient of light in tissues. The absorption coefficient of light in tissue

depends on wavelength and results from absorbers such as hemoglobins and water. Adapted
from Rome et al., 2007.
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A further development to FLI is Fluorescence Molecular Tomography (FMT).
FMT employs a continuous pulse light from different sources to excite the
fluorochrome label while multiple detectors in spatial arrangements similar to
those of CT or MR scanners detect light to generate images with a 1-2mm
resolution and nanomolar sensitivity (Ntziachristos et al. 2002; Ntziachristos &

Weissleder 2002).

3.5.2. Bioluminescence Imaging

Luminescence consists on the emission of light photons as the product of a
chemical reaction. All bioluminescent reactions are luciferase-catalyzed
reactions of molecular oxygen with a luciferin (Wilson & Hastings 1998).
In nature, numerous luminous species exist in more than 700 genera, of which
80% are marine species (Widder 2010). Luciferase enzymes have been cloned
from both marine and terrestrial eukaryotes and are commonly used as
molecular reporters for in vitro and in vivo studies. Luciferases emit visible light
ranging from the blue (>400 nm) to the red (>600 nm) and near-infrared
regions of the spectrum, the latter been efficiently transmitted through
mammalian tissues (Contag et al. 1998). These wavelengths can avoid the
absorbing and scattering environment of mammalian tissues (Rice et al. 2001),
thus, can be efficiently detected outside a small animal body using
Bioluminescence Imaging (BLI).
In a bioluminescent reaction, the generation of light depends on several
factors. Firefly Photinus pyralis luciferase (PLuc) requires ATP, Mg** and oxygen
to catalyze the oxidation of its substrate D-luciferin to generate CO,, AMP,
inorganic pyrophosphate, oxyluciferin and a yellow-green light at wave-lengths
that peaks at 562 nm (Fig. 21). By comparison, sea pansy Renilla reniformis
luciferase (RLuc) catalyzes the oxidative decarboxylation of coelenterazine in
the presence of dissolved oxygen to yield oxyluciferin, CO, and blue light that
peaks at 480 nm (Lorenz et al. 1991).
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Fig. 21. Representation of the bioluminescence reaction of firefly luciferase. A cell expressing
the firefly luciferase reporter gene produces the luciferase enzyme that in the presence of
oxygen, ATP, and Mg2 catalyzes D-luciferin into oxyluciferin, CO,, inorganic pyrophosphate
(PPi), and light. From Almeida et al., 2001.

Noninvasive BLI is based on the use of high sensitivity CCD cameras to detect
photons emitted by luciferase expressing cells implanted in live mice.
Luminescent cells can be obtained directly by genetic modification
(transduction) with luciferase reporter constructs or from transgenic luciferase-
expressing mice. Once implanted in an animal, these cells can be tracked;
following intraperitoneal (ip) or intravenous (iv) injection of a luciferase
substrate in the anesthetized animal. To acquire images, the animal is placed in
the light-tight chamber of the imaging system (Fig. 22) and bioluminescent
photons generated by the luciferase reporter reaction are captured by a cooled
CCD camera (Contag et al. 2000). Recorded BLI data can then be superimposed
on b&w images of the mouse to register luciferase activity on the animal body
(Wu et al. 2001). The sensitivity of detection depends on the wavelength of the

light emission, expression, levels of the enzyme in the target cells, the location
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of the source of bioluminescence in the animal, the efficiency of the collection

optics, and the sensitivity of the detector (Wu et al. 2001).
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Fig. 22. Diagram illustrating steps required for bioluminescence imaging (BLI). A: therapeutic

cells are transduced with a luciferase reporter construct and injected into an animal. B:

alternatively, luciferase-expressing cells can be isolated from a luciferase transgenic animal and

injected to the experimental subject. C: after substrate injection, a Coupled Charge Device

camera can be used to localize the luciferase photon signals in vivo. Pseudo-colored images

that represent signal intensity are overlaid with grayscale reference images of the animal to
facilitate localization of the signal. From Almeida et al, 2001.

Reporter genes used for BLI.

Of the many naturally occurring luciferase enzymes, only a subset have been
developed and used as reporter genes. Luciferase from the North American
firefly PLuc is the most common choice, but other luciferases such as the sea
pansy RLuc, the click beetle Pyrophorus plagiophalamus (PPLuc), and the
copepod Gaussia princeps (GLuc) have also been investigated (31,32). GLuc and
RLuc enzymes emit in the blue/green region of the UV visible spectrum, where
light is strongly absorbed and scattered by tissues. Consequently, the imaging

performance suffers from poor sensitivity and spatial resolution. On the
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contrary, PLuc and PPLuc emit approximately 60% of their light at >600 nm,
which enables great tissue penetration. PLuc has emission at 620 nm at 37°C,
making it among the longest emitting luciferases at mammalian body

temperatures and the most sensitive for in vivo applications (Zhao et al. 2005).

Mutations in luciferases can change the wavelength of the luminescence
emitted. A mutation of a single amino acid has been shown to cause red-shifted
luminescence and improve in vivo performance. Recently, a red-shifted mutant
of PLuc was created and described to have an emission maximum of 612 nm at
pH 7.0, a narrow emission bandwidth, and to be thermostable (with a half-life
8.8 h at 37°C vs. 0.26 h for the wild-type luciferase). This PLuc mutant, called
Ppy RE-TS reporter, has been successfully used in small animals to visualize
cancer progression and shown to have superior in vivo imaging performance

compared with the wild-type PLuc (Branchini et al. 2010; Branchini et al. 2007).

The choice of reporter gene to be used should ultimately be based on the
specific biological process to be monitored, the duration and intensity of the
signal needed, and the tissue to be imaged (Cui et al. 2008; Zhao et al. 2005)
(Fig. 23). As longer wavelengths of light penetrate mammalian tissues with less
absorbance, PLuc (>600 nm) is more readily detected (Contag 2007). Moreover,
its substrate D-luciferin remains in circulation longer than other substrates
because it is poorly metabolized by mammalian tissues (Zhao et al. 2004).
However, PLuc has the disadvantage of having a longer coding sequence
compared with marine luciferases such as RLuc and GLuc. Another advantage of
RLuc and GLuc over PLuc is the fact that they do not require ATP as a cofactor
during bioluminescent reaction and thus can be used for imaging cells
independent of their metabolic state (Bhaumik & Gambhir 2002). One
particular characteristic of GLuc is that it is naturally secreted and therefore can
be used as a reporter for quantitative assessment of cells in vivo by measuring
its concentration in blood (Wurdinger et al. 2008). However, RLuc and GLuc

produce shorter wavelengths of light (peaking at 480 nm), which are not
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transmitted through tissues as effectively as PLuc (Zhao et al. 2005). Overall,
the utility of RLuc and GLuc for in vivo BLI can benefit from improvements in
sensitivity (Loening et al. 2007). Pharmacokinetics of its substrate
coelenterazine are somewhat limiting in vivo. Coelenterazine is prone to quick
inactivation, including degradation through autoxidation. This substrate is also
costly, with low solubility. Furthermore, coelenterazine binds to serum
proteins, is cleared rapidly from the bloodstream (Zhao et al. 2004) and decays
rapidly with time (Bhaumik & Gambhir 2002). Therefore, when imaging in vivo
with coelenterazine, the signal needs to be acquired immediately after
substrate administration. On the other hand, this short half-life can be
advantageous in cases in which sequential imaging of two luciferases is
required to monitor two biological processes in tandem in the same animal

(Bhaumik & Gambhir 2002).
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Fig. 23. Emission wavelengths for the most commonly used reporter luciferase enzymes in BLI
and their advantages and disadvantages. V, violet; B, blue; Y, yellow; O, orange; R, red. From
Almeida et al, 2001.

In summary, the development of reporter gene variants with better emission
spectra, brightness, and stability can ultimately improve sensitivity and the

overall performance of luciferases in BLI imaging studies. Moreover, cloning
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new luciferases from different organisms, such as those from Luciola italic and
Cratomorphus distinctus, can certainly improve current applications and make

novel ones possible (Branchini et al. 2006; Viviani et al. 2004).

Vector mediated expression of reporter genes.

A fundamental requirement for BLI is the expression of a bioluminescent
reporter gene by the cells to be imaged. This is generally accomplished by
genetic manipulations to introduce an imaging reporter vector, comprising a
luciferase gene driven by an eukaryotic promoter into cells in vitro, or
alternatively, into embryonic cells to generate luciferase transgenic animals
from which cells can also be (Fig. 22) (de Almeida et al. 2011).

Delivery of bioluminescent reporter genes to cells has been achieved through
several means, but lentiviral-based gene transfer has been the method of
choice because of its wide range of infectivity, effective gene delivery and high
expression levels of transgenes in mammalian cells in culture as well as in vivo
(De et al. 2008). Lentiviruses have the capability to deliver target genes to both
dividing and nondividing cells and are capable of inserting genetic information
into the host genome, ensuring prolonged gene expression with a more limited
host immune response. The safety of the lentiviral vectors has been further
improved with the generation of self-inactivating vectors and the use of
minimal packaging systems. The efficiency of gene expression has been
improved by the introduction of a relatively strong internal promoter such as
cytomegalovirus (CMV). This promoter drives the expression of the reporter
gene and guarantees that the reporter expression is always “on” under all
conditions, in most tissue types. Moreover, lentiviral vectors can be used to
simultaneously induce the expression of multiple genes in a cell. Coupling the
expression of a gene with a luciferase reporter gene provides a simple yet

effective mechanism for studying the regulation of gene expression and
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monitoring it by BLI. This provides exciting opportunities for transcriptional
targeting, double reporter labeling for BLI monitoring, as well as gene therapy.

BLI has been used for monitoring different cell populations in the same animal
for tumor cell therapy (M Vilalta et al. 2009; Alieva et al. 2012), or for analyzing
survival and gene expression of MSCs during tissue regeneration (Bagod et al.

2012; Vila et al. 2012).

Limitations of BLI

BLI has been successfully used to obtain semiquantitative measurements of
biological processes, because of a strong correlation between the number of
cells and the bioluminescence signal detected both in vitro and in vivo.
However, a simple quantification of light emission may not provide a true
representation of biological processes. This is because the firefly luciferase
reaction results from a complex interaction of a variety of molecules (e.g., ATP,
Mg*?, oxygen and luciferin) and because the intensity of the bioluminescence
signal depends on multiple factors. In particular, the number of metabolically
active luciferase-transfected cells, the concentration of luciferin, ATP and
oxygen levels, the spectral emission of bioluminescence probes, and the depth
and optical properties of tissues are known to alter the intensity of
bioluminescence signal (Rice et al. 2001). Another issue that should be
considered during quantitative BLI is the limited and wavelength-dependent
transmission of light through animal tissues. Light sources closer to the surface
of the animal appear brighter compared with deeper sources because of tissue
attenuation properties (Weissleder 2001). It is estimated that for every
centimeter of depth, there is a 10-fold decrease in bioluminescence signal
intensity. Mathematical models can be used to predict in vivo imaging signal
levels and spatial resolution as a function of depth and to help define the

requirements for imaging instrumentation. However, the overall low spatial
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resolution (3—5 mm range) and limited tissue penetrance restrict the use of BLI

to small animal studies (Rice et al. 2001).

Changes in tissue oxygenation can also alter bioluminescence signal. Thus, for
reliable BLI measurements, it is important to understand the effects of local
niche in which the luciferase expressing cells of interest reside. Similarly, BLI
guantification has to be carefully interpreted in studies that involve surgical
procedures. Changes in tissue thickness because of the presence of
inflammation, edema, sutures, and animal growth can alter light absorption

and scattering as well as the bioluminescence signal (de Almeida et al. 2011).
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The general objective of this work was the development of analytical tools to
aid in the generation of novel biomaterials for TE. More particularly, the
objective was the development of a noninvasive imaging procedure for the
analysis of cell behavior (proliferation and differentiation) in biomaterials

implanted in live animals.

PART 1: Demonstrate the use of a BLI platform for in vivo analysis of cell

behavior

1.1. Analyze the angiogenic capacity of a new composite biomaterial
comprising poly(lactic acid) and calcium phosphate glass (PLA/CaP)

. Establish the in vitro and in vivo biocompatibility between the
biomaterial and human adipose-tissue-derived mesenchymal
stem cells (hAMSC).

. Monitor the differentiation state of hAMSC in the material.

1.2. Analyze the bone regeneration capacity of a new biomaterial
comprising engineered fibrin binding growth factors.

° Study the effect of growth factors in the differentiation state of
hAMSCs.

. Analyze the effect of growth factors in the formation of new
bone.

. Analyze the effect of growth factors in the formation of new
vasculature.

o Determine the role of hAMSCs in the formation of new bone and

vasculature.

PART 2: Develop a miniaturized bioreactor system for systematic analysis of

cells in scaffolds.

e Construction of a bioluminescence monitored bioreactor prototype

e Real-time imaging of cell seeding in a biomaterial.
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e Long-time monitoring of cell number
e Real-time differentiation of hAMSCs in response to different

stimuli.
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Materials and Methods

1. CELLTYPES
1.1. 293-T

Human cell line 293-T derives from embryonic kidney and constitutively
expresses the SV40 large T antigen. It was obtained from the American Type
Culture Collection (ATCC, Rochville, USA). This cell line is highly transfectable

and it was used though this Doctoral Thesis for virus packaging.

293-T cells were maintained in at 372C in a 5% CO, atmosphere. Growth media

composition was:

e Dulbecco’s modified Eagle’s Media-high glucose (DMEM-hg)
with 4500g/mL of glucose (Sigma-Aldrich, Missouri, USA)

e L-glutamine 2mM (Sigma-Aldrich)

e Penicillin-Streptomycin (P/S) 50 u/mL (Sigma-Aldrich)

e 10% of Fetal Bovine Serum (FBS)(Sigma-Aldrich)

e 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
(Sigma-Aldrich) 25mM

Fig. 24. Microphotography of a 293-T culture.
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1.2. Human Adipose tissue-derived Mesenchymal Stem Cells

(hAMSCs)

HAMSCs were isolated from adipose tissue derived from cosmetic subdermal
liposuction of the lateral hip, with patient consent. After rinsing in Phosphate
Buffered Saline (PBS), lipoaspirates were suspended in one volume of
collagenase | (Invitrogen, Carlsbad, CA) solution and incubated 30 min at 37°C
with gentle agitation. Digestion was terminated by inactivation of the
collagenase | by addition of DMEM with 10% FBS. The resulting cell suspension
was centrifuged at 450 g, and the pellet was washed in 50 mL Ringer’s solution.
The cell pellet was resuspended in 10 mL of erythrocyte lysis solution (0.16 M
ammonium chloride) and incubated for 10 min at RT with gentle stirring. The
suspension volume was completed to 50 mL with Ringer’s lactate and
centrifuged at 450 g. This step was repeated until no red color was detectable.
The cell pellet was resuspended in 5 mL Ringer’s lactate, filtered through a 70
m Nylon mesh, and centrifuged at 450 g. Cells resuspended in Ringer’s lactate

were counted using trypan blue to determine cell viability.

Fig. 25. Microphotography of a human adipose tissue-derived Mesenchymal Stem Cell (hAMSC)
culture at passage 3.
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HAMSCs were seeded at a density of 5,000 cells/cm?, and incubated at 372C in

at atmosphere with 5% of CO,. The composition of the growth media used was:

e DMEM-hg

e L-Glutamine 2nM
e P/S50u/mL

e 10% of SBF

1.3. Cell freezing

Cell freezing media was composed of 90% of FBS and 10% of dimethyl sulfoxide
(DMSO). Cell pellets were resuspended in cold (4°C) freezing media at a
concentration of 10° cells/ml and aliquoted into criotubes that were immersed
in isopropanol and stored in a freezer at -80°C to progressively cool them at a

1° C/min rate.
For longer conservation times, cells were immersed in liquid nitrogen.

1.4. Human Adipose tissue-derived Mesenchymal Stem Cell

characterization

1.4.1. Adipogenic differentiation

For adipogenic differentiation, hAMSCs were seeded at 8x10%/cm’ the day
previous to inducing the differentiation. Differentiation media was composed

of:

DMEM-hg

e 20% of FBS

e Isobutyl methylxanthine (IBMX) 0.5 mM of (Sigma-Aldrich)
e Indomethacin 60 uM (Sigma-Aldrich)

e Dexamethasone 10° M (Sigma-Aldrich)

e Risoglitazone 100 nM (Caiman Chemica, ann Arbor, USA)
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Media was changed every 3 days during 3 weeks.

1.4.2. Osteogenic differentiation

HAMSCs were seeded at 1.5 x 10* cells/cm? and then induced to differentiate to

the osteogenic lineage by the addition of the following differentiation media:

DMEM

10% of FBS

B-glicerolphosphate 2 mM (Sigma-Aldrich)
L-ascorbic acid 50 pg/ml (Sigma-Aldrich)
Dexamethasone 107 M

Sodium dibasic phosphate 0.15 mM (Sigma-Aldrich)

Media was changed every 3 days during 3 weeks.

1.4.3. Condrogenic differentiation

HAMSCs were seeded at 1.5 x 10* cells/cm? and then induced to differentiate to

the condrogenic lineage by the addition of the following differentiation media:

1:1 mixture of DMEM 4500 mg glucose and Ham’s Nutrient
Mixture F-12 (Sigma-Aldrich)

10% FBS

L-Glutamine 2mM

TGF-B1 10 ng/ml

Dexamethasone 100 nM

Insulin 6.24 g/ml

Sodium pyruvate 110mg/I

Media was changed every 3 days during 3 weeks.
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1.4.4. Analysis of cell surface marker expression

Flow cytometry analysis showed that HAMSCs were positive for the
characteristic mesenchymal stromal cell surface markers, as shown in Table 4,
and negative for surface markers expressed by other unrelated cell types such

as endothelial cells or pluripotent stem cells.

Positive markers Negative markers

CD9 CD11b
CD10 CD14
CD13 CD15
CD29 CD16
CD44 CD31
CD49a CD34
CD51 CD45
CD54 CD4of
CD55 CD102
CD58 CD104
CD59 CD106
CD90 CD133
CD105

Table 4. Surface markers expressed by hAMSCs

85



Materials and Methods

2. CELL LABELING

2.1. Lentiviral vectors constructs

Stable cell labeling of hAMSCs for expression of bioluminescence and
fluorescent proteins was performed using viral vectors. As hAMSCs have a slow
replication rate, lentiviral system, that is able to transduce non-replicating cells,

was chosen.

2.1.1. Constitutive expressed vectors

Plox-G-PLuc construct.

This vector for expression of the fusion reporter PLuc-eGFP, referred to as
“CMV:PLuc” was constructed as described previously (Bagd et al. 2012) by
cloning the enhanced green fluorescent protein (eGFP) coding sequence from
the pEGFP-N1 plasmid (Clontech Lab., Palo Alto, CA, USA) and the PLuc coding
sequence from plasmid pGL4.10:PLuc (Promega Corporation, Madison, WI,
USA) between the Clal and BamHI sites of the lentiviral transfer vector
Plox/Twgfp provided by Dr. D. Trono (Ecole Polytechnique Fédérale de
Lausanne) (Fig. 26).

LTR ——— LTR

pCMV Pluc eGFP

Fig. 26. Diagram of lentiviral vector Plox-G-PLuc . Sequences that integrate in the genome are
those between LTRs.

CMV:hRLuc:mRFP:ttk construct.

This construct, abbreviated as CMV:RLuc, was kindly provided by Dr. S. Gambhir
(Stanford University, USA). The construct contains a chimerical sequence

comprising the coding sequences for the RLuc reporter gene and the
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monomeric red fluorescent protein (mRFP1) gene under transcriptional control

of the CMV promoter.

= =R

pCMV RLuc mRFP

Fig. 27. Diagram showing the lentiviral vector CMV:hRLuc:mRFP:ttk construct. The genome
integrating sequence is that comprised between the two LRTs.

2.1.2. Inducible promoter-regulated-expression vectors

The Plox-PLuc:eGFP lentiviral vector for expression of a fusion reporter
comprising PLuc and eGFP, was obtained by polymerase chain reaction (PCR)

amplification and standard cloning procedures as described (Bago et al. 2012).

Plox:HRE-12p:PLuc:eGFP construct

The “Plox-HRE-12p:PLuc:eGFP” lentiviral vector for expression in hypoxic cells
of the PLuc-eGFP chimerical reporter, comprises the PLuc and eGFP coding
sequences under the control of 12 tandem repeats of the HRE binding
sequence from the lactate deshydrogenase A (LDHA), phosphoglycerate kinase
1 (PGK1) and enolase 1 (ENO1) promoters. The vector was constructed as
described (Bagd et al. 2012) by cloning the HRE-12p artificial promoter

upstream of the chimerical Plox-PLuc:eGFP vector sequence (Fig. 28).

Plox:hPECAM-1p:PLuc:eGFP construct

The “Plox-hPECAM-1p:PLuc:eGFP” lentiviral vector for specific expression in
endothelial cells of the PLuc-eGFP reporter, comprises the PLuc and eGFP
coding sequences under the control of the Platelet/Endothelial Cell Adhesion

Molecule-1 (PECAM-1) promoter. The vector was constructed as described
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(Bagd et al. 2012) by cloning HPECAM-1p sequence (kindly provided by
Dr.Bernabeu, Granada, Spain) upstream of the chimerical Plox-PLuc:eGFP

sequence (Fig. 28).

Plox:hOCp:PLuc:eGFP construct

The “Plox-hOCp:PLuc:eGFP” lentiviral vector for specific expression in
osteogenic lineage cells comprises the PLuc and eGFP coding sequences under
the control of the human osteocalcin promoter (hOCp). The vector was
constructed as described (Bagd et al. 2012) by cloning the hOCp fragment

upstream of the chimerical Plox-PLuc:eGFP sequence (Fig. 28).

T R

hPECAMp Pluc oGEP
(=i e W PR
HRE-12p Pluc eGFP
[Ln et 1 B =R
hOCp Pluc eGFP

Fig. 28. Schematic representation of tissue specific/hypoxia controlled constructs.

2.2. Lentiviral particle production

Production of viral particles was performed using human embryonic kidney
cells 293T (ATCC, CRL-11268™) grown in DMEM-hg, 10% heat-inactivated FBS, 2
mM L-glutamine, 50 U/ml P/S (Sigma), and HEPES 2 mM. The day previous to
transfection, 4.5x10° trypsinized cells were seeded on 10 cm? poly-D-lysine-
(Sigma-Aldrich) treated plates. 6 ug of each lentiviral transfer vector was mixed
with 2 pg of viral envelope plasmid (pMD-GVSV-G env) and 4 ug of packaging
construct (pCMV AR 8.2) in 250 pul of 150mM NaCl. In a different tube, 48 ul of

1mg/ml Polyethylenimine (PEl) (Polyscience, Warrington, PA) were mixed with
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202 pl of 150mM NaCl, and then added slowly to the vector solution. After 30
min of incubation at room temperature (RT) this DNA solution was added drop
wise to the plate containing the 293-T cells plus medium, swirled gently and
incubated for 16 h at 37°C with 5% CO,. The following day the transfection
solution was removed, the cells were rinsed with PBS 1x and medium without
FBS was added to the cells. Following a 48 h-incubation the supernatant was
collected, centrifuged at 2000 r.p.m. to remove cell debris, and filtered through

a 0.45 mm low protein-binding filter (Corning, Bath, UK).

2.2.1. Viral particles quantification

Virus titers were determined using flow cytometry to quantify cell transduction.

e Onday 1, 3x10° 293T cells/well were seeded in a 12-well plate.

e On day 2, one of the wells was used to count the number of cells. The
rest of the wells were transduced with 500, 100, 50, 20 and 10 pl of
crude supernatant. The volume was completed to 500 pl with fresh
medium. Each transduction was performed in duplicate and one well
was kept as nontransduced control.

e On day 5, percentage of cell transduction was evaluated by flow
cytometry. Virus titer was calculated using the dilutions yielding 1% to

20% of transduction.

2.3. HAMSC transduction

HAMSCs were seeded at a density of 5,000 cells/cm? and grown in DMEM-hg,
10% heat-inactivated FBS, 2 mM L-glutamine, and 50 U/mL P/S. For
transfection, Polybrene (hexadimethrine bromide)(Sigma-Aldrich) 8 pg/ml was
added to the culture media. Concentrated virus were then added at a MOI=15

(2x10°TU/mL). After 24-48 h transfection media was changed for fresh media.
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Efficiency of viral transduction was determined by detection of fluorescent

proteins using a fluorescence microscopy or a flux cytometer.

2.3.1. Selection of transduced cells

Fluorescent-positive cells were selected by fluorescence-activated cell sorting
(FACS). Approximately the highest 10% fluorescence expressing cells were

selected.

In case of double labeling of cells with both a constitutively-expressed reporter
gene and a specific-expressed gene, transduction was performed
simultaneously with the same concentration for both vectors, so infection
efficiency should be similar for both vectors, and then selecting for the

constitutively-expressed gene by FACS.
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3. BIOMATERIALS

3.1. Poly(lactic-acid)/calcium phosphate glass composite

This biomaterial was developed by Dr.). Planell's laboratory (Institut de

Bioenginyeria de Catalunya, IBEC, Barcelona, Spain).

3.1.1. Bioactive glass fabrication

Bioactive calcium phosphate (CaP) soluble glass was produced in the system
44.5P,05-44.5Ca0-6Na,0-5TiO, (molar %) as described (Navarro et al. 2004).
Briefly, a homogeneous mixture of NH;H,PO,;, Na,CO;, CaCO; and TiO, was
melted in a platinum crucible at 1350° C for 3 hours, rapidly quenched and
annealed at its transition temperature (533 °C). Glass particles were obtained

after milling in an agate planetary mill.

3.1.2. Fabrication of the composites.

Biodegradable composites were elaborated as described (Navarro et al. 2004)
by the solvent-casting method using NaCl as porogen agent. Briefly, PLA was
dissolved in chloroform (5% solution w/v) in an orbital shaker at 200 rpm. NaCl
particles in the range of 80-210 um and glass particles of <40 um size were then
added and mixed to create an homogeneous paste that was casted in teflon
moulds. Once the chloroform had evaporated at room temperature the
scaffolds were unmoulded, immersed in distilled water for two days (3 water
changes per day) to eliminate the NaCl and left to dry in air. The resulting
structures presented a highly interconnected porosity (~95%), with a pore size

diameter in the 80-210 um range.

3.1.3. Seeding of scaffolds

Cylindrical samples of 5mm diameter and 3mm height were immersed in 70%
ethanol and placed in a shaker overnight to improve water permeability, rinsed
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several times with PBS, incubated in culture medium for 12-24 hours and then
seeded with 100,000 cells distributed in 5 successive inoculations through the

scaffold.

3.2. Engineered fibrin gels

Engineered fibrin gels were developed by Prof. J.A. Hubbell’s Laboratory (Ecole

Polytechnique Fédérale de Lausanne, Lausanne, Switzerland).

3.2.1. Fibrin gel preparation

A “cross-linking” and a “fibrinogen plus growth factors” solutions were
prepared separately and mixed in equal proportions just before implantation

(Martino et al. 2011).

The “cross-linking” mix was obtained by mixing human thrombin 8U/mL, factor
Xl 16U/mL and CaCl, 10 mM in HEPES buffer (HEPES 20 mM, NaCl 150 mM, pH
7.6).

The “fibrinogen+ growth factors” solution was obtained by mixing 24 mg/mL of
human fibrinogen (plasminogen, vWF and fibronectin depleted, Milan Analytica
AG, Switzerland), 68 ug/mL of aprotinin (Roche, Switzerland) and 10 pg/mL of
the growth factors BMP-2 (PeproTech, USA) and TG-PDGF-BB (Laboratory for
Regenerative Medicine and Pharmabiology, EPFL, Switzerland) in HEPES buffer
(20 mM HEPES, 150 mM NaCl, pH 7.5).

Production and purification of a,Pl;.s-PDGF-BB

Fibrin-binding PDGF-BB was engineered to contain, at the N-terminus, the
factor Xllla sensitive sequence derived from a2-plasmin inhibitor (a2P11-8).
Sequence encoding for a,Pl;s-PDGF-BB was synthetized by Genscript and
subcloned into the mammalian expression vector pXLG (Protein Expression

Core Facility, Ecole Polytechnique Fédérale de Lausanne, Switzerland). A
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sequence encoding for 6 His was added at the C-terminus for further
purification of the recombinant protein. Suspension-adapted HEK-293E cells
were routinely maintained in serum-free ExCell 293 medium (SAFC Biosciences,
St. Louis, MO) with 4 mM glutamine as described (Muller et al. 2005). On the
day before transfection, cells were inoculated into fresh medium at a density of
1 x 10° cells/ml. The next day, the cells were harvested by centrifugation at
1,200 rpm for 5 min and resuspended at a density of 100 x 10° cells in 5 mL of
RPMI 1640 medium with 0.1% pluronic F68 (SAFC Biosciences) in a TubeSpin®
bioreactor 50 tube (TPP, Trasadingen, Switzerland). Plasmid DNA of a,Pl;.s-
PDGF-BB (125 ug) and linear 25 kDa PEI (250 pg; 1 mg/mL in H,0; Polysciences,
Eppenheim, Germany) were sequentially added and mixed. The culture was
agitated by orbital shaking at 180 rpm in an ISF-4-W incubator (Kiihner AG,
Birsfelden, Switzerland) at 37°C in the presence of 5% CO,. After 90 min, 95 mL
of FreeStyle medium (Invitrogen) with 4 mM glutamine was added along with
valproic acid (500 mM in H,0) (SAFC Biosciences) to a final concentration of
3.75 mM (Backliwal et al. 2008). The culture was transferred to an incubator
shaker at 37°C with 5% CO, with agitation at 110 rpm. At 7 days post-
transfection, the cell culture medium containing a,Pl,.s-PDGF-BB was recovered
by centrifugation at 1,500 rpm for 10 min and filtered through a 0.22 um filter.
Medium containing a,Pl,.s-PDGF-BB was loaded into a HisTrap HP 5 mL column
(GE Healthcare), using an AKTA Explorer (GE Healthcare). After extensive
washing of the column with binding buffer (10 mM imidazole, 20 mM
NaH2PO04, 0.5 M NaCl, pH 7.4), a,Pl,.s-PDGF-BB was eluted with a gradient of 1
M imidazole (in 20 mM NaH2P04, 0.5 M NaCl, pH 7.4) for 15 column volumes.
Fractions of proteins were analyzed by SDS-PAGE and fractions containing a,PI;.
¢-PDGF-BB were pulled together and further dialyzed against PBS overnight at 4
°C. The solution was then sterile-filtered through a 0.22 um filter and
concentrated with Amicon tube (10 kDa cutoff, Millipore), before storage at —

80°C. The concentration of a,Pl,s-PDGF-BB was determined using ELISA
93



Materials and Methods

(Human PDGF-BB DuoSet, R&D systems) and the protein was verified as >99%
pure by SDS-PAGE and MALDI-TOF. The level of endotoxin was verified as under
0.01 EU/ug of protein (HEK-Blue LPS Detection Kit, InvivoGen).

Bioactivity of a,Pl;.s-PDGF-BB

MSCs were starved overnight in MEM-a containing 2% serum. Starved MSCs
were stimulated for 5 min with 20 ng/mL of wild-type PDGF-BB (Invitrogen),
with 20 ng/mL of a,Pl,s-PDGF-BB, or with PBS. Then, cells were lysed with a
lysis buffer (20 mM Tris, 137 mM NacCl, 1% NP-40, 10% glycerol, 2 mM EDTA, 1
mM activated sodium orthovanadate, pH 8.0) supplemented with protease
inhibitor cocktail (Roche) and the lysates were stored at -80°C. The amount of
phosphorylated PDGF-receptor B was quantified using phospho-ELISA kit
(phospho-PDGF-R, R&D Systems). ELISA plates were coated with a capture
antibody for PDGF-receptor B and further incubated with cell lysates. The
phosphorylation states were detected with an anti-phospho-tyrosine antibody

and normalized to a standard according to manufacturer instructions.

GF release from fibrin matrix

Fibrin matrices were made as previously described (Martino & Hubbell 2010)
with human fibrinogen. Briefly, fibrin matrices were generated with 8 mg/mL
fibrinogen (Fib 3, Enzymes Research Laboratories), 2 U/mL human thrombin
(Sigma—Aldrich), 4 U/mL factor Xllla (Fibrogammin, Behring), 5 mM CaCl,, and
500 ng/mL of growth factor (PDGF-BB (Invitrogen), a2PI11-8-PDGF-BB, BMP-2
(R&D systems)). Fibrin gels were polymerized at 37°C for 1 h and transferred in
Ultra Low Cluster 24-well plate (Corning Incorporated) containing 500 pL of
buffer (20 mM Tris-HCIl, 150 mM NaCl, 0.1% BSA, pH 7.4). A control well that
served as 100% released control contained only the GF in 500 ul of buffer. Each
24 h, buffers were removed, kept at -20°C and replaced with fresh buffer. For

the 100% release control well, 20 pL of buffer was taken out every day and

94



Materials and Methods

stored at -20°C. After 7 days, GF cumulative release was quantified using ELISA
kits (human BMP-2 DuoSet, human PDGF-BB DuoSet, R&D Systems), using the

100% released control as reference.

3.2.2. Seeding of fibrin matrices

When used, cells were added to the “fibrinogen plus GFs” solution, after being
washed twice with serum-free medium. Cells were resuspended in a volume

that represents de 10% of the final gel volume.

Gel polymerization was performed in situ, by mixing both solutions just before

injecting or depositing the solution

95



Materials and Methods

4. IN VITRO 3D SYSTEM

A transparent perfusion minibioreactor was developed to analyze cell

distribution and behavior during and after seeding on a 3D scaffold.
The perfusion system was composed by the following components (Fig. 29):

e Medium reservoir placed in a heated bath at 36°C and provided with an
agitation system.

e Peristaltic Pump.

e Perfusion chamber made of glass to allow light transmission placed
inside a detection chamber of an ImagEM X2 System (Hamamatsu
Photonics, Hamamatsu City, Japan) provided with a C9100-23B camera
fitted with 512 x 512 pixel Charge Coupled Device (CCD) cooled at -80°C

and an electron multiplier (EM).
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Fig. 29. Schematic representation of the perfusion system
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Leibovitz L-15 medium (Sigma Aldrich), suitable for culturing hAMSCs in CO,
free systems, was used to maintain physiological pH during the experimental
time. In cases were a special medium had to be used, a CO, buffering
atmosphere was generated by administration of a gas mixture containing 5% of

CO,, 20% of O, and 75% of N, to the medium reservoir.

4.1. Perfusion Scaffold seeding

For perfusion cell seeding, cylindrical scaffolds, 6 mm diameter and 12 mm
height were immersed in 70% ethanol and placed in a shaker overnight to
improve water permeability, rinsed several times with PBS, incubated in culture
medium for 12 hours and then placed inside the perfusion chamber of the
bioreactor system. The reservoir was filled with 100 mL of culture medium (L-
15 medium, Sigma) pre-warmed (36°C) and supplemented with 10% SBF, 1% of
P/S and 1% of L-Glutamine) in which 2 million cells had been suspended.
Following, the pump was switched on at the desired flow rate, and the solution

circulated through the scaffold for at least 2 cycles.

4.2. Estimation of shear stress on cells

Shear stress resulting from fluid flow on cells adhered to the scaffold was
estimated by modeling the scaffold geometry as a bundle of hollow cylinders
arranged in parallel (Grayson et al. 2008). It was assumed that the pathways
through the scaffold were straight tubes of uniform diameter between 80 and
210 um according to the size of the pore generating agent (Koch et al. 2010).
The fluid induced wall shear stress t,, was calculated using the culture medium
viscosity i (770 cP) (Moreira et al. 1995; Grayson et al. 2008), the linear fluid
flow velocity v, and the conduct diameter d. The equation used was derived for
the Hagen-Poiseuille relation for laminar flow through a round conduit (t,=

8vu/ds).
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Actual flow velocities of 0.5, 2.2, 4 and 5.8 mm/s were adjusted to a sample
porosity of 95 % (0.6, 2.3, 4.2 and 6.1 mm/s, respectively). Additionally for all
velocities and diameters, the Reynolds number was calculated to ensure that
the flow was laminar; a prerequisite for the use of the Hagen-Poiseuille
relation. For fluid path diameters ranging from 80 to 210 um, shear stresses of

up to 0.47 Pa were estimated (Table 5).

Conduit diameter (um) Fluid flow velocity (mm/s)
0.57 2.26 4.16 6.09
80 0.04 0.17 0.32 0.47
210 0.02 0.07 0.12 0.18

Table 5. Wall Shear stress in tubular conduits was calculated to model shear stress in PLA and
PLA with calcium phosphate glass (PLA/CaP) scaffolds of the indicated porosity.

4.3. Induction of endothelial differentiation

Endothelial differentiation of hAMSCs seeded in the scaffolds was induced by
changing the culture media for an endothelial differentiation medium (EGM-2
BulletKit, Lonza, Switzerland), the utilization of a modified PLA scaffold
containing CaP glass particles, which have been shown to increase the
angiogenic capacity of PLA both in vitro and in vivo (Aguirre et al. 2010; Vila et
al. 2012). For this experiment cells expressing both the CMV:RLuc and the
PECAM:PLuc vectors were used. As a control, the same PECAM:PLuc-expressing
cells where seeded in traditional PLA and cultured in L-15 medium at a lower

flow rate.
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5. ANIMAL MODELS

For the evaluation of the in vivo behavior of the different biomaterials, two
murine models were developed, an ectopic model (sc or im) and a calvarial

defect model.

All animal-related procedures of these studies were performed with the
approval of the animal care committee of the Cardiovascular Research Center

and the Government of Catalonia

5.1. Mice strains

5.1.1. Severe combined immunodeficiency disease (SCID) mice

SCID mice were purchased from Charles-River (Wilmington, MA) and
maintained in a specific pathogen-free (SPF) environment throughout all the

experimentation period.

SCIC mice lack of T and B lymphocytes, due to a recessive mutation on
chromosome 16, responsible of the inefficient activity of the enzyme Prkdc
(proteinkinase, catalytic polypeptide) involved on DNA reparation. Immune
system of these mice does not maturate so there are unable to combat
infections or reject transplants. This fact makes possible to use human cells in

mice models.

5.1.2. Transgenic Green Fluorescent mice

Transgenic GFP mice were provided by Dr. Masaru Okabe (Osaka University)
(Okabe et al. 1997). These mice are C57BL/6 mice genetically modified to
express GFP in all their cells. In this work transgenic GFP mice are used to

evaluate host cell invasion and vascularization of the implanted scaffolds.

99



Materials and Methods

5.2. Ectopic model

5.2.1. Analysis of cell survival and differentiation.

For studying the cell survival and expression of tissue-specific or hypoxia genes,

scaffolds were ectopically implanted (SC or IM) in 6-week-old SCID mice.

Before scaffold implantation, the animals were anesthetized by an ip injection
of 100 mg/kg ketamine (Merial, Duluth, GA) and 3.3 mg/kg xilacine (Henry
Schein, Melville, NY) and immobilized. The surgical site was cleaned with
povidone-iodine (Braun, Melsungen, Germany). A sagital incision was
performed on the skin and a cell seeded scaffold was introduced using forceps
and the incision closed using 7-0 absorbable suture (Ethicon, New Brunswick,
EEUU). In the case of fibrin gels no incision was needed because they were
directly injected as a liquid that polymerized once inside the animal. Mice were
treated with buprenorphine (Schering-Plough, Kenilworth, NJ) during the 72

hours after intervention.

5.2.2. Material Biocompatibility

In order to study biocompatibility of the scaffolds, a transgenic GFP animal
model was used. The protocol used was the same than in SCID mice but the

scaffolds were not seeded with cells.

5.3. Calvarial defect model

To compare the bone reparation capacity of different materials a calvarial
defect model was used. Mice were prepared for surgery by ip injection of 100
mg/kg ketamine (Merial) and 3.3 mg/kg xilacine (Henry Schein), and a sc
analgesic injection of 0.05 mg/kg buprenorphine (Schering-Plough). The surgical
site was cleaned with povidone-iodine (Braun). A sagital midline incision was
performed on the skin and the periosteum was then cut, exposing the calvarial

bone. Two defects, 3 mm diameter (critical size defect) were performed in the
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calvarial bone of each mice using a sterile drill bit (Dremel, Racine, WI),
avoiding perforation of the dura. The surgical area was cleaned with saline and
each defect was filled with a 3 mm diameter x 1 mm thickness scaffold. In case
of fibrin gel biomaterial, the polymerization was performed in situ, to perfectly

adjust to the defect. The incision was closed using absorbable sutures.
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6. IMAGING

6.1. Noninvasive bioluminescence imaging

6.1.1. [Invitro BLI determination of PLuc activity

For in vitro proliferation assays, cell seeded scaffolds were placed in six-well

plates with culture medium. For imaging, the following protocol was used:

6.1.2.

Medium was removed from the plates and scaffolds were rinsed
with PBS 1x

100 ml of D-luciferin (Promega) was added to each scaffold

After a minute incubation plates were placed in the detection
chamber of an ORCA-2BT Imaging System (Hamamatsu Photonics,
Hamamatsu City, Japan) provided with a C4742-98-LWG-MOD
camera fitted with 512 x 512 pixel CCD detector cooled at -80°C.
Images were acquired during 1 min using 1 x1 pixel arrays (binning
1x1).

In order to register the position of the light signal, an additional
black and white image was obtained using the illumination lamp in
the detection chamber.

Pseudo color images were generated using the same arbitrary color
display settings for all images in the same experiment. Arbitrary
color bars represent standard light intensity levels (blue= lowest;

red = highest).

In vivo noninvasive BLI and image analysis

For the in vivo noninvasive BLI of mice bearing hAMSCs seeded scaffolds, the

followed protocol was:
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e PLuc substrate, luciferin, was ip injected (150 mg/kg of D-luciferin)
(Caliper Life Science, MA, USA). Alternatively, RLuc substrate,
colenterazine (CTZ), was iv injected through tail vein (30 ul of
benzyl colenterazine, 1 mg/ml in 50/50 propilenglycol/ethanol)
(Prolume, Pinetop, AZ, USA) diluted in 125 ml of water.

e Mice were then placed in the detection chamber of an ORCA-2BT
Imaging system provided with a C4742-98-LWG-MOD camera and a
512x512 pixel, CCD cooled at -800C at a distance of 200mm from
the camera objective (HFP-Schneider Xenon 0.95/25 mm).

e Imaging was performed routinely 5 min after substrate inoculation.
Two images were generated from each mouse, one using a light
source inside the chamber to register the animal position and a
second one, in total darkness, during a 10 min period to acquire
photons from the light emitting cells. To increase detection
sensitivity the read out noise of the recorded signal was reduced by
adding the light events recorded by arrays of 8 x8 adjacent pixels

(binning 8x8) in the camera CCD.

In case of double labeled cells, images with each one of the substrates were

taken in alternatively days.

6.1.3. BLI monitoring of cell seeding in a 3D in vitro system

For monitoring cell distribution in the scaffold during seeding benzyl-
coelenterazine (PJK GmbH, Germany) (substrate of the RLuc) was added to the
culture media at a concentration of 2 pg/L just before adding the RLuc-
expressing cells and starting the seeding. The transparent perfusion chamber
was placed in the in the detection chamber of an ImagEM X2 System. Images
were acquired during 1, 10 or 30 second periods using 1x1 pixel arrays (binning

1 x1) and an EM gain value of 400. In order to register the position of the light
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signal, an additional black and white image was obtained using the illumination

lamp in the detection chamber at the beginning of the experiment.

Images were taken until light intensity started to decrease due to
coelenterazine consumption. After seeding, spent medium was replaced with

fresh one without coelenterazine.

6.1.4. BLI monitoring of PLuc and RLuc activities in a 3D in vitro system

Imaging of cells seeded inside a continuous perfusion system is not as trivial as
in a traditional in vitro approach. The followed strategy consisted on injecting a
fixed volume of substrate (20 pg of benzyl-coelenterazine or 1.6 pg of luciferin
in 10 mL of fresh media) and letting it pass though the scaffold once, being then
removed from the system. Bioluminescence images were obtained
continuously using 1x1 pixel arrays (bunning 1x1) with EM gain off until signal
completely stopped. The total number of photons emitted during the whole

period was quantified. Imaging was always performed at the same flow rate.

6.1.5. Construction of a standard curve of light in the bioreactor versus

cell number.

To calibrate imaging performance and assess the whether a linear correlation
between the number of photons emitted by the system and the number of cells
seeded in the scaffold existed, known number of cells were seeded and imaged
as described in the previous section. To assure an optimum seeding yield, cells
were directly deposited in the top of the scaffold and allowed to pass through,

first by gravity and then with the aid of the pump generated fluid flow.

However, as hAMSCs are not always transduced at the same level and slight
changes in luciferin expression may occur due to the increasing number of
passages, the number of photons emitted inside the bioreactor was correlated
with the number of photons emitted by the same cells in vitro, generating in

this manner a standard curve independent of the level of cell transduction. The
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number of photons emitted in vitro can also be related to cell number using a
standard curve of “emitted photons” versus “number of cells” that is specific

for each cell line.

6.1.6. Photon quantification and statistical analysis

Quantification of photon events from selected areas was performed using the
HokawoTM Imaging Software (Hamamatsu Photonics). Results were expressed

as photon counts (PHCs).

e Area of interest was selected using the Hokawo TM Software,
obtaining the total PHC detected in this area. Background signal
was obtaining by selecting an area of the image that do not
present signal.

e The PHCs emitted by the cells in our area of interest was then

calculated using the formula:

PHCs = (total number of PHCs in the area of interest) - [(number of pixels in the

area of interest) x (background average PHCs/pixel)].

For analysis of in vitro cell proliferation in scaffolds, the average number of
PHCs from cells at different times of growth was normalized relative to that at

day 0.

For in vivo analysis cell proliferation in scaffolds, RLuc PHCs from each scaffold

image were averaged and normalized relative to that at day 0.

In case of the 3D in vitro system, the peak values of photon emission during the

pulse of substrate were used for analysis.

To evaluate cell distribution throughout the scaffold, a ‘column average plot’
was constructed using Imagel software, where the X-axis represents the

longitudinal axis of the cylindrical scaffold and the Y-axis the averaged pixel
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intensity in the radial (perpendicular) direction. In order to normalize plots
from different experiments, the averaged pixel intensity was expressed as the

percent of the maximum value for each scaffold.

Changes in gene expression (PECAM, osteocalcin or hypoxia genes), reflected as
changes of PLuc expression were calculated in relation to that of the RLuc
reporter (ratio: PLuc/RLuc). Statistical analysis was performed using the two-
way ANOVA test (GStat 2.0 software). p < 0.01 values were considered

significant.

6.2. Micro-Computerized Tomography

6.2.1. Bone micro-Computerized Tomography

Micro-CT was used to evaluate the bone regeneration in the calvarial defects.
With this technique we can compare the % of regenerated area and the bone
density in defects filled with different combinations of biomaterial, growth

factors and cells.

Images were obtained at the end of the experiments, 6 weeks after scaffold
implantation. Mice were anesthetized by injecting ip 100mg/kg of ketamine
and 3.3 mg/kg xilacine and sacrificed by cervical dislocation. Heads were
separated from the body and immersed in a 10% formalin solution at 4°C. After
24-48h heads were washed in PBS and transferred to 70% ethanol for

conservation.

Micro-CT measurements were performed in a microCT 40 (Scanco Medical AG,
Bruttisellen, Switzerland). The X-ray tubes was operated at 55 kVp and 145 pA.
Over 180° 500 projections were acquired with 200 ms integration time,
resulting in a voxel size of 30 um. After application of a constrained Gaussian
filter (sigma 1.2, support 1) to suppress the noise, bone was segmented with a
global threshold of 22.4 % of maximal grey value. The defect regions were

identified with a cylindrical mask. Bone volume fraction was calculated in this
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volume of interest. Coverage was calculated from pseudo-radiograph created

by a projection of the region in superior-inferior direction (Lutolf et al. 2003).

6.2.2. Vascular micro-Computerized Tomography

Vascular corrosion casts were produced for ex vivo analysis with ultra-high
resolution uCT. The protocol was adapted from the one described by Beckmann
et al (Beckmann et al. 2003). Briefly, mice were deeply anesthetized with
Isoflurane (5%) and Pentobarbital. The thorax was opened to expose the heart
and aortic arc. A small catheter (Fine Bore Polythene Tubing, 0.58/0.96 mm
ID/OD, Smiths Medical, UK) was carefully introduced in the aorta and fixed
there with surgical thread (Safil®, B-Braun, Germany). The animal was then
perfused through the aorta, first with PBS containing 2% Heparin, then with 2%
paraformaldehyde (PFA) in PBS and the polymer resin PU4ii (Polyurethane for
Improved Imaging, VasQtec, Switzerland) (Krucker et al. 2006), all infused at 4
mL/min, 100 mm Hg and at body temperature (37°C). The resin is a mixture of
PU, solvent (50% Ethylmethylketone — EMK) and a blue dye. After resin curing,
the lower hind limbs were excised from the animals and the skin was removed.
Soft tissue was macerated in 7.5% KOH for 24h at 50°C. Bone tissue was kept in
the samples as a reference feature to allow future registration with the
corresponding in vivo image datasets. Casts were then washed with water and
stained for 24h with Osmium solution (2%) to obtain radiopacity. The samples
were then immersed in home-made Pluronic gel (polyoxyethylene-
polyoxypropylene triblock copolymer), a thermo-reversible gel that is solid at

room temperature and liquid below.

The prepared samples were scanned with uCT (uCT 50, Scanco Medical AG,
Briittisellen, Switzerland). The scanner was operated at 55 kVp and 145 A,
with an integration time of 200 ms, and frame averaging of 3. All uCT scans

were performed at room temperature. The CT scanner was calibrated weekly
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for mineral equivalent value, and monthly for determining in plane spatial
resolution. An imaging protocol consisting of two consecutive scans was carried
out to allow the identification of the region of interest. The first scan was
acquired at medium resolution to provide an overview for orientation within
the sample; the second one at ultra-high resolution for detailed vascular
analysis of the region of interest. In the medium-resolution scan, the following
settings were applied: 2000 projections were captured per 180 degrees with a
field of view of 10 mm in diameter and a total length of 3.70 mm, leading to a
nominal isotropic resolution of 10 um. The medium-resolution images were
then downscaled to 17.5 um to match the in vivo voxel size and the two image
datasets (in vivo and ex vivo) were registered using rigid registration (Thévenaz
et al. 1998). After identification of the matching region, an ultra-high resolution
scan was carried out at that position with the following settings: 2000
projections were captured per 180 degrees with a field of view of 7 mm in
diameter and a total length of 1.86 mm, leading to a nominal isotropic
resolution of 1.4 um. A Gaussian filter was applied to the ultra-high resolution
images to reduce noise (sigma 1.2, support 1). Blood vessels were segmented
by a fixed thresholding procedure (20% of the maximum grayscale value) and
bone was excluded by manual contouring. A morphological closing procedure
(3 dilation and 3 erosion steps) was applied to refill hollow structures that
appeared in the vessels after thresholding. Global standard morphometric
analysis was performed on the ultra-high resolution images using the software
package IPL (Image Processing Language, Scanco Medical AG, Brittisellen,

Switzerland).
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7. HISTOLOGICAL TECHNIQUES

7.1. Invitro differentiations

Tissue specific staining protocols were used to evaluate differentiation of

hAMSCs to adipogenic, condrogenic and osteogenic lineages.

7.1.1. Qil Red O Staining for lipids

Oil Red O, dye generates a red coloration when dissolved in lipids and is used to

detect triglycerides, fatty acids and lipoproteins (Fig. 30).

Fig. 30. Microphotography of a hAMSCs culture differentiated to adipose lineage and stained
with Oil Red O.

e Cell were rinsed with PBS 1x and fixed with a 10% formalin solution
(PFA) (Sigma-Aldrich).

o Fixed cells were rinsed with 60% isopropanol (Panreac, Barcelona,
Spain) for 1 minute.

e Cells were then stained with Qil Red O Solution (60% of a saturated QOil
Red O solution in isopropanol and 40% of distilled water) for 5 minutes.

e Cells were rinsed twice with 60% isopropanol for 1 minute and once

with distilled water for 5 minutes.
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¢ Nuclei were then stained with Mayer’s Hematoxylin Solution (Sigma-
Aldrich) for 2-3 minutes.
e Finally, cells were rinsed with tap water for 3 minutes and with distilled

water for another 3 minutes.

7.1.2. Von Kossa staining for bone

Von Kossa Staining is used to visualize calcium deposits of salts. The staining
reaction is based on the substitution of Ca** ions (phosphates or carbonates) by
Ag* ions, forming silver phosphates or carbonates. These silver salts are

reduced to black metallic silver upon exposure to light (Fig. 31).

Fig. 31. Microphotography of a hAMSC culture differentiated to osteogenic lineage and stained
for Von Kossa.

e Cell were rinsed with PBS 1x and fixed with a 10% formalin solution
for one hour.

e Cells were rinsed with distilled water for 5 minutes 3 times.

e C(Cells were then dehydrated by incubation for 3 minutes in 70%
ethanol, 3 minutes in 90% ethanol and 3 minutes in absolute
ethanol.

e C(Cells were air-dried for 2-3 minutes and then rehydrated by
incubation for 3 min in absolute ethanol, 3 min in 90% ethanol, 3
min in 70% ethanol and finally, 5 minutes in distilled water.
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e Cells were then stained with 2% silver nitrate (Sigma) for 1 hour
under a 70 W light source.

e Cells were rinsed 3 times with distilled water for 5 minutes.

e Silver nitrate reaction was stopped by the addition of 5% sodium
thiosulfate (Panreac) for 5 minutes.

e Nuclei were stained with Mayer’s Hematoxylin Solution for 2-3
minutes.

e Cells were rinsed with distilled water twice for 5 minutes.

7.1.3. Alcian Blue Staining for cartilage

Alcian Blue, comprising a center copper atom surrounded by four nitrogenated
aromatic rings, is a basic molecule that binds to acidic groups in

mucopolysaccharides, forming a blue salt at low pH.

e Cell were rinsed with PBS 1x and fixed with a 10% formalin solution
for one hour.

e Cells were rinsed twice with distilled water for 5 minutes.

e Cells were rinsed with HCI 0,1M.

e Cells were then stained with 1% Alcian Blue (Fluka) (2g of Alcian
Blue, 97 ml of distilled water and 100 ml of glacial acetic acid), pH 1,
for 1.5 hours.

e Cells were rinsed with HCI 0,1M for 5 minutes.

e Cells were then counterstained with Nuclear Fast Solution (Sigma)
for 5-10 minutes.

e Cells were finally rinsed with distilled water.
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7.2. Tissue samples

7.2.1. Fluorescent Angiography

Anesthetized mice were iv injected with 200 pl of fluoresceine isothiocyanate

(FITC) dextran, 2,000 kD MW, 10 mg/ml (Sigma). After 10 minutes, mice were

sacrificed and scaffolds retrieved and fixed in formalin solution 10% (Sigma).

Samples were sectioned and observed by confocal microscopy.

7.2.2. OCT inclusion and block preparation and sectioning

Mice were anesthetize and sacrificed by cervical dislocation
Scaffolds were retrieved from the animal and washed in PBS.
Samples were then fixed in a formalin solution 10% at 4°C

After 4-12h (depending of the size of the sample) scaffolds were
washed in PBS and transferred to 30% sucrose in PBS solution until
the tissues sinks to the bottom of the tube at 42C.

After a couple of hours half the volume of sucrose solution was
removed and 30% OCT™ (Tissue-Tek, Sakura, Holland) solution was
added, making a 1:1 30% sucrose/OCT solution, and kept at 4°C.
After 1 or 2 hours samples were embedded in OCT using plastic
molds placed in dry ice. A layer of OCT was placed in the mold, the
sample was placed in the middle of the mold, and then a layer of
OCT was applied to cover the sample.

When the OCT was frozen (white) molds were transferred to a -
80°C freezer until sectioning

Sections of 5 um were made using a cryostat (Jung CM3000, Leica).

7.2.3. Decalcification

Calvarial bone samples were decalcified using TBD-2 (Thermo) after fixation

and before inclusion. The protocol used was:
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e Samples were washed with PBS 1x and transferred to a glass or
plastic beaker.

e Avolume of TBD-2 equivalent to 20 times the volume of the sample
was added and left for 24 hours at RT.

e Samples were washed with PBS before inclusion.

7.2.4. Basic histological stainings

Slides with OCT sections were heated for 1 hour at 402C before staining.

Hematoxylin- Eosin (HE)

This is a procedure widely-used to visualize cells. Hematoxylin, a natural basic
dye very selective for nuclear chromatin stains cell nuclei blue; while eosin, an
acidic dye that comprising 2 (eosin B) or 4 (eosin Y) bromide and diffuses easily
through tissues binding to proteins stains cytoplasm and extracellular

components pink. The protocol used for staining was:

e Slides of tissue sections were washed with distilled H20 for 5
minutes.

e Slides were stained with Mayer’s Hematoxylin Solution (Panreac)
for 5 minutes.

e Slides were then rinsed for 5 minutes with tap water and 5 minutes
with distilled H20.

e Slides were stained with Eosin (Sigma) for 20 seconds and rinsed
with ethanol 96%.

e Slides were dehydrated with 95% ethanol for 2 minutes and
absolute ethanol for 2 minutes.

e Slides were then rinsed twice with Histoclear (National Diagnostics,
Atlanta, USA) for 3 minutes and then mounted with Histomount®
(Natural Diagnostics).
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7.2.5. Vascular staining

Isolectin B4 staining

Lectins are specific carbohydrate-binding proteins of nonimmune origin and

have been used to characterize the glycosylation status specifically in a variety

of tissues.

Griffonia simplicifolia (Bandeiraea) isolectin B, (GSL-IB,;) specifically binds

terminal a-galactosyl residues expressed by various cells including, but not

limited to, endothelial cells (Laitinen 1987) in normal mouse, rabbit, rat, and

human tissues.

Samples were stained using a biotin conjugated GSL-IB; (Vector labs,

Burlingame, CA) using the following protocol:
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Slides were rinsed in Tris-buffered saline (TBS) 3 times for 5
minutes and then rinsed with Triton X-100 0.5% in TBS 3 times for 5
minutes.

Lectin incubation: Biotinylated GSL-IB, was diluted in TBS-Triton X-
100 0.5%, 1% BSA (dilution 1:25). Sections were incubated
overnight at 42C in a humid chamber.

Sections were then tempered for 1 hour at room temperature.
Slides were rinsed TBS-Triton X-100 0.5% for 5 minutes three times.
Sections were then incubated in Streptavidin-Alexa Fluor 647 in TBS
(dilution 1:500) for 1h at 379C in a humid chamber, protected from
light.

Sections were rinsed with TBS for 5 minutes 3 times.

Nuclei were stained with Hoechst Stain (Sigma-Aldrich) for 10
minutes.

Finally, sections were rinsed with TBS and mounted with

Fluoromount™ (Sigma-Aldrich).



Materials and Methods

7.2.6. Scanning Electronic Microscopy

Extracted scaffolds were fixed with 2.5% glutaraldehyde during 4 hours and
post-fixed with 1% osmium tetraoxyde for one hour. Following, samples were
dehydrated, dried to critic point, coated with gold and observed using a Jeol

JSM-6400 scanning electronic microscope (SEM).
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Results and Discussion

1. CHAPTER I: ASSESSMENT OF THE ANGIOGENIC CAPACITY OF PLA
SCAFFOLDS

The reconstruction of hard and soft tissues is a major challenge in regenerative
medicine, aggravated by the increasing number of tissue defects in the aging
population. The shortage of donor tissue and organs for transplants has
promoted a large research and development effort aimed at generating
alternative therapeutic solutions. TE applies principles of material engineering
and life sciences toward the development of biological substitutes that can
combine scaffolds and live cells to restore, maintain, or improve tissue function

(Langer & Vacanti 1993).

Biomaterial scaffolds should mimic the three-dimensional environment of the
ECM, provide short-term mechanical stability for the transplant, and increase
surface area for migration, adhesion and differentiation of cells, supporting the
growth of new tissue (Zippel et al. 2010). Additionally, scaffolds should
promote colonization by specific cell types and finally degrade in response to
matrix remodeling enzymes released by the colonizing cells as tissue repair
progresses (Hubbell 1999). Use of an inorganic phase in biodegradable
composite polymers to allow fine control of porosity, connectivity and surface
properties, could be a promising approach to meet some of the above

requirements.

One of the principal constraints on the size of in vitro engineered tissues lacking
a blood supply is the short distance over which oxygen can diffuse before being
consumed. Once implanted in the patient, cells in the engineered material will
consume the available oxygen within a few hours, but it will take several days
before new blood vessels colonizing the implant can deliver oxygen and
nutrients (Griffith & Naughton 2002). Providing scaffolds with angiogenic
inducing capacity will likely help colonization by cells from the host, for those

materials implanted without them. Due to the different time constraints for
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oxygen consumption and vascular colonization, it would be unrealistic to expect
that providing angiogenic-induction capacity to biomaterials will effectively
rescue cells deeply seeded in large scaffolds. However, such strategy may help

survival of cells in, or near the surface of implants.

There are multiple cell types with potential use for tissue regeneration e.g.:
embryonic stem cells, hematopoietic stem cells or mesenchymal stem
cells(Polak & Hench 2005) . Among the latter, adult stem cells derived from
bone marrow and adipose tissue appear as ideal candidates for autologous cell
therapies, avoiding problems associated with immune rejection, pathogen
transmission and ethical issues (Pittenger et al. 1999; Bianco et al. 2001;
Chamberlain et al. 2007; Pansky et al. 2007; Zuk et al. 2002; De Ugarte et al.
2003; Kern et al. 2006). While mesenchymal stromal cells from the bone
marrow, having a rich differentiation potential and anti-inflammatory capacity,
would be ideal candidates for tissue repair, their use is hampered by their
relative low abundance, availability in small volumes and pain associated with
its extraction. More recently identified mesenchymal stromal cells from adipose
tissue (AMSCs) offer an easily extractable and abundant alternative source of
therapeutic cells with similar phenotype and equivalent differentiation
potential to their homologues from the bone marrow, but in larger supply (Zuk
et al. 2002; De Ugarte et al. 2003; Kern et al. 2006). Furthermore, these cells
have shown undetectable predisposition to oncogenic transformation after in

vitro cultivation and implantation in mice (Vilalta et al. 2008).

Although mechanisms underlying the vascular differentiation of hAMSC and
their contribution to neovascularization are poorly understood, there is
evidence supporting MSC participating in angiogenesis (Al-Khaldi et al. 2003;
Chung et al. 2009; Whyte et al. 2011).

In the current work we evaluate the capacity of a new composite material

comprising poly(lactic acid) and calcium phosphate (CaP) soluble glass to

120



Results and Discussion

promote angiogenesis. The incorporation of a CaP phase in the polymeric
matrix, not only enhances the mechanical properties of the material and
controls its degradation rate, but also modifies its surface properties and ionic
environment, modulating cell behavior (Navarro et al. 2004; Charles-Harris et
al. 2008). Aguirre et al. (Aguirre et al. 2010) have reported that extracellular
calcium is physiological modulator of MSC angiogenic response, inducing up-
regulation of important angiogenic cytokines and growth factors through the
activation of a Calcium Sensing Receptor-like receptor. Here we focus on the in
vivo angiogenic capacity of the new biomaterial in comparison with that of PLA

only.

To monitor the behavior of cells in live animal implants we use a non-invasive
bioluminescence imaging (BLI) platform. In this study we use two different
inducible promoters to regulate expression of the Photinus pyralis luciferase
(PLuc) as a reporter of endothelial cell differentiation and hypoxia state. In the
former case we use the promoter for the platelet endothelial cell adhesion
molecule-1 (PECAM-1) gene, a frequently used marker of endothelial cells,
platelets and specific immune system cells (Newman & Albelda 1992), and in
the latter case we use a composite promoter comprising multiple repeats of the
hypoxia response element (HRE) binding sequence, responsible of regulating
the activity of multiple hypoxia response genes (Semenza et al. 1996). The
Renilla reniformis luciferase (RLuc) under the control of the CMV promoter is

used to monitor changes in cell number.

In a complementary set of experiments without hAMSCs, we analyze the
PLA/G5 scaffolds capacity of for inducing scaffold colonization and

vascularization by the host own cells when compared with PLA.
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1.1. Results

1.1.1. HAMSCs survive and proliferate in PLA/CaP scaffolds in vitro

HAMSCs were transduced with a lentiviral construct for expression of PLuc
regulated by the constitutively active CMV promoter and then seeded in
PLA/CaP scaffolds. Bioluminescence images were obtained weekly to monitor

cell growth (Fig. 32).

Day 2 5 8 14 21 28 30 35

Fig. 32. Representative BLI images from hAMSCs-PLuc cells, at the indicated days post-seeding,
overlaid on the corresponding white light images of scaffold. The color bar shows the arbitrary
standard rainbow color scale used to depict relative light intensities (red= highest; blue=
lowest).
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Fig. 33. Proliferation of hAMSCs seeded on PLA/CaP scaffolds. (a) Quantitative analysis of light
produced by hAMSCs-PLuc cells expressed as total photon counts (PHCs) normalized relative to
day 2. Bars represent the standard error of the mean.
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Quantification of these images showed a slight drop in the number of cells
during the first week, followed by a proliferation stage that continued up to the
end of a seven week observation period, reaching a cell number 30 x higher

that at day 2 (Fig. 33).

At the end of the monitoring period, the scaffold samples were harvested, fixed
and prepared for scanning electronic microscopy. SEM images (Fig. 34) show

cell growing both in the surface and inside the material.

Fig. 34. Scanning electronic microscope (SEM) images of hAMSCs grown on PLA/CaP scaffolds
during 35 days. (A) Image of biomaterial surface (160x). (B) enlarged detail showing a cell
(700x). (C, D) Scaffold pores, showing surface lining cells (400x and 2300x respectively).

1.1.2. HAMSCs seeded on PLA/CaP scaffolds and implanted on SCID
mice proliferate after overcoming an initial growth crisis

While the proliferation of cells in scaffolds in vitro may be an indicator of their

affinity for the material surface, the physiological environment of within
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implanted scaffolds is considerably more complex due to restriction in the
availability of oxygen and nutrients and changing conditions as the wound

repairs.

Relative light intensity

Fig. 35. Proliferation of hAMSCs seeded on PLA/CaP scaffolds and implanted sc on SCID mice.
Representative BLI images from a hAMSCs-PLuc cell seeded PLA/CaP scaffold at a sc site at the
indicated days post-implantation, overlaid on the corresponding b&w images of the mouse. The
color bar shows the arbitrary standard rainbow color scale used to depict relative light
intensities (red) highest; blue= lowest).
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Fig. 36. Quantitative analysis of light produced by hAMSCs-PLuc cells expressed as PHCs
normalized to day 0. Bars represent the standard error of the mean.
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1.1.3. CaP glass promotes differentiation of hAMSCs to the endothelial
lineage

The kinetics of cell growth on implanted scaffolds suggested that changes in
gene expression triggered by restrictions in nutrients and oxygen may result in

adaptations to the changing physiological environment.

day 1 day T dary 14 day 21 day I8

Fig. 37. Non-invasive BLI images of RLuc and PLuc-expressing hAMSCs cells seeded on PLA and
PLA/CaP scaffolds sc implanted in SCID mice. (a) Representative BLI images showing RLuc (top
row) and PLuc (bottom row) activity from dually labeled hAMSCs, on PLA and PLA/CaP
scaffolds, superimposed on b&w dorsal images of the corresponding mouse. The diagram
illustrates the implantation strategy and sites (top left). Color bars illustrate relative light
intensities from RLuc (blue: low, red: high,) and PLuc (black: low, blue: high).

To analyze the differentiation state of hAMSCs seeded on both PLA and
PLA/CaP scaffolds, cells initially labeled with the CMV:RLuc reporter were also
labeled with a PLuc reporter regulated by an inducible promoter. A human
PECAM-1 promoter or, alternatively, an HRE promoter, was used to image
endothelial differentiation or hypoxia estate, respectively. An additional
advantage of this double reporter strategy was that changes in the expression
of the inducible PLuc could be directly related to the activity of constitutively
expressed RLuc, as a reference reporter, avoiding potential cell proliferation
and imaging artifacts. Labeled cells of both types were seeded on the
biomaterial and implanted on 12 SCID mice as indicated in the diagram of Fig.4,

and then subjected to BLI analysis during a 4 week period.
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Fig. 38. Quantification of BLI images (b) Histogram summarizing cell proliferation data, RLuc
PHCs are normalized to day 1. Bars represent the standard error of the mean. * p<0.05
according to Student T test

Quantification of photon events recorded from BLI captures (Fig. 37) shows
that cell growth during this period was comparable in PLA and PLA/CaP
scaffolds (Fig. 38). However, PECAM-1 promoter regulated light production was
significantly higher for cells in the PLA/CaP material (two- way ANOVA test, p<
0.01) (Fig. 39A), indicating that PLA/CaP is a better inducer of vascular
differentiation for hAMSCs.
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Fig. 39. (A) Histogram summarizing evolution of Platelet/Endothelium Cell Adhesion Molecule-2
(PECAM-2) expression, data is represented as the ratio PLuc/RLuc PHCs (p<0.01 according to the
two-way ANOVA test); (B) Histogram summarizing the evolution of hypoxia, expressed as the
ratio PLuc/RLuc (p=0.026 according to the two-way ANOVA test). Bars represent the standard
error of the mean. * p<0.05 according to Student T test; AU = arbitrary units.
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Interestingly, the observed increase in expression of the PECAM-promoter
regulated reporter correlated with a decrease in the expression of the HER-
promoter regulated reporter for both materials, indicating a decrease of the
hypoxia level in the material as angiogenesis proceeds (Fig. 39B). However, cells
in the PLA/CaP material appear to be under a slightly higher (p=0.026.) hypoxic

stress than those in PLA.

1.1.4. PLA/CaP scaffolds promote angiogenesis

The pro-angiogenic capacity of the PLA/CaP
scaffold detected by BLI was also validated by
standard histological procedures. To facilitate
visualization of colonizing cells within the

scaffold, 12 transgenic GFP mice were implanted

sc (6 mice) and in a calvarial defect model (6
Fig. 40. Appearance of a PLA/CaP

mice) with PLA/CaP scaffolds. scaffold before implantation

Fig. 41. Cell colonization and angiogenesis of PLA/CaP scaffolds implanted without cells in
Green Fluorescent Protein (GFP) transgenic mice during one month. Images of sc (upper panels)
and calvarial lesion (lower panels) implanted scaffolds showing visual appearance (left and
middle) and invading capillaries arrows) in Hematoxylin-eosin stained scaffold sections (right).

Scaffolds harvested 4 weeks after implantation had changed their macroscopic

appearance significantly and had attracted a network of host blood vessels (Fig.
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40 and Fig. 41). HE stained sections from both sc and calvarial lesion implants

also showed the presence of abundant host cells and micro vascular structures.

Laser confocal microscope and SEM images of scaffold sections confirmed the

presence of GFP expressing host cells and cellular structures, respectively,

within the PLA/CaP scaffold (Fig. 42).

Fig. 42. Cell colonization and angiogenesis of PLA/CaP scaffolds implanted without cells in
transgenic GFP mice during one month. (A) Laser confocal microscope image showing invading
green fluorescent host cells (objective: 20x/0.4, eyepiece 10x/20) (left). (B) SEM image showing

host cell colonization (200x) (right).

To ascertain that host blood vessels
colonized the scaffolds, 3 SCID mice
sc implanted with PLA/CaP scaffolds
during a 2 month period were
perfused through the tail vein with a
high MW (2,000 kD) FITC conjugated
dextran unable to penetrate the
endothelial barrier. Fluorescence
confocal microscope examination of
PFA fixed scaffold sections showed
the presence of colonizing green
fluorescent micro vascular structures
in the interior of the scaffolds that

were well connected to the host
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Fig. 43. Microvascular structures in PLA/CaP
scaffolds implanted without cells. Laser confocal
microscope image showing tail vein injected FITC-
dextran filling tubular structures at different
depths of a PLA scaffold implanted during two
months in a SCID mouse (objective: 20x/0.4,
eyepiece 10x/20).
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vascular system (Fig. 43).

1.1.5. CaP glass improves the angiogenic capacity of PLA scaffolds

To further validate BLI results and compare the angiogenic capacity of PLA/CaP
and standard PLA only material, 4 SCID mice were implanted sc with PLA/CaP
and PLA scaffolds that were harvested after a 2 month period. Following
fixation the scaffolds were sectioned and stained using biotin conjugated
endothelial cell surface specific GSLI Isolectin B, (endothelial cell specific

marker) and streptavidin-conjugated Alexa Fluor® 647 (Fig. 44).

Fig. 44. Endothelial cell specific Isolectin B4 (red) and Hoechst (blue) staining of scaffold
sections. Representative images obtained after a two-month implantation without cells in GFP
transgenic mice using a laser confocal microscope (objective: 20x/0.4, eyepiece 40x/20). (A) PLA
scaffold. (B) PLA/CaP scaffold.

n mean T Student Test
PLA 290 6.1 0.029
PLA/CaP 194 12.7 '

Table 6. Table showing the percentage of area stained with Isolectin B4, calculated using
Imagel software. Difference is significative with p<0.05. n: number of fields analyzed.
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Quantitative analysis of fluorescence confocal microscope images showed that
the amount of surface stained by Isolectin B4 was significantly higher (p<0.05)

in the PLA/CaP than in the PLA only scaffolds (Table 6).

1.2. Discussion

The aim of the current work was to analyze the in vivo angiogenic inducing
capacity of a new biomaterial composed by poly(lactic acid) and calcium
phosphate glass (PLA/CaP), in combination with hAMSCs known to differentiate
to the endothelial lineage under appropriate stimulus. Previous in vitro studies
with MG-63 cells (Navarro et al. 2004; Charles-Harris et al. 2008) had shown
that these cells are able to attach, colonize, proliferate and differentiate in this

material in vitro.

We used a non-invasive BLI platform, based on the use of a high sensitivity
video camera to detect visible light photons generated by luciferase reporters
genetically introduced in cells and monitor their behavior. By using
constitutively active promoters to regulate luciferase expression, we observed
that PLuc expressing hAMSCs were compatible with PLA/CaP scaffolds and
proliferate well in them during a seven week period when cultivated in vitro, a
good indicator of the affinity of the cells for the scaffold material. However,
when implanted in live SCID mice, cell behavior was very different, and viability
dropped by nearly 20 fold, in the first week, to finally recover by the fifth week
post-implantation. This drop and recovery in the proliferative behavior of
hAMSCs on implanted scaffolds were indicative of an adaptive response,
governed by changes in gene expression, to stressing physiological conditions

within recently implanted scaffolds.

The use of tissue specific promoters, only active in certain cell lineages, to
regulate luciferase reporter activity may allow in vivo monitoring of cell

differentiation. However, BLI measurements contain information on spatial
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distribution and photon fluxes, the latter of which may also reflect changes in
cell number. Thus, changes in inducible reporters can best be quantified by
relating them to internal cell number controls. To understand the adaptive
changes of hAMSCs in scaffolds, we labeled hAMSC-RLuc cells with an
additional PLuc-eGFP reporter regulated by either the PECAM or a hypoxia
response element promoter. In this manner changes in the inducible luciferase
activity could be related to those of the constitutively expressed one, and
expressed as the ratio of their photon fluxes. With this approach, we were able
to observe that both materials were generally equivalent at supporting cell
growth, although at days 5 the number of cells in PLA/CaP is significantly lower
than that in PLA. Also, during the whole experiment, the overall trend of
hAMSC differentiation to the endothelial lineage was significantly (ANOVA)
higher in PLA/CaP than in PLA. Comparison of PECAM regulated PLuc
expression at specific times showed no significant differences except for days 5-
9, where cells in PLA/CaP express significantly higher levels of light that those in
PLA, in correspondence with slower proliferation, and in agreement with
current believe that generally differentiating cells proliferate slower. HAMSCs
differentiated to the endothelial lineage in correlation with a decrease in the
hypoxia sensed by the cells within the scaffold. However, endothelial
differentiation was faster and more robust in the PLA/CaP than in the PLA only
material. Interestingly, cells in the PLA/CaP material appear to be under slightly
higher hypoxic stress than those in PLA. At this point is difficult to offer a
rationalization for this observation. However, a tempting but speculative
explanation could be that the hypoxic state drives the observed enhanced
endothelial differentiation in PLA/CaP. Alternatively, higher hypoxia could

result from different metabolic requirements associated to cell differentiation.

Results from BLI were also supported by observations using more standard
procedures. Visual inspection of PLA/CaP scaffolds implanted without cells in

GFP transgenic mice showed that within a one month period there was an
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evident recruitment of vascular system from the host. Histological analysis by
conventional and laser confocal microscopy corroborated the invasion of the
material by fluorescent host cells that also formed part of vascular structures.
Further analysis by inoculation of a high molecular weight FITC-conjugated
dextran in live mice revealed dextran filled fluorescent vascular structures
within the PLA/Cap scaffolds, demonstrating their functional connectivity with
the host vascular system. Moreover, the surface of GSLI B4 isolectin-stained
endothelial cells lining PLA/CaP scaffolds was significantly larger than that in
PLA only scaffolds, in support of BLI results showing the higher capacity of the
former material to induce endothelial differentiation of hAMSCs. Thus, in
agreement with previous reports (Aguirre et al. 2010), slow dissolution of CaP
may be generating an ionic environment inducing migration and differentiation

of angiogenic precursors within the PLA/CaP material.
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2. CHAPTER II: ANALYSIS OF THE BONE REGENERATION CAPACITY OF
AN GROWTH FACTOR-DELIVERING FIBRIN GEL

Research has shown the importance of growth factors (GFS) in tissue repair and
regeneration and GF-based therapies are very promising (Kanitkar et al. 2011).
For example, two GFs approved by the FDA that have received considerable
attention for are platelet derived growth factor (PDGF) and bone
morphogenetic proteins (BMPs) (Govender et al. 2002). PDGF was initially
discovered as a fibroblast mitogen present in human serum and localized in the
alpha granules of platelets. In adults, most of the proposed functions of PDGF
relate to different responses to injury, for example, inflammation and wound
healing (Levéen et al. 1994), blood vessels maturation and chemotactic activity
towards MSC (Phipps et al. 2012). BMPs are members of the TGF- B 1
superfamily initially described by Urist about 40 years ago (Urist et al. 1973).
More than 14 types of human BMPs have been described. BMPs mostly
influence bone, but also hematopoietic cell differentiation (Chadwick et al.
2003). Several BMPs induce migration and differentiation of MSCs to the
osteogenic phenotype (Lind et al. 1996; Reddi & Cunningham 1993) and this
features have been used in therapeutic bone repair and regeneration
(Kanakaris et al. 2009; Calori et al. 2008; Ronga et al. 2006; Grgurevic et al.
2011; Hollinger et al. 1998).

While GFs are very promising in regenerative medicine, there is some recent
controversy relative to their safety for clinical use, in particular their association
with cancer risk/mortality and other side effects (Carragee et al. 2011; Frieden
2008). Thus, there exists a strong motivation to engineer smart biomaterial
systems that can deliver GFs doses precisely at low doses to potentially
improve safety and cost-effectiveness (Martino & Hubbell 2010). In this work
we combine the use of BMP-2, which due to its natural affinity for fibrinogen is
retained in a fibrin matrix (Martino et al. 2013; Kaipel et al. 2012) and an
engineered fibrin-binding PDGF-BB, to locally deliver controlled doses of
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growth factors at sites of tissue repair. We also evaluate the role of human
Mesenchymal Stem Cells derived from adipose tissue (hAMSCs), seeded in the
described engineered fibrin matrix, in bone regeneration, using a mouse

calvaria defect model.

To analyze the effect of GFs in cell behavior, luciferase expressing hAMSCs
served as reporters. Cells were seeded in the fibrin scaffolds, implanted
intramuscularly or in calvarial defects in SCID mice and monitored using a non-
invasive bioluminescence imaging (BLI) platform. Moreover, by using inducible
tissue specific gene promoters to regulate luciferase reporters, biologically
significant changes in promoter activity were easily measured as photon fluxes,
providing information on cell growth, distribution and time related changes in
gene expression associated to cell differentiation (lyer et al. 2001; Contag et al.
1997; Marta Vilalta et al. 2009). We used two different inducible promoters to
regulate expression of the Photinus pyralis luciferase (PLuc). The promoter of
bone gamma-carboxyglutamate protein or osteocalcin (BGLAP/OC), the major
noncollagenous bone matrix protein expressed cells of the osteoblasts lineage
(Briot & Roux 2005; Yeung et al. 2002) was used as a reporter of osteoblastic
differentiation. The Renilla reniformis luciferase (RLuc) under the control of the

CMV promoter is used to monitor changes in cell number.

While the promoter for the platelet endothelial cell adhesion molecule-1
(PECAM-1) gene, a frequently used marker of endothelial cells, platelets and
specific immune system cells (Newman & Albelda 1992) was used to monitor

endothelial differentiation.

Results from BLI were complemented with micro-Computed Tomography (uCT)
of skulls to analyze bone regeneration under the different treatments and with
high-resolution uCT of vascular casts of mice perfused with a polymeric resin,

to visualize the vascularization of the defects.
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2.1. Results

2.1.1. Design and production of fibrin-binding PDGF-BB

In order to be covalently incorporated into fibrin during the natural
polymerization process of the hydrogel, PDGF-BB was designed to contain the
factor Xllla substrate at their N-terminus (a2PI1-8)(Schense & Hubbell 1999). To
evaluate the bioactivity of a2P11-8-PDGF-BB, MSCs, which highly express PDGF
receptor-B (PDGFR-B), were stimulated with wild-type PDGF-BB or a2PI1-8-
PDGF-BB. The addition of a2PI1-8 at the N-terminus of PDGF-BB did not alter
the bioactivity of the GF, since a,Pl,s-PDGF-BB could promote the
phosphorylation of PDGFR-B (pPDGFR-B) to the same level of wild-type PDGF-
BB (Fig. 45 A).
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Fig. 45. Bioactivity and fibrin affinity analysis of the engineered Platelet Derived Growth Factor-
BB (PDGF-BB). A) Phosphorylated Platelet Derived Growth Factor-BB (pPDGF-BB) quantification
using ELISA. No significative difference between wild type PDGF-BB and a2PI1-8-PDGF-BB was
found (n = 4); B) Growth Factor (GF) release from fibrin matrices. Graphs show the cumulative
release of GFs over 7 days (n = 4). Bars represent the standard error of the mean.

2.1.2. Growth factors release from fibrin matrix

An in vitro release assay was performed to verify if BMP-2 and a,Pl, s-PDGF-BB
could be sequestered into fibrin matrix. Fibrin matrices comprising wild-type

PDGF-BB, a2PI1-8-PDGF-BB, or BMP-2 were incubated in excess of physiological
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buffer during a week. The buffer was changed every day, and released GFs
were quantified by ELISA (Fig 1B). As previously reported (Martino et al. 2013),
BMP-2 was sequestered in fibrin matrix and slowly released. Wild-Type PDGF-
BB was quickly released (more than 90% after 2 days), while only 5% of a,Pl.s-
PDGF-BB was released after 7 days.

2.1.3. Delivering BMP-2 and o,Pl;3-PDGF-BB by fibrin enhances cell
growth and OC expression, but not PECAM expression in intramuscularly
implanted MSCs

MSCs expressing luciferase reporters could be sensitive sentinels reporting on
the physiological environment within implants, as well as GF generators
influencing/guiding tissue repair. Dually labeled hAMSCs (10° cells) expressing
CMV-regulated RLuc and either OC-promoter regulated PLuc or PECAM-
promoter regulated PLuc were polymerized with fibrin gels containing BMP-2
and a,Pl;3-PDGF-BB and im implanted in the left tight (OC-PLuc) or right tight
(PECAM-PLuc) of 6-week old SCID mice. A group of mice implanted with the
same number of MSCs in fibrin gels without GFs was used as control and
monitored for RLuc and PLuc activity during 14 days. Quantification of
bioluminescence images from constitutively expressed RLuc photons show that
implanted cells proliferated up to day 7 post implantation, after which there
was a decline in cell number. Moreover, cells grew better in fibrin plus GFs that

on fibrin alone.

Fig. 46 (next page). Non-invasive BLI imaging of RLuc and PLuc-expressing hAMSCs seeded on
fibrin scaffolds implanted IM in SCID mice. Right panels, representative BLI images showing
Luciferase activity superimposed on b&w images of the corresponding implantation site (left
fibrin plus GF; right, fibrin control) at the indicated days. Left panel histograms summarize
bioluminescence data acquired from corresponding images. A: Histogram summarizing PLuc
activity normalized to day 1; (p=0.025, two-way ANOVA test); B: Histogram summarizing
evolution of osteocalcin expression; data represents the ratio OC-PLuc/RLuc (p=0.016, two-way
ANOVA test); C: Histogram summarizing evolution of PECAM expression; data represents the
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ratio PECAM-PLuc/RLuc, * p<0.05 Student T test; AU = arbitrary units. Color bars illustrate
relative light intensities from RLuc (blue: low, red: high,) and PLuc (black: low, blue: high). N=6.
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Evaluation of the Pluc/RLuc ratio, that measures changes in gene specific
expression relative to cell number, showed that the inclusion of GFs in the
fibrin scaffolds resulted in a trend of higher gene expression for both OC-PLuc
and PECAM-PLuc, although such trend was only statistically significant in the

former case (Fig. 46).
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Fig. 47. Non-invasive bioluminescence imaging (BLI) of RLuc and OCePLuc-expressing hAMSCs
cells seeded on fibrin scaffolds implanted in a 3mm-calvarial defect in SCID mice. (a)
Representative BLI images showing RLuc (top row) and PLuc (bottom row) activities from dually
labeled hAMSCs, superimposed on b&w head images of the corresponding mouse head. Color
bars illustrate relative light intensities from RLuc (blue: low, red: high,) and PLuc (black: low,
blue: high); (b) Histogram summarizing cell proliferation data, RLuc PHCs are normalized to day
1; (c) Histogram summarizing evolution of osteocalcin expression, data is represented as the
ratio PLuc/RLuc. Bars represent the standard error of the mean. * p<0.05 according to Student T
test; AU = arbitrary units. N=9.
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2.1.4. OC expression but not PECAM expression is activated in hAMSCs
during bone regeneration

Genetically modified hAMSCs expressing CMV regulated RLuc and either OC
regulated PLuc or PECAM regulated PLuc were implanted in combination with
fibrin gels containing bone growth factors (BMP-2 and a2PI1-8-PDGF-BB) in a

calvarial bone defect in SCID mice.
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Fig. 48. Non-invasive imaging of RLuc and PECAMePLuc-expressing hAMSCs cells seeded on
fibrin scaffolds implanted in a 3mm-calvarial defect in SCID mice. (a) Representative BLI images
showing RLuc (top row) and PECAMePLuc (bottom row) activity from dually labeled hAMSCs,
superimposed on b&w head images of the corresponding mouse head. Color bars illustrate
relative light intensities from RLuc (blue: low, red: high,) and PLuc (black: low, blue: high); (b)
Histogram summarizing cell proliferation data, RLuc PHCs are normalized to day 1; (c)
Histogram summarizing evolution of PECAM expression, data is represented as the ratio
PLuc/RLuc. Bars represent the standard error of the mean. * p<0.05 according to Student T test;
AU = arbitrary units. N=9.
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To monitor cell growth and changes in gene expression, RLuc and PLuc
activities, were monitored in live animals during 3 weeks using BLIl. Results
show that the cell proliferation pattern, as measured by RLuc activity, was
similar regardless of whether cells were additionally labeled with OC:PLuc or
PECAM:PLuc. Cells proliferated up to days 7-8 following which cell number
decreased progressively. However, there was a difference in gene expression
behavior, with a significant increase in OC, but not in PECAM expression, as

measured by the ratio of RLuc/PLuc activities (Fig. 47 and Fig. 48).

2.1.5. Delivering BMP-2 and a,Pl;.s-PDGF-BB by fibrin does not improve
bone coverage but promotes the formation of thicker bone

Previous results suggest that inclusion of BMP-2 and a,Pl,.s-PDGF-BB in fibrin
matrix induces changes in gene expression indicative of osteogenic lineage

differentiation in “sentinel” cells seeded in the fibrin material.

In order to determine if addition of BMP-2 and a,Pl,s-PDGF-BB to fibrin gels
improves bone regenerative capacity, a 3 mm diameter calvaria bone defect
was produced in 6 week old SCID mice and implanted with fibrin alone, fibrin
plus BMP-2 and a,Pl,s-PDGF-BB or fibrin plus BMP-2 and a,Pl,.s-PDGF-BB and
hAMSCs, as indicated in the diagram in Fig. 49D. . In an additional control group
the bone defect was left without implant. Following a 6 week growth period,
mice were sacrificed and mice heads analyzed by microCT imaging to

determine the change in defect size and bone volume regenerated.

Histograms representing the percent of defect surface covered with new bone
during this period (Fig. 49A) indicate that while fibrin improved defect filling
with bone, in comparison with no fibrin, inclusion of GFs or cells had no

significant additional effect.

However, evaluation of changes in bone volume (Fig. 49B) and thickness (Fig.

49C) showed that the inclusion of GFs did result in a significant increase in bone
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volume relative to no scaffold or fibrin alone. Inclusion of hAMSCs in the fibrin
scaffold had no significant effect on regenerated bone volume over that of

fibrin scaffold alone.
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Fig. 49.Micro Computed Tomography (uCT) analysis of bone formation in a calvaria defect
regeneration model in SCID mice (6 weeks post implantation). Defects were implanted with :
nothing (empty), fibrin, fibrin + BMP-2 + PDGF-BB and fibrin + BMP-2 + PDGF-BB + hAMSCs. (a)
Histogram summarizing surface coverage results for each test; (b) Histogram summarizing
bone volume results for each group; (c) Histogram summarizing bone thickness results for each
group; (d) representative uCT images of skulls and diagram showing disposition of implants.
Bars represent the standard error of the mean. * p<0.05 according to Student T test. N=14.

2.1.6. Delivering BMP-2 and o,Pl;.3-PDGF-BB with fibrin improves
vascularization of the new bone

In order to analyze the effect of the different treatment combinations in the
vascularization of the new bone, half of the mice from the previous experiment
were perfused with a polymeric resin to perform a vascular cast. Once corroded
and stained with osmium, casts were analyzed by utra-high resolution micro-
computerized tomography. Vascular cast images showed a denser vascular
network in the defects treated with fibrin plus BMP-2 and a,Pl,s-PDGF-BB
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when compared to those non-treated or treated with fibrin only (Fig. 50).
Quantitative analysis of cast images showed that relative vessel volume, vessel
number and vessel thickness were significantly higher in the defects treated
with fibrin plus BMP-2 and a,Pl,s-PDGF-BB when compared with the non-
treated defects or those treated with fibrin alone (Fig. 51: A, B and C). Vessel
spacing, in the other hand, was significant lower, indicating higher compaction,
in the defects treated with fibrin and GFs (Fig. 51D). Inclusion of hAMSCs in the

fibrin plus GFs scaffolds had no significant effect in any of these parameters.

Fig. 50. High resolution uCT images of calvarial defect vascular casts. Defects were left empty
(A), treated with fibrin alone (B), treated with fibrin with BMP-2 and a2PI1-8-PDGF-BB (C) and
treated with fibrin BMP-2 and PDGF-BB and hAMSCs. Scale bar: 1 um.
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2.1.7. Addition of hAMSCs to fibrin plus BMP-2 and a,Pl; 3-PDGF-BB
matrices improves connectivity of the vascular network of the newly

formed bone.
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Fig. 51. uCT analysis of vascularization of a calvarial defect in SCID mice (6 weeks post
implantation). Calvarial defects were treated with: nothing (empty defect), fibrin, fibrin plus
GFs and fibrin plus GFs and hAMSCs. Histogram summarizing percentage of vessel volume (A),
vessel number (B), vessel thickness (C),vessel spacing (D), and density of intervascular
connections (E), for each group. Bars represent the standard error of the mean. * p<0.05
according to Student T test. N=6.
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Analysis of data form vascular cast topographies showed that while vascular
connectivity in the newly formed bone was similar in the defects treated with
fibrin, with fibrin plus GFs, and with the controls, it was significant improved by

the addition of hAMSCs (Fig. 51E).

2.2. Discussion

Designing biomaterials that aid in tissue regeneration requires agile in vivo
evaluation procedures that facilitate an iterative strategy based on cycles of
material design - in vivo testing - modification- in vivo testing. The aim of the
current work was to develop a novel multimodal analysis platform to evaluate
the capacity of BMP-2 and fibrin-binding PDGF-BB delivered through fibrin to
treat bone defect. The two GFs were used at the same time, as we believe that
the delivery of several GFs at low doses may present a rational clinical approach
for tissue healing, since multiple GFs are involved during natural healing

processes.

We combined an in vivo procedure for imaging luciferase expressing hAMSCs
and an ex-vivo microCT imaging procedure to evaluate the extent of bone and
vascular regeneration. With this approach, in vivo imaging of luciferase
expressing hAMSCs that served as sentinel provided real-time information on
physiological conditions inductive of cell growth and differentiation, while ex
vivo microCT analysis served to evaluate the amount and quality of newly

formed bone and vascular structures.

We used a non-invasive BLI procedure based on the use of a high sensitivity
video camera, to detect visible light photons generated by luciferase reporters
genetically introduced in hAMSCs. By including constitutively active promoters
to regulate luciferase expression we can observe the evolution in the number
of hAMSCs seeded in the fibrin scaffolds implanted in mice. Moreover, by

introducing in hAMSCs additional luciferase reporters regulated by tissue
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specific promoters, only active in specific cell lineages, it is also possible to
monitor changes in gene expression leading to cell differentiation. Changes in
the activity of inducible reporters can best be quantified by relating them to the
activity of the constitutively active luciferase, and expressing them as the ratio
of their respective photon fluxes, avoiding in this manner artifacts due to in-

vivo fluctuations in cell number.

Due to the capacity of hAMSCs to differentiate to multiple lineages, e.g.,
chondrogenic, adipogenic and osteogenic lineages, in response to external
clues, these cells can be used as living reporters of growth and differentiation
conditions within scaffolds. Thus, we used hAMSCs dually modified to express
RLuc, regulated by a constitutively active promoter (CMV-RLuc), and with an
additional PLuc-eGFP chimerical reporter. The latter regulated by either the
PECAM or the human osteocalcin (hOC) inducible promoters to analyze the

capacity of the material to induce cell differentiation.

With this approach, we were able to observe that in im implanted fibrin
matrices containing BMP-2 and o,Pl,.s-PDGF-BB and luciferase expressing
hAMSCs there was an induction of the osteocalcin but not of the PECAM
endothelial reporter activity. We also used a calvarial bone defect model to
determine whether selective osteocalcin induction capacity was also observed

when the material was implanted in a bone defect.

Using the BLI procedure we were able to corroborate that, since fibrin
containing BMP-2 and a,Pl,.s-PDGF-BB induced an increase in osteocalcin but

not PECAM expression during bone repair.

While in vivo imaging was a useful tool to monitor ongoing cellular processes in
vivo, BLI results were complemented with microCT as a standard endpoint
analysis of bone and vascular development. Our results indicate that inclusion

of BMP-2 and a,Pl, 3-PDGF-BB (1 ug of each GF) in the fibrin scaffold did not
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result in the generation of more bone surface, as compared to fibrin alone.
Nevertheless, the addition of GFs did have a significant effect in the formation
of thicker bone. Surprisingly, inclusion of the hAMSC reporters did not have a
detectable effect on the amount of bone formed. A possible interpretation for
this result could be that the number of cells used was too small to have a

significant mass effect.

Since tissue repair is normally accompanied by angiogenesis, we also generated
vascular casts of the treated mice by perfusion with a polymeric resin, followed
by tissue corrosion. Analysis of 3D microCT images generated from the plastic
casts revealed that the inclusion of BMP-2 and a,Pl;.-PDGF-BB in the fibrin
scaffold improved its angiogenic capacity, resulting in formation of more and
thicker vessels as compared to controls treated with fibrin only. While the
inclusion of hAMSCs did not appear to improve any of the above parameters,
they did have a statistically significant role in producing more abundant inter-
vascular connections. Thus, even if luciferase expressing hAMSCs did not
appear to differentiate to endothelial lineage, they did play a more complex
organizational role in vascularization. This result supports the hypothesis that
hAMSCs included in scaffolds contribute more importantly to the paracrine
regulation of the physiological environment than to the formation of new
tissue, in accordance with recent results from their use in the repair of other

tissues.
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3. CHAPTER Ill: DEVELOPMENT OF A MINI-BIOREACTOR SYSTEM FOR
THE ANALYSIS OF BIOMATERIAL-STEM CELLS INTERACTIONS

Bioreactors are generally defined as devices in which biological and/or
biochemical processes develop under closely monitored and tightly controlled
environmental and operating conditions (e.g. pH, temperature, pressure,

nutrient supply and water removal) (Martin et al. 2004).

Bioreactor systems play an important role in Tissue Engineering (TE), as they
allow safe and reproducible production of tissue constructs. For clinical
applications, the use of bioreactors should be an advantageous method to
produce materials with low contamination risk, ease of handling and scalability
(Portner et al. 2005). Bioreactors may also provide reliable model systems to
investigate tissue growth under reasonably realistic conditions, (e.g. fluid flow,
shear stress, etc.) providing technical means to perform controlled studies
aimed at understanding specific biological, chemical or physical aspects of

tissue regeneration.

The most widely used bioreactors for TE are perfusion bioreactors, since they
allow the modulation of mass transport for nutrients and oxygen and waste
removal from the tissue culture environment. Furthermore, interstitial
perfusion is considered to be an important stimulus in the mechanobiology of
several three-dimensional tissues, and hydrodynamic shear stresses may
positively affect cell viability, differentiation and protein production (Martin et
al. 2004). Grayson et al (Grayson et al. 2008) showed that the rate of medium
perfusion during cultivation has an important effect on the characteristics of
engineered bone formed in a bioreactor. Lee and Niklason (Lee & Niklason
2010) demonstrated that fluid flow facilitates the formation of microvessels
and stimulates the production of growth factors in a tridimensional endothelial

and mesenchymal stem cell gel coculture.
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Cell seeding of scaffolds is the first step in establishing a 3D culture, and might
play a crucial role in determining the progression of tissue formation (Vunjak-
Novakovic et al. 1998). Seeding cells into scaffolds at high densities has been
associated with enhanced tissue formation in 3D constructs, including higher
rates of cartilage matrix production, increased bone mineralization (Holy et al.
2000) and enhanced cardiac tissue structure. Thus, engineering autologous
grafts for clinical applications using high initial cell densities requires the cells to
be seeded with the highest possible efficiency. Furthermore, the initial
distribution of cells within the scaffold after seeding has been related to the
distribution of tissue subsequently formed within engineered constructs (Holy
et al. 2000; Kim et al. 1998), suggesting that uniform cell-seeding could

establish the basis for uniform tissue generation.

The main problem of the cell seeding in perfusion bioreactor systems is the
selection of the right fluid flow velocity (Wendt et al. 2003). High velocities do
not allow cell adherence to the material, whereas low velocities do not move
the cells fast enough, resulting in their adhesion to the tubing of the perfusion
system or sinking to the lower parts of the system due to gravity becoming
unavailable. Wendt et al. (Wendt et al. 2003) found that the optimal seeding
velocity depends highly on the scaffold microstructure. Thus, at this point,
there are no general formulas to suggest optimal scaffold seeding rates, which

are mainly determined by empirical approaches.

The goal of this work was to develop a non-destructive system to study cell
growth and behavior in 3D scaffolds. Based on a non-invasive bioluminescence
imaging (BLI) platform, we designed and validated a miniaturized, optically
accessible bioreactor for interstitial perfusion and control of several working
parameters that allows systematic analysis of optimal scaffold seeding and

long-term maintenance conditions.
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BLI provides a useful means for monitoring physiological processes in real-time,
ranging from cell survival to gene expression. Due to the capacity of light
photons to transverse tissues, BLI can be used to monitor the proliferation and
distribution of cells expressing luciferase reporters in engineered tissues
thinner than 2 cm (Massoud & Gambhir 2003a). Moreover, by using inducible
tissue specific gene promoters to regulate the expression of luciferase
reporters, biologically significant changes in promoter activity are reported as
easily monitored photon fluxes. Thus, analysis of photon images provides
information on cell growth, distribution and time related changes in gene
expression associated to cell differentiation (lyer et al. 2001; Contag et al. 1997;
Bagd et al. 2012; Vila et al. 2012). In this work we use the inducible promoter of
the platelet endothelial cell adhesion molecule-1 (PECAM-1) (Newman &
Albelda 1992)to regulate the expression of the Photinus pyralis luciferase (PLuc)
as a reporter of endothelial differentiation of cells seeded in our

bioluminescent bioreactor prototype.

Human adipose-derived mesenchymal stromal cells (hAMSCs) are multipotent
stem cells with a similar phenotype and equivalent differentiation potential to
their homologues counterparts from bone marrow, although these cells are
considerably easier to isolate in larger quantities. HAMSCs can differentiate into
mesodermal lineages, including bone, cartilage, fat, tendon, ligament and
muscle (Zuk et al. 2002; De Ugarte et al. 2003; Kern et al. 2006; Schéffler &
Blchler 2007). Although mechanisms underlying the vascular differentiation of
hAMSC and their contribution to neovascularization are poorly understood,
there is evidence supporting MSC participating in angiogenesis (Al-Khaldi et al.

2003; Chung et al. 2009; Whyte et al. 2011).

Poly(lactic acid) scaffolds, previously shown to support cell adhesion and tissue
growth (Charles-Harris et al. 2008; Vila et al. 2012), can be produced

consistently with a regular architecture and are, therefore, a convenient model
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to test the capacity of the system to continuously monitor cell seeding,
proliferation and gene expression changes. A modified PLA scaffold containing
calcium phosphate glass (PLA/CaP) with capacity to stimulate both endothelial
and osteogenic differentiation (Vila et al. 2012; Aguirre et al. 2010) was also

used for comparative purposes.

We show that the perfusion system developed in this work is useful for both
determining optimal seeding conditions and monitoring a variety of culture
parameters such as cell survival, distribution, differentiation or hypoxia state,

showing potential as a useful tool for scaffold development and TE applications.

3.1. Results

3.1.1. BLI allows the visualization of scaffold seeding in a bioreactor

To evaluate the potential of BLI procedures to monitor the behavior of cells in a
biomaterial, a transparent bioreactor model was constructed, comprising a
cylindrical glass perfusion chamber that houses a scaffold material, connected
to a medium reservoir situated inside a heating bath and provided with an

agitation system (Fig. 29).

HAMSCs were transduced with a lentiviral vectors for the expression of RLuc
regulated by a constitutively expressed CMV promoter, as a bioluminescent
reporter and then injected in the agitated medium reservoir containing benzyl-
coelenterazine. Time lapse images of the perfusion device and scaffold placed
in the detection chamber of an ImagEM X2 Imaging System were acquired
during 1 minute, at regular 2 minute intervals, as described in methods during

the entire seeding process until the bioluminescence signal disappeared.

Time lapse bioluminescent images show (Video 1) the time dependent
progressive loading of the scaffold and the generation of a cell occupancy

gradient decreasing in the flow direction. Graphs representing the total number
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of photons emitted by the whole scaffold versus time illustrate a saturation

kinetics process taking place during the first 80 minutes (Fig. 52).

O

Video 1. Real-time bioluminescence imaging (BLI) of cell seeding of a PLA scaffold (see digital
PDF version or video file in the attached CD-ROM)
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Fig. 52. Real-time BLI of scaffold seeding in the perfusion system. Representative images
showing progressive loading of a scaffold. Fluid flow is from right to left. Arbitrary colors show
light emission intensity (red=high; blue=low). The graph shows time related changes, every two
minutes, in the number of light events recorded from the whole imaged area.
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In order to verify that cells are seeded inside the scaffold and not in its surface,
at the end of each experiment scaffolds were recovered, sliced perpendicular
to the flow direction and imaged. Images show the presence of cells

throughout the perpendicular section (Fig. 53).

Fig. 53. Bioluminescent Images of PLA scaffold sections following seeding in the bioreactor
system

3.1.2. BLl allows the quantification of cells inside the bioreactor

y=9.4287x - 304393
R*=0.9344

Millions of PHCs emitted inside the bioreactor system
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Fig. 54. Standard curve relating the total number of photons from the scaffold with the
corresponding number of photons generated by the same cells in vitro
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Once ascertained the possibility of using BLI to visualize the process of scaffold
seeding within the bioreactor the possibility of obtaining quantitative data
using this procedure was assessed. To do this, a scaffold seeded with cells was
pulse by circulating substrate through the system, one cycle at a constant flow
of 4mm/s, while the scaffold was continuously imaged every 10 seconds until
the number of photons recorded began to decrease. Peak image values were

used for the analysis.

For constructing a standard curve, 5x10°, 5x10*, 1x10° and 2x10° RLuc-
expressing hAMSCs were seeded in PLA scaffolds, and imaged as previously
described. At the same time, the same number of cells was seeded in 48-well
plates to which 50 pL of benzyl-coelenterazine solution were added and imaged
for one minute at binning 1x1. Results show that there is a linear correlation
between the number of photons emitted by the cells in the bioreactor scaffold
and in vitro, R* of 0.9344 (Fig. 54). The slope of the correlation curve describes
the yield in photons generated by cells in the bioreactor compared with the

same cells in vitro in the indicated conditions.

normalized PHCs
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Fig. 55. Long-time survival of hAMSCs inside the bioreactor system.
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3.1.3. Cells survive and can be observed during an extended time in the

bioreactor system

PLA scaffolds were seeded with 2 million of RLuc-expressing hAMSCs and
cultured in the bioreactor system for up to three weeks. Results of BLI
monitoring show that cells survive, with little variation in the number of
emitted photons during the whole period (Fig. 55). Longer culture periods with
the PLA scaffolds were not possible due its biodegradability, but results suggest
that cells could be maintained alive for longer periods providing an adequate

scaffold.

3.1.4. Flow velocity influences cell seeding efficacy and distribution

Cell seeding was performed at four different flow velocities (0.5, 2.2, 4.0 and
5.8 mm/s). After seeding, RLuc activity was determined as explained in the
methods section, and the number of seeded cells was calculated using the
standard curve obtained in the previous section. Results show that cell seeding

yields are optimum for a flow velocity of 4 mm/s (Fig. 56).
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Fig. 56. Effect of flow on seeding performance. The histogram shows the seeding yield at
different flow velocities. Bars represent the standard error of the mean. * p<0.05 according to
Student T test. n=3.
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Fig. 57. A: Representative images of cell distribution 24h after seeding at different flow
velocities. B: Profiles of cell distribution. A.U.= Arbitrary Units. Arbitrary colors show light
emission intensity (red=high; blue=low).

3.1.5. Endothelial differentiation can be monitored inside the

bioreactor

Dually labeled hAMSCs (2x10° cells) expressing CMV-regulated RLuc and
PECAM-promoter regulated PLuc were seeded at 4.0 mm/s in a PLA scaffold
containing calcium phosphate glass (PLA/CaP). The day after seeding, medium
was changed for an endothelial differentiation medium and the culture
conditions maintained for 14 days. As a control, the same cells were seeded in

equal conditions in a normal PLA scaffold and cultured in L-15 medium.
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Fig. 58. Evolution of the ration PLuc/RLuc PHCs, indicative of the grade of PECAM expression, in
hAMSCs seeded in either PLA or PLA/CaP and cultured in L-15 and EGM-2 medium respectively.
Differences between two series were significative; p<0.05 according to the two-way ANOVA
test).

Bioluminescent images from RLuc and PLuc activities were obtained as
explained in the methods section, every 2-3 days during the whole period.
Changes in PECAM expression were calculated as changes in the ratio
PLuc/RLuc. Results showed that while the ratio PLuc/RLuc decreased with time
in the control PLA scaffold, it increased progressively in the EGM-2 cultured
PLA/CaP scaffold, indicating that endothelial differentiation was taking place
(Fig. 58). Differences between two series were significative (p<0.05 according

to the two-way ANOVA test).

3.2. Discussion

Bioreactor systems are gaining increasing importance in TE due to their
capacity of producing tissue constructs in a safe and reproducible way.
Furthermore, they can be used as an intermediate step between in vitro and in

vivo studies for analyzing scaffold-cell interactions.
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In this work we present a novel methodology to analyze bioreactor systems by
non-invasive BLI. This technology allows real-time and non-destructive studies
of cell-scaffold interactions, in contrast to traditional analysis methods that
require sample destruction at the end of the test (e.g. histology, CT,

microscopy).

We have developed a transparent mini-bioreactor system comprising a heated
and stirred culture reservoir, a peristaltic pump and a transparent imaging
chamber. This bioreactor sustains cell growth for long periods of time; at least
up to three weeks tested, although current results suggest much longer survival

would be possible.

There was a linear relationship between the photons emitted by the bioreactor
and the number of RLuc-expressing hAMSCs seeded within it. Thus, our device
can be used as a quantitative instrument to measure the number of living cells
inside the scaffold at any time point, making it a useful instrument to study cell

seeding and cell survival under different conditions.

The best flow rate for cell seeding in perfusion systems depends on the
material architecture and it must be determined in each particular case. Our
bioluminescent bioreactor has proved to be a useful tool for this type of
analysis, allowing not only the quantification of the seeding efficiency but also

the visualization of cell distribution throughout the scaffold.

We have also demonstrated the possibility of using inducible luciferase
reporters to monitor changes in gene expression inside the bioreactor.
Specifically, we have used hAMSCs that expressed CMV-regulated RLuc and
PECAM-promoter regulated PLuc for real-time monitoring of endothelial

differentiation.

This procedure could be applicable to a wide variety of materials, scaffold

formats and cell types. The expression of a wide variety of genes of interest,
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depending on promoter availability could also be monitored. Thus the current
strategy shows potential for the analysis of cell behavior within scaffolds under

different culture conditions.
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General Discussion

Biomaterial development for TE is a very complex and prolific research field
overlapping material engineering, chemistry, cell biology and medicine fields;
every year promising new devises comprising materials, growth factors and
cells are reported that require in vitro and in vivo studies previous to clinical
evaluation. Unfortunately, in vitro conditions are very far removed from those

in real life and many initially promising devices fail when tested in live animals.

One of the key factors than can determine the success or failure of a
biomaterial is its capacity to induce angiogenesis. In implants that lack their
own blood supply, oxygen can only diffuse for a few hundred of micrometers
before being consumed (Griffith & Naughton 2002) causing cell death. Thus,
engineering scaffolds to include factors that promote angiogenesis could be a

solution.

The number of possible combinations between cell types, factors and
biomaterials is so large that testing platforms that can rapidly screen and
identify optimal formulas, e.g., that emphasize key characteristics such as
angiogenic capacity or promotion of differentiation to specific lineages would

facilitate devise development.

In this thesis we demonstrated the potential of noninvasive BLI to study and
analyze cell-scaffold interactions in live animals. BLI technology allows the real-
time monitoring of cell number and distribution within the scaffolds.
Furthermore, by using tissue-specific inducible promoters, changes in
expression of specific genes related to cell differentiation (PECAM, osteocalcin)

or hypoxic state (HIF) can also be monitored.

This provides very useful information about the scaffold behavior in vivo and
about what characteristics should be improved to obtain the desired results. By

combining the real-time data from this bioluminescence platform with other

161



General Discussion

end point imaging technologies, it is possible to obtain a full vision of the

biomaterial behavior.

In this work we used two very different biomaterials developed by
collaborators to illustrate as “proof of principle” the application of in vivo BLI

technology in the evaluation of bio-engineered scaffolds for tissue repair.

In the first case we proved the angiogenic capacity of a new composite
biomaterial comprising PLA and calcium phosphate glass. Our BLI results,
indicating that inclusion of calcium phosphate glass particles on PLA improved
the angiogenic capacity of the material, were also validated using standard
immunofluorescent staining and histological procedures for vessel

guantification.

In the second proof of principle case, we evaluated a GF-delivering fibrin
scaffold engineered for bone repair using a live bone regeneration model. Our
BLI results indicated that the GF-delivering material had the capacity to induce
osteoblastic, but not endothelial, differentiation in sentinel mesenchymal stem
cells included in the scaffold. Again, our BLI results were corroborated by puCT
analysis that showed not only that thicker bone, but also denser vascular
structures of host origin were induced by the delivery of GF. Moreover, in this
case we were able to partially seed light over an important issue in tissue
repair; that is the role of stem cells included in scaffolds on the repair process.
Again, the combination of BLI and uCT analysis indicated that sentinel cells
while not differentiating to the endothelial lineage, did have a relevant

paracrine role inducing abundant intervascular connections.

Understanding the response of cells within biomaterials to changing physical
parameters (e.g.: response to shear stress, hypoxia etc.) is valuable information
to guide the development of scaffolds for specific applications. Inspired by

these considerations we initiated an ambitious approach to develop a
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minibioreactor system useful for the analysis of cell-scaffold interactions
without having to resort to live animals. This bioreactor system, based in the
same bioluminescent platform, allows real-time analysis of cell survival and
differentiation within the biomaterial under dynamic flow conditions and it
could be considered as an intermediate step between in vitro and in vivo
studies, facilitating the biomaterial design-test-redesign cycle. This type of
device is important due to additional considerations. Bioreactors are becoming
increasingly more important as they allow safe and reproducible production of
scaffold-tissue composites for clinical applications. Thus, BLI monitored system
could also be a useful tool for designing and optimizing cell seeding of scaffolds;
allowing the quantification of cell survival, and the visualization of cell

distribution along the scaffold under customizable culture conditions.

We have made progress in this area also, and a small bioreactor prototype
comprising a model biomaterial was constructed and successfully used to
illustrate cells distribution and survival under dynamic seeding conditions, as

well as proliferation and differentiation in response to inducing agents.

While this is still work in progress, we believe it points in the right direction and
more case studies should help support the use of this bioengineering strategy

in the design of products for clinical applications.
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Conclusions

CASE STUDY I: ASSESSMENT OF THE ANGIOGENIC CAPACITY OF PLA
SCAFFOLDS

Noninvasive BLI was useful to demonstrate that addition of calcium
phosphate glass to PLA results in a composite material with better
angiogenic capacity than PLA only.

BLI allowed monitoring the proliferation of luciferase expressing
hAMSCs in PLA/CaP scaffolds implanted in mice.

BLI allowed monitoring the differentiation to the endothelial lineage of
luciferase expressing hAMSCs seeded in PLA/CaP scaffolds implanted in
mice.

BLI allowed monitoring changes in the hypoxic state of luciferase
expressing hAMSCs seeded in scaffolds implanted in mice, in
correlation with differentiation of hAMSCs to the endothelial lineage.
Standard histological analysis validated BLI results and showed that
calcium phosphate glass particles in PLA scaffolds implanted in SCID
mice induced the colonization of the material by host vascular

structures functionally connected to the vascular system.

CASE STUDY II: ANALYSIS OF THE BONE REGENERATION CAPACITY
OF AN ENGINEERED FIBRIN GEL

In vivo BLI was useful to demonstrate that smart fibrins delivering BMP-
2 and PDGF-BB induce the differentiation of hAMSCs to the osteogenic
but not to the endothelial lineage.

MCT analysis of bone showed that, BMP-2 and PDGF-BB comprising
fibrins promote formation of new bone and vascular structures derived
from the host.

Luciferase expressing hAMSCs seeded in fibrin scaffolds had no effect
on bone formation and did not influence he number or thickness of

host derived vessels.
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Luciferase expressing hAMSCs had a paracrine-based organizational
role, significantly promoting the formation of more interconnections

between host derived vessels during bone regeneration

General conclusion from 1 and 2:

Luciferase expressing hAMSCs were effective reporters of cell behavior
in vivo, bone and endothelial differentiation.

BLI is an effective tool for in vivo analysis of stem cell biomaterial
interactions.

The combination of BLI and uCT for imaging of gene expression and
bone and vascular structures, respectively, is an effective multimodal

approach for the analysis of scaffold performance.

CHAPTER Ill: DEVELOPMENT OF A MINI-BIOREACTOR SYSTEM FOR
THE ANALYSIS OF BIOMATERIAL-STEM CELLS INTERACTIONS

A transparent minibioreactor was developed that allowed real-time
monitoring of cell-scaffold interactions.

The developed device sustains prolonged survival of cells, up to the 3
weeks tested.

There was a linear relationship between the number of photons
emitted by the bioreactor and the number of cells seeded.

The developed bioreactor allows real-time visualization of scaffold
seeding, as well as cell seeding efficacy and cell distribution throughout
the scaffold under a variety of flow conditions.

The minireactor device allowed visualization and quantification of

endothelial differentiation in a PLA/CaP scaffold.
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Mentiria si dijese que siempre he querido ser cientifica. Antes de eso quise ser
escritora, después fildsofa y en algin momento arquitecta; pero desde
bastante joven, con la llegada de la genética mendeliana a mi vida, deseé ser de
investigadora. Siempre me habian gustado las ciencias: las matematicas, la
fisica y la quimica me gustaban, pero la biomedicina me cautivd. No podia
imaginar nada mejor que dedicar mis esfuerzos a aprender y descubrir nuevas

cosas sobre ese apasionante campo!

En aquellos momentos el panorama para un cientifico en este pais era mucho
mas prometedor. La situacién de la ciencia habia mejorado mucho en los afios
previos: se habian abierto centro de investigacion nuevos, creado plazas,
aumentado los presupuestos...Tenia como ejemplo la carrera cientifica de las
generaciones anteriores, en las que a pesar de un inicio siempre precario, la

deseada estabilidad laboral, aunque tarde, acababa llegando.

Las cosas son ahora muy distintas: doctorandos que acaban sus tesis tras
bastantes meses sin cobrar, y dando gracias por tener, al menos, dinero para
reactivos; jovenes cientificos que, tras regresar del extranjero con promesas
(muchas veces en forma de beca) de un glorioso futuro en este pais, se ven
obligados a hacer las maletas otra vez y marcharse de nuevo, esta vez sin la
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Abstract: The angiogenic capacity of a new biomaterial com-
posite of poly(lactic acid) and calcium phosphate glass (PLA/
CaP) was analyzed by noninvasive bioluminescence imaging
(BLI) and histological procedures. Human adipose tissue-
derived mesenchymal stromal cells expressing cytomegalovi-
rus (CMV) promoter regulated Photinus pyralis luciferase
(hAMSC-PLuc) grew up to 30 times the initial cell load, in vitro,
when seeded in PLA/CaP scaffolds, but suffered an initial
growth crisis followed by recovery when the scaffolds were sub-
cutaneously implanted in SCID mice. To analyze changes in
gene expression, hAAMSC-PLuc cells were double labeled with a
CMV promoter regulated Renilla reniformis luciferase and a
Photinus pyralis luciferase reporter regulated by either the
PECAM promoter or a hypoxia response element (HRE) artificial

promoter and seeded in PLA/CaP and PLA scaffolds implanted
in SCID mice. Analysis by BLI showed that hAMSCs in scaffolds
were induced to differentiate to the endothelial lineage and did
this faster in PLA/CaP than in PLA scaffolds. Endothelial differ-
entiation correlated with a decrease in the activity of HRE regu-
lated luciferase expression, indicative of a reduction of hypoxia.
Histological analysis showed that PLA/CaP scaffolds were
colonized by a functional host vascular system. Moreover, colo-
nization by isolectin B, positive host cells was more effective in
PLA/CaP than in PLA scaffolds, corroborating BLI results. © 2012
Wiley Periodicals, Inc. J Biomed Mater Res Part A: 00A:000-000, 2012.
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INTRODUCTION
The reconstruction of hard and soft tissues is a major chal-
lenge in regenerative medicine, aggravated by the increasing
number of tissue defects in the aging population. The short-
age of donor tissue and organs for transplants has pro-
moted a large research and development effort aimed at
generating alternative therapeutic solutions. Tissue engi-
neering applies principles of material engineering and life
sciences toward the development of biological substitutes
that can combine scaffolds and live cells to restore, main-
tain, or improve tissue function.

Biomaterial scaffolds should mimic the three-dimen-
sional environment of the extracellular matrix, provide
short-term mechanical stability for the transplant, and

increase surface area for migration, adhesion and differen-
tiation of cells, supporting the growth of new tissue.? Addi-
tionally, scaffolds should promote colonization by specific
cell types and finally degrade in response to matrix remod-
eling enzymes released by the colonizing cells as tissue
repair progresses.> Use of an inorganic phase in biodegrad-
able composite polymers to allow fine control of porosity,
connectivity and surface properties, could be a promising
approach to meet some of the above requirements.

One of the principal constraints on the size of in vitro
engineered tissues lacking a blood supply is the short dis-
tance over which oxygen can diffuse before being consumed.
Once implanted in the patient, cells in the engineered mate-
rial will consume the available oxygen within a few hours, but
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it will take several days before new blood vessels colonizing
the implant can deliver oxygen and nutrients.* Providing scaf-
folds with angiogenic inducing capacity will likely help coloni-
zation by cells from the host, for those materials implanted
without them. Because of the different time constraints for
oxygen consumption and vascular colonization, it would be
unrealistic to expect that providing angiogenic-induction
capacity to biomaterials will effectively rescue cells deeply
seeded in large scaffolds. However, such strategy may help
survival of cells in, or near the surface of implants.

There are multiple cell types with potential use for tis-
sue regeneration, for example: embryonic stem cells, hema-
topoietic stem cells, or mesenchymal stem cells.” Among the
latter, adult stem cells derived from bone marrow and adi-
pose tissue appear as ideal candidates for autologous cell
therapies, avoiding problems associated with immune rejec-
tion, pathogen transmission and ethical issues.®*? While
mesenchymal stromal cells from the bone marrow, having a
rich differentiation potential and anti-inflammatory capacity,
would be ideal candidates for tissue repair, their use is ham-
pered by their relative low abundance, availability in small
volumes, and pain associated with its extraction. More
recently identified mesenchymal stromal cells from adipose
tissue (AMSCs) offer an easily extractable and abundant al-
ternative source of therapeutic cells with similar phenotype
and equivalent differentiation potential to their homologues
from the bone marrow, but in larger supply.'®*? Further-
more, these cells have shown undetectable predisposition to
oncogenic transformation after in vitro cultivation and im-
plantation in mice."* Although mechanisms underlying the
vascular differentiation of hAMSC and their contribution to
neovascularization are poorly understood, there is evidence
supporting MSC participating in angiogenesis.*~°

In the current work we evaluate the capacity of a new
composite material comprising poly(lactic acid) and calcium
phosphate (CaP) soluble glass to promote angiogenesis. The
incorporation of a CaP phase in the polymeric matrix, not only
enhances the mechanical properties of the material and con-
trols its degradation rate, but also modifies its surface proper-
ties and ionic environment, modulating cell behavior.'”'®
Aguirre et al.'® have reported that extracellular calcium is
physiological modulator of MSC angiogenic response, inducing
upregulation of important angiogenic cytokines and growth
factors through the activation of a calcium sensing receptor-
like receptor. Here we focus on the in vivo angiogenic capacity
of the new biomaterial in comparison with that of PLA only.

To monitor the behavior of cells in live animal implants
we use a noninvasive bioluminescence imaging (BLI) platform.
Because of the capacity of light photons to transverse living tis-
sues BLI can be used to monitor the proliferation, distribution
and differentiation of cells expressing luciferase reporters in
live animals. Moreover, by using inducible tissue specific gene
promoters to regulate the luciferase reporters, biologically sig-
nificant changes in promoter activity are reported as easily
monitored photon fluxes. Thus, analysis of photon images pro-
vides information on cell growth, distribution and time related
changes in gene expression associated to cell differentiation.?’
23 In this work, we use two different inducible promoters to
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regulate expression of the Photinus pyralis luciferase (PLuc) as
a reporter of endothelial cell differentiation and hypoxia state.
In the former case we use the promoter for the platelet endo-
thelial cell adhesion molecule-1 (PECAM-1) gene, a frequently
used marker of endothelial cells, platelets and specific immune
system cells,”® and in the latter case we use a composite pro-
moter comprising multiple repeats of the hypoxia response
element (HRE) binding sequence, responsible of regulating the
activity of multiple hypoxia response genes.?* In a different set
of experiment without hAMSCs, PLA/CaP scaffolds also
showed at improved capacity for inducing colonization and
vascularization of the scaffold by the host own cells when com-
pared with PLA. Results from BLI and histological procedures
show that inclusion of CaP glass enhances the angiogenic
capacity of PLA, a desirable advantage in many tissue repair
applications.

MATERIALS AND METHODS
Lentiviral vectors constructs
Four different constructs were used during the study.

A Plox-PLuc:eGFP vector was constructed as described®®
by cloning the enhanced green fluorescent protein (eGFP) cod-
ing sequence under the control of the simian virus early
enhancer promoter (SV40) and the PLuc coding sequence
(Promega Corporation, Madison, WI) under the control of the
cytomegalovirus (CMV) promoter between the Clal and BamHI
sites of the lentiviral transfer vector Plox/Twgfp provided by
Dr. D. Trono (Ecole Polytechnique Fédérale de Lausanne).

A CMV:hRLuc:mRFP:ttk lentiviral vector (abbreviated as
CMV:RLuc) containing a trifunctional chimeric construct
comprising the coding sequences for the Renilla reniformis
luciferase (RLuc) reporter gene, the monomeric red fluores-
cent protein (mRFP1) gene and a truncated version of the
herpes simplex virus thymidine kinase gene sr39tk (ttk)
under transcriptional control of the CMV promoter, a kind
donation from Dr. S.S Gambhir (Stanford, CA).2®

A Plox-hPECAM-1p:PLuc:eGFP lentiviral vector for tissue
specific expression in endothelial cells (abbreviated as
PECAM:PLuc) containing a chimeric construct of PLuc and
eGFP coding sequences under the control of the PECAM
promoter was constructed in a Plox lentiviral vector. HPE-
CAM-1p was kindly provided by Dr. Carmelo Bernabéu
(Granada, Spain) and cloned into pLox:PLuc:eGFP using
Xbal/Spel and Spel enzymes, respectively.

A Plox-HRE-12p:PLuc:eGFP lentiviral vector for expres-
sion in hypoxic cells (abbreviated as HRE:PLuc) containing
a chimeric construct of PLuc and eGFP coding sequences
under the control of 12 repeats from the HRE binding
sequence of the lactate deshydrogenase A (LDHA), phospho-
glycerate kinase 1 PGK1 and enolase 1 (ENO1) promoters,
was constructed in a Plox lentiviral vector. The HRE-12p ar-
tificial promoter was constructed as described.*’

Lentiviral particle production

Production of viral particles was performed using human
embryonic kidney cells 293 T grown in Dulbecco’s Modified
Eagle Media-high glucose (DMEM-hg) (Sigma, Steinheim,
Germany), 10% heat-inactivated fetal bovine serum (FBS)
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(Sigma), 2 mM 1-glutamine (Sigma), 50 U mL~" penicillin/
streptomycin (Sigma), and 2 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES). The day before
transfection, 4.5 x 10° trypsinized cells were seeded on 10
cm?  poly-p-lysine-(Sigma)-treated plates. Each lentiviral
transfer vector (6 pg) were mixed with viral envelope plas-
mid (pMD-GVSV-G) (2 pg) and packaging construct (pCMV
AR 8.2) (4 pg) and carried to 250 pL with NaCl 150 mM.
Then 48 pL of PEI were mixed with 202 pL of NaCl, and
added slowly to the vectors. After 30 min of incubation at
room temperature (RT) this DNA solution was added drop
wise to the plate containing the 293 T cells plus medium,
swirled gently and incubated for 16 h at 37°C with 5% CO».
The following day, the transfection solution was removed,
the cells were rinsed with PBS 1x and medium without FBS
was added to the cells. Following a 48-h incubation the su-
pernatant was collected, centrifuged at 2000 rpm. to
remove cell debris, and filtered through a 0.45 mm low pro-
tein-binding filter (Corning, Bath, UK). The filtered superna-
tant was then loaded in 100 Da Amicon Ultra Tubes (Milli-
pore, MA) and centrifuged at 4400 rpm for 30 min at 4°C.
The virus pellets were resuspended in PBS and kept at
—80°C for storage. Virus titers were determined using the
HIV-1 p24 antigen EiA (Beckman Coulter) 96 test kit.

AMSCs culture and transduction

Human AMSCs (hAMSCs) were isolated from adipose tissue
derived from cosmetic subdermal liposuction of the lateral
hip, with patient consent, as previously described.'’ Briefly,
after rinsing in PBS 1x, lipoaspirates were suspended in
one volume of 1x collagenase I (Invitrogen, Carlsbad, CA)
solution and incubated 30 min at 37°C with gentle agitation.
Digestion was terminated by inactivation of the collagenase
I by addition of DMEM + 10% FBS. The resulting cell sus-
pension was centrifuged at 450g, and the pellet was washed
in 50 mL Ringer’s solution. The cell pellet was resuspended
in 10 mL of erythrocyte lysis solution (0.16M ammonium
chloride) and incubated for 10 min at RT with gentle stir-
ring. The suspension volume was completed to 50 mL with
Ringer’s lactate and centrifuged at 450g. This step was
repeated until no red color was detectable. The cell pellet
was resuspended in 5 mL Ringer’s lactate, filtered through a
70 m Nylon mesh, and centrifuged at 450g. Cells resus-
pended in Ringer’s lactate were counted using trypan blue
to determine cell viability.

The selected cells tested positive for cell surface
markers characteristic of mesenchymal stem cells (see Sup-
porting Information data).

Cells were seeded at a density of 5000 cells cm™? and
grown in DMEM-hg, 10% heat-inactivated FBS (Hyclone,
Logan, UT), 2 mM i-glutamine (Sigma), and 50 U mL~! pen-
icillin/streptomycin (Sigma), and cultivated for two addi-
tional passages before transduction with lentiviral vectors.
Cells were then infected with concentrated vector stock (2
x 10° transduction U mL~ %, MOI = 20) and then incubated
for 24-48 h.

For analysis of changes in gene expression, cells were
first labeled with lentiviral construct CMV:RLuc and posi-
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tively transduced cells were selected using a fluorescence
activated cell sorter (FACS). Selected cells were then trans-
duced a second time using either the PECAM:PLuc or the
HRE-PLuc lentiviral vectors for inducible expression of
luciferase.

Changes in the ratio: photons generated by PECAM:
PLuc or HRE:PLuc/photons generated by CMV:Rluc is a
measurement of the increase in gene expression induced in
cells by experimental conditions as described.

Bioactive glass fabrication

Bioactive soluble CaP glass was produced in the system
44,5P,05-44.5Ca0-6Na,0-5Ti0, (molar%) as described.*
Briefly, an homogeneous mixture of NH4H,PO, Na,CO3,
CaCO3 and TiO, was melted in a platinum crucible at
1350°C for 3 h, rapidly quenched and annealed at its transi-
tion temperature (533°C). Glass particles were obtained af-
ter milling in an agate planetary mill.

Fabrication of the composites

Biodegradable composites were elaborated as described™*
by the solvent-casting method using NaCl as porogen agent.
Briefly, PLA was dissolved in chloroform (5% solution w/v)
in an orbital shaker at 200 rpm. NaCl particles in the range
of 80-210 pum and glass particles of <40 pum size were then
added and mixed to create an homogeneous paste that was
casted in teflon moulds (6 mm diameter, 12 mm length).
Once the chloroform had evaporated at room temperature
the scaffolds were unmolded, immersed in distilled water
for 2 days (3 water changes per day) to eliminate the NaCl
and left to dry in air. The resulting structures presented a
highly interconnected porosity (~95%), with a pore size
diameter in the 80-210 um range.

Seeding of scaffolds
Cylindrical samples of 5-mm diameter and 3-mm height
were immersed in 70% ethanol and placed in a shaker
overnight to improve water permeability, rinsed several
times with PBS, incubated in culture medium for 12-24 h
and then seeded with 100,000 cells distributed in five suc-
cessive inoculations through the scaffold.

As measured by bioluminescence imaging seeding effi-
ciency was 80%.

Scaffold implantation in immunodeficient mice

Six-week-old mice with Severe Combined Immunodeficy
(SCID mice) were purchased from Charles-River (Wilming-
ton, MA) and maintained in a specific pathogen-free envi-
ronment throughout the experiment. All animal-related pro-
cedures were performed with the approval of the animal
care committee of the cardiovascular research center and
the government of Catalonia. Before scaffold implantation,
the animals were anesthetized by an intraperitoneal (i.p.)
injection of 100 mg kg~ ! ketamine (Merial, Duluth, GA) and
3.3 mg kg ! xilacine (Henry Schein, Melville, NY) and immo-
bilized. Implantation was performed subcutaneously (s.c.) in
the back of the mice. The surgical site was cleaned with
povidone-iodine (Braun, Melsungen, Germany). A sagittal
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incision was performed on the skin and a cell seeded scaf-
fold was introduced using forceps and the incision closed
using 7-0 absorbable suture (Ethicon, New Brunswick,
EEUU). Mice were treated with buprenorphine (Schering-
Plough, Kenilworth, NJ) during the 72 h after intervention.

Calvarial defect and scaffold implantation in transgenic
green fluorescent mice

Six-week-old transgenic GFP mice were provided by Dr.
Masaru Okabe (Osaka University) and maintained in a spe-
cific pathogen-free environment throughout the experiment.
This mice line is a transgenic C57BL/6 strain that has being ge-
netically modified to constitutively express GFP in all the ani-
mal cells, with the exception of erythrocytes and hair.*® The
fluorescent nature of the cells from these mice makes them
very useful for scaffold colonization studies. Surgery was per-
formed as described.?® Briefly, mice were prepared for surgery
by i.p. injection of 100 mg kg~ * ketamine (Merial) and 3.3 mg
kg * xilacine (Henry Schein), and a s.c. analgesic injection of
0.05 mg kg ! buprenorphine (Schering-Plough). The surgical
site was cleaned with povidone-iodine (Braun). A sagittal mid-
line incision was performed on the skin and the periosteum
was then cut, exposing the calvarial bone. A defect, 4-mm di-
ameter (critical size defect) was performed in the calvarial
bone of each mice using a sterile drill bit (Dremel, Racine, WI),
avoiding perforation of the dura. The surgical area was cleaned
with saline and the defect was filled with a 3.5 mm diameter x
1 mm thickness PLA/CaP scaffold. The incision was closed
using absorbable sutures. Subcutaneous implantation was per-
formed as explained for SCID mice. After 4, 8, or 12 weeks the
animals were sacrificed by cervical dislocation and implants
harvested for analysis.

In vitro BLI determination of PLuc activity

For in vitro proliferation assays, cell seeded scaffolds were
removed from the six-well plates and placed in a new dish.
For imaging, 100 mL of p-luciferin (Promega) was added to
each scaffold and after a minute incubation plates were
placed in the detection chamber of an ORCA-2BT Imaging
System (Hamamatsu Photonics, Hamamatsu City, Japan) pro-
vided with a C4742-98-LWG-MOD camera fitted with 512 x
512 pixel charge couple device (CCD) cooled at —80°C.
Images were acquired during 1 min using 1 x 1 pixel
arrays (binning 1 x 1). To register the position of the light
signal, an additional black and white image was obtained
using the illumination lamp in the detection chamber.

Scaffolds were then rinsed with PBS and placed back in
the plates adding fresh media. Quantification of photon
events from selected areas was performed using the Hoka-
wo™ Imaging Software (Hamamatsu Photonics) and
expressed as photon counts (PHCs) after discounting back-
ground using the formula: PHCs = (total number of PHCs in
the area of interest)—[(number of pixels in the area of inter-
est) x (background average PHCs/pixel)].

Pseudo color images were generated using the same ar-
bitrary color display settings for all images in the same
experiment. Arbitrary color bars represent standard light in-
tensity levels (blue= lowest; red = highest).
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In vivo noninvasive BLI and image analysis

For the in vivo noninvasive BLI of mice bearing hAMSCs
seeded scaffolds, mice anesthetized with ketamine/xilacine
were ip. injected with 150 mg kg™ " of p-luciferin (16.7 mg
mL~" in physiological serum) (Caliper Life Science, MA) or
intravenous (i.v.) injected through tail vein with 25 mL of
benzyl colenterazine (hCTZ), the RLuc substrate (1 mg mL~*
in 50/50 propilenglycol/ethanol) (Prolume, Pinetop, AZ)
diluted in 125 mL of water. Mice were then placed in the
detection chamber of an ORCA-2BT Imaging system (Hama-
matsu Photonics, Hamamatsu City, Japan) provided with a
C4742-98-LWG-MOD camera and a 512 x 512 pixel, charge
couple device (CCD) cooled at —80°C at a distance of 200
mm from the camera objective (HFP-Schneider Xenon 0.95/
25 mm). Imaging was performed routinely 5 min after sub-
strate inoculation. Two images were generated from each
mouse, one using a light source inside the chamber to regis-
ter the animal position and a second one, in total darkness,
during a 10-min period to acquire photons from the light
emitting cells. To increase detection sensitivity the read out
noise of the recorded signal was reduced by adding the light
events recorded by arrays of 8 x 8 adjacent pixels (binning
8 X 8) in the camera CCD. Mice were monitored during a 6-
week period. Quantification and analysis of photons recorded
in the areas of interest from images was done using the
Hokawo™ Imaging Software (Hamamatsu Photonics).

Fluorescent angiography

To compare the angiogenic capacity of PLA/CaP with PLA
scaffolds, samples of each material seeded with hAMSCs
were implanted sc in the back of three SCID mice. After 2
months, fluorescent angiography was performed. In brief,
anesthetized mice were injected i.v. with 200 pL of fluores-
ceine isothiocyanate (FITC) dextran, 2000 kD MW, 10 mg
mL~" (Sigma). After 10 min, mice were sacrificed and scaf-
folds retrieved and fixed in formalin solution 10% (Sigma).
Samples were observed under confocal microscopy.

Histology

At the end of the monitoring period the scaffolds were
retrieved from the animals, fixed in formalin solution 10%
(Sigma) for 24 h and embedded in paraffin or OCT. Sections
of 5 pum thickness were stained with hematoxylin (Merck,
Darmstadt, Germany) and eosin (Sigma) for optical micros-
copy or with biotinylated Griffonia simplicifolia lectin 1 B,
(GSLI B, isolectin) (Vector labs, Burlingame, CA), streptavi-
din-conjugated Alexa Fluor 647 (Molecular Probes)*® and
Hoechst Stain Solution (Sigma) for confocal microscopy.

Scanning electronic microscopy (SEM)

Extracted scaffolds were fixed with 2.5% glutaraldehyde
during 4 h and postfixed with 1% osmium tetroxide for 1 h.
Following, samples were dehydrated, dried to critic point,
covered with gold and observed with a Jeol JSM-6400 scan-
ning microscope.
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Quantitative imaging and statistical analysis
For analysis of in vitro cell proliferation in scaffolds, the av-
erage number of PHCs from cells at different times of
growth was normalized relative to that at day 0.

For in vivo analysis cell proliferation in scaffolds, RLuc
PHCs from each scaffold image were averaged and normal-
ized relative to that at day 0.

Changes in PECAM-1 and HRE regulated expression of
PLuc were calculated in relation to that of the RLuc reporter
(ratio: PLuc/RLuc). Statistical analysis was performed using
the two-way ANOVA test (GStat 2.0 software) to compare
the behavior through time of cells seeded in PLA and PLA/
CaP scaffolds. p < 0.01 values were considered significant.
For individual time-points, a Student t test was performed
considering significant values of p < 0.05.

To compare the angiogenic capacity of different scaffolds
in vivo, the average of GSLI B, isolectin stained area was
calculated in 50 sections from each type of scaffold (200
PLA and 300 PLA/CaP fields approximately, at 400 x magni-
fication). Data was analyzed using the Student t test (differ-
ences were considered significant when p < 0.05).

RESULTS

HAMSCs survive and proliferate in PLA/CaP

scaffolds in vitro

HAMSCs were transduced with a lentiviral construct for
expression of PLuc regulated by the constitutively active
CMV promoter and then seeded in PLA/CaP scaffolds. Biolu-
minescence images obtained weekly from the hAMSCs-
seeded scaffolds showed a slight drop in the number of cells
during the first week, followed by a proliferation stage that
continued up to the end of a 7-week observation period,
reaching a cell number 30x higher that at day 2 (Fig. 1).

At the end of the monitoring period, the scaffold sam-
ples were harvested, fixed and prepared for scanning elec-
tronic microscopy. SEM images (Fig. 2) show cell growing
both in the surface and inside the material.

HAMSCs seeded on PLA/CaP scaffolds and implanted on
SCID mice proliferate after overcoming an initial growth
crisis

While the proliferation of cells in scaffolds in vitro may be an
indicator of their affinity for the material surface, the physio-
logical environment of within implanted scaffolds is consider-
ably more complex due to restriction in the availability of ox-
ygen and nutrients and changing conditions as the wound
repairs. To explore this, we next seeded PLA/CaP scaffolds
with hAMSC-PLuc cells and implanted them s.c. in three SCID
mice. In vivo monitoring of PLuc activity showed (Fig. 3) that
a large proportion of cells died within the first week post-
scaffold implantation. Nevertheless, after the third week sur-
viving cells began to proliferate again, reaching a level of
30% relative to day 0 by the 5th week postimplantation.

CaP glass promotes differentiation of hAMSCs to

the endothelial lineage

The kinetics of cell growth on implanted scaffolds suggested
that changes in gene expression triggered by restrictions in
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FIGURE 1. Proliferation of hAMSCs seeded on PLA/CaP scaffolds. (a)
Quantitative analysis of light produced by hAMSCs-PLuc cells
expressed as total photon counts normalized relative to day 2. Bars
represent the standard error of the mean. (b) Representative compos-
ite images from hAMSCs-PLuc cells, at the indicated days postseed-
ing, overlaid on the corresponding white light images of scaffold. The
color bar shows the arbitrary standard rainbow color scale used to
depict relative light intensities (red= highest; blue= lowest). [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

nutrients and oxygen may result in adaptations to the
changing physiological environment.

To analyze the differentiation state of hAMSCs seeded on
both PLA and PLA/CaP scaffolds, cells initially labeled with
the CMV:RLuc reporter were also labeled with a PLuc re-
porter regulated by an inducible promoter. A human PECAM-
1 promoter or, alternatively, an HRE promoter, was used to
image endothelial differentiation or hypoxia estate, respec-
tively. An additional advantage of this double reporter strat-
egy was that changes in the expression of the inducible PLuc
could be directly related to the activity of constitutively
expressed RLuc, as a reference reporter, avoiding potential
cell proliferation and imaging artifacts. Labeled cells of both
types were seeded on the biomaterial and implanted on 12
SCID mice as indicated in the diagram of Figure 4, and then
subjected to BLI analysis during a 4-week period.

Quantification of photon events recorded from BLI cap-
tures [Fig. 4(A)] shows that cell growth during this period
was comparable in PLA and PLA/CaP scaffolds [Fig. 4(B)].
However, PECAM-1 promoter regulated light production was
significantly higher for cells in the PLA/CaP material (two-
way ANOVA test, p < 0.01) [Fig. 4(C)], indicating that PLA/
CaP is a better inducer of vascular differentiation for hAMSCs.
Interestingly, the observed increase in expression of the
PECAM-promoter regulated reporter correlated with a
decrease in the expression of the HER-promoter regulated re-
porter for both materials, indicating a decrease of the hypoxia
level in the material as angiogenesis proceeds. However, cells
in the PLA/CaP material appear to be under a (slightly/
higher) (p = 0.026.) hypoxic stress than those in PLA.
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FIGURE 2. Scanning electronic microscope images of hAMSCs grown on PLA/CaP scaffolds during 35 days. (A) Image of biomaterial surface
(x160). (B) enlarged detail showing a cell (x700). (C, D) Scaffold pores, showing surface lining cells (x400 and %2300, respectively).

PLA/CaP scaffolds promote angiogenesis detected by BLI was also validated by standard histological
In a different set of experiments, PLA/CaP scaffolds were  procedures. To facilitate visualization of colonizing cells
implanted without cells to analyze the response of host  within the scaffold, 12 transgenic GFP mice were implanted
cells. The proangiogenic capacity of the PLA/CaP scaffold s.c. (6 mice) and in a calvarial defect model (6 mice) with
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FIGURE 3. Proliferation of hAMSCs seeded on PLA/CaP scaffolds and implanted sc on SCID mice. (a) Quantitative analysis of light produced by
hAMSCs-PLuc cells expressed as photon counts normalized to day 0. Bars represent the standard error of the mean. (b) Representative compos-
ite images from a hAMSCs-PLuc cell seeded PLA/CaP scaffold at a s.c. site at the indicated days postimplantation, overlaid on the corresponding
black and white images of the mouse. The color bar shows the arbitrary standard rainbow color scale used to depict relative light intensities
(red) highest; blue = lowest). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 4. Noninvasive imaging of RLuc and PLuc-expressing hAMSCs cells seeded on PLA and PLA/CaP scaffolds s.c. implanted in SCID mice.
(a) Representative BLI images showing RLuc (top row) and PLuc (bottom row) activity from dually labeled hAMSCs, on PLA and PLA/CaP scaf-
folds, superimposed on black and white dorsal images of the corresponding mouse. The diagram illustrates the implantation strategy and sites
(top left). Color bars illustrate relative light intensities from RLuc (blue: low, red: high,) and PLuc (black: low, blue: high); (b) Histogram summa-
rizing cell proliferation data, RLuc PHCs are normalized to day 1; (c) Histogram summarizing evolution of PECAM expression, data is represented
as the ratio PLuc/RLuc PHCs (p < 0.01 according to the two-way ANOVA test) (d) Histogram summarizing the evolution of hypoxia, expressed as
the ratio PLuc/RLuc (p = 0.026 according to the two-way ANOVA test) (A.U. =arbitrary units). Bars represent the standard error of the mean. *p

< 0.05 according to Student t test; AU = arbitrary units.
wileyonlinelibrary.com.]

PLA/CaP scaffolds. Scaffolds harvested 4 weeks after im-
plantation had changed their macroscopic appearance signif-
icantly and had attracted a network of host blood vessels [Fig.
5(B)]. Hematoxylin-eosin-stained sections from both sc and
calvarial lesion implants also showed the presence of abun-
dant host cells and micro vascular structures. Laser confocal
microscope and SEM images of scaffold sections confirmed
the presence of GFP expressing host cells and cellular struc-
tures, respectively, within the PLA/CaP scaffold [Fig. 5(C)].

To ascertain that host blood vessels colonized the scaf-
folds, three SCID mice s.c. implanted with PLA/CaP scaffolds
during a 2-month period were perfused through the tail vein
with a high MW (2000 kD) FITC conjugated dextran unable to
penetrate the endothelial barrier. Fluorescence confocal
microscope examination of parafomaldehyde fixed scaffold
sections showed the presence of colonizing green fluorescent
micro vascular structures in the interior of the scaffolds that
were well connected to the host vascular system (Fig. 6).

CaP glass improves the angiogenic capacity of PLA
scaffolds

To further validate BLI results and compare the angiogenic
capacity of PLA/CaP and standard PLA only material, four

[Color figure can be viewed in the online issue, which is available at

SCID mice were implanted sc with PLA/CaP and PLA scaf-
folds that were harvested after a 2-month period. Following
fixation the scaffolds were sectioned and stained using bio-
tin conjugated endothelial cell surface specific GSLI Isolectin
B4 (endothelial cell specific marker) and streptavidin-conju-
gated Alexa Fluor® 647. Quantitative analysis of fluores-
cence confocal microscope images showed that the amount
of surface stained by Isolectin B4 was significantly higher
(p < 0.05) in the PLA/CaP than in the PLA only scaffolds
(Fig. 7).

DISCUSSION
The aim of the current work was to analyze the in vivo
angiogenic inducing capacity of a new biomaterial composed
by poly(lactic acid) and calcium phosphate glass (PLA/CaP),
in combination with hAMSCs known to differentiate to the
endothelial lineage under appropriate stimulus. Previous in
vitro studies with MG-63 cells'”*® had shown that these
cells are able to attach, colonize, proliferate and differentiate
in this material in vitro.

We used a noninvasive BLI platform, based on the use
of a high sensitivity video camera to detect visible light
photons generated by luciferase reporters genetically

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH A | MONTH 2012 VOL 00A, ISSUE 00 7



FIGURE 5. Cell colonization and angiogenesis of PLA/CaP scaffolds implanted without cells in transgenic GFP mice during 1 month. (A) Appear-
ance of a PLA/CaP before implantation. (B) Images of sc (upper panels) and calvarial lesion (lower panels) implanted scaffolds showing visual
appearance (left and middle) and invading capillaries arrows) in H-E stained scaffold sections (right). (C) Laser confocal microscope image show-
ing invading green fluorescent host cells (objective: x20/0.4, eyepiece x10/20) (left) and SEM image showing host cell colonization (x200) (right).
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

introduced in cells and monitor their behavior. By using
constitutively active promoters to regulate luciferase
expression, we observed that PLuc expressing hAMSCs
were compatible with PLA/CaP scaffolds and proliferate
well in them during a 7-week period when cultivated in
vitro, a good indicator of the affinity of the cells for the scaf-
fold material. However, when implanted in live SCID mice,
cell behavior was very different, and viability dropped by
nearly 20 fold, in the first week, to finally recover by the
fifth week postimplantation. This drop and recovery in the
proliferative behavior of hAMSCs on implanted scaffolds
were indicative of an adaptive response, governed by
changes in gene expression, to stressing physiological con-
ditions within recently implanted scaffolds.

The use of tissue specific promoters, only active in cer-
tain cell lineages, to regulate luciferase reporter activity
may allow in vivo monitoring of cell differentiation. How-
ever, BLI measurements contain information on spatial dis-
tribution and photon fluxes, the latter of which may also
reflect changes in cell number. Thus, changes in inducible
reporters can best be quantified by relating them to internal
cell number controls. To understand the adaptive changes of
hAMSCs in scaffolds, we labeled hAMSC-RLuc cells with an
additional PLuc-eGFP reporter regulated by either the PECAM

8 VILA ET AL.

FIGURE 6. Microvascular structures in PLA/CaP scaffolds implanted
without cells. Laser confocal microscope image showing tail vein
injected FITC-dextran filling tubular structures at different depths of a
PLA scaffold implanted during 2 months in a SCID mouse (objective:
%x20/0.4, eyepiece x10/20). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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FIGURE 7. Endothelial cell specific Isolectin B4 (red) and Hoechst (blue) staining of scaffold sections. Representative images obtained after a 2-
month implantation without cells in Green Fluorescent Mice using a laser confocal microscope (objective: x20/0.4, eyepiece x40/20). (A) PLA
scaffold. (B) PLA/CaP scaffold. (C) Table showing the percentage of area stained with Isolectin B,, calculated using ImageJ software. Difference
is significant with p < 0.05. n: number of fields analyzed. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

or a hypoxia response element promoter. In this manner
changes in the inducible luciferase activity could be related
to those of the constitutively expressed one, and expressed
as the ratio of their photon fluxes. With this approach, we
were able to observe that both materials were generally
equivalent at supporting cell growth, although at days 5 the
number of cells in PLA/CaP is significantly lower than that in
PLA. Also, during the whole experiment, the overall trend of
hAMSC differentiation to the endothelial lineage was signifi-
cantly (ANOVA) higher in PLA/CaP than in PLA. Comparison
of PECAM regulated PLuc expression at specific times
showed no significant differences except for days 5-9, where
cells in PLA/CaP express significantly higher levels of light
that those in PLA, in correspondence with slower prolifera-
tion, and in agreement with current believe that generally
differentiating cells proliferate slower. HAMSCs differentiated
to the endothelial lineage in correlation with a decrease in
the hypoxia sensed by the cells within the scaffold. However,
endothelial differentiation was faster and more robust in the
PLA/CaP than in the PLA only material. Interestingly, cells in
the PLA/CaP material appear to be under slightly higher
hypoxic stress than those in PLA. At this point it is difficult to
offer a rationalization for this observation. However, a tempting
but speculative explanation could be that the hypoxic state
drives the observed enhanced endothelial differentiation in
PLA/CaP. Alternatively, higher hypoxia could result from differ-
ent metabolic requirements associated to cell differentiation.
Results from BLI were also supported by observations
using more standard procedures. Visual inspection of PLA/
CaP scaffolds implanted without cells in GFP transgenic
mice showed that within a 1-month period there was an
evident recruitment of vascular system from the host. Histo-

logical analysis by conventional and laser confocal micros-
copy corroborated the invasion of the material by fluores-
cent host cells that also formed part of vascular structures.
Further analysis by inoculation of a high molecular weight
FITC-conjugated dextran in live mice revealed dextran-filled
fluorescent vascular structures within the PLA/Cap scaf-
folds, demonstrating their functional connectivity with the
host vascular system. Moreover, the surface of GSLI B4 iso-
lectin-stained endothelial cells lining PLA/CaP scaffolds was
significantly larger than that in PLA only scaffolds, in sup-
port of BLI results showing the higher capacity of the for-
mer material to induce endothelial differentiation of
hAMSCs. Thus, in agreement with previous reports,’® slow
dissolution of CaP may be generating an ionic environment
inducing migration and differentiation of angiogenic precur-
sors within the PLA/CaP material.

CONCLUSIONS
In the current work we show that addition of calcium phos-
phate glass to PLA results in a composite material with
higher angiogenic capacity than that of PLA only. Implanted
in SCID mice, PLA/CaP scaffolds promote the colonization
by host endothelial cells and functionally connected vascular
structures that should promote its tissue repair capacity.
Using a BLI based strategy and standard histological
procedures we analyzed cell proliferation, endothelial differ-
entiation and response to hypoxia of hAMSCs expressing lu-
ciferase genes in PLA/CaP and PLA only materials. Our
results indicating that PLA/CaP has superior proangiogenic
capacity than PLA-only, supported those from more conven-
tional histological procedures.
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The agreement between standard histological and BLI

analysis also validates the use of the latter as a flexible and
effective tool for in vivo analysis of stem cell biomaterial
interactions. This approach should facilitate preclinical de-
velopment of scaffolds for specific tissue regeneration
purposes.
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We evaluated the capacity of BMP-2 and fibrin-binding PDGF-BB to induce bone regeneration
using multi-modal imaging technologies. Human mesenchymal stem cells from adipose tissue
(hAMSCs) expressing two luciferase genes, one of them under the control of a tissue-specific
promoter (osteocalcin or PECAM), were seeded in fibrin matrices containing BMP-2 and fibrin-
binding PDGF-BB, and further implanted intramuscularly or in a mouse calvarial defects. Then,
bone regeneration was monitored by bioluminescence imaging (BLI) to analyze the evolution of
target gene expression, indicative of cell differentiation towards the osteoblastic and endothelial
lineages. This non-invasive imaging was supplemented with micro-computed tomography
(microCT) to evaluate bone regeneration and high-resolution microCT of plastic vascular casts.
Results from BLI showed an increase of osteocalcin but not PECAM-1 expression three weeks
after implantation. Results from microCT and histological procedures show that the delivery of
BMP-2 and fibrin-binding PDGF-BB by fibrin induced the formation of thicker bone, and
improves vascularization, resulting in more abundant and thicker vessels, in comparison with
controls. Although inclusion of hAMSCs in the fibrin matrices made no significant difference in
any of these parameters, there was an important increase in the number of intervascular

connections between vessels in defects that were treated with hAMSCs.

Key words (4-6): Mesenchymal Stem Cells / fibrin/ bone regeneration/ bioluminescence imaging,

BLI/ angiogenesis/ micro-CT

INTRODUCTION

The reconstruction of hard and soft tissues is a major challenge in regenerative medicine, a
situation aggravated by the increasing number of tissue defects in the aging population. Research

has widely shown the importance of growth factors (GFs), in tissue repair and regeneration and
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GF-based therapies are very promising (1). For example, two GFs approved by the FDA that have
received considerable attention are platelet derived growth factor-BB (PDGF-BB) and bone
morphogenetic protein-2 (BMP-2) (2). In adults, most of the proposed functions of PDGF-BB
relate to different responses to injury, for example, inflammation and wound healing (3), blood
vessels maturation and chemotactic activity towards MSC (4). BMP-2 mostly influence bone, but
also hematopoietic cell differentiation (5). BMP-2 induce migration and differentiation of MSCs to
the osteogenic phenotype (6,7) and this features have been used in therapeutic bone repair and
regeneration (8—12). While GFs are very promising in regenerative medicine, there is some recent
controversy relative to their safety for clinical use, in particular their association with cancer
risk/mortality and other side effects (13,14). Thus, there exists a strong motivation to engineer
smart biomaterial systems that can deliver GFs precisely at low doses to potentially improve safety

and cost-effectiveness (15).

On the other hand, there are multiple cell types having potential for tissue regeneration e.g.:
embryonic stem cells, hematopoietic stem cells or mesenchymal stem cells (MSCs) (16). Among
the latter, adult stem cells derived from bone marrow and adipose tissue appear as ideal candidates
for autologous cell therapies, avoiding problems associated with immune rejection, pathogen
transmission and ethical issues (17-23). While MSCs from the bone marrow, having a rich
differentiation potential and anti-inflammatory capacity, would be ideal candidates for tissue
repair, their use is hampered by their relative low abundance and pain associated with their
extraction. More recently identified MSCs from adipose tissue (AMSCs) offer an easily
extractable and abundant alternative source of therapeutic cells with similar phenotype and
equivalent differentiation potential to their homologues from the bone marrow, but in larger supply
(21-23). Furthermore, these cells have shown undetectable predisposition to oncogenic

transformation after in vitro cultivation and implantation in mice (24).

In this current work, we intended developed a novel multimodal analysis platform to evaluate the
regenerative capacity of BMP-2 and fibrin-binding PDGF-BB delivered by a fibrin-based
scaffolds. In order to analyze the effect of GFs on cell behavior, luciferase expressing hAMSCs
served as reporters. Using SCID mouse as an animal model, the cells were seeded in fibrin
scaffolds, implanted intramuscularly or in calvarial defects and further monitored using a non-
invasive bioluminescence imaging (BLI) platform. Moreover, by using inducible tissue specific
gene promoters to regulate luciferase reporters, biologically significant changes in promoter
activity were measured as photon fluxes, providing information on cell growth, distribution and
time related changes in gene expression associated to cell differentiation (25-27). We used two
different inducible promoters to regulate expression of the Photinus pyralis luciferase (PLuc). The
promoter of bone gamma-carboxyglutamate protein or osteocalcin (BGLAP/OC), the major
noncollagenous bone matrix protein expressed cells of the osteoblasts lineage (28,29) was used as

a reporter of osteoblastic differentiation. While the promoter for the platelet endothelial cell
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adhesion molecule-1 (PECAM-1) gene, a frequently used marker of endothelial cells, platelets and
specific immune system cells (30) was used to monitor endothelial differentiation. Results from
BLI were complemented with micro-Computed Tomography (microCT) of skulls to analyze bone
regeneration under the different treatments and with high-resolution microCT of vascular casts of

mice perfused with a polymeric resin, to visualize the vascularization of the defects.

MATERIALS AND METHODS

Lentiviral vectors constructs

Three different constructs were used during the study.

A CMV:hRLuc:mRFP:ttk lentiviral vector (abbreviated as CMV:RLuc) containing a trifunctional
chimeric construct comprising the coding sequences for the Renilla reniformis luciferase (RLuc)
reporter gene, the monomeric red fluorescent protein (mRFP1) gene and a truncated version of the
herpes simplex virus thymidine kinase gene sr39tk (ttk) under transcriptional control of the CMV

promoter, a kind donation from Dr. S.S Gambhir (Stanford, CA)(31).

A Plox-hOCp:PLuc:eGFP lentiviral vector for expression in cells of the osteoblast lineage
(abbreviated as OC:PLuc) containing a chimeric construct of PLuc and eGFP coding sequences
under the control of human osteocalcin promoter, constructed as described (32) in a Plox lentiviral

vector.

A Plox-hPECAM-1p:PLuc:eGFP lentiviral vector for tissue specific expression in endothelial cells
(abbreviated as PECAM:PLuc) containing a chimeric construct of PLuc and eGFP coding
sequences under the control of the PECAM promoter was constructed as described (32) in a Plox

lentiviral vector.

Lentiviral particle production

Production of viral particles was performed using human embryonic kidney cells 293T (ATCC,
CRL-11268™) grown in Dulbecco’s Modified Eagle Media-high glucose (DMEM-hg) (Sigma,
Steinheim, Germany), 10% heat-inactivated fetal bovine serum (FBS) (Sigma), 2 mM L-glutamine
(Sigma), 50 U/ml penicillin/streptomycin (Sigma), and 2 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES). The day previous to transfection, 4.5x106 trypsinized
cells were seeded on 10 cm2 poly-D-lysine- (Sigma-Aldrich) treated plates. 6 pg of each lentiviral
transfer vector was mixed with 2 pg of viral envelope plasmid (pMD-GVSV-G env) and 4 pg of
packaging construct (pCMV AR 8.2) in 250 ul of 150mM NaCl. In a different tube, 48 ul of
Img/ml polyethylenimine (PEI) (Polyscience, Warrington, PA) were mixed with 202 pl of 150mM
NaCl, and then added slowly to the vector solution. After 30 min of incubation at room

temperature this DNA solution was added drop wise to the plate containing the 293-T cells plus
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medium, swirled gently and incubated for 16 h at 37°C with 5% CO,. The following day the
transfection solution was removed, the cells were rinsed with PBS 1x and medium without FBS
was added to the cells. Following a 48 h-incubation the supernatant was collected, centrifuged at
2000 r.p.m. to remove cell debris, and filtered through a 0.45 mm low protein-binding filter
(Corning, Bath, UK).

hAMSC s culture and transduction

Human AMSCs (hAMSCs) were isolated from adipose tissue derived from cosmetic subdermal
liposuction of the lateral hip, with patient consent. Briefly, after rinsing in PBS 1X, lipoaspirates
were suspended in one volume of 1X collagenase I (Invitrogen, Carlsbad, CA) solution and
incubated 30 min at 37°C with gentle agitation. Digestion was terminated by inactivation of the
collagenase I by addition of DMEM + 10% FBS. The resulting cell suspension was centrifuged at
450 g, and the pellet was washed in 50 mL Ringer’s solution. The cell pellet was resuspended in
10 mL of erythrocyte lysis solution (0.16 M ammonium chloride) and incubated for 10 min at RT
with gentle stirring. The suspension volume was completed to 50 mL with Ringer’s lactate and
centrifuged at 450 g. This step was repeated until no red color was detectable. The cell pellet was
resuspended in 5 mL Ringer’s lactate, filtered through a 70 m Nylon mesh, and centrifuged at 450

g. Cells resuspended in Ringer’s lactate were counted using trypan blue to determine cell viability.

Cells were seeded at a density of 5000 cells/cm2 and grown in DMEM-hg, 10% heat-inactivated
FBS (Hyclone, Logan, UT), 2 mM L-glutamine (Sigma), and 50 U/mL
penicillin/streptomycin(Sigma), and cultivated for two additional passages before transduction
with lentiviral vectors. Cells were then infected with concentrated vector stock (2x10° transduction

units/mL, MOI=20) and then incubated for 2448 h.
Production and purification of a,Pl; ;-PDGF-BB

Fibrin-binding PDGF-BB was engineered to contain, at the N-terminus, the factor XIlla sensitive
sequence derived from a,-plasmin inhibitor (o,PI;g). Sequence encoding for o,PI; s-PDGF-BB
was synthetized by Genscript and subcloned into the mammalian expression vector pXLG (Protein
Expression Core Facility, Ecole Polytechnique Fédérale de Lausanne, Switzerland). A sequence
encoding for 6 His was added at the C-terminus for further purification of the recombinant protein.
Recombinant protein was prepared from growth medium of HEK-293E cells transfected with the
engineered o,PI, 3-PDGF-BB sequences, as described (32) using a HisTrap HP 5 mL column (GE
Healthcare), and AKTA Explorer (GE Healthcare) eluted with an imidazole gradient. The
concentration of a,PI, s-PDGF-BB in gradient fractions was determined using ELISA (Human
PDGF-BB DuoSet, R&D systems) and the protein was verified as >99% pure by SDS-PAGE and
MALDI-TOF. The level of endotoxin was verified as under 0.01 EU/pug of protein (HEK-Blue
LPS Detection Kit, InvivoGen).
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Bioactivity of a,PI, ;-PDGF-BB

MSCs were starved overnight in MEM-a containing 2% serum. Starved MSCs were stimulated for
5 min with 20 ng/mL of wild-type PDGF-BB (Invitrogen), with 20 ng/mL of a,PI; s-PDGF-BB, or
with PBS. Then, cells were lysed with a lysis buffer (20 mM Tris, 137 mM NacCl, 1% NP-40, 10%
glycerol, 2 mM EDTA, 1 mM activated sodium orthovanadate, pH 8.0) supplemented with
protease inhibitor cocktail (Roche) and the lysates were stored at -80°C. The amount of
phosphorylated PDGF-receptor B was quantified using phospho-ELISA kit (phospho-PDGF-R,
R&D Systems). ELISA plates were coated with a capture antibody for PDGF-receptor B and
further incubated with cell lysates. The phosphorylation states were detected with an anti-phospho-

tyrosine antibody and normalized to a standard according to manufacturer instructions.
GF release from fibrin matrix

Fibrin matrices were made as previously described (15) with human fibrinogen. Briefly, fibrin
matrices were generated with 8 mg/mL fibrinogen (Fib 3, Enzymes Research Laboratories), 2
U/mL human thrombin (Sigma—Aldrich), 4 U/mL factor XIlla (Fibrogammin, Behring), 5 mM
CaCly, and 500 ng/mL of growth factor (PDGF-BB (Invitrogen), a,PI,.s-PDGF-BB, BMP-2 (R&D
systems)). Fibrin gels were polymerized at 37°C for 1 h and transferred in Ultra Low Cluster 24-
well plate (Corning Incorporated) containing 500 pL of buffer (20 mM Tris-HCI, 150 mM NaCl,
0.1% BSA, pH 7.4). A control well that served as 100% released control contained only the GF in
500 pL of buffer. Each 24 h, buffers were removed, kept at -20°C and replaced with fresh buffer.
For the 100% release control well, 20 pL of buffer was taken out every day and stored at -20°C.
After 7 days, GF cumulative release was quantified using ELISA kits (human BMP-2 DuoSet,
human PDGF-BB DuoSet, R&D Systems), using the 100% released control as reference.

Fibrin matrix for in vivo application

Fibrin matrices were made as previously described (33). Fibrin matrices were generated with 12
mg/mL fibrinogen in HEPES buffer (20 mM HEPES, 150 mM NaCl, pH 7.5), 4 U/mL human
thrombin, 8 U/mL factor XIlIa, 35 pg/mL aprotinin (Roche), 5 mM CaCl2, and 10 pg/mL of GFs.

Seeding of in fibrin matrices

When used, cells were added to the “fibrinogen plus GFs” solution, after being washed twice with
serum-free medium and resuspended in 10% of the final gel volume of serum free medium. Gel
polymerization was performed in situ, by mixing the fibrinogen solution and cell suspension just

before implantation.
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Animal procedures

Six-week old SCID mice were purchased from Charles-River (Wilmington, MA, USA) and
maintained in a specific pathogen-free environment throughout the experiment. All animal-related
procedures were performed with the approval of the animal care committee of the Government of

Catalonia.

Subcutaneous implantation

Two subcutaneous (im) implantations were performed symmetrically in the back of each animal.
Before scaffold implantation, the animals were anesthetized by an intraperitoneal injection with
100 mg/kg ketamine (Merial, Duluth, GA) and 3.3 mg/kg xilacine (Henry Schein, Melville, NY)
and immobilized. To implant the material components were mixed with the cells, as previously
described, and immediately 100 pl were injected in each site. Gelling of the mixture takes place

within 5 minutes of implantation.

Intramuscular implantation

Two intramuscular (im) implantations were performed symmetrically in the thighs of each animal.
Before scaffold implantation, the animals were anesthetized by an intraperitoneal injection with
100 mg/kg ketamine (Merial, Duluth, GA) and 3.3 mg/kg xilacine (Henry Schein, Melville, NY)
and immobilized. To implant the material components were mixed with the cells, as previously
described, and immediately 100 ml were injected in each site. The mixture gels inside the animal

within 5 min.

Mice Calvarial defect model

Ten-week old SCID mice were purchased from Charles-River and maintained in a specific
pathogen-free environment throughout the experiment. Surgery was performed as described (34).
Briefly, mice were prepared for surgery by ip injection of 100 mg/kg ketamine (Merial) and 3.3
mg/kg xilacine (Henry Schein), and a sc analgesic injection of 0.05 mg/kg buprenorphine
(Schering-Plough). The surgical site was cleaned with povidone-iodine (Braun). A sagital midline
incision was performed on the skin and the periosteum was then cut, exposing the calvarial bone.
Two defects, 3 mm diameter (critical size defect) were performed in the calvarial bone of each
mice using a sterile drill bit (Dremel, Racine, WI), avoiding perforation of the dura. The surgical
area was cleaned with saline and each defect was filled with a 6 ml scaffold, polymerized in situ,
and containing, or not, hAMSCs. The incision was closed using absorbable sutures. After 6 weeks

the animals were sacrificed by cervical dislocation skulls were harvested for analysis.
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In vivo non-invasive BLI and image analysis

For the in vivo non-invasive BLI of mice bearing hAMSCs seeded scaffolds, mice anesthetized
with ketamine/xilacine were ip injected with 150 mg/kg of D-luciferin (16.7 mg/ml in
physiological serum) (Caliper Life Science, MA, USA) or intravenous (iv) injected through tail
vein with 25 ml of benzyl colenterazine (hCTZ), the RLuc substrate (I mg/ml in 50/50
propilenglycol/ethanol) (Prolume, Pinetop, AZ, USA) diluted in 125 ml of water. Mice were then
placed in the detection chamber of an ORCA-2BT Imaging system (Hamamatsu Photonics,
Hamamatsu City, Japan) provided with a C4742-98-LWG-MOD camera and a 512x512 pixel,
charge couple device (CCD) cooled at -80°C at a distance of 200mm from the camera objective
(HFP-Schneider Xenon 0.95/25 mm). Imaging was performed routinely 5 min after substrate
inoculation. Two images were generated from each mouse, one using a light source inside the
chamber to register the animal position and a second one, in total darkness, during a 10 min period
to acquire photons from the light emitting cells. To increase detection sensitivity the read out noise
of the recorded signal was reduced by adding the light events recorded by arrays of 8 x8 adjacent
pixels (binning 8x8) in the camera CCD. Mice were monitored during a three week period.
Quantification and analysis of photons recorded in the areas of interest from images was done

using the Hokawo ™ Imaging Software (Hamamatsu Photonics).
Quantitative imaging and statistical analysis

For in vivo analysis cell proliferation in scaffolds, RLuc PHCs from each scaffold image were
averaged and normalized relative to that at day 0. Changes in PECAM-1 and osteocalcin regulated
expression of PLuc were calculated in relation to that of the RLuc reporter (ratio: PLuc/RLuc).
Statistical analysis was performed using the t-Student test. p < 0.05 values were considered

significant.
Bone micro computed tomography (unCT)

Six weeks after surgery the animals were euthanized by cervical dislocation. Heads were then
fixed in a 10% formalin solution for 24 hours at 4°C, and then transferred to 70% ethanol for
conservation. Micro-CT measurements were performed in a microCT 40 (Scanco Medical AG,
Briittisellen, Switzerland). The X-ray tubes was operated at 55 kVp and 145 pA. Over 180° 500
projections were acquired with 200 ms integration time, resulting in a voxel size of 30 um. After
application of a constrained Gaussian filter (sigma 1.2, support 1) to suppress the noise, bone was
segmented with a global threshold of 22.4 % of maximal grey value. The defect regions were
identified with a cylindrical mask. Bone volume fraction and bone thickness was calculated in this
volume of interest. Coverage was calculated from pseudo-radiograph created by a projection of the

region in superior-inferior direction (35). Coverage, bone volume and bone thickness values of the
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different groups were compared using an impaired Student’s t-test. P-values smaller than 0.05

were considered significative.
Vascular corrosion casts

Vascular corrosion casts were produced for ex vivo analysis with ultra-high resolution micro-CT.
The protocol was adapted from the one described by Beckmann et al (36). Briefly, mice were
deeply anesthetized with Isoflurane (5%) and Pentobarbital. The thorax was opened to expose the
heart and aortic arc. A small catheter (Fine Bore Polythene Tubing, 0.58/0.96 mm ID/OD, Smiths
Medical, UK) was carefully introduced in the aorta and fixed there with surgical thread (Safil®, B-
Braun, Germany). The animal was then perfused through the aorta, first with Phosphate Buffered
Saline (PBS) containing 2% Heparin, then with 2% paraformaldehyde in PBS and the polymer
resin PU4ii (Polyurethane for Improved Imaging, VasQtec, Switzerland) (37), all infused at 4
ml/min, 100 mm Hg and at body temperature (37°C). The resin is a mixture of PU, solvent (50%
Ethylmethylketone — EMK) and a blue dye. After resin curing, the lower hind limbs were excised
from the animals and the skin was removed. Soft tissue was macerated in 7.5% KOH for 24h at
50°C. Bone tissue was kept in the samples as a reference feature to allow future registration with
the corresponding in vivo image datasets. Casts were then washed with water and stained for 24h
with Osmium solution (2%) to obtain radiopacity. The samples were then immersed in home-made
Pluronic gel (polyoxyethylene-polyoxypropylene triblock copolymer), a thermo-reversible gel that

is solid at room temperature and liquid below.
Ultra-high resolution vascular nCT

The prepared samples were scanned with micro-CT (uCT 50, Scanco Medical AG, Briittisellen,
Switzerland). The scanner was operated at 55 kVp and 145 pA, with an integration time of 200
ms, and frame averaging of 3. All micro-CT scans were performed at room temperature. The CT
scanner was calibrated weekly for mineral equivalent value, and monthly for determining in plane
spatial resolution. An imaging protocol consisting of two consecutive scans was carried out to
allow the identification of the defect region. The first scan was acquired at medium resolution to
provide an overview for orientation within the sample; the second one at ultra-high resolution for
detailed vascular analysis of the defect region. In the medium-resolution scan, the following
settings were applied: 2000 projections were captured per 180 degrees with a field of view of 10
mm in diameter and a total length of 3.70 mm, leading to a nominal isotropic resolution of 10 pm.
The medium-resolution images were then downscaled to 17.5 pm to match the in vivo voxel size
and the two image datasets (in vivo and ex vivo) were registered using rigid registration (38). After
identification of the matching region, an ultra-high resolution scan was carried out at that position
with the following settings: 2000 projections were captured per 180 degrees with a field of view of
7 mm in diameter and a total length of 1.86 mm, leading to a nominal isotropic resolution of 1.4

um. A Gaussian filter was applied to the ultra-high resolution images to reduce noise (sigma 1.2,
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support 1). Blood vessels were segmented by a fixed thresholding procedure (20% of the
maximum grayscale value) and bone was excluded by manual contouring. A morphological
closing procedure (3 dilation and 3 erosion steps) was applied to refill hollow structures that
appeared in the vessels after thresholding. Global standard morphometric analysis was performed
on the ultra-high resolution images using the software package IPL (Image Processing Language,
Scanco Medical AG, Briittisellen, Switzerland). An unpaired Student’s t-test was used to compare
the vascular parameters for the different treatment groups. P-values smaller than 0.05 were

considered significant.
RESULTS
Design and production of fibrin-binding PDGF-BB

In order to be covalently incorporated into fibrin during the natural polymerization process of the
hydrogel, PDGF-BB was designed to contain the factor XIIla substrate at their N-terminus (a,PI;.
) (REF Schense JC et al., 1999). To evaluate the bioactivity of a,PI, s-PDGF-BB, MSCs, which
highly express PDGF receptor-f (PDGFR-p), were stimulated with wild-type PDGF-BB or a,PI;.
¢-PDGF-BB. The addition of a,PI;_g at the N-terminus of PDGF-BB did not alter the bioactivity of
the GF, since 0,PI; s-PDGF-BB could promote the phosphorylation of PDGFR-f (pPDGFR-) to
the same level of wild-type PDGF-BB (Fig. 1A).

Growth factors release from fibrin matrix

An in vitro release assay was performed to verify if BMP-2 and o,PI, s-PDGF-BB could be
sequestered into fibrin matrix. Fibrin matrices comprising wild-type PDGF-BB, o,PI, s-PDGF-
BB, or BMP-2 were incubated in excess of physiological buffer during a week. The buffer was
changed every day, and released GFs were quantified by ELISA (Fig 1B). As previously reported
(REF Martino et al., 2013, PNAS), BMP-2 was sequestered in fibrin matrix and slowly released.
Wild-Type PDGF-BB was quickly released (more than 90% after 2 days), while only 5% of a,PI;.
s-PDGF-BB was released after 7 days.

Delivering BMP-2 and a,P1, s-PDGF-BB by fibrin enhances cell growth and OC expression,
but not PECAM expression in intramuscularly implanted MSCs

MSCs expressing luciferase reporters could be sensitive sentinels reporting on the physiological
environment within implants, as well as GF generators influencing/guiding tissue repair. Dually
labeled hAMSCs (10° cells) expressing CMV-regulated RLuc and either OC-promoter regulated
PLuc or PECAM-promoter regulated PLuc were polymerized with fibrin gels containing BMP-2
and o,PI, 3-PDGF-BB and im implanted in the left tight (OC-PLuc) or right tight (PECAM-PLuc)
of 6-week old SCID mice. A group of mice implanted with the same number of MSCs in fibrin

gels without GFs was used as control and monitored for RLuc and PLuc activity during 14 days.
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Quantification of bioluminescence images from constitutively expressed RLuc photons show that
implanted cells proliferated up to day 7 post implantation, after which there was a decline in cell
number. Moreover, cells grew better in fibrin plus GFs that on fibrin alone. Evaluation of the
Pluc/RLuc ratio, that measures changes in gene specific expression relative to cell number, showed
that the inclusion of GFs in the fibrin scaffolds resulted in a trend of higher gene expression for
both OC-PLuc and PECAM-PLuc, although such trend was only statistically significant in the

former case (Fig 2).

OC expression but not PECAM expression is activated in hAMSCs during bone regeneration

Genetically modified hAMSCs expressing CMV regulated RLuc and either OC regulated PLuc or
PECAM regulated PLuc were implanted in combination with fibrin gels containing bone growth
factors (BMP-2 and a,PI,.3-PDGF-BB) in a calvarial bone defect in SCID mice. To monitor cell
growth and changes in gene expression, RLuc and PLuc activities, were monitored in live animals
during 3 weeks using BLI. Results show that the cell proliferation pattern, as measured by RLuc
activity, was similar regardless of whether cells were additionally labeled with OC:PLuc or
PECAM:PLuc. Cells proliferated up to days 7-8 following which cell number decreased
progressively. However, there was a difference in gene expression behavior, with a significant
increase in OC, but not in PECAM expression, as measured by the ratio of RLuc/PLuc activities

(Figs 3 and 4).

Delivering BMP-2 and a,PI; s-PDGF-BB by fibrin does not improve bone coverage but

promotes the formation of thicker bone

Previous results suggest that inclusion of BMP-2 and o,PI, s-PDGF-BB in fibrin matrix induces
changes in gene expression indicative of osteogenic lineage differentiation in “sentinel” cells

seeded in the fibrin material.

In order to determine if addition of BMP-2 and a,PI; s-PDGF-BB to fibrin gels improves bone
regenerative capacity, a 3 mm diameter calvaria bone defect was produced in 6 week old SCID
mice and implanted with fibrin alone, fibrin plus BMP-2 and a,PI, s-PDGF-BB or fibrin plus
BMP-2 and a,PIl, 3-PDGF-BB and hAMSCs, as indicated in the diagram in Fig 5D. In an
additional control group the bone defect was left without implant. Following a 6 week growth
period, mice were sacrificed and mice heads analyzed by microCT imaging to determine the

change in defect size and bone volume regenerated.

Histograms representing the percent of defect surface covered with new bone during this period
(Fig. 5A) indicate that while fibrin improved defect filling with bone, in comparison with no

fibrin, inclusion of GFs or cells had no significant additional effect.
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However, evaluation of changes in bone volume (Fig 5B) and thickness (Fig 5C) showed that the
inclusion of GFs did result in a significant increase in bone volume relative to no scatfold or fibrin
alone. Inclusion of hAMSCs in the fibrin scaffold had no significant effect on regenerated bone

volume over that of fibrin scaffold alone.

Delivering BMP-2 and 0,PI; 3-PDGF-BB with fibrin improves vascularization of the new

bone

In order to analyze the effect of the different treatment combinations in the vascularization of the
new bone, half of the mice from the previous experiment were perfused with a polymeric resin to
perform a vascular cast. Once corroded and stained with osmium, casts were analyzed by utra-high
resolution micro-computerized tomography. Vascular cast images showed a denser vascular
network in the defects treated with fibrin plus BMP-2 and o,PI, 3-PDGF-BB when compared to
those non-treated or treated with fibrin only (Fig. 6). Quantitative analysis of cast images showed
that relative vessel volume, vessel number and vessel thickness were significantly higher in the
defects treated with fibrin plus BMP-2 and PDGF-BB when compared with the non-treated defects
or those treated with fibrin alone (Fig 7A, B, C). Vessel spacing, in the other hand, was significant
lower, indicating higher compaction, in the defects treated with fibrin and GFs (Fig. 7D). Inclusion

of hAMSC:s in the fibrin plus GFs scaffolds had no significant effect in any of these parameters.

Addition of hAMSCs to fibrin plus BMP-2 and o,Pl; 3-PDGF-BB matrices improves

connectivity of the vascular network of the newly formed bone.

Analysis of data form vascular cast topographies showed that while vascular connectivity in the
newly formed bone was similar in the defects treated with fibrin, with fibrin plus GFs, and with the

controls, it was significant improved by the addition of hAMSCs (Fig. 6E).

DISCUSSION

Designing biomaterials that aid in tissue regeneration requires agile in vivo evaluation procedures
that facilitate an iterative strategy based on cycles of material design - in vivo testing -
modification- in vivo testing. The aim of the current work was to develop a novel multimodal
analysis platform to evaluate the capacity of BMP-2 and fibrin-binding PDGF-BB delivered
through fibrin to treat bone defect. The two GFs were used at the same time, as we believe that the
delivery of several GFs at low doses may present a rational clinical approach for tissue healing,

since multiple GFs are involved during natural healing processes.

We combined an in vivo procedure for imaging luciferase expressing hAMSCs and an ex-vivo
microCT imaging procedure to evaluate the extent of bone and vascular regeneration. With this
approach, in vivo imaging of luciferase expressing hAMSCs that served as sentinel provided real-
time information on physiological conditions inductive of cell growth and differentiation, while ex
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vivo microCT analysis served to evaluate the amount and quality of newly formed bone and

vascular structures.

We used a non-invasive BLI procedure based on the use of a high sensitivity video camera, to
detect visible light photons generated by luciferase reporters genetically introduced in hAMSCs.
By including constitutively active promoters to regulate luciferase expression we can observe the
evolution in the number of hAMSCs seeded in the fibrin scaffolds implanted in mice. Moreover,
by introducing in hAMSCs additional luciferase reporters regulated by tissue specific promoters,
only active in specific cell lineages, it is also possible to monitor changes in gene expression
leading to cell differentiation. Changes in the activity of inducible reporters can best be quantified
by relating them to the activity of the constitutively active luciferase, and expressing them as the
ratio of their respective photon fluxes, avoiding in this manner artifacts due to in-vivo fluctuations

in cell number.

Due to the capacity of hAMSCs to differentiate to multiple lineages, e.g., chondrogenic,
adipogenic and osteogenic lineages, in response to external clues, these cells can be used as living
reporters of growth and differentiation conditions within scaffolds. Thus, we used hAMSCs dually
modified to express RLuc, regulated by a constitutively active promoter (CMV-RLuc), and with an
additional PLuc-eGFP chimerical reporter. The latter regulated by either the PECAM or the human
osteocalcin (hOC) inducible promoters to analyze the capacity of the material to induce cell

differentiation.

With this approach, we were able to observe that in im. implanted fibrin matrices containing BMP-
2 and o,PI, s-PDGF-BB and luciferase expressing hAMSCs there was an induction of the
osteocalcin but not of the PECAM endothelial reporter activity. We also used a calvarial bone
defect model to determine whether selective osteocalcin induction capacity was also observed

when the material was implanted in a bone defect.

Using the BLI procedure we were able to corroborate that, since fibrin containing BMP-2 and
0,PI; s-PDGF-BB induced an increase in osteocalcin but not PECAM expression during bone

repair.

While in vivo imaging was a useful tool to monitor ongoing cellular processes in vivo, BLI results
were complemented with microCT as a standard endpoint analysis of bone and vascular
development. Our results indicate that inclusion of BMP-2 and a,PI; 3-PDGF-BB (1 pg of each
GF) in the fibrin scaffold did not result in the generation of more bone surface, as compared to
fibrin alone. Nevertheless, the addition of GFs did have a significant effect in the formation of
thicker bone. Surprisingly, inclusion of the hAMSC reporters did not have a detectable effect on
the amount of bone formed. A possible interpretation for this result could be that the number of

cells used was too small to have a significant mass effect.
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Since tissue repair is normally accompanied by angiogenesis, we also generated vascular casts of
the treated mice by perfusion with a polymeric resin, followed by tissue corrosion. Analysis of 3D
microCT images generated from the plastic casts revealed that the inclusion of BMP-2 and a,PI; g-
PDGF-BB in the fibrin scaffold improved its angiogenic capacity, resulting in formation of more
and thicker vessels as compared to controls treated with fibrin only. While the inclusion of
hAMSCs did not appear to improve any of the above parameters, they did have a statistically
significant role in producing more abundant inter-vascular connections. Thus, even if luciferase
expressing hAMSCs did not appear to differentiate to endothelial lineage, they did play a more
complex organizational role in vascularization. This result supports the hypothesis that hAMSCs
included in scaffolds contribute more importantly to the paracrine regulation of the physiological
environment than to the formation of new tissue, in accordance with recent results from their use

in the repair of other tissues.
CONCLUSIONS

As shown by in vivo BLI, BMP-2 and a,Pl;s-PDGF-BB delivered by fibrin induce the
differentiation of implanted hAMSCs to the osteogenic but not to the endothelial lineage. Micro
CT analysis of bone repair, revealed that BMP-2 and a,PI, -PDGF-BB comprising fibrin matrices
promote formation of new bone and vascular structures derived from the host. Interestingly,
luciferase expressing hAMSC included in scaffolds had no effect on bone formation and did not
influence the number or thickness of host derived vessels. However, luciferase expressing
hAMSCs had a paracrine-based organizational role, significantly promoting the formation of more
interconnections between host-derived vessels during vascular regeneration in bone. In addition,
luciferase expressing hAMSCs were effective reporters of bone differentiation-inducing conditions
within fibrin scaffolds. The combination of BLI and microCT imaging to analyze changes in gene
expression, bone and vascular structures during bone regeneration is an effective multimodal

approach for the analysis of scaffold, cells and GFs performance.
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FIGURE CAPTIONS

Fig. 59. Bioactivity and fibrin affinity analysis of the engineered Platelet Derived Growth Factor-BB
(PDGF-BB). A) Phosphorylated PDGF-RB (pPDGF-RB) quantification using ELISA. No significative
difference between wild type PDGF-BB and a2P11-8-PDGF-BB was found (n = 4); B) GF release from fibrin
matrices. Graphs show the cumulative release of GFs over 7 days (n = 4). Bars represent the standard error of

the mean.

Fig.2. Non-invasive BLI imaging of RLuc and PLuc-expressing hAMSCs seeded on fibrin scaffolds
implanted IM in SCID mice. Right panels, representative BLI images showing Luciferase activity
superimposed on b&w images of the corresponding implantation site (left fibrin plus GF; right, fibrin control)
at the indicated days. Left panel histograms summarize bioluminescence data acquired from corresponding
images. A: Histogram summarizing PLuc activity normalized to day 1; (p=0.025, two-way ANOVA test); B:
Histogram summarizing evolution of osteocalcin expression; data represents the ratio OC-PLuc/RLuc
(p=0.016, two-way ANOVA test); C: Histogram summarizing evolution of PECAM expression; data
represents the ratio PECAM-PLuc/RLuc, * p<0.05 Student T test; AU = arbitrary units. Color bars illustrate
relative light intensities from RLuc (blue: low, red: high,) and PLuc (black: low, blue: high). N=6.

Fig.3. Non-invasive bioluminescence imaging (BLI) of RLuc and OC-PLuc-expressing hAMSCs cells
seeded on fibrin scaffolds implanted in a 3mm-calvarial defect in SCID mice. (a) Representative BLI
images showing RLuc (top row) and PLuc (bottom row) activities from dually labeled hAMSCs, superimposed
on b&w head images of the corresponding mouse head. Color bars illustrate relative light intensities from
RLuc (blue: low, red: high,) and PLuc (black: low, blue: high); (b) Histogram summarizing cell proliferation
data, RLuc PHCs are normalized to day 1; (c) Histogram summarizing evolution of osteocalcin expression,
data is represented as the ratio PLuc/RLuc. Bars represent the standard error of the mean. * p<0.05 according
to Student T test; AU = arbitrary units. N=9.

Fig.4. Non-invasive imaging of RLuc and PECAM-PLuc-expressing hAMSCs cells seeded on fibrin

scaffolds implanted in a 3mm-calvarial defect in SCID mice. (a) Representative BLI images showing RLuc
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(top row) and PECAM-PLuc (bottom row) activity from dually labeled hAMSCs, superimposed on b&w head
images of the corresponding mouse head. Color bars illustrate relative light intensities from RLuc (blue: low,
red: high,) and PLuc (black: low, blue: high); (b) Histogram summarizing cell proliferation data, RLuc PHCs
are normalized to day 1; (c) Histogram summarizing evolution of PECAM expression, data is represented as
the ratio PLuc/RLuc. Bars represent the standard error of the mean. * p<0.05 according to Student T test; AU =
arbitrary units. N=9.

Fig.5. pnCT analysis of bone formation in a calvaria defect regeneration model in SCID mice (6 weeks
post implantation). Defects were implanted with : nothing (empty), fibrin, fibrin + BMP-2 + PDGF-BB and
fibrin + BMP-2 + PDGF-BB + hAMSCs. (a) Histogram summarizing surface coverage results for each test; (b)
Histogram summarizing bone volume results for each group; (c¢) Histogram summarizing bone thickness
results for each group; (d) representative nCT images of skulls and diagram showing disposition of implants.
Bars represent the standard error of the mean. * p<0.05 according to Student T test. N=14.

Fig. 6. High resolution pCT images of calvarial defect vascular casts. Defects were left empty (A), treated
with fibrin alone (B), treated with fibrin with BMP-2 and PDGF-BB (C) and treated with fibrin BMP-2 and
PDGF-BB and hAMSCs. Scale bar:1 pm.

Fig. 7: pCT analysis of vascularization calvaria defect regeneration in SCID mice (6 weeks post
.implantation). Calvarial defects were treated with: nothing (empty defect), fibrin, fibrin + BMP-2 + PDGF-
BB and fibrin + BMP-2 + PDGF-BB + hAMSCs. Histogram summarizing percentage of vessel volume (A),
vessel number (B), vessel thickness (C), , vessel spacing (D), and density of intervascular connections (E), for

each group. Bars represent the standard error of the mean. * p<0.05 according to Student T test. N=6.
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FIG 2:
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