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ABSTRACT

Pigment epithelium-derived factor (PEDF) is a 50 kDa secreted glycoprotein and is a non-
inhibitory member of the serpin (serine protease inhibitor) superfamily of proteins. Its gene
(SERPINF1) is located in humans on chromosome 17p13.3. PEDF interacts with components of
the ECM. PEDF is found extracellularly in blood and interphotoreceptor matrix while its mMRNA
is widely expressed throughout the human body exhibiting multiple and varied biological
activities. Most importantly, PEDF contains two peptide regions, 34-mer and 44-mer, for anti-
angiogenic and neurotrophic signaling interactions, respectively. Little is known about the
identification of PEDF-Rs however, two distinct receptors are proposed for PEDF: a 80 kDa
PEDF putative receptor (PEDF-R") localized on motor neurons with high affinity to the 44-mer
PEDF peptide involved in neurotrophic activity and a 60 kDa PEDF putative receptor (PEDF-R?)
localized on endothelial cells with high affinity to the 34-mer PEDF peptide involved in anti-
angiogenesis. Moreover, PEDF-R encoded by PNPLAZ2 (also known as ATGL), laminin receptor,
F1-ATP synthase and low-density lipoprotein receptor-related protein 6 (LRP6) also have been
identified, though there are still missing pieces of the puzzle that are yet to be explored. PEDF
has been described as a multifaceted protein with anti-angiogenic, anti-permeability,
antiatherosclerosis, antitumorigenic, antioxidant, anti-inflammatory, antithrombotic, neurotrophic
and neuroprotective properties. The anti-angiogenic activity of PEDF is selective because it is
effective against newly forming vessels but spares existing ones, and the inhibitory effect of
PEDF on vessel formation appears to be reversible in situations including tissue repair after
injury. However, use of PEDF protein in clinic might be restricted because of its instability and
short half-life. Thus, efforts should be made to develop effective and wide-applied strategy, and

one potential solution for this is gene therapy.



Gene therapy—mediated expression is a practical and potentially cost-effective method for chronic
delivery of anti-angiogenic agents. Mesenchymal stromal/stem cells (MSC) are multipotent, self-
renewing cells that can be found in almost all postnatal organs and tissues and have been
exploited as delivery vehicles to target antitumor agents to malignant cells. The ability of MSC to
differentiate into a variety of cell types as well as their high ex vivo expansion potential makes
them an attractive therapeutic tool for cell transplantation and tissue engineering. MSC can be
readily transduced by viral vector systems to efficiently express a wide range of cytoplasmic,
membrane-bound and secreted protein products. Keeping above literature in mind we first
generated a retroviral vector coding for human PEDF gene (MIGR1-PEDF-GFP). Our vector was
transiently transfected into 293T cells. Viral supernatant obtained from 293T cells was used to
infect FLYRD-18 packaging cell line. Retroviral supernatant obtained from FLYRD-18 infected
cells was then used to stably infect human AD-MSC and human BM-MSC samples obtained
from multiple donors. Characterization by immunophenotype of AD-MSC and BM-MSC
samples was performed by FACS. PEDF mRNA transcript levels in transduced cells was verified
by real-time PCR after retro-transcription. Secreted levels of PEDF protein from genetically
modified AD-MSC and BM-MSC were measured by ELISA. Proliferative rate of gene-modified
AD-MSC and BM-MSC samples were determined by Ki-67 levels. Our gene-modified AD-MSC
were also able to differentiate into different lineages. Furthermore, we induced our gene-modified
BM-MSC to differentiate towards osteogenic lineage only and it was successful. We analyzed the
expression of osteogenic related genes after induction of osteogenic differentiation in our AD-
MSC and BM-MSC samples (wild-type and gene-modified). Collectively our data suggests that

adult MSC can deliver PEDF thus representing a multipurpose therapeutic tool.



INTRODUCTION



MSC: Cellular Elements with Multimodal Properties

Mesenchymal Stromal/Stem Cells Biology

Mesenchymal stromal/stem cells (MSC) are multipotent progenitor cells, first identified by
Friedenstein et al. who described a population of plastic adherent cells isolated from bone
marrow with fibroblast-like morphology [1]. MSC are able to retain their robust proliferation as a
result of their well-known clonogenic potential and self-renewal capacity [2].

In addition to a proliferative phenotype, MSC display differentiation capabilities that allow the
generation of adipocytic, osteogenic, chondrogenic and myogenic lineages [3]. Additionally,
MSC can act by secreting bioactive molecules capable of influencing normal and pathological
tissue homeostasis [4]. These functions are exerted either ex vivo or in vivo. In the latter case, a
specific homing mechanism further enhanced the potential of therapeutic approaches aimed to
regenerate several damaged organs [5].

While MSC can be isolated from different tissues such as dental pulp [6], gingiva [7], umbilical
cord blood (UCB) [8, 9], Wharton’s jelly [10, 11], placenta [12] and are currently used for
regenerative medicine, bone marrow and adipose tissue represent rich and more defined sources
of MSC [13]. The MSC isolated from these different sources have similar properties and
morphology, but differences were identified between UCB-MSC and bone marrow-derived (BM-
MSC) and between adipose-derived MSC (AD-MSC) and BM-MSC. In particular, the UCB-
MSC do not seem to have the ability to differentiate into adipogenic lineage however, they
differentiate into osteogenic lineage within a short time frame as compared to BM-MSC. In
addition, UCB-MSC does not show contact inhibition and proliferated faster than BM-MSC. No
remarkable differences in morphology were observed between AD-MSC and BM-MSC, but AD-

MSC had a faster doubling time and higher proliferative potential relative to BM-MSC [14].



In 2006, the Mesenchymal and Tissue Stem Cell Committee of the International Society for
Cellular Therapy (ISCT) defined the minimal criteria that MSC should present: to be adherent in
culture conditions, must express 95% of surface markers such as CD105 (transforming growth
factor B receptor III or endoglin), CD73 (ecto-5’-nucleotidase) and CD90 (Thy-1), but should not
express CD45 (pan-leukocyte marker), CD34 (hematopoietic progenitor and endothelial cell
marker), CD14 (macrophage marker), CD11b (monocyte marker), CD79a or CD19 (B-cell
markers) [15]. Moreover, MSC express low levels of major histocompatibility complex (MHC)
class I antigens and do not express MHC class Il or costimulatory molecules such as CDA40,
CD80, CD86 [16]. On the contrary, in vitro expanded MSC are known to express a large number
of adhesion molecules like CD90, CD44, CD29, CD105, CD73, CD166 (activated leukocyte
adhesion molecules, ALCAM), CD106 (vascular cell adhesion molecule, VCAM-1) and Stro-1
[17-20]. Nevertheless, some of the above mentioned markers are not exclusive for MSC [21-23].
The origin of different tissues may be related to the differences in their expression. For example,
CDA49d is expressed on AD-MSC but not on BM-MSC; similarly CD106 is expressed on BM-
MSC but not on AD-MSC. These immunophenotypical differences are also associated with the
functionality of these cells within the tissue of origin. In fact, CD106 on BM-MSC has been
functionally associated with hematopoiesis, and the lack of this antigen on AD-MSC is expected
since it is related to the tissue which is not a hematopoietic tissue [24]. However, in all cases, the
general rule of positive markers is CD73, CD90, and CD105 and the respective negatives as
shown above, as a minimal criterion of expression for MSC in therapy.

Because of this variability in phenotypic analyses, a further way to identify supposed MSC
populations, irrespective of source or culture conditions, is represented by differentiation

potential. MSC are able to differentiate, when placed in appropriate in vitro or in vivo



environments, into different mesodermal cell lineages including osteoblasts, adipocytes and
chondroblasts [15].

The classical method to differentiate MSC into osteoblasts in vitro involves the incubation of
confluent monolayer of MSC with B-glycerophosphate, ascorbic acid-2-phosphate,
dexamethasone and bone morphogenetic protein (BMP) for 2-3 weeks. The stages of osteoblast
differentiation, namely proliferation, matrix maturation and mineralization, are paralleled by the
expression of osteoblast phenotypic markers reflecting the stages of differentiation [25]. Whereas
the proliferation stage demonstrates upregulation of genes associated with the cell cycle, the
maturation phase demonstrates expression of the early osteogenic marker, alkaline phosphatase
(ALP), and finally, mineralization is characterized by expression of late markers of
differentiation such as osteocalcin and osteopontin [25]. B-glycerophosphate is an organic
phosphate source which plays an important role in the mineralization process of primary cell
cultures that can modulate ALP activity and influence the expression of osteocalcin [26].
Similarly, ascorbic acid plays a key role as a cofactor in the post-translational modification of
collagen molecules and increases type | collagen production. It is well known that ascorbic acid
stimulates and modulates the proliferation of various mesenchyme-derived cell types including
osteoblasts, adipocytes, chondrocytes and odontoblasts ex vivo [27]. On the other hand,
dexamethasone is a synthetic glucocorticoid, which has been shown to stimulate MSC
proliferation and to support osteogenic lineage differentiation in vitro, together with -
glycerophosphate and ascorbic acid, in a concentration dependent manner [28]. Dexamethasone
has been also identified to be able to increase the mRNA expression of runt related transcription
factor 2 (Runx2) and ALP, stimulate the secretion of ALP ex vivo and also induce a decrease in
the production of osteocalcin [29]. Lastly, BMP are members of the transforming growth factor 3

(TGF-B1-3) superfamily, among them, BMP-2 induces osteoblast differentiation and matrix



maturation in vitro. BMP-2 at 100 ng/mL significantly increased the expression of ALP, type
alpha 1 (1) collagen, osteopontin, bone sialoprotein, osteocalcin and decorin in MSC [30]. Using
these well-defined components in osteogenic differentiation culture conditions, MSC are able to
upregulate ALP, Runx2, osteocalcin and osteopontin activity followed by a calcium deposition
process within the extracellular matrix (ECM) as shown by the positive staining by Alizarin Red
S or von Kossa [3].

To promote adipogenic differentiation, MSC cultures are incubated with dexamethasone, insulin,
isobutyl methyl xanthine and indomethacin which activate the nuclear receptor and transcription
factor, peroxisome proliferator-activated receptor-gamma (PPAR-y), lipoprotein lipase (LPL) as
well as fatty acid synthetase. These events leads to the production of lipid-rich vacuoles within
cells identified by Oil Red O staining [3].

Finally chondrogenic differentiation takes place when MSC are grown under conditions that
include a three-dimensional culture format, serum-free culture medium and the addition of BMP-
6. In these conditions, the cell pellet develops a multilayered, matrix-rich morphology and
histological analyses reveal a strong staining with Alcian blue, indicating an abundance of
glycosaminoglycans within the ECM. The differentiated cells also produce type Il collagen,
which is typical of the articular cartilage [3].

Moreover, the differentiation towards other lineages originating from the mesoderm (skeletal and
myocardial muscle cells) as well as non-mesoderm (neurons, hepatocytes or epithelial cells)
remain questionable and may be strictly dependent on the origin of MSC [31-34]. In this context,
it has been described that AD-MSC, but not BM-MSC, are also able to differentiate into
endothelial cells [35], or cardiomyocytes [36]. The molecular and environmental mechanisms
that control MSC differentiation are not fully understood, and no unique phenotype marker has

yet been associated with predictable differentiation potential of MSC. There are currently several
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hypotheses to explain the differentiation potential for MSC. For instance, Dennis and colleagues
suggested that in MSC, there are storage genes that can express and adjust differentiation into
various lineages when exposed to different conditions [37]. Phinney and Prockop proposed that
MSC are equipped with motor proteins and a proteolytic arsenal that enables them to interact
with and respond to signals from the ECM and differentiate into unique structures such as
muscle, bone, cartilage, or other connective tissues [38].

Besides their differentiation potential, MSC possess numerous other characteristics including in
vitro and in vivo immunoregulatory properties [39], trophic effects mediated by the wide range of
growth factor and cytokines production [38] and the ability to migrate in inflammatory sites [40—
43]. The broad range of in vivo effects of MSC have aroused relevant interest in several
biomedicine fields such as immunology, regenerative medicine and, recently, its use has been

observed in gene therapy approaches [44-47].

Bone Marrow: the Historical House of MSC

MSC can be isolated from different sources; the first was identified within the marrow. BM
contains at least two main cell types: hematopoietic stem cells (HSC) and mesenchymal stem
cells (MSC). BM-MSC may be a particularly important MSC population to consider for three
reasons. First, their activity supports that of another distinct population of progenitor cells that
give rise to cells of the blood and immune system: hematopoietic progenitors (reviewed in [48]).
Second, BM-MSC could be used to encourage the repair of extramedullary tissues (reviewed in
[49]). Third, BM-MSC may influence bone growth and remodeling. They form the osteoblasts
that deposit osteoclacin in mineralized bone tissue, and through paracrine stimuli can regulate
osteoclasts, which orchestrate osteocalcin release and activation through bone resorption [50, 51].

Unfortunately, the frequency of MSC in BM is low; MSC represent 0,001-0,01% of BM
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mononuclear cells or lower [52]. Although the optimal dosage of MSC in therapeutic applications
is still unclear and will be dependent upon the type of therapy, 1,0-2,0x10° MSC per kg body
weight is generally used [52]. Direct collection of such a large number of MSC from BM is not
practical. Therefore, it is necessary to expand isolated MSC in vitro to obtain a sufficient number
for therapeutic approaches. Possible techniques to isolate MSC from BM materials include cell
adherence based methods (such as density gradient centrifugation using Ficoll or PerColl) and
cell-sorting methods, with the vast majority of previous clinical trials using the former method.
The latter including fluorescence-activated cell sorting (FACS) and immune-magnetic bead cell
sorting [53] has the advantage of collecting a more purified MSC population. However, they are
hardly used in clinical trials because of the lack of specific simple surface markers for MSC,
possible cellular damage, more expensive cost, and more demanding labor. Since several
researchers have provided contrasting combinations of MSC markers there is an utmost need for
BM-MSC characterization [48, 54, 55]. The confusion in the literature may be resolved if BM-
MSC represent a heterogeneous population of progenitors at different stages of differentiation as
BM-MSC may reside in three distinct niches within bone, namely, endosteal, stromal and
perivascular niches, with different immunophenotypic features within each (reviewed in [56]).
Conversely, some researchers have argued that MSC are a homogeneous population [57]. Those
who argue that MSC are a homogeneous population have found CD271 (the low-affinity nerve
growth factor receptor, a p75 neurotrophin receptor) to be the most consistent marker of these
cells [57]. However, these authors also admit that levels of CD146 expression are not uniform
across the population. Sacchetti and colleagues have shown that at least one subpopulation of
CD146+ CDA45- cells can be enriched from human BM-MSC preparations. This CD146+
population is capable of self-renewal and reconstitution of bone and hematopoiesis supporting

stroma when transplanted into mice [58]. This is important because in vivo assay of cellular
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activity is the most reliable means of BM-MSC characterization. CD146+ could therefore be one
characteristic marker of BM-MSC or of a subpopulation of early BM-MSC progenitor cells.
Other researchers have identified CD146 as a marker specific to BM-MSC compared to HSC,
and have shown the in vitro chondrogenesis, osteogenesis and adipogenesis differentiation
abilities of CD146+ BM-MSC [59]. Furthermore, an age-related decline in BM-MSC expressing
CD146 has been reported [60]. The BM-MSC culture is composed of colony-forming units-
fibroblastic (CFU-F)-a mix of tri-, bi-, and unipotent cells. The relative rate of these populations
determines the potential of their growth, senescence and differentiation (in a multipotent manner)
in the BM-MSC culture. Because of the heterogeneity of these cell populations, BM-MSC
possess distinct differentiation potentials. This is likely due to the fact that BM-MSC has
subpopulations of MSC in different stages of differentiation and the homogeneity of the
population is dependent on the tissue of origin, isolation method and passage number. However,
a myriad of studies show the capacity of MSC to differentiate in to adipose, tendon, muscle,
cartilage, bone and nervous tissues [61]. In 1997, Komori et al. discovered that some marrow
stromal cells express the master osteogenic transcription factor, Runx2 [62]. Interestingly,
regardless of differentiation, the BM-MSC retain Runx2 expression, suggesting an ability to shift
phenotype and re-differentiate into osteoblasts [63, 64].

Recent advance in basic and medical science and technologies has realized the employment of
BM-MSC for a variety of therapeutic indications including regenerative therapies. One of the
major hurdles for this development will be the establishment of optimized and standardized
GMP-compliant protocols for isolation and expansion of MSC. It is now urgently important to
solve this issue of the lack of conformity between MSC manufacturing protocols, which is

considered as a potential threat for the further development of MSC-based therapy.
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Fat: a Softer House for MSC

While BM has been recognized as the first source of MSC [65], adipose tissue represents an
additional valid reservoir of mesenchymal progenitors [66]. The adipose tissue is an abundant
and accessible source of stem cells, which possess the ability to differentiate into several cell
types. The International Fat Applied Technology Society adopted the term “adipose tissue-
derived stem cells” (AD-MSC) to identify the cell population isolated from the adipose tissue
[67]. This population is characterized as plastic adherent and multipotent cells [66]. The adipose
tissue is composed mainly of fat cells organized in lobules, which contain mature adipocytes in
more than 90% of the tissue volume, and a fraction of the vascular stroma (SVF), where pre-
adipocytes, fibroblasts, smooth muscle cells, endothelial cells, resident monocytes/macrophages,
lymphocytes and AD-MSC are found [68, 69]. Adipose tissue can be obtained in relevant
amounts under local anesthesia with a minimum of patient discomfort and can be easily
processed to release large numbers of AD-MSC, therefore it represents a suitable tool for tissue
regeneration and gene therapy approaches [24, 70, 71]. AD-MSC are usually isolated from
adipose tissue by enzymatic digestion. The pellet obtained is then re-suspended in maintenance
media, and plated in culture dishes or flasks. Usually, the yield of AD-MSC obtained from 1g of
adipose tissue is 5x10° stem cells, which is about 500-fold greater than the number of BM-MSC
obtained from 1g of bone marrow [72]. The cells obtained after enzymatic digestion exhibit a
fibroblast-like shape phenotype quite similar to the BM-MSC counterpart. This similarity is also
confirmed by an overlap in both the immunophenotypical features and in the differentiation
capacity [73-75]. Dealing with differentiation potentials, there are numerous examples from
literature demonstrating the multipotency of AD-MSC in vitro. AD-MSC originate from a
mesodermal tissue and are able to differentiate into adipogenic, osteogenic, chondrogenic

lineages, moreover they differentiate also into skeletal and smooth muscle cells and into
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cardiomyocytes [24, 36, 76, 77]. The expression of CD105, CD73 and CD90 proteins, and the
lack of expression of CD45, CD34, CD14 or CD11b, CD79a or CD19 and human leukocyte
antigen-DR (HLA-DR) proteins have been provided as evidence for AD-MSC [78]. CD73 is
considered as a characteristic marker of mesenchymal cells, and has been reported in addition to
CD29, CD44 and SH3, which are also specific molecular markers characteristic of MSC. The
expression of Stro-1 which is usually used as marker for bone marrow progenitor cells has also
been found in AD-MSC. In contrast, the expression of hematopoietic lineage markers such as
CD31, CD34, and CD45 was not detected in these cells through flow cytometry or
immunofluorescence assays [78]. Alterations in the expression profile can be attributed to timing
and passage number. After two or more successive passages in culture, the characteristics of
adhesion molecules, surface receptors and enzymes, ECM and cytoskeleton proteins, as well as
proteins associated with the phenotype of stromal cells can be altered. Nevertheless, despite
differences in the cell isolation and culture procedures, the immunophenotype of AD-MSC is
relatively consistent across diverse studies [79]. Successive AD-MSC passages may lead to
higher expression levels of CD117 (c-kit), HLA-DR, as well as stem cell makers, such as CD34.
At the same time, decreased levels of expression of stromal cell markers such as CD13, CD29
(B1 integrin), CD44 (hyaluronate), CD63, CD73, CD90, CD105 and CD166 have also been
demonstrated. Additionally, the slight presence of CD106 has been reported in cultured AD-MSC
[80]. A further study has shown that, after the third passage, the expression of OCT4, c-kit and
CD34 in cultured AD-MSC is abolished, while Sca-1 expression has a significant enhancement.
These cells have been identified as positive for CD29 and CD44, and negative for CD45 and
CD31 expression [81]. Finally, in addition to the surface markers mentioned above, smooth
muscle B-actin, platelet-derived growth factor (PDGF) receptor-p and neuro-glial proteoglycan 2

have also been identified in human AD-MSC [82]. Lastly, the expression of chemokine receptors,

15



such as, CCR1, CCR7, CXCR4, CXCRG6 appears to be increased in AD-MSC compared to BM-

MSC [83].

The Multimodal Properties into Clinic

The ability of MSC to preferentially migrate towards local and disseminated malignant disease,
interact with different tissue environments in addition to their easy availability, non-
immunogenic nature, relative ease of manipulation in vitro without requiring immortalization
presents them as the most attractive candidates for cell based therapies in humans. MSC-based
therapies have been evaluated for their safety and varying levels of effectiveness for treating
various conditions including bone and cartilage repair, stroke, multiple sclerosis, diabetes, and
kidney transplantation in other clinical trials [84]. The first clinical trial using culture-expanded
MSC was carried out in 1995; in this study, 15 hematooncology patients received injections of
autologous BM-MSC as part of a safety and feasibility study [85]. Human-marrow derived MSC
autografts were one of the first successes in stem cell therapies as there is minimal chance of
immune rejection due to their intrinsic immunomodulatory properties [39]. In addition, the most
significant results on the immunosuppressive effects of MSC so far have been observed in the
treatment of acute Graft-versus-host-disease (GVHD) after allogeneic stem cell transplantation.
The first case of ex vivo expanded haploidentical MSC infusion in a patient with severe Grade IV
GVHD of the gut and liver resulted in a striking improvement of the disease [86]. A Phase Il
study reported that 30 of 55 patients had a complete response and 9 patients showed
improvement indicating that irrespective of the donor, MSC infusion might be an effective
therapy for patients with steroid-resistant acute GVHD [87]. Since these studies were performed,
several others have produced encouraging responses, both in acute and in chronic GVHD

refractory to standard steroid treatment [88]. More recently, improved tissue engineering methods
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have reduced the time required for graft generation from 3 months to 3 weeks allowing patients
requiring more urgent transplants to be treated [89]. Moreover, these MSC transplantations do
not typically result in teratoma formation when tested in clinical trials and are relatively safe
compared to embryonic stem cells (ESC) and induced-pluripotent stem cells (iPSC) which
readily form teratomas [90]. The clinical translation of UCB-MSC will be limited by their
unreliable and often low isolation efficiency and requires allogeneic transfer. In contrast,
allogeneic transfer is not necessary for adipose or BM-MSC, in which case an autograft can
easily be harvested from any patient. Importantly, non-immortalized adult stem cells do not
confer the same danger as immortalized adult stem cells and may be used without posing risk to
the patient. In one such study, 41 patients who underwent BM-MSC transplant for joint repair
were examined for tumor and infection symptoms for between 5 and 137 months, and no
abnormalities were detected [91]. Another study of MSC transplantation for orthopedic therapy
involving several hundred patients over a period of 1-2 years also argues that these
transplantations are unlikely to increase the risk of carcinogenesis [92]. Other studies have also
indicated that MSC transplantation is safe and has led to improved prognosis for orthopedic
ailments [93, 94].

MSC were originally evaluated for their ability to repair skeletal defects first in experimental
animal models [49] and subsequently in human patients affected with osteogenesis imperfecta
(Ol), a bone genetic disease generally caused by mutations in genes encoding for type | collagen.
After first demonstration of the potency of MSC to differentiate into functional osteoblasts in a
mouse model of Ol, MSC were used in children with severe type of Ol with a transient but
substantial effect [95]. Recently, Cowan and colleagues used AD-MSC to successfully heal
calvarial defects in mice, representing the first solid report of bone repair using AD-MSC [96]. In

human, the first case of autologous AD-MSC use for bone repair is reported for the treatment of
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calvarial defect in a 7-year-old girl [97], in this study a porous sheet seeded with pulverized bone
and freshly isolated AD-MSC were implanted into the defect. The ossification process was
visualized by computed tomography scanning and it was sufficient to allow the discontinuation
of the patient’s protective helmet.

The safety of MSC therapies for myocardial infarction (MI) has also been accessed, and patients
showed improved cardiovascular prognosis [98]. In addition, Mohyeddin-Bonab and his team
reported that on injection of autologous BM-MSC in 8 patients with heart failure after MI; 3
patients received intracoronary injections and the remaining 5 received myocardial injections
during coronary bypass surgery [99]. Patients experienced significant improvement of left
ventricular (LV) ejection fraction as compared to controls. Currently, ongoing clinical trials using
AD-MSC for cardiovascular treatment has been reported. In a particular study, freshly isolated
AD-MSC were delivered through intracoronary infusion within 36 hours following the onset of
heart attack. Results from 14 patients showed that AD-MSC were able to improve cardiac
function of ischemia patients. At 6 months, an improvement of LV ejection fraction and
reduction in infarct size in the AD-MSC treated group [100] was noted. Now, a phase /111
ADVANCE trial has been initiated to evaluate their efficacy

(https://clinicaltrials.gov/ct2/show/NCT01216995).

On a different aspect, Agorogiannis et al. presented a case report in which patient with post-
traumatic persistent sterile corneal epithelial defect were treated with topical application of
autologous AD-MSC [101]. Corneal epithelial healing progression was started 11 days after
topical application of autologous AD-MSC. One month later, a complete corneal epithelial
healing was observed [101]. AD-MSC were also used to heal chronic fistulas in Crohn’s disease
[102, 103]. This disease is an inflammatory bowel disorder characterized by bloody stools,

diarrhea, weight loss and autoimmune-related symptoms. In a phase 1 trial with patients with
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fistulas unresponsive to standard treatment, cultured AD-MSC were directly injected into the
rectal mucosa, and 75% of cases healed completely. In a phase Ilb trial, the proportion of patients
who achieved fistula healing was significantly higher with AD-MSC than with fibrin glue alone
[104]. There are also a number of ongoing clinical trials which are utilizing MSC for cancer
therapy, however most of these trials do not use engineered MSC and the results of any adverse
effect from such trials is still awaited [45].

Emerging data demonstrate that after engraftment, MSC can contribute to tissue repair by
secreting a number of trophic molecules that include soluble ECM glycoproteins (collagen types
I and 11, osteopontin), cytokines (transforming growth factor [TGF]-B, IL-10, IL-6), and growth
factors (vascular endothelial growth factor (VEGF), hepatocyte growth factor (HGF),
keratinocyte growth factor) [105]. These trophic molecules promote cell—cell connections [106].
It has been observed that these trophic molecules can not only reduce inflammation, apoptosis,
and fibrosis of damaged tissues, but also stimulate tissue cell regeneration. Although there is
evidence that MSC and certain tissue cells such as cardiomyocytes can interact with one another
via small diameter nanotubes, the underlying mechanism of cell-cell connection and its possible
roles during tissue regeneration remains to be further investigated [106, 107]. From these studies
it is clear that adult stem cells derived from patient tissues may not only be a source of cells for
autologous regenerative therapies but also in studying mechanisms of disease, in drug screening
and toxicology tests that are crucial in new drug development. Moreover, stem cell industry is
witnessing continuous advancements globally and hence, many products are underway. The
widespread availability of stem cell therapies will not only help make the treatment affordable in

the coming years but also pave the way for personalized medicine.
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PEDF: a Swiss-knife Protein with still Undefined Mechanisms of Action

The Serpins Family

Serpins (serine protease inhibitors) are the largest and most broadly distributed superfamily of
protease inhibitors [108]. They are single chain (glyco-) proteins comprising of about 400 amino
acid residues, most of which are synthesized in liver and abundant in plasma [109]. Serpins are
involved in a number of fundamental biological processes such as blood coagulation,
complement activation, fibrinolysis, angiogenesis, inflammation and tumor suppression and are
expressed in a cell-specific manner [110]. Defects in serpins can have pathological consequences
and contribute to diseases such as thrombosis, emphysema, angioedema and cancer [111].
Serpins are of structural interest because of their remarkable ligand-binding features and
exquisite kinetically controlled folding properties that are critical for inhibition of target
proteinases [112]. The serpins family encodes two groups of proteins. The first group comprises
the predominant family of protease inhibitors in mammals and regulates cascades such as
inflammation, blood coagulation and ECM remodeling [110]. The second group represents a
substantial number of serpins that are not thought to be inhibitors of specific proteases but rather
perform diverse functions such as hormone transporters, molecular chaperones or tumor
suppressors [113]. Non-inhibitory serpins include many secreted, cytoplasmic and nuclear
proteins whose structural mechanisms of action are less well understood [112]. Among such non-

inhibitory serpins we will focus on Pigment epithelium-derived factor.

The Pigment Epithelium-Derived Factor (PEDF)
PEDF was first discovered by Tombran-Tink and Johnson in 1987 as a product secreted by

cultured pigment epithelial cells from fetal human retina [114]. The sequence of human, bovine
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and mouse PEDF cDNA revealed that PEDF has structural and sequence homology to members
of the SERPIN family of proteinase inhibitors and contains a reactive centre loop (RCL) that is
characteristic of this family [115]. RCL is a proteinase recognition site and a critical component
of the function of serpins but the function of RCL structure within PEDF is still unknown [116].
PEDEF is a non-inhibitory member of the serpin (serine protease inhibitor) superfamily of proteins
[117] i.e. it does not exhibit inhibitory activity against proteinases, rather can serve as their
substrate. PEDF does not undergo the serpin conformational change that affects inhibitory
serpins on interacting with target proteases [118].

The human PEDF gene (SERPINF1) is located on syntenic region (B4) on mouse chromosome
11 and in humans it is located on chromosome 17p13.3, a region containing a cluster of cancer-
related genes [115]. PEDF encodes a 418 amino acid protein [119] and is a stable soluble 46.3
kDa endogenously secreted glycoprotein. PEDF contains a single carbohydrate side chain that
increases its apparent molecular weight to 50 kDa. The human PEDF gene contains 8 exons and
7 introns and is around 16 kb (14.8 kb in humans), and the mRNA transcript is around 1.5 kb
[120]. The crystal structure for human recombinant PEDF has been solved and is at a resolution
of 2.85A [121]. It has an asymmetrical charge distribution, with a high density of basic residues
concentrated on one side and of acidic residues on the opposite side (Figure 1).

PEDF interacts with components of the ECM, such as glycosaminoglycans [122, 123] and
collagens in vitro [109]. It is therefore speculated that the interaction of PEDF with different
ECM components could allow for different PEDF activity [124]. Negatively charged acidic
PEDF binds to collagen, lacks neurotrophic activity, and may confer anti-angiogenic properties
whereas positively charged basic PEDF binds to heparin [125]. Analyses using residue-specific
chemical modification and site-directed mutagenesis, revealed that the acidic amino acid residues

on PEDF (Asp256, Asp258, and Asp300) are critical to collagen binding, and three clustered
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basic amino acid residues (Lys146, Lys147, and Argl49) are necessary for heparin binding [126,
127] whereas Lys189, Lys191, Arg194 and Lys197 form a motif that is critical for hyaluronan
binding [128]. In addition, the phosphorylation state of PEDF on the residues Ser24, Ser114, and
Ser227 was shown to impact its biological function as neurotrophic and/or anti-angiogenic factor

[129] suggesting that PEDF bioactivities could be regulated at different levels.

PEDF: Sources & Functions

PEDF mRNA is widely expressed throughout the human body such as in the eye, brain, spinal
cord, pancreas, prostate, lung, liver, heart, bone and adipose tissue, which exhibits multiple and
varied biological activities [130, 131]. Immunoblotting and immunohistochemistry analyses have
shown that the PEDF protein localizes to the interphotoreceptor matrix in bovine, human, mouse,
and rat eyes and cells of the retinal pigmented epithelium (RPE) can secrete soluble PEDF into
the media [132]. The concentration of PEDF in the vitreous in several species has been estimated
to be between 1-2 pg/ml or 2040 nM [133]. These levels are about 10-fold higher than those
found in the aqueous, but almost 10-fold lower than those in the interphotoreceptor matrix. PEDF
is also reportedly present in human plasma at a concentration of around 5 pg/mL [134]. Due to
the fast secretion of PEDF, it has been difficult to localize the protein in certain conditions [109].
PEDF is one of the most abundant circulating proteins in humans, accounting for 0,02% of total
circulating proteins [135]. The predominant sources of circulating PEDF are thought to be liver
and adipose tissue [136, 137]. Hepatocytes secrete abundant PEDF [138], hepatic PEDF
expression is 6-fold higher than in retina [139] and serum PEDF is decreased in humans with
cirrhosis [140]. However, it has been noted that in adipose tissue PEDF levels are down-regulated

during differentiation process to mature adipocytes [141].
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Tombran-Tink et al. observed that media conditioned by retinal pigment epithelial cells from
human retina induced Y79 retinoblastoma tumor cell differentiation into a non-proliferating type
with a neuronal morphology that exhibited an increase in neurite outgrowth [142]. The protein
was isolated from the conditioned media and defined as PEDF. Further studies revealed that
addition of PEDF at nanomolar concentrations to the media of human retinoblastoma Y79 and
Weri cells induces a neuronal phenotype, which is accompanied by the expression of neuronal-
specific markers such as enolase and 200 kDa neurofilament [115, 143]. PEDF also exhibits
neurotrophic activities on primary cultures of rat cerebellar granule (CG) neurons, such as
neuronal survival [144] and protection against death by glutamate neurotoxicity [145] and by
apoptosis [146]. In addition, it delays the death of photoreceptors in mouse models of inherited
retinal degenerations (retinitis pigmentosa) [147]. This marked the role of PEDF as a
neurotrophic factor, soon after; PEDF was defined as the most potent inhibitor for angiogenesis
among other well-characterized anti-angiogenic factors; it is twice as potent as angiostatin and
more than seven times as potent as endostatin [148]. PEDF blocks proliferation, migration, tube
formation and induces apoptosis in endothelial cells activated by various angiogenic inducers,
including platelet-derived growth factor (PDGF), vascular endothelial growth factor (VEGF),
interleukin-8 (IL-8) and acidic fibroblast growth factor (aFGF) [148]. The anti-angiogenic
activity of PEDF is selective because it is effective against newly forming vessels but spares
existing ones, and the inhibitory effect of PEDF on vessel formation appears to be reversible
when transient and regulated angiogenesis occurs in situations including tissue repair after injury
[149]. In addition to being anti-angiogenic, neurotrophic and neuroprotective in nature PEDF has
been described as a multifaceted protein with anti-permeability, antiatherosclerosis,
antitumorigenic, antioxidant, anti-inflammatory and antithrombotic properties [150]. These

studies may suggest that PEDF uses distinct intracellular signaling mechanisms to exert different
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functions through different molecular domains. The effects of PEDF are dependent on target cell
age and type (e.g., presence/absence of receptors, cytoplasmic signals, glycosaminoglycan
production, pH). PEDF is also called EPC-1 (early population doubling level cDNA-1), reflecting
its upregulation during cell cycle arrest (GO0) in young but not senescent cells in vitro. The PEDF
MRNA was induced more than 100-fold when cells were arrested in the GO state [151]. It exerts a
paracrine effect and reduces the number of cells entering the S-phase [152]. PEDF promotes
cellular differentiation and suppresses cell-cycle progression when cells become confluent [153]
to allow some cells to enter differentiation programs. Thus, PEDF is considered to be a marker

for cell senescence [154].

Recently, Gao et al. demonstrated that PEDF and its shorter 44-mer peptide protected
cardiomyocytes against hypoxia-induced apoptosis and necroptosis via an anti-oxidative
mechanism [155]. In bone, PEDF regulates neoangiogenesis to underlie the physiological
processes of bone formation, growth, and remodeling [156]. PEDF was found to be expressed in
the zones of active bone formation and its role in cell differentiation as well as the maintenance
of high growth rates in the mesenchymal cell layer was determined by Lord et al. using a deer

antler model [157].

Moreover, PEDF is a candidate tumor suppressor and inhibits tumor cell growth promoting tumor
cell differentiation [158]. PEDF is proposed to be a tumor suppressor in a variety of tumors
including glioma, prostate, pancreas, breast, and lung cancers; whereas in human breast and lung
cancers, expression of PEDF is reduced and linked to enhancement of tumor growth,
angiogenesis, and poorer clinical outcome [159].

PEDF seems also associated with adiposity, type 2 diabetes, and the metabolic syndrome. It has
been shown to be an adipokine (adipocyte-secreted protein) that induces insulin resistance and

plays a role in glucose metabolism [160]. The role of PEDF in various pathological conditions,
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including chronic inflammatory disease, cardiovascular disease, angiogenic eye disease, diabetic
complications and cancer have been investigated and reported in literature [161]. Thus, PEDF
appears to be an important endogenous protein with wide pleotropic effects on cell growth and

function and can be harnessed as a recombinant factor in different therapeutical areas.

The Unresolved Mystery of PEDF Receptors

PEDF is a growth factor and its actions are dependent on interactions with cell surface receptors
and triggers intracellular signaling [131, 162]. A long-standing challenge has been to understand
how PEDF acts on different cell types and its fundamental transmembrane mechanisms.
Uncovering the transmembrane pathways of PEDF would lead to a better understanding of its
fundamental mechanisms and the development of new therapeutic strategies. However, little is
known about the identification of PEDF-R until recent studies have initiated a search for cell-
surface proteins with a high affinity for PEDF. Two distinct receptors are proposed for PEDF: a
80 kDa PEDF putative receptor (PEDF-R") localized on motor neurons with a high affinity to the
44-mer PEDF peptide involved in neurotrophic activity and a 60 kDa PEDF putative receptor
(PEDF-R™) localized on endothelial cells with a high affinity to the 34-mer PEDF peptide
involved in anti-angiogenesis [163]. Filleur et al. showed in vivo that overexpression of the 34-
mer in PC-3 prostate adenocarcinoma cell lines resulted in decreased tumor microvessel density
and increased apoptosis, whereas the 44-mer lacked anti-angiogenic effects but induced
neuroendocrine differentiation [164]. Hence, the differential expression of PEDF-R" and PEDF-
R” on endothelial and tumor cells could contribute to its distinct actions. The first identified
receptor, PEDF-R", was found in the retina and is a novel phospholipase and triglyceride lipase
involved in triglyceride metabolism [131]. It is also termed PNPLAZ2 (patatin-like phospholipase

domain containing protein 2), adipose triglyceride lipase (ATGL) [162], a highly conserved
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triacylglycerol lipase that is critical for the maintenance of lipid and glucose homeostasis [165].
However, the signaling pathway is still under investigation. PEDF-R is a transmembrane protein
with 4 transmembrane, 2 extracellular and 3 intracellular domains, the N- and C-termini of the
molecule are exposed into the intracellular environment [162]. Human PEDF-R was mapped to
locus 11p15.5 on chromosome 11 and consists of 10 exons and 9 introns. Inspection of the
PEDF-R cDNA sequence revealed mRNA transcript of 2122 bases long with a coding capacity
for a polypeptide of 504 amino acids (molecular mass of 55.315 kDa) and 4 consensus N-
glycosylation sites. When expressed in eukaryotic systems, the receptor has a mass of
approximately 81 kDa, which is similar to the mass of PEDF-binding proteins on its cell’s
surface [166]. It has specific and high binding affinity for PEDF through its extracellular loop.
The receptor is mainly found in retinal pigment epithelium cells, the inner segments of
photoreceptors and neuronal cells of the retina, though it is not detected in the outer segments of
rods. PEDF-R transcript was also found to be highly expressed in adipose tissue and less
extensively in various organs such as prostate, testes, uterus, thymus, skin and skeletal muscle
tissue. The second receptor for PEDF, PEDF-R”, is also a receptor for laminin [167]. On binding
of the 25-mer PEDF region (25-mer peptide lies within the 34-mer region of PEDF) to the
laminin receptor, endothelial cell apoptosis is initiated while angiogenesis, migration, tumor cell
adhesion and proliferation are inhibited. Recently, Notari et al. identified that PEDF and
angiostatin could interact and inhibit endothelial and tumor cells by surface F1-ATP synthase.
The interaction of PEDF and angiostatin occurs at the same location on the F1-ATP synthase and
prevents the formation of ATP from ADP and inorganic phosphate by the enzyme. ATP and ADP
have receptors on cell surfaces and would constitute mediators of PEDF. A change in ATP levels
could affect cell viability and proliferation negatively. Given that the enzyme is also a proton

pump, it is proposed that these anti-angiogenic factors could prevent the exit of protons from
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cells resulting in a decrease of intracellular pH leading to cell death. Agents that inhibit
exclusively the cell surface F1-ATP synthase, such as PEDF, could be used as agents to prevent
endothelial and tumor viability. This ectopic enzyme is being considered as another receptor for
PEDF [168]. Despite the discovery of PEDF-Rs there are still missing pieces of the puzzle that
are yet to be explored, especially the molecular pathways involving PEDF and PEDF binding to

its receptors.

PEDF Safety, Half-life and Clinic

Among the different functions, PEDF specifically and potently suppresses pathogenic neovessel
growth without harming mature vessels [112, 148, 169]. Another prominent advantage of using
angioinhibitors is that being physiologically present in the body and in plasma it would be hard to
imagine that it would exhibit cytotoxicity. Additionally, no ADME/Tox studies have been
performed on the protein or its shorter peptides. However, its effects on physiologic
neovasculature, such as that in the menstrual cycle and wound healing, will nevertheless need
addressing. More, in osteosarcoma patients, any counterproductive effects on proper bone growth
as well as bone formation and repair that require vascularization will also demand attention.

From literature data, PEDF is not expected to activate drug-resistance genes, and thus offers the
potential for effective long-term anti-angiogenic therapy [169]. When applied sub-conjunctivally
into rats less than 1% of the PEDF protein reached the choroid and its levels decreased to less
than 0,1% after 24 hours thereby restricting its application in clinic because of its instability and
short half-life [170]. Based on these evidences, efforts have been made to develop effective and

wide-applied strategy by means of gene therapy.
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PEDF: a Swiss-knife for Angiogenesis, Cancer and Osteogenesis

PEDF Molecular Pathways Against Angiogenesis

Angiogenesis involves formation of new blood vessels from pre-existing microvascular networks
and is required for a variety of physiological processes such as reproduction, development,
wound repair and tissue regeneration. Angiogenesis is a multistep process consisting of
endothelial cell proliferation, migration, basement membrane degeneration (including collagen,
laminin, proteoglycans, and glycosaminoglycans) and new lumen formation. These cellular
responses of endothelial cells are tightly regulated by a balance between pro-angiogenic and anti-
angiogenic factors [171]. Among which VEGF is characterized as the best pro-angiogenic factor
and PEDF being the most potent anti-angiogenic factor. A shift in the balance towards pro-
angiogenic factors leads to neovascularization, a process intrinsic to pathological conditions
ranging from chronic inflammatory diseases to cancer [172]. Pro-angiogenic inducers include
VEGF, basic fibroblast growth factor (bFGF) and IL-8 [173] that promote endothelial cell
survival and are expressed in most tumors [174]. Apart from promoting migration, proliferation,
and permeability of endothelial cells, VEGF also prevents apoptosis of endothelial cells even in
conditions of serum starvation [175]. VEGF stimulates Akt, Bcl-2, Al, XIAP, survivin (all of
which oppose apoptosis) and, most notably, cellular FLICE-like inhibitory protein (c-FLIP), an
inhibitor of caspase-8 and of Fas-induced apoptosis [176]. The roles of anti-angiogenic agents are
important when considering therapeutic strategies for neovascular diseases. These agents can
affect various aspects of the angiogenic process, including vascular atrophy, endothelial
migration and proliferation, and the three-dimensional restructuring of blood vessels. Signaling
events of PEDF in endothelial cells is well described in figure 2. During neovascularization,

VEGF binds to a homodimerized VEGF receptor (VEGFR), becomes phosphorylated and
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activated. PEDF can increase y-Secretase-mediated cleavage of VEGFR1 and VEGFR2 at the
transmembrane region to generate an intracellular domain fragment [177, 178]. At the same time,
PEDF can inhibit VEGF-induced phosphorylation and activation of VEGFR1 [179]. Thus, PEDF
inhibits VEGF-driven angiogenesis and permeability through the regulated intracellular
proteolysis of VEGFR. PEDF can also activate the p38 mitogen-activated protein kinases
(MAPK) pathway to inhibit endothelial cell migration [180]. It can also activate peroxisome
proliferator-activated receptor-y (PPARy) through cytosolic phospholipase A2a (PLA2a) to
induce the expression of TP53, which encodes the pro-apoptotic protein p53 [181]. At the same
time, endothelial activators such as VEGF and FGF2 stimulate and expose CD95 (also known as
Fas) on the endothelial plasma membrane. PEDF can sequentially activate MEK5 (which is a
MAPK kinase), extracellular signal-regulated kinase (ERKS5), PPARy and nuclear factor-«B
(NF-xB), which induces the expression of the pro-apoptotic gene CD95 ligand (CD95L or FasL),
the protein product of which translocates to the plasma membrane. The resulting CD95L-CD95
complex induces the binding and activation of caspase-8 that under certain conditions triggers the
cell death cascade [176, 182]. At the same time, NF-kB activation has a negative impact on c-
FLIP expression, which decreases the capacity of c-FLIP to inhibit caspase-8. Conversely, PEDF
triggers JUN N-terminal kinase (JNK)-mediated phosphorylation of nuclear factor of activated
T-cells, cytoplasmic 2 (NFATc2) and sequesters it in the cytoplasm, thus blocking c-FLIP
expression. In this manner, PEDF causes apoptosis of activated endothelial cells. Moreover, an in
vivo study showed that in PEDF knockout mice, absence of PEDF is unlikely to be essential for
viability of PEDF-deficient mice as they appear to be alive and healthy however, retina, kidney,
prostate and pancreas developed hyperplasia with hypervascularization [183, 184]. These results
confirmed that PEDF regulates processes associated with angiogenesis, such as, for normal organ

development.
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PEDF Therapeutic Strategies in Cancer

Cancer is a multistage process, and involves several molecular alterations such as the loss of
tumor suppressor genes and gain of dominant oncogenes in the malignant cells; enhanced
angiogenesis in the tumor environment; and additional immunological defects leading to the
inability of the immune system to destroy the cancer cells [185]. Despite significant advances in
surgical resection and neo/adjuvant chemotherapy and radiotherapy, there are a significant
number of tumors that are unresponsive to aggressive treatment. Anticancer strategy in which the
endothelial cells supporting tumor growth are targeted is appealing because the endothelial cells
themselves are normal cells with a low intrinsic mutation rate and therefore are unlikely to
acquire a drug resistant phenotype [186]. Tumor angiogenesis starts with cancerous tumor cells
releasing molecules such as VEGF and FGF, which promote endothelial cell proliferation,
migration and eventually capillary tube formation. The use of anti-angiogenic therapy is specific
to the rapidly growing vascular endothelial cells (VEC) in tumors, without any effect on slow
growing VEC and other normal cells. Thus, anti-angiogenic therapy should be an excellent
strategy to suppress tumor growth and metastasis. Anti-angiogenic compounds such as blockers
of VEGF activity (bevacizumab and avastin) and VEGF-receptor-kinase inhibitors (SU5415,
PTK787 and ZD6474), all of which have shown promise in inhibiting tumor angiogenesis [187,
188] have been used in clinical trials. The finding that PEDF is a potent angiogenesis inhibitor
has become the basis for studying the role of PEDF in tumors that are highly resistant to
chemotherapy. PEDF inhibits the effects of several inducers of angiogenesis on endothelial cells
including VEGF, bFGF, IL-8, lysophosphatidic acid and PDGF [148]. Researchers have
performed a number of studies and have demonstrated that there is an opposite relation between
PEDF levels, grade and metastatic potential of prostate tumors, pancreatic adenocarcinoma,

melanoma, ovarian, osteosarcoma, glioma, hepatocellular carcinoma and Wilm’s tumors [125].
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Decreased intratumoral expression of PEDF is associated with a higher microvessel density, a
more metastatic phenotype and poorer clinical outcome. Thus, measuring PEDF’s concentration
within the tissue or fluid of a cancer patient compared to healthy individuals may determine
whether the tumor is on an early or advanced stage of tumorigenesis [163] though this remains a
hypothesis at present. The mechanisms through which PEDF exerts its antitumor activity seems
to be multiple, with studies showing widespread activities against tumor proliferation, cellular
invasion, migration, differentiation and tumor angiogenesis. PEDF may possess both indirect and
direct antitumor effects [130]. Indirectly, reduction in tumor growth is achieved through the anti-
angiogenic action of PEDF, in which the selective targeting of newly formed vasculature without
harming the existing blood vessels is of a particular importance [189]. PEDF also exerts a direct
antitumor effect, possibly by inducing either antiproliferative or prodifferentiation activities
toward cancer cells [190, 191]. PEDF’s ability to suppress tumor cell proliferation has been
shown to occur at two levels, through the induction of tumor cell apoptosis [191] and through the
regulation of the cell cycle, leading to a decrease in the entry of cells into the S-phase [153]. The
sum of PEDF’s indirect and direct effects poses it as an emerging antitumor agent that may be
able to target tumor cells without the attendant morbidity of conventional chemotherapy.
Introducing exogenous full-length or fragments of PEDF enables targeting endothelial cells by
inhibiting their proliferation and migration into the bloodstream through apoptosis of endothelial
cells recruited by the tumor [163]. This method does not only prevent the expansion of blood
vessels to the tumor but also inhibits tumor growth by restricting the tumor’s supply of nutrients
and oxygen. For instance, the treatment of exogenous full-length PEDF inhibits VEGF
expression in cells and in mice, and administration or overexpression of PEDF leads to the
inhibition of osteosarcoma tumor growth, which also disables metastasis to the lungs [192]. The

same result was also evident when PEDF fragments, StVOrth-2 and -3, were given to mice with
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orthotopic osteosarcoma. Furthermore, PEDF fragments StVOrth-3 and -4 were found to repress
VEGF expression [193].

Another facet that PEDF may exhibit antitumor activity is in its ability to promote tumor cell
differentiation. Crawford et al. demonstrated that Schwann cells, which are often mixed within
the tumor-cell population, expressed high levels of PEDF and could induce tumor-cell
differentiation in vitro, furthermore, in primitive neuroblastomas that were grown subcutaneously
in athymic mice the intratumoral injection of recombinant PEDF resulted in tumor cell
differentiation evidenced by less malignant appearing cells histologically and strong
immunohistochemical staining for neurofilament, a marker for neural cell differentiation [158].
Filleur and colleagues showed in prostate cancer that PEDF exerts its anti-angiogenic and cell
differentiation ability through two functional epitopes. They showed that a 44-mer peptide
induced a neuroendocrine phenotype from prostate epithelium, which was manifested by
dendrite-like processes, increased neuron specific markers, and secretion of neuropeptides [164].
Furthermore, when osteosarcoma cell lines were exposed to recombinant PEDF, there was a
significant increase in mineralized nodule formation, further highlighting the role of PEDF in
osteoblastic differentiation. Although the process through which this occurs is unknown, it is
believed that the ability of PEDF to encourage cell differentiation towards a more mature
phenotype, may contribute to its overall capacity to slow tumor growth kinetics and decrease
metastatic spread [192]. However, anti-angiogenic therapy is cytostatic and hence requires
constant therapeutic levels of anti-angiogenic factors in vivo to achieve its therapeutic effect,
therefore recombinant proteins are limited for widespread clinical use [194]. Due to the need of
high therapeutic doses of recombinant proteins the resultant yield rates of recombinant proteins
may be low due to their denaturation during the purification process. Furthermore, owing to the

short half-life of protein in vivo, maintaining therapeutically effective serum levels needs a
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frequent dosing regimen and high doses of expensive purified recombinant proteins. The
application of PEDF protein in clinic might be restricted because of its instability and short half-
life [195]. Thus, efforts should be made to develop effective and wide-applied strategy, and one

potential solution for this is gene therapy.

Unexplored PEDF Roles in Skeletal Biology: the recessive Osteogenesis Imperfecta (Ol)

During the physiological process of endochondral ossification, the microenvironment of the
growth plate changes from an angiostatic to an angiogenic one. This process is coordinated by a
complex balance between specific pro-angiogenic factors (VEGF) and anti-angiogenic factors
(PEDF) expressed at various levels of the growth plate. It culminates in the vascular invasion of
the lowermost hypertrophic chondrocytes that is essential for endochondral ossification. A report
on expression pattern of PEDF in developing mouse hind limbs from newborn through
maturation, demonstrated that the protein is expressed in chondrocytes within the resting zone,
proliferative and upper hypertrophic zones of the epiphyseal growth plate [156]. The pattern of
expression was reported to be consistent throughout the developmental stages of the mouse. In
addition, immunohistochemical analyses of human neonatal growth plates have shown high
expression of VEGF in chondrocytes of the lower hypertrophic and mineralized zones, with no
expression in the resting and upper proliferative chondrocytes [196, 197]. The expression of these
pro-angiogenic factors by hypertrophic chondrocytes stimulates blood vessel invasion from the
perichondral vascular network into the growth plate. These new vessels provide a conduit for the
migration of many cells including osteoblasts and osteoclasts progenitor cells, which degrade the
mineralized cartilaginous matrix and replace it with bone [198]. Thus, the close association of
PEDF with VEGF, both temporally and spatially, at the sites of bone lesions and bone

remodeling, suggest that these antagonistic factors play a very central role in such biological
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processes. Quan et al. first investigated the expression of PEDF in regions of active bone
formation [199] and Tombrank-Tink et al. confirmed PEDF expression in regions of active bone
formation wherein PEDF expression increased from earliest ages right through maturity, most
notably in the developing bone matrix [200].

Osteogenesis imperfecta (Ol) is a heterogeneous heritable disorder of connective tissue
characterized by reduced bone mass, bone fragility, and short stature. The majority of Ol cases
are due to dominant defects in either of the type | collagen genes, COL1A1 and COL1A2 [201] .
The current standard therapy for moderate and severe forms of Ol is cyclic intravenous
application of bisphosphonates [202]. Bisphosphonate treatment, ideally starting in early
childhood, increases bone mineral density. There is evidence that it also reduces fracture rates,
chronic bone pain and immobility in Ol patients [203]. Among the different Ol variants, Ol type
VI is a moderate to severe, recessive form of the disease in which patients are typically present
with fractures during infancy [204], malformed bones, and frequently have limited mobility by
the time they reach adolescence. Ol type VI is distinct from other types of Ol in that the afflicted
subjects display an osteomalacia-like phenotype characterized by thickened osteoid and delayed
mineralization. A distinct ‘fish-scale’ lamellar appearance of the bone has been noted in bone
biopsies [204]. This skeletal phenotype is still unclear and the severity of the disease requires a
better understanding of the pathophysiology to then establish proper therapies. In addition,
bisphosphonates are generally less effective in treating Ol type VI than other subtypes of Ol
[205]. Moreover data from PEDF knockout mice demonstrated that the mice exhibited clinical
characteristics of human Ol type VI confirming that an inactivating mutation in the SERPINF1
gene which encodes PEDF leads to the development of Ol type VI [206]. Until now, 17 unique

SERPINF1 mutations (http://www.le.ac.uk/ge/collagen/) have been found in about 30 individuals

with Ol type VI [207]. In this OI variant, extremely low or undetectable levels of circulating
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PEDF were found [208]. In addition, recent data suggest that the lack of PEDF impairs a proper
osteoblast—osteocyte transition and consequently affects the early steps of mineralization,
downstream collagen assembly making OI type VI different from “classical” Ol despite the
typical hypermineralization of the bone matrix [209]. Thus, it is possible to devise a treatment of
Ol type VI that is based on PEDF replacement treatment. However, before such a treatment can
be devised, the differential roles of circulating PEDF and locally produced PEDF on bone

metabolism need to be determined.
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AIM OF THE STUDY

Pigment epithelium-derived factor (PEDF) is a non-inhibitory serpin widely expressed
throughout the human body exhibiting multiple and varied biological activities. PEDF has been
described as a multifaceted protein with anti-angiogenic, antitumor and neuroprotective
properties. PEDF therapeutic role against angiogenesis, bone diseases and cancer has been briefly
reviewed in the text. However, use of PEDF protein in clinic might be restricted because of its
instability and short half-life. To overcome this limitation we propose a gene therapy strategy.
Mesenchymal stromal/stem cells (MSC) are multipotent progenitor cells characterized by
extensive self-renewal capacity and ability to differentiate into multiple lineages. MSC can be
readily transduced by viral vector systems to efficiently express a wide range of cytoplasmic,
membrane-bound and secreted protein products. Implementing MSC as delivery platform to
combat malignant and non-malignant diseases has been described in literature. MSC can be
isolated from different tissues and are currently being employed in several regenerative medicine
applications. Among them, bone marrow (BM) and adipose (AD) tissue represent the richest and
more defined sources of MSC. Thus, adipose-derived MSC (AD-MSC) and bone marrow-derived
MSC (BM-MSC) could represent a powerful tool for cellular therapy and gene transfer
applications. Based on this hypothesis, we genetically modified AD-MSC and BM-MSC using a
retroviral system coding for full-length human PEDF gene aiming to use them as a platform to

study PEDEF’s biological functions.
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MATERIALS & METHODS
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Cell Lines

The embryonic kidney fibroblast cells 293T, a highly human transfectable derivative of the 293
cell line into which the temperature sensitive gene for SV40 T-antigen was inserted, was
maintained in culture in Dulbecco’s Modified Eagle Medium (DMEM; Gibco) High Glucose
supplemented with 10% heat inactivated FBS (Gibco), 1% L-glutamine (200 mM) (Lonza) and
1% penicillin-streptomycin (10* Ul/ml and 10 mg/ml) (Carlo Erba). FLYRD-18, a packaging cell
line derived from the HT1080 human osteosarcoma line, was maintained in culture in DMEM
High Glucose (Gibco) supplemented with 10% heat inactivated FBS (Hyclone), 1% L-glutamine

(200 mM) (Lonza) and 1% penicillin-streptomycin (10* Ul/mL and 10 mg/mL) (Carlo Erba).

Isolation and Expansion of BM-MSC

After local anesthesia, BM tissue samples, of consenting donors was harvested from the iliac
crest in accordance with local ethical committee guidelines. Standard procedure is described as
follows: mononuclear cells (MNCs) were isolated from about 10 mL of BM tissue by the Ficoll
density gradient method. Initially the sample was diluted 1:1 with 1X phosphate buffer saline
(PBS) w/o Ca?* and Mg®* (Biochrom). The diluted sample was passed through a 19G needle for
at least 20 times in order to obtain a single cell suspension. The diluted single cell suspension
sample was gently transferred into tubes each containing Ficoll. After centrifugation at 700 x g
for 20 minutes the MNCs were collected from the interface, washed in 1X PBS w/o Ca** and
Mg?* (Biochrom), and re-collected after centrifugation at 300 x g for 10 minutes. The cells were
then re-suspended in culture maintenance medium (MM) at a density of 7x10° cells/cm? in
culture flasks (Greiner Bio-one). MM consisted of alpha-Minimum Essential Media (a-MEM,;
Gibco) without nucleosides supplemented with 8% human platelet lysate (PLP), 1% L-Glutamine

(200 mM) (Lonza), 0,2% heparin (Sigma) and 0,5% ciprofloxacin (2 mg/mL) (Fresenius Kabi).
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Cells were incubated at 37°C with 5% CO; in a humidified incubator and were replenished with
fresh medium 3 times per week until near confluent. When the adherent cells in the flask were

confluent, cells were harvested, re-suspended, counted and re-plated.

Isolation and Expansion of AD-MSC

AD-MSC were obtained, as previously described [24], from lipoaspirate specimens of individuals
undergoing liposuction for aesthetic purposes at the Plastic Surgery Unit University-Hospital of
Modena and Reggio Emilia. Informed consent was obtained and study was approved from local
Ethical Committee. After isolation, cells were seeded in maintenance media (MM), namely,
alpha-Minimum Essential Media (a-MEM; Gibco) without nucleosides supplemented with 0,2%
heparin (Sigma), 2,5% human platelet lysate (PLP), 1% L-Glutamine (200 mM) (Lonza) and
0,5% ciprofloxacin (2 mg/mL) (Fresenius Kabi). Media was replaced every 2-3 days discarding
non adherent cells. Once confluent, the adherent AD-MSC were trypsinized with trypsin/EDTA
(EuroClone), counted and seeded at 6x10° cells/cm? in culture flasks (Greiner Bio-one). Cells
were kept in incubators with controlled atmosphere (5% CO, and temperature of 37°C). This

procedure was repeated for all the passages.

Retroviral Vector Production

Human PEDF cDNA sequence (accession number NM_002615) was cloned into an expression
vector (13ADLASC_PEDF_nm24_pMA-RQ), this technique was performed by GeneArt (Life
technologies). A bi-cistronic murine stem cell virus derived retroviral vector (pMIGR1) encoding
the green fluorescence protein (GFP) was modified in our laboratory as follows: Above
mentioned GeneArt expression vector and pMIGR1-GFP were digested separately using EcoR1

restriction enzyme (Roche). On completion of the reaction the digested products were charged on
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to a 1% agarose gel containing 0,5% ethidium bromide and specific DNA bands were visualized
under an ultraviolet transilluminator. The digested products were subsequently purified using Gel
purification kit (Qiagen) as per manufacturer’s instructions. To prevent digested pMIGR1-GFP
from re-circularizing it was dephosphorylated using Shrimp Alkaline dephosphatase (Roche).
Following dephosphorylation, the purified full-length human PEDF cDNA fragment was cloned
into the dephosphorylated pMIGR1-GFP vector using DNA ligation kit (Thermo Scientific) as
per manufacturer’s instructions. The resulting vector was defined as MIGR1-PEDF-GFP, while
the empty MIGR1-GFP vector was used as control (Figure 3). To ensure that our MIGR1-PEDF-
GFP vector was in the correct orientation and devoid of mutations it was sequenced (BigDye

Terminator v.1 Cycle Sequencing Kit, Applied Biosystems) using specific primers (Table 1).

Creation of Retroviral Packaging Cell Line

Production of retroviral particles was performed as described: 293T cells were transiently
transfected with JETPEI (PolyPLUS-transfection) with a mixture of helper plasmids (pSRa,
pMD) and MIGR1-PEDF-GFP or MIGR1-GFP, as control. Retroviral particles from transiently
transfected 293T cells were collected 48 hours after transfection and used to transduce the
amphotropic packaging cell line FLYRD-18 with 6 pg/mL polybrene (Sigma). Three rounds of
transduction were performed and the transduced FLYRD-18 cells thus obtained were defined as
FLYRD-18-PEDF and FLYRD-18-GFP, respectively. Both packaging cell lines were expanded
and then analyzed for GFP expression by FACS analyses using a FACSAria flow cytometer
(Becton Dickinson) and viral titration was performed (9x10* TU/mL for FLYRD-18-PEDF and

5,9x10° TU/mL for FLYRD-18-GFP cell lines).
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Retroviral Transduction of AD-MSC and BM-MSC

Conditioned medium containing retrovirus from stably transduced FLYRD-18 expressing-PEDF
cells was collected and used to infect AD-MSC and BM-MSC. AD-MSC were seeded at 4,2x10°
cells’lem® while BM-MSC were seeded at 5x10° cells/cm? and were treated with an infectious
medium containing 6 pug/mL polybrene (Sigma) and maintained for 6 hours in a humidified
incubator at 37°C, 5% CO,. Three rounds of transduction were performed. Cells were then kept
in maintenance media (MM) i.e. for AD-MSC it was a-MEM (Gibco) without nucleosides
supplemented with 1% L-Glutamine (Lonza), 0,5% Ciprofloxacin (Fresenius Kabi), 0,2%
Heparin (Sigma) and 2,5% PLP whereas for BM-MSC it was a-MEM (Gibco) without
nucleosides supplemented with 1% L-Glutamine (Lonza), 0,5% Ciprofloxacin (Fresenius Kabi),
0,2% Heparin (Sigma) and 8% PLP few days and enhanced GFP-expressing MSC were detected
by FACS analyses. Non-transduced and transduced MSC were also monitored microscopically to

detect any visible changes in morphology (Axiovert 200M Zeiss).

FACS Analyses

Cell surface antigen expression was investigated in wild-type and gene-modified AD-MSC and
BM-MSC as follows, each cell type was performed separately. Briefly, cells were detached from
plastic support with trypsin/EDTA (EuroClone), counted and aliquoted in FACS analyses
polypropylene tubes (200,000 cells/tube) (VWR). MSC were subsequently incubated in blocking
buffer (100 uL for each 200,000 cells/tube) containing DMEM High Glucose (Gibco), 10% heat
inactivated FBS (Gibco), 0,1 Sodium Azide and human immunoglobulin G (both from Sigma)
and incubated for 20 minutes on ice. After 1X PBS w/o Ca?* and Mg** (Biochrom) wash, the
cells were re-suspended in 1X PBS with 0,5% Bovine Serum Albumin (BSA; Sigma) and stained

with the following monoclonal antibodies: APC-anti-CD45, APC-anti-CD14, PE-anti-CD14 (all
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from Becton Dickinson); APC-anti-CD34, PE-anti-CD140b, PE-anti-CD73, PE-anti-HLA-DR
(all from BD Pharmigen); APC-anti-CD146 (MACS, Miltenyi Biotec); APC-anti-CD90, PE-anti-
CD105 (both from eBioscience), and the appropriate isotype controls (BD Biosciences and
BioLegend) followed by incubation on ice for 30 minutes (in dark). After 1X PBS w/o Ca*" and
Mg®*  (Biochrom) wash, the cells were fixed wusing BD Cytofix/Cytoperm
Fixation/Permeabilization kit (BD Biosciences) and read on FACSAria flow cytometer (Becton

Dickinson).

RNA Extraction and cDNA Synthesis
Total cellular RNA was isolated using a single-step method with TRIzol® (Invitrogen) according

to manufacturer's instructions http://tools.invitrogen.com/content/sfs/manuals/trizol reagent.pdf.

Briefly, 1 mL of TRIzol® reagent per cm? was added to 1-2 million cells and incubated at room
temperature (RT) for 5 minutes to permit the complete dissociation of nucleoprotein complexes.
The samples were harvested and transferred into new microcentrifuge tubes; chloroform was
added according to the volume of TRIzol® as indicated by the manufacturer. After brief shaking,
the samples were then incubated for 2-3 minutes at RT and centrifuged at 12000 x g for 15
minutes at +4°C. The upper transparent aqueous phase was transferred into a fresh tube and
isopropyl alcohol was added to precipitate the RNA. The samples were incubated for 10 minutes
at RT and centrifuged at 12000 x g for 10 minutes at +4°C. The supernatant was removed and the
RNA pellet was washed with 75% ethanol. The samples were mixed and centrifuged at 7500 x g
for 5 minutes at +4°C. The RNA pellet was then dried, dissolved in RNase-free water and
incubated at 55-60°C for 10 minutes. The RNA was then quantified using a spectrophotometer

(GeneQuant pro, Amersham Biosciences).
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First-strand complementary cDNA was synthesized from 2 pg of total RNA using a RevertAid H

minus first-strand cDNA synthesis kit (Fermentas) http://www.thermoscientificbio.com/reverse-

transcription-rtpcr-rtgpcr/revertaid-h-minus-first-strand-cdna-synthesis-kit/. First 2 pug of RNA, 1

pL of Random hexamer primer and nuclease free water up to a final volume of 12 uL were taken
into a new microcentrifuge tube, briefly centrifuged and incubated at 65°C for 5 minutes. After 5
minutes the microcentrifuge tube was centrifuged again, placed on ice and 4 pL of 5X Reaction
buffer, 1 pL of RiboLock RNase Inhibitor (20 U/ul), 2 pL of 10 mM dNTP Mix and 1 pL of
RevertAid M-MuLV Reverse Transcriptase (200 U/uL) were added. The next step involved
mixing and incubating the sample for 60 minutes at 60°C, followed by an incubation of 5 minutes
at 25°C. The reaction was terminated by heating at 70°C for 5 minutes. The single strand cDNA
was quantified by spectrophotometer (Beckman Coulter DU® 730) and was used to perform a

PCR. Consequently, 10 ng of single stranded cDNA was also employed in a real-time PCR.

PCR

cDNA of non-transduced and transduced samples were taken. For PCR of the PEDF gene a Taq
PCR Master Mix (Roche) was employed. The following primers (400 nM) were used for the
detection of human PEDF mRNA: 5’-ATGCAGGCCCTGGTGCTACT-3" (sense) and 5’-
TTAGGGGCCCCTGGGGTCCA-3’ (antisense) which yielded a 1257 bp long product; and for
human  B-actin  mRNA: 5’-TCACCCTGAAGTACCCCATC-3> (sense) and 5°-
TAGCACAGCCTGGATAGCAA-3’ (antisense) which vyielded a 226 bp long product.
Conditions for amplification were as follows: Human PEDF program - 94°C for 10 minutes,
followed by 25 cycles of 95°C for 1 minute, 58°C for 50 seconds, 72°C for 1 minute, 72°C for 10
minutes. Human B-actin program — 95°C for 10 minutes, followed by 25 cycles of 95°C for 1

minute, 53°C for 45 seconds, 72°C for 1 minute, 72°C for 10 minutes. The PCR product was then
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electrophoresed on a 1% agarose gel which contained 0,5% ethidium bromide and specific DNA

bands were examined under an ultraviolet transilluminator.

Quantitative Real-Time PCR for PEDF Detection
Quantitative real-time PCR was performed using the Applied Biosystems StepOne™ Real-Time
PCR System using the TagMan® Universal PCR Master Mix reagent

http://www3.appliedbiosystems.com/cms/groups/mcb support/documents/generaldocuments/cms

042996.pdf. The levels of PEDF gene expression in non-transduced and transduced AD-MSC
and BM-MSC was quantified using TagMan reagents. Total reaction volume of 10 uL containing
10-50 ng of cDNA, TagMan Master Mix (Applied Biosystems), and 10X of reverse and forward
primers with probe were used The quantification of gene expression for target gene and reference
gene was performed in separate tubes. Forward and reverse primers were designed using

http://test.idtdna.com/site website, and to be specific for mMRNA rather than genomic DNA, it was

ensured that they spanned an intron sequence, thus avoiding the possibility of confusion from
primer amplification of spliced mRNA. Expression of the target gene was normalized to that of
the endogenous reference f3-actin gene. Conditions for amplification were 50°C for 2 minutes and
95°C for 10 minutes followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute.

Reporter was FAM and quencher was NFQ. The 2™4¢

(cycle threshold) method, was used to
calculate relative expression levels of the target gene (PEDF) defined by the primers as

mentioned in Table 2.

Ki-67
The proliferative rate of non-transduced and transduced AD-MSC and BM-MSC was performed

by quantitative real-time PCR using the Applied Biosystems StepOne™ Real-Time PCR System
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and the Fast SYBR® Green Master Mix reagent

http://tools.invitrogen.com/content/sfs/manuals/cms_046776.pdf. Total reaction volume of 10 puL

containing 10-100 ng of cDNA, Fast SYBR Green Master Mix (Applied Biosystems), and 300
nM of reverse and forward primers were used. The quantification of gene expression for target
gene and reference gene was performed in separate tubes. Expression of the target gene was
normalized to that of the endogenous reference human B-actin gene. Conditions for amplification
were 95°C for 20 seconds followed by 40 cycles of 95°C for 3 seconds, and 60°C for 30 seconds
and 1 cycle of 95°C for 15 seconds, 60°C for 1 minute and 95°C for 15 seconds. The 24" (cycle
threshold) method, was used to calculate relative expression levels of the target gene (Ki-67)

defined by the primers summarized in Table 3.

ELISA

Transduced AD-MSC and BM-MSC were seeded at 6x10° cells/cm? into a T25 culture flask
(Greiner Bio-one) and were kept in MM until confluent. When 90% confluent, culture media was
removed, after 1X PBS w/o Ca?* and Mg?* (Biochrom) wash cells were replenished with 2,5 mL
of conditioned media containing low serum concentration. Conditioned media comprised of
DMEM Low Glucose (Gibco) supplemented with 2% heat inactivated FBS (Hyclone), 1%
Glutamine (200 mM) (Lonza) and 1% penicillin-streptomycin (10* UI/mL and 10 mg/mL) (Carlo
Erba). Conditioned media obtained from AD-MSC+GFP, AD-MSC+PEDF, BM-MSC+GFP and
BM-MSC+PEDF were collected at different time points (24, 48 and 72 hours) and analyzed
using Human PEDF ELISA kit (BioProducts MD) according to manufacturer’s instructions.
Briefly, supernatants were treated with 8 mol/L urea on ice for 30 minutes. The urea-treated
samples were diluted 1:500-1:2000 in assay diluent, immediately added to the antibody-coated

wells, and incubated at 37°C for 1 hour. After five washes, 100 pL diluted biotinylated mouse
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anti-human PEDF monoclonal antibody was added to each well and the wells were incubated at
37°C for 1 hour. Then, 100 pL diluted streptavidin-peroxidase conjugate was added and
incubated at 37°C for 30 minutes. Following which tetramethylbenzidine in a proprietary buffer
with enhancer was added to the wells and incubated at RT for 30 minutes. Lastly, 100 uL stop
solution was added and the absorbance was immediately measured at 450 nm using a microplate
reader. For standardization, the PEDF concentration was normalized to the protein concentration

in the samples.

Differentiation Assays: Ex Vivo Adipogenic Differentiation

After 5-7 days AD-MSC were 80-85% confluent, cells were washed with 1X PBS w/o Ca** and
Mg®* (Biochrom), the cells were detached using trypsin/EDTA (EuroClone) for less than 5
minutes at 37°C. DMEM High Glucose (Gibco) with 10% heat inactivated FBS (Gibco), 1%
penicillin/streptomycin (Carla Erba) was used to stop the trypsin reaction. The cells were
centrifuged at 1400 rpm for 5 minutes at RT. For the adipogenic differentiation experiments, the
cells were re-suspended in MM and were plated at a seeding density of 1x10* cells/cm? in 6-well
multiwell plate (Costar® Corning) for Oil Red O staining. To test the adipogenic differentiation
potential of transduced and non-transduced AD-MSC, cells were maintained in DMEM Low
Glucose (Gibco), 1% Glutamine (Lonza), 1% penicillin/streptomycin (Carlo Erba) along with
10% rabbit serum, 5% Horse Serum (both from EuroClone) supplemented with dexamethasone
(1 uM), indomethacin (60 uM), recombinant human insulin (10 uM) and isobutyl methyl xantine
(0,5 mM) (all from Sigma). All culture plates were incubated at 37°C with 5% CO; in a
humidified incubator. Cells were induced for 10 days and detection of lipid droplets was

performed by Oil Red O staining (Sigma) and observed microscopically (Axiovert 200M Zeiss).
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After 10 days of adipogenic induction the cultures were stained with Oil Red O in order to
visualize lipid droplets. Briefly, culture wells were washed with 1X PBS w/o Ca®** and Mg**
(Biochrom). Cells were fixed with vapors of Formaldehyde (Sigma) for 10 minutes and then
washed with water for 2 minutes. Staining was performed by adding the Oil Red O solution (10
mg/mL Oil Red O in 70% Ethanol and Acetone) (all from Sigma) into the wells for 3 minutes
and excessive stain was removed by washing with water. Cells were then counterstained with
filtered Harris Hematoxylin (Bio Optica) for 30 seconds. Air-dried and observed microscopically

(Axiovert 200M Zeiss).

Differentiation Assays: Ex Vivo Chondrogenic Differentiation

After 5-7 days the AD-MSC were 80-85% confluent, cells were washed with 1X PBS w/o Ca®*
and Mg®* (Biochrom), the cells were detached using trypsin/EDTA (EuroClone) for less than 5
minutes at 37°C. DMEM High Glucose (Gibco) with 10% heat inactivated FBS (Gibco), 1%
penicillin/streptomycin (Carlo Erba) was used to stop the trypsin reaction. The cells were
centrifuged at 1400 rpm, for 5 minutes at RT. For the chondrogenic differentiation experiments,
the cells were re-suspended in 1 mL of MM at a density of 2x10° cells in each 15 mL Falcon tube
for Alcian Blue staining. Cells were pelleted by centrifuging the Falcon tube at 1200 rpm for 10
minutes at RT. All culture tubes were incubated at 37°C with 5% CO; in a humidified incubator
(lid not closed). To test the chondrogenic differentiation potential of transduced and non-
transduced AD-MSC, cells were maintained in DMEM High Glucose (Gibco), 1%
penicillin/streptomycin (Carlo Erba) along with BMP-6 (500 ng/mL) and TGF-f (10 ng/mL)
(both from Peprotech), BD ITS™+Premix (BD Biosciences), dexamethasone (100 nM), ascorbic
acid-2-phosphate (0,2 mM), proline (40 pug/mL) (all from Sigma) and sodium pyruvate (100

pug/mL) (Biochrom). Every time the media was changed, the cells were re-centrifuged at 1200
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rpm for 10 minutes at RT to pellet the cells to the bottom of the 15 mL conical tube and kept in
an incubator with a controlled atmosphere (37°C, 5% COy); the medium was changed every 2
days, leaving the pellet undisturbed inside the tube. Thin paraffin sections (6-5 um) were taken
and chondrogenic differentiation was detected by Alcian blue staining and observed
microscopically (Axiovert 200M Zeiss).

Induction lasted 21 days at which time pellets were fixed for 1 hour in 10% Formaldehyde
(Sigma) and then dehydrated by serial passages into Ethanol (Sigma) at increasing
concentrations, from 70% to 100%. Samples were then inserted into paraffin blocks and cut in
thin sections (6-5 um) onto microscope slides for Alcian Blue staining. Slides were
deparaffinated with the Histo-C cleaning agent (Celltech) and rehydrated through passages into a
decreasing concentration alcoholic ladder (from 100% Ethanol to 70% Ethanol). Sample sections
were circled on the slide using a PAP Pen and then incubated with a 0,5 mg/mL Hyaluronidase
(Sigma) in buffer phosphate solution (8 g/L NaCl, 2 g/L NaH,PO,, 0,3 g/L Na;HPO,) with 10
mg/mL BSA (Sigma). Slides were washed in water for 5 minutes and then immersed in a 3%
Acetic Acid solution for few seconds. Staining with 1% Alcian Blue solution (10 mg/mL Alcian
Blue in 3% Acetic Acid, pH 2.5) (all from Sigma) lasted 30 minutes and after a washing step in
water, samples were counterstained for 5 minutes with Nuclear Fast Red solution (Sigma) and
then washed in water. The procedure was completed by fast rehydration through the alcoholic

ladder as already indicated. Slides were then observed microscopically (Axiovert 200M Zeiss).

Differentiation Assays: Ex Vivo Osteogenic Differentiation
After 5-7 days the AD-MSC and BM-MSC were 80-85% confluent, cells were washed with 1X
PBS w/o Ca** and Mg?* (Biochrom), the cells were detached using trypsin/EDTA (EuroClone)

for less than 5 minutes at 37°C. DMEM High Glucose (Gibco) with 10% heat inactivated FBS
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(Gibco), 1% penicillin/streptomycin (Carlo Erba) was used to stop the trypsin reaction. The cells
were centrifuged at 1400 rpm, for 5 minutes at RT. For the osteogenic differentiation
experiments, the cells were re-suspended in MM and were plated at a seeding density of 1x10*
cells/em? in 6-well multiwell plate (Costar® Corning) for von Kossa staining and one of the wells
was used for RNA extraction. All culture plates were incubated at 37°C with 5% CO; in a
humidified incubator. When the cells reached 85-90% confluence (=4 days), osteogenic
differentiation was induced by using Osteogenic induction Medium (OM) consisting of MM
supplemented with osteogenic factors, namely; 10 mM B-Glycerophosphate, 0,1 mM ascorbic
acid-2-phosphate, 10 nM Dexamethasone (all from Sigma) and on the 7" day of induction 100
ng/ml recombinant human BMP-2 (Peprotech) was added to the osteogenic differentiation media
(v/v) or 8% PLP. On the 14™ day of induction, phosphate and carbonate anions were detected by
von Kossa staining and observed microscopically (Axiovert 200M Zeiss).

After 2 weeks of osteogenic induction the cultures were stained with von Kossa in order to
visualize phosphate and carbonate anions [210, 211]. The induced monolayers were washed in
1X PBS w/o Ca?* and Mg*" (Biochrom) at RT for 5 minutes and fixed in ice-cold methanol
(100% v/v) (Sigma) for 4 minutes. The cells were rinsed twice in distilled water and incubated
with 0,8 um filtered 1% silver nitrate (Sigma) for 30 minutes under an ultraviolet lamp [212].
Stained samples were washed twice in distilled water and visualized by 10X magnification using
an inverted microscope (Axiovert 200M Zeiss). The area of dark positive von Kossa staining was

calculated as a percentage of the total area using Image J software (http://rsb.info.nih.gov/ij/).

Quantitative Real-Time PCR Analysis of Osteogenic Biomarker Expression
Quantitative real-time PCR was performed using the Applied Biosystems StepOne™ Real-Time

PCR System and the Fast SYBR® Green Master Mix reagent
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http://tools.invitrogen.com/content/sfs/manuals/cms_046776.pdf. Total reaction volume of 10 pL
containing 10-100 ng of cDNA, Fast SYBR Green Master Mix (Applied Biosystems), and 300
nM of reverse and forward primers was used. The genes assessed were: Collagen type | alpha |
chain gene (COL1Al), collagen type I alpha Il chain gene (COL1A2), decorin (DCN), runt
related transcription factor 2 (Runx2), osteocalcin (OCN) and osteopontin (SPP1). The
quantification of gene expression for each target gene and reference gene was performed in

separate tubes. Forward and reverse primers were designed using http://test.idtdna.com/site

website, and to be specific for mRNA rather than genomic DNA, it was ensured that they
spanned an intron sequence, thus avoiding the possibility of confusion from primer amplification
of spliced mRNA. Expression of the target gene was normalized to that of the endogenous
reference B-actin gene. Conditions for amplification were 95°C for 20 seconds followed by 40
cycles of 95°C for 3 seconds, and 60°C for 30 seconds and 1 cycle of 95°C for 15 seconds, 60°C
for 1 minute and 95°C for 15 seconds. The 24" (cycle threshold) method was used to calculate

relative expression levels of the target genes defined by the primers summarized in Table 3.

Statistical Analyses
Data has been expressed as mean (x standard deviation). A two-tailed P value of < 0,05 from
Student’s t-test was considered statistically significant by Excel 2010 software (Microsoft, Inc.,

Redmond, Washington).
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RESULTS
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Packaging Cell Line FLYRD-18 Express PEDF Transcript After Transduction

Retroviral particles from transiently transfected 293T cells were used to infect the osteosarcoma
stable producer cell line FLYRD-18 pseudotyped for RD114. Transduced FLYRD-18 cells were
defined as FLYRD-18+PEDF and FLYRD-18+GFP, respectively. Infected cells when visualized
under a fluorescence microscope revealed their GFP positivity. FACS analyses confirmed that
more than 98% of total cell population was positive for GFP (Figure 4). To evaluate endogenous
MRNA expression of PEDF in infected FLYRD-18 cells, PEDF mRNA levels were analyzed by
PCR. PEDF mRNA was detected in FLYRD-18+PEDF transduced cells only, while no PEDF
MRNA was seen in FLYRD-18+GFP infected cells (Figure 5). Target gene expression was

normalized to human f-actin.

AD-MSC and BM-MSC can be Genetically Modified by Retroviral Vector Expressing
PEDF

Conditioned medium containing retrovirus from stably transduced FLYRD-18 expressing-PEDF
cells and/or FLYRD-18 expressing-GFP (control) was collected and used to transduce both
human AD-MSC and BM-MSC. Both MSC types were successfully transduced by retroviral
vector encoding for full-length human PEDF (MIGR1-PEDF-GFP) and with control vector
(MIGR1-GFP). Successfully transduced AD-MSC were defined as AD-MSC+PEDF and AD-
MSC+GFP (as control), respectively. By fluorescence microscopy, infected AD-MSC
demonstrated a strong GFP signal as confirmed after FACS analyses: in both cases > 98% GFP
positivity was obtained (Figure 6a). Similarly, BM-MSC were also efficiently transduced and
were named as BM-MSC+PEDF and BM-MSC+GFP (as control). FACS studies revealed that

transduced BM-MSC were > 92% GFP positive (Figure 6D).
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Transduced MSC Express Significant Levels of PEDF Transcript Without Morphological
Changes

To quantify the endogenous expression of PEDF mRNA in MSC, we examined PEDF mRNA
levels in both non-transduced and transduced AD-MSC and BM-MSC by a semi-quantitative
real-time PCR. PEDF mRNA levels were 70-fold higher in AD-MSC infected with PEDF when
compared to AD-MSC+GFP as positive control (*p = 4,6x10°®; Figure 7a) whereas PEDF mRNA
levels were 140-fold higher in BM-MSC+PEDF when compared to BM-MSC+GFP serving as
positive control (*p = 3,9x107; Figure 7b). In both studies, target gene expression was
normalized to human B-actin. After transduction, we then wanted to check whether PEDF
expression was altering basic MSC features. By microscopy we observed that both non-
transduced and transduced AD-MSC and BM-MSC demonstrated typical spindle-shaped
morphology. This indicated that, despite the infection with a retroviral vectors encoding target
(PEDF) or control (GFP) genes, the AD-MSC and BM-MSC are still able to maintain their basic
morphological phenotype (Figure 8a and 8b). These data suggest that both AD-MSC and BM-

MSC infected cells are permissive for mRNA transcript production.

Transduced MSC Secrete High Levels of PEDF Protein

As described earlier, PEDF is a secreted protein. Thus, it is necessary to quantify the amount of
PEDF protein that is released by the gene-modified cells into culture media. To do this,
conditioned media was collected from AD-MSC+GFP and AD-MSC+PEDF at several time
points. It was revealed that PEDF protein was stably secreted into culture media. PEDF protein
levels were under the detection limit in AD-MSC+GFP cells. On the other hand, there was a
gradual increase in PEDF protein production noted from 24 hours (89,4 ng/mL) up to 72 hours

(338,2 ng/mL) in AD-MSC+PEDF cells. Correspondingly, conditioned media was also collected
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from BM-MSC+GFP and BM-MSC+PEDF and a progressive PEDF protein production from 24
hours (101,6 ng/mL) until 72 hours (370 ng/mL) in BM-MSC+PEDF cells was noted. PEDF
protein was under detection limit in BM-MSC+GFP cells. This confirmed that adipose and bone
marrow PEDF infected cells stably produced high levels of PEDF protein when compared to GFP

infected cells (control) respectively.

MSC Isolated from Adipose Tissue and Bone Marrow Exhibit an Expected
Immunophenotype After Gene Modification

In the attempt to assess whether in vitro expansion could modify main biological features of AD-
MSC and BM-MSC that were transduced with retroviral vectors encoding PEDF and/or GFP, we
analyzed cells for known surface antigens [15] together with a larger panel of monoclonal
antibodies. As shown in Fig. 9a-b, the cells had an overlapping antigenic profile for wild-type
and gene-modified AD and BM-MSC. Both cell groups were positive for the main mesenchymal
markers such as CD90, CD105, CD73, CD140b and lacked expression of hematopoietic antigens
including CD45, CD34, CD31 and CD14. The values obtained for AD-MSC wild-type and gene-
modified were statistically significant (*p < 4x102 **p < 1,1x10%) while for BM-MSC wild-type
and gene-modified were not. As reported by Delorme et al. CD146 could be considered as a
marker for BM-MSC [59] our wild-type and gene-modified BM-MSC showed high expression of
CD146. However, in literature no information is available about AD-MSC expressing CD146, we
observed very low levels of CD146 in wild-type and gene-modified AD-MSC. Both AD-MSC
and BM-MSC groups were negative for MHC class | antigens. As there are no specific markers
available for identifying MSC, these characteristics satisfy minimal requirements for designating
the cells used in this study as MSC as previously defined. In the present study the cells used were

without any further purification.
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PEDF Expression can Alter the Ki-67 Levels in MSC

The Ki-67 antigen (pKi-67) is a nuclear protein essential for cell cycle progression and is
identified in all phases of the cell cycle except the GO-phase [213]. This nuclear protein is used
diagnostically as a proliferation marker in different cancers [214]. Thus, to examine the
proliferative capacity of our gene-modified AD-MSC and BM-MSC we analyzed the expression
levels of Ki-67 using a semi-quantitative real-time PCR. AD-MSC infected with PEDF was 0,12-
fold higher as compared to AD-MSC infected with GFP serving as positive control (Figure 10a),
although the obtained value was not statistically significant. In addition, BM-MSC+PEDF
transduced cells was 1,3-fold lower as analyzed against BM-MSC+GFP cells serving as positive
control (Figure 10b) the value obtained was statistically significant (*p = 7,7x107). In both

studies, target gene expression was normalized to human B-actin.

Differentiation Potential of Wild-Type and Gene-Modified AD-MSC to Adipogenic Lineage
Having defined AD-MSC phenotype, we then sought to assess human AD-MSC adipogenic
differentiation potential. Wild-type and gene-modified AD-MSC were incubated with specific
culture media to induce adipogenic differentiation in comparison with uninduced controls. After
10 days of adipogenic induction both wild-type and gene-modified AD-MSC were able to
differentiate towards adipogenic lineage. We were able to observe round lipid droplets inside the
cells and Oil red O staining further confirmed the adipose commitment (Figure 11). As expected

no staining is observed in undifferentiated cells.
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Differentiation Potential of Wild-Type and Gene-Modified AD-MSC to Chondrogenic
Lineage

In addition, we also studied human AD-MSC chondrogenic differentiation potential. Wild-type
and gene-modified AD-MSC were incubated with specific culture media to induce chondrogenic
differentiation in comparison with uninduced controls. After 21 days of chondrogenic induction,
pellets of both wild-type and gene-modified AD-MSC were inserted into paraffin blocks.
Following this step, thin paraffin sections were made so as to prepare slides for histological
staining. Alcian blue staining highlighted the sulphated proteoglycans typical of the cartilaginous
matrix while Fast Red staining revealed the nuclei of resident chondrocytes derived from wild-
type and gene-modified AD-MSC (Figure 12). As expected no staining is observed in

undifferentiated cells.

Differentiation Potential of Wild-Type and Gene-Modified MSC to Osteogenic Lineage

Lastly, wild-type and gene-modified AD-MSC and BM-MSC when cultured in vitro under
osteogenic conditions were also able to differentiate towards osteogenic lineage. Von Kossa
staining points out the presence of mineralized nodular structures in all considered cell types after
osteogenic differentiation in AD-MSC (Figure 13a) and BM-MSC (Figure 13b). As expected no
staining is observed in undifferentiated cells in both cases studied. Using the Image J software we
were able to quantify the signal obtained after von Kossa staining. We observed a gradual
increase in positively stained areas in all of the induced samples when compared to control/non-
induced samples. AD-MSC infected with PEDF that were induced to differentiate under
controlled conditions into the osteogenic lineage demonstrated 10-fold increase when compared
to AD-MSC non-transduced cells and a 5-fold increase when compared to AD-MSC transduced

with GFP (Figure 14a). Furthermore, using the same conditions as used for AD-MSC osteogenic
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differentiation it is demonstrated that even BM-MSC transduced with PEDF showed a 6-fold
increase when compared to BM-MSC non-transduced cells and a 4-fold increase when compared
to BM-MSC transduced with GFP (Figure 14b). The values obtained were statistically significant
for AD-MSC group (*p < 2x10™ **p < 1,7x10° ***p < 1x10™°) as well as for BM-MSC group
(*p < 2,7x10°® **p < 3,4x10®) respectively. Thus, this data indicates that the above mentioned

cell manipulations do not affect the main AD-MSC and BM-MSC features.

Gene Modification Induces the Expression of Osteogenic Genes

A semi-quantitative real-time PCR was performed for several early and late osteogenic genes,
namely, COL1A1, COL1A2, Decorin, Runx2, Osteocalcin and Osteopontin. These studies
confirmed a remarkable upregulation of COL1A2, Decorin, Runx2 and Osteopontin genes
implied in osteogenic lineage for all the differentiated cell types seen in AD-MSC (Figure 15a).
The values obtained were statistically significant (*p < 1x10% **p < 5,1x10™* ***p < 3x10?). We
can confirm that osteogenesis had occurred as the levels of Runx2 were upregulated, though
further studies are warranted. Correspondingly, real-time PCR studies conducted in BM-MSC
suggest a hike in the expression levels for Decorin and Osteocalcin for all the differentiated cell
types shown in BM-MSC (Figure 15b) but were not statistically significant. Values obtained for
BM-MSC was statistically significant between BM-MSC empty induced and BM-MSC+PEDF
induced for Osteopontin gene only (*p = 2x10). In both studies, target gene expression was
normalized to human B-actin. Thus, the above findings support the notion that gene modification
does not have an impact on the main AD-MSC and/or BM-MSC differentiation pathways.
Collectively all these data indicate that the above mentioned cell manipulations do not affect the

main MSC features.
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Gene therapy is a promising novel therapeutic strategy for treatment of several heritable and
nonheritable human diseases, including infections, degenerative disorders and cancer [215, 216].
MSC possess several unique properties making them ideally suited for cellular therapies/
regenerative medicine and as vehicles for gene and drug delivery. These include: (1) relative ease
of isolation; (2) the ability to differentiate into a wide variety of functional cell types of
mesenchymal origin; (3) extensively expandable in culture before loss of differentiation potential,
(4) hypoimmunogenic, they can induce immunosuppression upon transplantation; (5) they have
pronounced anti-inflammatory properties; (6) following systemic administration they can home
to damaged tissues, tumors, and metastasis [217]; (7) they are robust cells that can resist hypoxic
stress and radiation therapy; (8) they can be readily genetically engineered ex vivo; (9) a cell-
based therapy invoking reciprocal cellular interactions can respond more dynamically to tumor
progression; and (10) in addition to influencing tumor cells, MSC may more broadly influence
the tumor microenvironment helping to restore more normal vasculature and tissue homeostasis

following tumor regression.

MSC can be readily transduced by the major clinically prevalent viral vector systems including
those based upon adenovirus, the murine retroviruses, lentiviruses and adeno-associated viruses
(AAV) [217]. With the help of these viral vector systems MSC can efficiently express a wide
range of cytoplasmic, membrane-bound and secreted protein products. MSC can also be
manipulated using physical (e.g., electroporation) and/or chemical agents (e.g., calcium
phosphate or polycations) to enable gene transfer albeit with poorer efficiency than viral vectors
[218, 219]. General ease of transduction coupled with the subsequent ability to select and expand
ex vivo only the gene-modified cells to generate adequate numbers for clinical application make

MSC one of the most promising stem cell populations for use in gene therapy studies and trials.
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Genetically engineered MSC have been used for the improvement of neural injury,
cardiovascular events, bone and cartilage regeneration as well as counteracting liver, pancreas,
lung and kidney disorders (D’souza et al. submitted March 2015). Use of MSC for therapeutic-
gene delivery was originally proposed by Matthews and Keating [220, 221]. Initial experiments
on virus-mediated transgene expression in MSC showed efficient cell transduction with retroviral
vectors expressing LacZ or IL-3 genes, and no changes in differentiation potential of MSC after
gene transfer was seen. Thereafter, different groups were able to detect systemic levels of human
growth hormone or IL-3, produced by either canine- or murine-transduced MSC, up to several

months after infusion [222].

MSC transduced with BMP-2 and BMP-4 have shown to successfully repair a variety of
musculoskeletal defects in animal models as BMPs are potent inducers of osteogenic
differentiation [223-225]. These cells not only themselves underwent differentiation but also
stimulated the neighboring cells to participate in the repair process. MSC transduced to
overproduce IL-10, suppressed collagen-induced arthritis in a mouse model [226]. In an
osteopenia mouse model, mice receiving transduced MSC that had stable expression of BMP had
increased bone density [227]. In a rat model for spinal cord injury, rats treated with MSC stably
overexpressing brain-derived neurotrophic factor (BDNF) had a better overall outcome than rats

administered with MSC alone [228].

Similarly, the only cure for type 1 diabetic patients is pancreatic transplantation. However,
shortage of pancreas donors calls for the development of alternative cell-replacement therapy.
Transdifferentiation of human BM-MSC into insulin producing cells by overexpression of

pancreatic duodenal factor 1 (PDX1) has been achieved in vitro [229, 230]. Only 50% of the cells
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expressed insulin and secreted it in response to glucose in culture, whereas other islet hormones
were expressed by all cells. Because these cells did not differentiate completely in vitro, as
determined by microarray, transplantation under the renal capsule in streptozotocin-diabetic
immunodeficient mice induced further differentiation and resulted in the reduction of
hyperglycemia and stabilization of blood glucose levels during the 5-week follow-up [229]. None
of the transplanted cells were observed to migrate to the pancreas, signifying the advantage of
site-specific transplantation and avoidance of unwanted effects due to homing to undamaged

organs following systemic infusion.

Stem cell therapy, especially using MSC, has been also considered as a promising method for
treating myocardial infarction (MI) [231]. Enhanced expression (100-fold) of secreted frizzled-
related protein 2 (SFRP2) by Akt-overexpressing MSC determined a pro-survival effect on
myocardium by increasing nuclear -catenin, which activated anti-apoptotic gene transcription in
ischemic cardiomyocytes [232]. Genetic modification of MSC with hypoxia-regulated heme
oxygenase- 1 [233], Bcl-2 [234] and Aktl [235] resulted in enhanced cell survival upon
transplantation into animal models by inhibiting apoptosis thus representing a potential

opportunity.

In addition, MSC expressing glucagon-like peptide-1 transplanted into an Alzheimer’s disease
mouse model led to a decrease in A-beta deposition in the brain [236]. Lastly, in a rat model for
bladder outlet obstruction, rats receiving transduced MSC with stable overexpression of
hepatocyte growth factor (HGF) had decreased collagen accumulation in the bladder [237]. These
studies indicate that modified MSC are a useful and feasible vehicle for protein

expression/delivery to target various diseases and tissues. MSC have also been used for tumor
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delivery of immunostimulatory cytokines and chemokines such as IL-2 [238, 239], IFN-B [46,
47, 240], INF-a [241], CX3CL1 [242], and tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) [243-247], suicide genes including thymidine kinase [248], cytosine deaminase
[44], and carboxyesterase [249], growth factor antagonists (NK4) [250], and oncolytic viruses
[251, 252], taking advantage of their tumor-homing capacities after systemic administration, or
administered by intra-tumoral inoculation. The independent utility of many of these agents for
cancer therapy was often limited by both their short half-life in vivo and their pronounced toxicity
on normal non-malignant cells within the body. Using MSC to deliver these therapeutics may
help minimize such problems, since MSC can selectively migrate to the tumor site and release
their therapeutic effects locally, thus greatly increasing the agent’s concentration within the tumor
and significantly lowering its systemic toxicity. Suitable modification of MSC with tailored viral
vectors can cause engrafted MSC to release the therapeutic agent steadily, allowing a single

administration to result in long-lasting effects.

There have been several approaches based on the modification of progenitor cells, MSC included,
by PEDF to combine the multiple potentials of this “Swiss-knife” protein with the advantages of
the uses of MSC (Table 4). It is known that PEDF has a short half-life thereby restricting its
application in clinic [170]. Based on these evidences, efforts have been made to develop effective
and wide-applied PEDF delivery strategies by means of gene therapy. Gene therapy—mediated
expression is a practical and potentially cost-effective method for chronic delivery of anti-
angiogenic agents. Viral-mediated gene transfer of PEDF prevented retinal neovascularization in
a wide range of experimental animal models [200]. Additionally, the therapeutic potential of
PEDF using PEDF-expressing vectors against a number of tumor models, both in vitro and in

vivo have demonstrated inhibition of growth and the suppression of metastasis in cancers, such as
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pancreatic carcinoma, prostate, lung, breast, melanoma, neuroblastoma and ovarian cancer [253]
(Table 5). These studies indicate that there are at least three ways of increasing the availability of
PEDF: increasing its endogenous synthesis, supplying PEDF by gene transfer, and supplying
PEDF protein or small peptides derived from it. However, the use of viral vectors includes high
level of gene shuttling ability, but suffers from the risk of de novo cancer initiation via
recombination within the patient cell genome. Plasmid vectors are safer to use but need to be
improved upon to increase transfection efficiency. DNA-mediated PEDF gene transfer
experiments showed short-term attenuation of blood vessel growth of up to 50%, but problems
and patient risks are often encountered using current DNA-mediated gene-transfer strategies.
These include (1) obtaining clinically effective viral titers, (2) toxicity and immunogenicity as a
result of the expression of viral genes, (3) stable transgene expression in individuals requiring
long-term treatment, and (4) insertional mutagenesis by random viral integration into the host
genome. Nonetheless, clinical phase I/l studies has been conducted by GenVec in patients
suffering from wet age-related macular degeneration (AMD) using adenoviral vector armed with
PEDF. Various concentrations right up to 10> pu have been tested and no toxicities have been

reported. However, this drug is not yet FDA approved [254].

Studies conducted in animal models for eye disorders showed that injecting MSC transduced
with adenoviral vectors expressing PEDF displayed a therapeutic effect [255, 256]. In the study
conducted by Arnold and colleagues they used rat BM-MSC and human BM-MSC that were
transduced with adenoviral vector carrying the sequences for GFP and human PEDF. Gene-
modified BM-MSC were injected into the subretinal space of Wistar rats and Dystrophic RCS
rats. In their experiments, the GFP reporter was stable for a period of 2 months without any

adverse effects such as tumor formation. Furthermore, gene-modified MSC coding for PEDF had
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a more pronounced rescue effect compared to non-transduced cells. However, their experiments
revealed that non-transduced MSC already had the potential to rescue photoreceptor cells without
gene modification. This could be attributed to the endogenous production of PEDF by non-
transduced BM-MSC which was 78,2 pg/mL, though this was 1000-fold lower compared to RPE
cells which produced 100 ng/mL of PEDF protein. Nonetheless, their findings raise the
possibility that MSC have the potential to replace diseased retinal pigment epithelial (RPE) cells
and delivery of therapeutic genes such as PEDF may serve to protect photoreceptor cells from
degeneration [255]. On the other hand, Hou and group demonstrated that mouse BM-MSC could
be transduced with an adenoviral vector coding for human PEDF. Reporter GFP expression in
MSC was detected within 24 hours and was found to be 73% as determined by flow cytometer. In
vitro studies showed that adenoviral PEDF (AdPEDF) persisted in BM-MSC for at least 8 days
with a maximum production of 90 ng/100uL detected within 24 hours. GFP labeled BM-MSC
were intravenously injected into laser-induced choroidal neovascularization (CNV) mouse model
and were found to migrate to the site of CNV lesions and appeared to participate in vascular
structure formation. Based on these findings they utilized AdPEDF-transduced BM-MSC to
inhibit CNV growth and they noticed a significant reduction in CNV thickness and diameter In
vivo AJPEDF production was constant throughout the experimental period and was more than 4-
fold higher (27 ng/eye) than the quantity required to elicit anti-angiogenic effects and CNV
inhibition (6 ng/eye) [257]. Moreover, co-culture of RPE cells with AAPEDF-transduced BM-
MSC increased the proliferation and migration rate of RPE cells in vitro thus suggesting that
AdPEDF-transduced BM-MSC were chemotactic for RPE cells. Their findings confirm that MSC
play a role in CNV and serve as a powerful delivery system for anti-angiogenic therapeutic

agents in CNV [256].
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In a study where MI was induced in C57BL/6 mice, it had been observed that MSC could
ameliorate MI injury, but that MSC derived from older donors had reduced efficacy. Very
relevant for our study, wild-type old MSC secreted higher levels of PEDF than younger ones.
Furthermore, infarcts treated with transduced MSC that overexpressed PEDF contained fewer
endothelial cells, vascular smooth muscle cells and macrophages but had increased number of
fibroblasts [258]. These authors used mouse BM-MSC that were transduced with adenoviral
vector coding for human PEDF (AdPEDF) and short hairpin RNA (shRNA) targeting mouse
PEDF to respectively overexpress PEDF in young BM-MSC and knockdown PEDF expression in
older BM-MSC. Flow cytometer demonstrated that 75% of total cell population was GFP
positive. ADPEDF-transduced young BM-MSC lingered for 8 days in vitro whereas old BM-
MSC that were subjected to PEDF knock-down, PEDF expression was significantly blocked and
this continued for at least 8 days in vitro. ELISA studies showed that wild-type old BM-MSC
under normoxia and hypoxia conditions produced higher PEDF protein levels compared to wild-
type young BM-MSC. Using a MI mouse model, wild-type BM-MSC (old and young),
transduced young BM-MSC (AdNull and AdPEDF) and transduced old BM-MSC (Adshcontrol
and AdshPEDF) were intravenously injected. The PEDF levels were significantly greater in older
BM-MSC groups, moreover in transduced old BM-MSC (AdshPEDF) the levels of PEDF were
decreased when compared to old BM-MSC (Adshcontrol) reflecting the inhibitory effect of
shRNA targeting PEDF in vivo. They concluded that it was the increased expression of PEDF in
aged MSC that impaired their therapeutic efficacy. Collectively, these data indicate the need of a

far better characterization of MSC producing PEDF for precise therapeutic applications.

MSC are multipotent elements having high ex vivo expansion and retain the ability to self-renew.

While MSC can be isolated from different tissues and are currently used for regenerative
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medicine, bone marrow and adipose tissues represent rich and more defined sources of MSC
[13]. In addition, MSC are able to differentiate into a variety of cell types hence making them an
attractive therapeutic tool for cell transplantation and tissue engineering. Most importantly, MSC
can be readily transduced by viral vector systems to efficiently express a wide range of
cytoplasmic, membrane-bound and secreted protein products. Keeping this valuable information
in mind in this study we used MSC derived from adipose tissue as well as from bone marrow to

be transduced by a retroviral vector expressing PEDF.

Considering the relevant action of gene-modified cells to deliver PEDF in the different contexts,
we began our study by creating a retroviral vector coding for the human PEDF cDNA. The final
retroviral vector was termed as MIGR1-PEDF-GFP while MIGR1-GFP served as control. Thanks
to the creation of a stable packaging cell line, namely FLYRD-18+PEDF we ensured that the
produced vector particles were able to efficiently modify two different MSC types.

AD-MSC and BM-MSC were infected to obtain AD-MSC+PEDF, AD-MSC+GFP, BM-
MSC+PEDF and BM-MSC+GFP, respectively. AD-MSC+PEDF and AD-MSC+GFP were
found to be more than 98% positive for GFP whereas our BM-MSC+PEDF and BM-MSC+GFP
were found to be more than 92% positive for GFP. Semi-quantitative real-time PCR confirmed
that AD-MSC+PEDF produced about 70-fold increase in PEDF mRNA expression when
compared to AD-MSC+GFP while BM-MSC+PEDF produced about 140-fold increase in PEDF
MRNA expression when compared to BM-MSC+GFP. In a study conducted by Gao and
colleagues they transduced human BM-MSC using lentiviral vector coding for human PEDF.
Using flow cytometer they demonstrated that 96% of total cell population were GFP positive
[259]. Two other studies in which mouse BM-MSC were transduced using an adenoviral vector

coding for human PEDF demonstrated that 73-75% of total cell population was GFP positive as
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determined by flow cytometer [256, 258]. Lastly, Zolochevska and group showed that human
AD-MSC were transduced with a lentiviral vector coding for human PEDF. By means of semi-
quantitative real-time PCR they showed that AD-MSC+PEDF produced about 50-fold increase in
PEDF mRNA expression when compared to AD-MSC+GFP [260]. Taking these findings into
account we see that, despite using a retroviral vector our transduction percentages obtained using
BM-MSC is in line with the studies conducted by Gao and colleagues but was much higher when
compared to the result obtained by Hou and group and Liang et al. Moreover, the fold increase
seen in PEDF mRNA expression from our transduced AD-MSC was higher compared to

Zolochevska et al. reported data.

PEDF is a secreted protein for this reason, to have an efficient action, gene-modified MSC should
be able to release PEDF. After 48 hours of incubation with conditioned media, our wild-type
BM-MSC were able to release 0,3 ng/mL (300 pg/mL) and AD-MSC were able to release 3
ng/mL of PEDF protein respectively (data not shown). This is in line with what was observed by
the studies conducted by Chen et al. for BM-MSC [261]. However, our wild-type AD-MSC
produced higher amounts of PEDF compared to studies conducted by Zolochevska and group
[260]. In these reported studies, the exact amount of PEDF protein secreted into the conditioned
media from wild-type BM-MSC and AD-MSC is not mentioned but it seems that PEDF secreted
from wild-type BM-MSC was less than 10 ng/mL [261] while it was less than 0,01 ng/mL (10
pg/mL) for wild-type AD-MSC [260]. This indicates that wild-type BM-MSC and AD-MSC do
indeed secrete very low levels of PEDF protein. In fact, a study conducted by Chiellini and group
identified a number of proteins in the secretome of human AD-MSC and by means of a tandem
mass spectrometry they found that PEDF is among one of the several proteins that are secreted

during adipogenic and osteogenic differentiation [262]. Whether PEDF plays a direct role in the
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commitment and differentiation of MSC into adipocytes or osteoblasts has not yet been
investigated. Furthermore, Famulla and colleagues confirmed that PEDF is one of the most
abundant proteins secreted by human adipocytes (130 ng/mL). PEDF protein expression
significantly increased during adipogenesis which was paralleled by PEDF secretion [136]. On
the contrary, it has been also reported that in adipose tissue PEDF levels are down-regulated
during differentiation process to mature adipocytes [141]. However, a recent study demonstrates
that the liver and not adipose tissue is the main source of circulating PEDF levels in humans
[137]. These discoveries indicate that although PEDF is produced in high amounts by adipocytes
future studies are necessary to investigate the production and regulation of circulating PEDF

levels by other tissues.

After gene modification, we were able to dramatically increase PEDF levels in both MSC types.
Gene-modified AD-MSC+PEDF were able to stably secrete PEDF protein with levels that
gradually increased from 24 hours (89,4 ng/mL) up to 72 hours (338,2 ng/mL). Similarly, our
gene-modified BM-MSC+PEDF also secreted PEDF protein and the levels progressively
increased from 24 hours (101,6 ng/mL) until 72 hours (370 ng/mL). Chen et al. demonstrated that
mouse BM-MSC transduced with an adenoviral vector coding for human PEDF were able to
secrete 78 ng/mL of PEDF protein into the conditioned media collected after 48 hours of
incubation [261]. While Zolochevska and group showed that human AD-MSC transduced with a
lentiviral vector coding for human PEDF were able to secrete 82 pg/mL of PEDF protein into the
conditioned media collected after 24 hours of incubation [260]. These studies clearly demonstrate
that our retroviral system is able to produce far higher amounts of PEDF protein from our gene-
modified AD-MSC+PEDF and BM-MSC+PEDF cells. Also, our retroviral system produces high

amounts of PEDF protein which can be detected up to 72 hours in comparison to the other studies
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mentioned here. Literature clearly states that PEDF protein has a very short half-life. Our data
does not indicate the stability of the protein but instead it supports the fact that PEDF protein

keeps getting accumulated which can be estimated up till 72 hours.

It has been reported that gene modification can be associated with changes in transduced cell
properties [263], for this reason basic MSC properties where considered after transduction.

Microscopical analyses showed that genetically modified AD-MSC and/or BM-MSC revealed no
drastic changes in their morphology. Similarly, cell surface antigen expression further
demonstrated that gene-modified AD-MSC and/or BM-MSC were positive for typical
mesenchymal markers and were negative for hematopoietic markers. The antigen expression
obtained was statistically significant for AD-MSC but not for BM-MSC. These findings
collectively indicate that PEDF transduction was associated with the accordance of the minimal

criteria as suggested [15].

Proliferation is a pivotal property in cells to be introduced within cell/gene therapy [264]. For this
reason proliferation level of gene-modified AD-MSC and BM-MSC were considered. Curiously,
the proliferation rate by Ki-67 expression of AD-MSC+PEDF was higher compared to AD-
MSC+GFP although the values were not statistically significant. On contrary, Ki-67 levels were
lower in BM-MSC+PEDF when compared to BM-MSC+GFP. In literature, studies in which
gene-modified BM-MSC and/or AD-MSC with PEDF were used (Table 4) proliferation studies
were not conducted. Since wild-type AD-MSC and AD-MSC+PEDF secrete PEDF protein it
could be possible that Ki-67 levels were higher in AD-MSC+PEDF group. But the decrease in
Ki-67 levels in BM-MSC+PEDF group is unclear thus suggesting that our findings warrant

further investigations.
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After addressing morphology, immunophenotype and proliferation, we wanted to consider the
differentiation capacities of transduced wild-type and gene-modified AD-MSC towards
adipogenic and chondrogenic lineages. We confirm that wild-type and gene-modified AD-MSC
were able to differentiate into adipocytes: we could clearly detect the presence of lipid droplets in
the cytoplasm of induced cells. We also confirm that wild-type and gene-modified AD-MSC
when maintained in chondrogenic induction media for 21 days were able to differentiate into
chondrocytes. A study conducted by Zolochevska et al. showed that wild-type and gene-modified
AD-MSC were able to differentiate towards adipogenic lineage [260] and they demonstrated the
same features of lipid droplet detection within cell cytoplasm as we observed in our study.
However, chondrogenic differentiation was not performed in their study. Thus, our study
indicates that PEDF does not affect the ability of AD-MSC to differentiate towards both

adipogenic and chondrogenic lineages.

PEDF has a relevant role in osteogenesis. PEDF is expressed by osteoblasts lining the bone
spicules in the ossification zone of metaphyseal bone, as well as by osteoblasts lining cortical
periosteum. This report suggested that PEDF may play a regulatory role in the processes of
chondrocyte and osteoblastic differentiation, endochondral ossification, and bone remodeling
during development of long bones [156]. More, Lord et al. provided further evidence of PEDF’s
role in bone using deer antler model [157]. These findings suggested roles for PEDF in cell
differentiation as well as in maintenance of high growth rates in mesenchymal stem layer. Some
recent evidence suggests that PEDF promotes the differentiation of mesenchymal stem cells to
the osteoblast lineage and regulates genes involved in osteogenesis and mineralization.
Conversely, the lack of PEDF promotes adipogenesis and decreases osteoblastogenesis [265,

266]. Our data on gene-modified AD-MSC were able to demonstrate that adipogenesis is not
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increased after PEDF transduction.

However, relevant attention has been given to the osteogenic potential. For this reason both BM-
and AD- derived MSC were challenged after PEDF transduction. Thus, wild-type and gene-
modified AD/BM-MSC were differentiated towards osteogenic lineage.

We confirm that wild-type and gene-modified AD-MSC and/or BM-MSC when maintained in
osteogenic induction media for 14 days were able to differentiate into osteocytes. We could
clearly detect the presence of mineralized deposits in the cytoplasm of induced cells. Using image
J software we quantified the percentage of positively stained areas and confirmed that there is a
gradual increase between the induced groups. The values obtained were statistically significant
for AD-MSC group as well as for BM-MSC group respectively. By means of semi-quantitative
real-time PCR we analyzed the expression of several osteogenic genes. In AD-MSC group, the
levels of COL1A2, Decorin, Runx2 and Osteopontin were upregulated and the values were
statistically significant. The upregulation of Runx2 indicates that osteogenic differentiation had
occurred. Furthermore, in BM-MSC group, the expression levels for Decorin and Osteocalcin
were increased, but were not statistically significant. Also, Osteopontin levels were dramatically
upregulated in induced wild-type BM-MSC and the value was found to be statistically
significant. However, the results obtained demand further studies.

Li and colleagues showed that adding recombinant PEDF to the osteogenic induction media, the
levels of osteogenic gene expression were regulated differently when analyzed at different time
points [266]. In their study, human BM-MSC were incubated in osteogenic differentiating media
in presence or absence of recombinant PEDF (250 ng/mL) for 3, 7, 14, 21 and 28 days. The
osteogenic genes assessed were alkaline phosphatase (ALP), runt related transcription factor 2
(Runx?2), osteopontin (OPN), osterix (OSX), osteocalcin (OCN), bone sialoprotein (BSP), bone

morphogenetic protein-2 (BMP-2) and collagen type | alpha I chain gene (COL1A1l). They
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observed that ALP gene induction began at day 3 and its levels remained high until day 28.
Runx2 levels were maximal at day 7 and then decreased with time. OSX levels were highest on
days 14 and 21 and then decreased. OPN was expressed highly at day 3 but thereafter its levels
decreased. OCN levels were highest at day 28 while BMP-2 was highest at day 7 and then its
levels declined. Thus, the authors suggest that PEDF may accomplish MSC osteoblastic
maturation by accelerating MSC differentiation through enhancing expression of genes that
participate in osteoblastic differentiation. It should be noted that Li and colleagues used
recombinant PEDF while our system involves AD-MSC and/or BM-MSC that have been

genetically modified to overexpress PEDF.

Collectively, this PhD thesis was able to show that adult mesenchymal progenitor cells, namely
MSC, can deliver PEDF thus representing a multipurpose therapeutic tool. Further studies and
models can now be implemented on this technological platform based on MSC able to secrete
relevant amounts of the protein to challenge the regenerative, anti-vascular and anti-tumoral

potential of PEDF.
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Figure 1
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Figure 1: Crystal Structure of PEDF — (A) Space-filling model of human PEDF showing the

cluster of positive charges on one face of the molecule. (B) Space-filling model of human PEDF
showing the cluster of negative charges on the opposite face of the molecule. These charged

groups are thought to interact with extracellular matrix molecules. Image is taken from [133]
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Figure 2
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Figure 2: Signaling Events of PEDF in Endothelial Cells - During neovascularization, there is
an activate interplay between PEDF and its receptors as well as between PEDF and several
transcription factors that together regulate different functions such as anti-angiogenesis,
inhibition of cell migration and induction of apoptosis in activated endothelial cells. Image is

taken from [267]
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Figure 3
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Figure 3: Creation of Retroviral Vector — Briefly, pMIGR1 and pMA-RQ+PEDF were

digested using EcoR1 restriction enzyme. Digested products were electrophoresed on to a 1%

agarose gel

and DNA bands were cut and purified. Purified pMIGR1 digest was

dephosphorylated using Shrimp Alkaline Dephosphatase enzyme. Lastly, dephosphorylated

PMIGR1 was then ligated with purified PEDF fragment to obtain pMIGR1+PEDF retroviral

vector
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Figure 4
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Figure 4: Transduction of FLYRD-18 Cells Using Retroviral Vector — FLYRD-18 cells were
infected with pMIGR1+PEDF and the resultant cells were designated as FLYRD-18+PEDF and
FLYRD-18+GFP served as control. Forty-eight hours after transduction, FLYRD-18+PEDF were
monitored under a fluorescence microscope. Transduction efficiency of FLYRD-18+PEDF was

determined using flow cytometry and was found to be > 98%
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Figure 5
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Figure 5: Presence of PEDF mRNA Transcript in FLYRD-18 Infected Cells - cDNA of
transduced and non-transduced samples were taken and a PCR using human PEDF and human f3-
actin primers was performed. Left side of 1% agarose gel, strong human PEDF band
corresponding to a length of 1257 bp was detected in FLYRD-18+PEDF lane only. No PEDF
band seen in FLYRD-18 empty or FLYRD-18+GFP cells. Right side of 1% agarose gel, strong
human (-actin band corresponding to a length of 226 bp was detected in all three cell groups
tested. Key: M9 = Marker 9, M8 = Marker 8, 1 = FLYRD-18 empty, 2 = FLYRD-18+GFP, 3 =

FLYRD-18+PEDF, 4 = Negative control
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Figure 6
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Figure 6: Transduction of MSC Using Retroviral Supernatant — (A) Human AD-MSC and
(B) human BM-MSC were infected with pMIGR1+PEDF and pMIGR1+GFP. The resultant cells
were designated as AD-MSC+GFP, AD-MSC+PEDF, BM-MSC+GFP, BM-MSC+PEDF. GFP
infected cells served as control. By means of flow cytometer transduction efficiency of AD-
MSC+GFP and AD-MSC+PEDF was found to be > 98% GFP positive, whereas for BM-

MSC+GFP and BM-MSC+PEDF it was found > 92% GFP positive
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Figure 7

(A)
100 -
*

90 -
80 -
70 -
60 -

< 50 -
40 -
30 -
20 -
10 A

0
AD MSC+GFP AD MSC+PEDF
Samples
(B)
180 -
*

160 -
140 A
120 A

o 100 -

T g0

60
40 A
20 A

BM MSC+GFP BM MSC+PEDF
Samples

Figure 7: Quantitative Real-Time PCR Expression of PEDF in Infected MSC — Using cDNA
(10-50 ng) a semi-quantitative real-time PCR was performed with PEDF specific primers in (A)
AD-MSC and (B) BM-MSC that were transduced with a retroviral vector containing a marker
gene (PMIGR1+GFP) or the same retroviral construct encoding PEDF cDNA. High levels of
PEDF expression was detected in AD-MSC+PEDF and BM-MSC+PEDF infected cells when
compared to AD-MSC+GFP and BM-MSC+GFP infected cells. The fold increase was also
statistically significant for AD-MSC (*p = 4,6x10®) as well as for BM-MSC (*p = 3,9x107)

respectively
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Figure 8
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Figure 8: Morphological Analysis of MSC After Infection Using Retroviral Vector — (A)
Human AD-MSC and (B) human BM-MSC were transduced with a retroviral vector containing a
marker gene (PMIGR1+GFP) or the same retroviral construct encoding PEDF cDNA. Forty-eight
hours after transduction, AD-MSC+GFP, AD-MSC+PEDF, BM-MSC+GFP and BM-
MSC+PEDF were monitored under a fluorescence microscope. Wild-type and gene-modified
AD-MSC as well as BM-MSC retained their spindle morphology and no drastic changes in their

morphology were noted
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Figure 9
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Figure 9: Fluorescence-Activated Cell Sorting Analysis of Wild-Type and Gene-Modified
AD-MSC and BM-MSC - Cell surface antigen expression was demonstrated in (A) AD-MSC
empty, AD-MSC+GFP and AD-MSC+PEDF and (B) BM-MSC empty, BM-MSC+GFP and BM-
MSC+PEDF by well-defined hematopoietic (CD31, CD45, CD14, CD146 and CD34) and
mesenchymal markers (CD73, CD90, CD105, CD140b) as per ISCT criteria using flow
cytometry. The percent positivity for CD73, CD105 and CD140b were statistically significant (*p

< 4x107 **p < 1,1x107%) for AD-MSC samples but not for BM-MSC samples
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Figure 10
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Figure 10: Quantitative Real-Time PCR Expression of Ki-67 in Infected MSC — Using
cDNA (10-100 ng) a semi-quantitative real-time PCR was performed with Ki-67 specific primers
in (A) AD-MSC and (B) BM-MSC infected with retroviral vectors coding for PEDF and/or GFP.
Ki-67 expression levels were higher in AD-MSC+PEDF as compared to AD-MSC+GFP though
value was not statistically significant. While in BM-MSC infected cells, Ki-67 expression levels
were higher in BM-MSC+GFP compared to BM-MSC+PEDF and the value was statistically
significant (*p = 7,7x107%)
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Figure 11
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Figure 11: Adipogenic Differentiation of Wild-Type and Gene-Modified AD-MSC -
Representative photomicrograph (10X) of stained samples has been shown in the upper and
lower panel. Upper panel represents control conditions in which cells were maintained in normal
culture media. After 10 days of induction wild-type and gene-modified AD-MSC were able to
differentiate towards adipogenic lineage. In the lower panel lipid droplets were clearly seen in the

cytoplasm of wild-type and gene-modified AD-MSC as detected by Oil Red O staining
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Figure 12
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Figure 12: Chondrogenic Differentiation of Wild-Type and Gene-Modified AD-MSC -
Representative photomicrograph (10X) of stained samples has been shown in the upper and
lower panel. Upper panel represents control conditions in which cells were maintained in normal
culture media. After 21 days of induction wild-type and gene-modified AD-MSC were able to
differentiate towards chondrogenic lineage. In the lower panel chondrogenic differentiation was

detected by Alcian Blue staining
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Figure 13
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Figure 13: Osteogenic Differentiation of Wild-Type and Gene-Modified MSC — (A) AD-
MSC and (B) BM-MSC. Representative photomicrograph (10X) of stained samples has been
shown in the upper and lower panel. Upper panel represents control conditions in which cells
were maintained in normal culture media. After 14 days of induction both AD-MSC as well as
BM-MSC wild-type and gene-modified were able to differentiate towards osteogenic lineage. As
shown in (A) and (B) the lower panel displays black particles of silver ions that were detected in

both AD-MSC and BM-MSC wild-type and gene-modified using von Kossa staining
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Figure 14
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Figure 14: Quantification of von Kossa Staining in Wild-Type and Gene-Modified MSC

After Osteogenic Differentiation — (A) AD-MSC and (B) BM-MSC. Using Image J software

the von Kossa positive areas in photographs of osteogenic and control samples obtained after 2

weeks of osteogenic induction was evaluated. As shown in both graphs there is a gradual increase

in the percentage of positively stained areas between induced empty, induced GFP and induced

PEDF groups. The values obtained were statistically significant for AD-MSC group (*p < 2x10™

**p < 1,7x10° ***p < 1x10™%) as well as for BM-MSC group (*p < 2,7x10® **p < 3,4x107?)

respectively
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Figure 15
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Figure 15: Expression of Osteogenic Genes in Wild-Type and Gene-Modified MSC After
Osteogenic Differentiation — After 2 weeks of induction, molecular characterization of wild-
type and gene-modified AD-MSC as well as for BM-MSC was conducted by means of semi-
quantitative real-time PCR. (A) AD-MSC - Levels of COL1A2, Decorin, Runx2 and Osteopontin
were upregulated and the values were statistically significant (*p < 1x102 **p < 5,1x10™ ***p <
3x10). (B) BM-MSC — Levels of Decorin, Osteocalcin and Osteopontin were upregulated but
was statistically significant between BM-MSC empty induced and BM-MSC+PEDF induced for

Osteopontin gene only (*p = 2x107%)

88



Table 1: Primer Sequences for the Retroviral Backbone Expressing PEDF

Region

Primer sequence

PEDF entire

5’- ATGCAGGCCC TGGTGCTACT-3’ (sense)
5’- TTAGGGGCCCCTGGGGTCCA-3’ (antisense)

PEDF internal

5’- CCGCTGGACTATCACCTTAA-3’ (sense)
5’- CCGGTACAGGTCATAGCCGAA-3’ (antisense)

MIGR1

5’- CCCTTGAACCTCCTCGTTCGAAC-3’ (sense)
5’- AGAAGACAGGGCCAGGTTTCC-3’ (antisense)

Table 2: Semi-Quantitative Real-Time PCR Primer Sequences for PEDF mRNA

Expression
Gene Primer sequence Amplified
length
5°56-
Probe | FAM/CCTCACGGT/ZEN/CCTCTCTTCATCCAAGT/3IABK
PEDF FQ/-3’ 148 bp
orimers 5 GATCAGCATTCTCCTTCTCGG-3’
5’ TAAAACAGCCTTAGGGTCCG-3
5°56-
B.actin Probe | £ AM/TCATCCATG/ZEN/GTGAGCTGGCGG/3IABKFQ/-3’ 110 bp
orimers 5 CCTTGCACATGCCGGAG-3’
5’- ACAGAGCCTCGCCTTTG-3’
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Table 3: Semi-Quantitative Real-Time PCR Primer Sequences

Gene Primer sequence Amplified length
5-ACCTTCTACAATGAGCTGCG-3' (sense)
B Actin ] 148 bp
5-CCTGGATAGCAACGTACATGG-3' (antisense)
5-CCCCTGGAAAGAATGGAGATG-3' (sense)
COLIALY 5 TCcCAAACCACTGAAACCTCTG-3' (antisense) 148 bp
COL1A2 5-AGGACAAGAAACACGTCTGG-3' (sense) 146 bp
5-GGTGATGTTCTGAGAGGCATAG-3' (antisense)
5-AAAATGCCCAAAACTCTTCAGG-3' (sense)
DCN ) 146 bp
5-GCCCCATTTTCAATTCCTGAG-3' (antisense)
5-TTCACCTTGACCATAACCGTC-3' (sense)
RUNX2 ) 148 bp
5-GGCGGTCAGAGAACAAACTAG-3' (antisense)
SPP1 5-CAGTGATTTGCTTTTGCCTCC-3' (sense) 149 b
5. ATTCTGCTTCTGAGATGGGTC-3' (antisense) P
OCN 5’-CAGCGAGGTAGTGAAGAGAC-3' (sense) 144b
5-TGAAAGCCGATGTGGTCAG-3' (antisense) P
Ki-67 5-GTCGTGTCTCAAGATCTAGCTTC-3' (sense) 146 b
5-GTCATCTGCGGTACTGTCTTC-3' (antisense) P

Table 4: Therapeutic Potential of Gene-Modified MSC Transduced by Viral Vectors
Expressing PEDF

MSC source Viral Tumors tested Effect seen Reference
vector
BM (rat and Adenoviral None Rescued photoreceptor cells [255]
human)
BM (mouse) | Adenoviral None Inhibits neovascularization [256]
. Ameliorated myocardial
BM (mouse) | Adenoviral None infarction injury [258]
BM Lentiviral Hepat(_)cellular Suppressed tumor growth [259]
(human) carcinoma and pulmonary metastases
AD (mouse Lentiviral Pro_state Tumor growth |nh|b_|ted and [260]
and human) carcinoma prolonged survival
BM Ade_no- Glioma Decreased angiogenesis and [268]
(human) associated prolonged survival
Lung Decreased tumor growth and
BM (mouse) | Adenoviral carcinoma angiogenesis, prolonged [261]
survival
Placenta Decreased tumor growth and
(human) Adenoviral Melanoma microvessel density, [269]
increased tumor apoptosis
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Table 5: Therapeutic Potential of PEDF Against Several Cancers

Tumor tested Effect seen Reference
Lung cancer Anti-angiogenic [174, 270-275]
Bladder cancer Anti-angiogenic [276]
Breast cancer Anti-angiogenic [277-279]
Cervical cancer Anti-angiogenic [280, 281]
. Direct tumor suppression, anti-
Colon adenocarcinoma angiogenic [282, 283]
Colorectal Anti-angiogenic [283, 284]
Glioma Anti-angiogenic [285-287]
Hepatoblastoma Anti-angiogenic [288]
Hepatocellular carcinoma A :
(HCC) Anti-angiogenic [140, 174]
Mesothelioma Anti-angiogenic [289]
Melanoma Anti-angiogenic [190, 290-292]
Anti-angiogenic, neuronal cell
Neuroblastoma differentiation [158, 293]
Ovarian Anti-angiogenic [294]
. Direct tumor suppression, anti-
Pancreatic angiogenic [184, 295]
Direct tumor suppression, anti-
Prostate angiogenic, decreased cell [164, 184, 296-299]

viability, induced neuronal
differentiation

Wilm’s tumor

Anti-angiogenic

[183, 300]

Osteosarcoma

Direct tumor suppression, anti-
angiogenic

[191-193, 301-306]
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