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ABSTRACT

Mesenchymal stem cells (MSCs) are pluripotent cells that reside primarily in the
mammalian bone marrow. They possess self-renewal capacity and the ability to
differentiate in vivo and in vitro into a number of mesodermal derivatives, including fat,
bone and cartilage. These features along with their vast proliferative potential make
MSCs an excellent tool for cell-based gene therapy strategies. Development of methods
for improved gene delivery in MSCs and appropriate large animal models for testing
various therapeutic protocols are needed. Therefore, we have designed experiments to: a)
isolate pig MSCs (pMSCs) from bone marrow and identify appropriate in vitro culture
conditions for these cells; b) investigate non-viral and viral approaches for transient and
stable gene delivery into pMSCs; c¢) develop methods for optimal gene delivery in
pPMSCs using adenoviral vectors complexed with GeneJammer, a commercial polyamine-
based transfection reagent; and d) study the effect of GeneJammer on adenoviral
transduction of human cell lines. The results demonstrate that MSCs can be readily
obtained from the bone marrow of pigs. Porcine MSCs grew well in a basic media and

their proliferation was enhanced when cultured in low oxygen atmosphere. Transient and



stable genetic modification of pMSCs was obtained by non-viral and viral vectors.
Presence of GeneJammer during adenoviral vector transduction enhanced vector-encoded
transgene expression in pMSCs. Interestingly, GeneJammer transduced cells retained
multipotential differentiation capability in vitro. Similarly, GeneJammer improved
adenoviral gene delivery efficiency in human MSCs, human mononuclear peripheral
blood cells, and rodent cells lines. Human and murine cell lines infected with
adenovectors carrying the gene for bone morphogenetic protein 2 (BMP2) in presence of
GeneJammer achieved higher levels of BMP2 expression in vitro and in vivo. In
conclusion, we have been able to established adult pMSC lines from live animals using a
minimally invasive BM aspiration technique. These adult stem cells can undergo
transient and stable genetic modification with non-viral and viral vectors. The use of
GeneJammer as described in these studies leads to high transgene expression levels in
porcine and human MSCs and rodent cells lines. These results will facilitate future use of

adenoviral vectors in MSC-mediated gene therapy models and therapies.

INDEX WORDS: Mesenchymal stem cells, differentiation, nuclear transfer,
transgenic, livestock, adenovirus vectors, transduction, gene
delivery, cell-based therapy, animal models
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CHAPTER 1

INTRODUCTION

It has been long recognized the existence of stem cells in several adult tissues
where these precursor cells can replenish differentiated cells lost during physiologic
turnover or tissue damage [1-5]. Classic examples of organs with ability to regenerate
from tissue specific stem cells are the skin, liver, intestine and bone marrow. However,
more recently cells with properties of stem cells have been identified in the adult nervous
system [6] and heart [7] suggesting that even these postmitotic tissues retain at least some
regenerative potential. Hallmark features shared by adult and embryonic stem cells are
extensive self-renewal and the ability to differentiate to cells with distinct phenotype
from that of the precursor. Although it was originally thought that the fate of adult stem
cells is restricted to originate cell phenotypes of the source tissue, mounting experimental
evidence suggests larger plasticity, i.e. they can differentiate to phenotypes beyond their
tissue of origin [8]. Self-renewal, plasticity, broad distribution and the possibility to be
harvested from patients make adult stem cells a natural candidate for many therapeutic

applications in tissue repair and regenerative medicine.

Mesenchymal stem cells (MSCs) are one of the most extensively studied adult
stem cells. These cells are believed to reside in tissues of mesenchymal origin particularly

in the bone marrow [9-11]. Both in vivo and in vitro, these cells can differentiate down



the adipogenic, chondrogenic, osteogenic [9, 12-14]. MSCs cells also play an important
role in hematopoiesis since they form part of the bone marrow microenvironment that
promote hematopoietic stem cell proliferation and differentiation [15-18]. In addition to
the accepted orthodox plasticity of MSCs, several laboratories have reported a broader
differentiation spectrum for MSCs including cell phenotypes from other embryonic germ
layers such as neuron-like cells [19, 20]. MSC populations are selected based on their
plastic adherence properties and cultured in basic medium with 10-20% fetal bovine
serum which provides the growth factors required for cell proliferation [21]. Due to their
stem cell nature, MSCs exhibit extensive proliferative potential in vitro (~40 cell
doublings) while retaining multipotential differentiation capacity [9, 22]. An important
feature of MSCs in the context of future clinical use is that these cells are readily
available from the patient’s own bone marrow through a minimally invasive aspiration
procedure opening the possibility for autologous cell transplantation avoiding
immunological rejection associated with allogeneic grafts. Therefore, MSCs hold
promise as a potential cell source for development of autologous cell-based therapeutic
approaches for treatment of various human diseases. Local administration of ex vivo
expanded MSCs alone or in matrices has proven to be useful for treatment of bone and
cartilage defects in a number of animal models [23, 24] and humans [25]. MSC-based
treatment of genetic skeletal diseases like osteogenic imperfecta has been attempted. In
one study with children affected by a severe form of osteogenesis imperfecta some
clinical improvements were observed after systemic transplantation of normal allogeneic
MSCs [26]. Another approach envisions the use of genetically modified MSCs as in vivo

mini-pumps for delivery of various therapeutic factors. For instance, MSC delivery



system that can produce high levels of active bone morphogenetic protein 2 (BMP2) and
induce bone formation in vivo [27, 28] may prove to be of use for bone regeneration and
repair. Based on the same principle, MSCs may serve as an effective platform for
delivery of anti-tumor agents [29, 30]. Initial experimentation demonstrated that MSCs
genetically modified to produce the anti-tumoral molecule interferon beta homed
preferentially to tumor tissue, suppressed the growth of metastasis and extended life span
of treated mice [29]. These data provide “proof of principle” that MSCs can effectively

function as carriers for targeted delivery of therapeutic agents.

The successful clinical applications of these and others MSC-based gene therapy
approaches will depend greatly on our ability to efficiently deliver the gene of interest
into MSCs. Moreover, development of large animal models in which study cell
distribution, patterns of transgene expression and cell doses to achieve a therapeutic
effect will be required before these ex vivo gene therapy strategies move to human
clinical trials. Striking morphologic and physiologic similarities between humans and
pigs make them an appropriate large animal model in which to test biosafety concerns

associated with gene therapy protocols.

The studies that comprise this dissertation were designed to test the following
hypotheses: 1) MSCs can be isolated from pig bone marrow and grown in vitro for an
extended period of time; 2) porcine MSCs are amenable to transient and stable genetic
manipulation by non-viral and viral vectors; 3) MSC nuclei can be reprogrammed when
transferred to enucleated metaphase 11 oocytes to drive development of reconstructed
cloned embryos to the blastocyst stage; and 4) adenoviral transduction efficiency of

porcine and human MSCs is enhanced by complexing adenovectors with a commercial



polyamine-based transfection reagent (GeneJammer®, Stratagene, CA, USA). The

following specific aims were pursued:

a. Isolate pig MSCs (pMSCs) from bone marrow and identify appropriate in vitro

culture conditions for proliferation of these cells.

b. Investigate non-viral and viral approaches to achieve transient and stable gene

modification of pMSCs.

C. To investigate the ability of pMSCs to drive embryo development when used

as karyoplasts in nuclear transfer procedures.

d. Develop methods for optimal gene delivery into pMSCs using human
adenoviral vectors complexed with GeneJammer, a commercial polyamine-

based transfection reagent.

e. Study the effect of GeneJammer on adenoviral transduction of human MSCs,

human mononuclear peripheral blood cells and rodent cell lines.
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CHAPTER 2

LITERATURE REVIEW

Mesenchymal stem cells: biology and applications in cell and gene therapy
Introduction

In addition to hematopoietic stem cells, it has been long recognized that the post-
natal bone marrow in mammals is populated by a distinct stem cell population known as
mesenchymal stem cells (MSCs) also referred as marrow somatic cells or colony forming
unit fibroblastic cells. In vivo, MSCs and other non-hematopoietic cells (e.g.
macrophages, reticular cells, endothelial cells, smooth muscle cells, adipocytes) in
combination with the extra cellular matrix form what is known as “hematopoietic
inductive microenvironment”. This complex bone marrow microenvironment provides
support for hematopoiesis, i.e., process of formation of new blood cells, through cell-to-
cell interactions and soluble clues. In addition to promote proliferation and differentiation
of hematopoietic cells, MSCs are considered pluripotent cells with capacity to
differentiate into mesodermal lineages, such as adipocytes, osteoblasts and chondrocytes
both in vivo and in vitro. Several studies have demonstrated that these pluripotent stem
cells derived from the marrow stroma can be easily isolated from bone marrow

specimens, proliferate extensively ex vivo to originate relatively homogeneous cell



populations [1, 2] and are endowed with the capacity to differentiate into mesodermal [2]
and non-mesodermal [3, 4] cell types. Due to their multipotentiality and extensive self-
renewal capacity, MSCs hold great promise as source of cells for many cell-based
strategies for the treatment of human diseases. The aim of the present review is to present
an in-depth description of the biology, isolation, characterization and potential

therapeutic applications of MSCs.
Isolation and culture of mesenchymal stem cells

Cells with features of mesenchymal precursors have been isolated from the bone
marrow of many mammals including laboratory rodents [5, 6], humans [2], monkeys [7],
cats [8], dogs [9] and pigs [10]. In humans, MSCs are normally isolated from bone
marrow aspirates collected from the superior iliac crest of the pelvis [2, 11], tibial or
femoral compartment [12, 13] or thoracic and lumbar vertebra [14]. In non-rodent
animals bone marrow can be harvested from the iliac crest, sternum or head of long bones
like the humerus using similar aspiration techniques adapted from humans [15-17].
Alternatively, in sacrificed animals, bone marrow can be harvested from spongy bone
present in the epiphysis of long bones [10]. Unlike in large animals, in laboratory rodents

bone marrow is flushed out from the mid-diaphysis of the tibia or femur [18-20].

Bone marrow specimens (aspirates or biopsies) are composed of a mixture of
hematopoietic and stromal components from the bone marrow plus a variable amount of
contaminating blood. It has been estimated that approximately 1 in every 10,000
nucleated cells present bone marrow is a MSC [2]. Therefore, in order to eliminate the
bulk of unwanted cells, including erythrocytes and platelets, a common practice during

isolation of MSCs is to subject the bone marrow sample to fractionation in a density



gradient such as Percoll. Mononuclear cells are recovered from the interface and plated
on plastic dishes or flasks in a basal medium such as Dulbecco’s modified Eagle’s
medium with 10-20% fetal bovine serum (FBS). MSCs are selected from other cells
present in the mixture (e.g., macrophages, endothelial cells, lymphocytes and smooth
muscle cells) based on their strong adherence to the plastic surface. Within 24-48 h from
plating, MSCs have attached to plastic and non-adherent cells are removed with culture
medium exchanges. Discrete colonies of adherent fibroblastic cells can be observed as
early as 4-5 days of culture. This colonies originated from a single cells eventually
coalesce to form an near-confluent culture by day 14 when cells can be trypsinized and
expanded by sequential passages to confluence. Theoretically, if the right culture
conditions are met, stem cells would have unlimited proliferative capacity in vitro.
Despite their longer lifespan in vitro, MSCs would eventually senesce during in vitro
culture [21]. For instance, multi-colony derived (non-clonal) MSC lines cultured under
optimal conditions can undergo about 25 passages representing more than 50 cell
doublings before senescence [22]. In another study, human MSC clonal lines completely
stopped growing at about 22 cell doublings after approximately 80 days in culture [1],
showing a significant, although limited life span in vitro. Species specific differences in
life span of MSCs exist since senescence in rat MSCs has not been observed [19]. It is
plausible that by adjusting some environmental variables during MSC in vitro culture,
such as oxygen tension or growth factors, it might be possible to promote self renewal
capacity of these adult stem cells. For instance, higher populations doublings (>50 PDs)

have been achieved by incorporation of fibroblast growth factor 2 (FGF-2) to the basal

10



culture medium [22]. However, the absolute self-renewal capacity of MSCs in vivo and

in vitro remains an open question that needs to be experimentally addressed.

An important property of MSCs is the clonal expansion capability when they are
plated at low densities or sorted as single cells. This colony-forming feature of MSCs was
first described by the pioneering work of Friedenstein et al. [23, 24] who reported for the
first time the isolation of bone marrow stromal fibroblastic cells capable of osteogenic
differentiation. The number and size of individual MSC colonies can be objectively
studied when cells are plated at low densities in the colony forming unit fibroblastic
(CFU-F) assay providing a mean to estimate the frequency of MSCs in bone marrow
aspirates and investigate the effect of different culture conditions on MSCs. Analysis of
colonies originated from the CFU-F assay has revealed a great heterogeneity in terms of
cell morphology (size and shape) and differentiation potential among colonies derived
from the same bone marrow specimen [11, 25, 26]. It has been clearly establish through
the analysis of the progeny originated from a single cell that in a given MSC population
there are cells with different differentiation potential and expansion capacity [11]. A
small proportion of cells has tripotential differentiation capacity (adipogenic,
chondrogenic and osteogenic) while most of the cells possess only bi or even unipotential
capacity [11]. Furthermore, Muraglia et al. [1] have documented a gradual loss of
differentiation potential with passaging. In conjunction, these data could be interpreted to
as MSC populations isolated by culture of adherent cells as described in this review are in
fact mixture of stem cells and progenitors with different degree of commitment to
specific lineages supporting a hierarchal model in MSC cultures [27] similar to that

described for hematopoietic cells.
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Isolation and ex vivo expansion of MSCs depend entirely on the growth factors
present in FBS used as supplement of the basal medium [28]. Development of serum-free
defined culture system that support ex vivo expansion of MSCs while retaining the
pluripotential capacity would be highly desirable not only to study the effect of particular
molecules (e.g., growth factors, cytokines, etc.) on MSC function but also for future
therapy strategies which will require cells derived from xeno-free culture conditions. It is
currently known that proliferation of MSCs is enhanced by several mitogenic factors
including platelet-derived growth factor (PDGF), epidermal growth factor (EGF), basic
fibroblast growth factor (bFGF), transforming growth factor beta (TGF-f) and insulin-
like growth factor one (IGF-I) [29]. Addition of FGF-2 to the culture medium of MSCs
has been associated with increased life span and increased telomere length indicating that
this growth factor may select for cell populations with extend proliferation capacity [22].
In addition to cell proliferation and cell longevity, growth factors may influence different
aspects of in vitro and in vivo differentiation pathways in MSCs. For instance FGF-2
added to the culture medium of MSCs led to enhanced osteogenic [30] and chondrogenic
[31] potential in cultured human MSCs. More research in this area will provide the tools
for the development of defined growth media for MSCs to achieve more reproducible

culture protocols and safety in future clinical use.

Despite the fact that MSCs have been primarily derived from bone marrow, other
tissue sources of MSCs have been identified. Using methodologies similar to that
originally described by Friedenstein et al. to isolate stromal fibroblastic cells from rat
bone marrow [32], cells with analogous properties to MSCs have been isolated from

compact bone, adipose tissue, cord blood, amniotic fluid, fetal tissues and blood [33-43].

12



It is not known at this point however, whether the stromal precursors isolated from those
tissues are truly the same MSCs originally isolated from bone marrow or the use of

similar techniques for isolation and culture make them appear the same cell type in vitro.
A major limitation in these studies has been the lack of specific MSC surface markers to

prospectively identify mesenchymal cells.

A long-lasting hypothesis has been that bone marrow derived MSCs are a source
of undifferentiated cells for maintenance and regeneration of normal or injured peripheral
tissues. Central to this hypothesis is the transit of MSCs from the bone marrow to
mesenchymal tissues through circulation. Several studies have been carried out in human
and animals in search of circulating MSCs which resulted in successful isolation of
circulating mesenchymal progenitor cells from fetal and adult peripheral blood [35, 36,
44-48]. However, Lazarus et al. [49] and Wexler et al. [50] were unable to reproduce
these results in similar studies. Differences in the mobilization procedures and cell
preparation may account for these conflicting data. Interestingly, large numbers of MSC-
like cells are present in the fetal circulation from the 7 to approximately 12" week of
gestation [35]. These cells are phenotypically similar to the adult MSCs and as expected
they have greater proliferative potential and a broader differentiation capacity compared
with the adult counterparts [35]. This finding suggest a surge of circulating stromal
pluripotent cells during the early fetal life aimed to populate the stromal compartment of
hematopoietic and other tissues. Whether these pluripotent stromal cells present during
the fetal life persist throughout life and whether they represent the ancestors of the well-
characterized MSC from bone marrow is currently unknown. Another piece of evidence

that support the hypothesis of MSC involvement in tissue repair and regeneration is the
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engraftment of systemically infused MSCs in multiple mesenchymal tissues [51, 52].
After infusion, donor-derived MSCs have been detected in peripheral tissues at very low
frequency (usually detected by PCR) [53] and definitive evidence that the grafted cells
differentiate in participatory cells of the host tissue has not been definitely provided.
Furthermore, engraftment of systemically administered MSCs does not imply that
marrow-derived MSCs naturally mobilize in response to tissue injury. The complete
understanding of the role of MSCs in peripheric tissue maintenance and repair will

certainly depend on the development of methodologies to study MSC function in vivo.

Another cell type that is believed to be distinct from, but somehow related to bone
marrow MSCs is the multipotent adult progenitor cell (MAPC) more recently isolated
and characterized Verfaillie et al. [54, 55]. MAPCs have been isolated from human, rat
and mouse bone marrow as a subpopulation of CD45/glycophorin-A depleted bone
marrow-derived mononuclear cells that selectively attach to laminin-coated plates and
grow in serum-low or serum-free conditions with EGF and PDGF-BB. MAPCs, which
have been isolated from muscle and brain, are much more plastic than the “classic” bone
marrow MSC since they can differentiate not only in mesenchymal derivatives
(osteoblasts, chondrocytes, adipocytes and fibroblasts) but also in almost all mesodermal
cell lineages [56, 57]. There is also evidence that MAPCs can be induced to differentiate
into neuroectodermal and endodermal lineages [58]. When injected as single cell into
mouse blastocysts, MAPCs contributed to the formation of all tissues, including all cell
types of the central nervous system [56]. Furthermore MAPCs possess vast proliferative
capacity in vitro (>100 cell doubling) without evidence of replicative senescence or loss

of differentiation potential. Although it has been suggested that MAPCs represent a more
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primitive pluripotent progenitor of MSCs, the relationship between these two cell types

has not been establish.
Phenotypic characterization of mesenchymal stem cells

Considerable effort has been invested to characterize the antigenic profile of
cultured MSCs. Identification of appropriate cell markers for selection, isolation and
testing of MSCs would be of utmost importance to study MSC biology and future
practical applications. However, none of the several markers described so far, alone or in
combination, have been useful to unequivocally identify MSC populations. There is
consensus among different reports that MSCs are devoid of the following hematopoietic
surface markers: CD45, CD14, CD31, CD133 and CD11b [2]. Species specific
differences have been observed for the hematopoietic marker CD34 which is not
expressed in human and rat MSCs but it is variably expressed in murine MSCs [19, 59,
60]. MSCs express a number of cell adhesion molecules such as CD44, CD49e, CD62
and several integrins which are certainly very important in hematopoietic-stroma cell
interactions (reviewed by Verfaillie [61]). Different laboratories have reported variable
expression of CD90 (Thy 1.1), CD117 (c-kit), CD105 (endoglin), and CD73. These
discrepancies are probably originated in differences in isolation method, culture

conditions and origin of MSCs.

Several monoclonal antibodies have been raised against antigenic determinants
present on the cell membrane of MSCs. Stro 1 is a monoclonal antibody which is
expressed at high levels in MSCs [62], though some populations of hematopoietic cells
express low levels of Stro 1 [63]. Gronthos et al. [64] have reported the use Stro 1 to

isolate a fairly pure population of non-cycling bone marrow stromal progenitor cell
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populations which exhibited telomerase activity and multilineage potential. SH-2
antibody described by Haynesworth et al. [65], which recognizes an epitope present on
the TGF-f receptor, has been used to immunomagnetically select populations of MSCs
[66]. SH-3 and SH-4 are two distinct monoclonal antibodies that apparently react with
epitopes on the membrane-bound ecto-5’-nucleotidase (CD73) present on the surface of
MSCs [67]. There is however no agreement on which of these monoclonal antibodies is

most useful for characterization and isolation of bone marrow MSCs.
Differentiation potential of MSCs

The ability of cultured expanded MSC populations from different species to
differentiate into mesenchymal tissues like bone, cartilage and fat (in vivo and in vitro)
has been described and extensively characterized. In vivo grafting followed by
demonstration of differentiation has been used as the gold standard to establish
pluripotency of MSCs. In addition, several studies have reported differentiation of MSCs
into other pathways including differentiation into cell types from unrelated tissues such as
neurons [4, 68, 69]. Most of these studies claim differentiation of MSCs base on
morphologic, gene expression and/or phenotypic data. However, in most of these reports
the functional criterion has not been satisfied. Until these data are confirmed and the
functional criteria are satisfied, differentiation into non-mesodermal cell types cannot be

considered a hallmark characteristic of MSCs.

Osteogenic differentiation: In vitro bone formation is normally induced by
exposing MSC monolayers to serum-containing medium supplemented with -glycerol-
phosphate, ascorbic acid-2-phosphate and dexamethasone [2, 19]. MSCs cultured under

these conditions acquired an osteoblastic morphology, expressed osteogenic genes and
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deposited mineralized extracellular matrix. Assessment of differentiation is accomplished
by histochemical stains, patterns of gene expression and/or phenotypic characteristic.
Accumulation of phosphates and carbonates, indicative of osteogenic differentiation or
calcium deposits are commonly demonstrated by the von Kossa silver reduction method
[2] or alizarin red method respectively. Along with histochemical stains, upregulation of
osteogenic genes like ostocalcin, osteopontin and osteonectin have been used as
indication of osteogenic induction. Alkaline phosphatase activity is also upregulated in
MSCs undergoing osteogenesis. Friedenstein et al. [23, 70] were the first to demonstrate
that in vitro expanded stromal precursor transplanted in closed systems (diffusion
chambers) or open systems (under the renal capsule, or subcutaneously) not only could
reconstitute the hematopoietic supporting stroma but also originate bone tissue. This
initial demonstration was later confirmed by numerous reports of MSC osteogenic
differentiation upon grafting in appropriate animal models [15, 71, 72] and set the stage
for the use of cultured expanded MSCs in future therapeutic applications for skeletal

repair.

Chondrogenic differentiation: The following in vitro culture conditions are
normally required to induce cartilage formation in MSC cultures: 1) a three dimensional
culture system (e.g. micromass culture); 2) a serum free environment; and 3)
incorporation of a member of the TGF-f3 super-family [2, 73]. Under these conditions, a
profound change of morphology of fibroblastic MSCs is accompanied by secretion of a
number of cartilage-specific extracellular matrix components such as glycosaminoglycan
[74]. Interestingly, the patterns of sulfation of chondroitin sulfate during in vitro cartilage

formation are similar to those observed in maturation of human articular cartilage [75].
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Chondrogenic differentiation is seldom observed in monolayer cultures of MSCs; some
kind of three-dimensional culture system is required. By far the most common approach
utilizes micromass, a culture system in which MSCs are pelleted on the bottom of a tube
where they form a round mass of cells within ~24 h of culture. It is believed that this
system provide low oxygen tension permissive for chondrogenesis. In addition, in vitro
cartilage formation by MSCs is induced by TGF-B1, TGF-B2 or TGF-B3. However,
TGF-B2 and TGF-3 seem to be more effective than TGF-B1 in inducing differentiation
of MSC cultures down the chondrogenic pathway [74]. The chondrogenic potential of
MSC:s has been also demonstrated in vivo by transplantation of MSCs loaded in diffusion

chambers [76] or fibronectin-coated hydroxyapatite cubes [77].

Adipogenic differentiation: A variable proportion of MSCs growing in
monolayers can differentiate into adipocytes when exposed to substances that induce
elevation of intracellular cyclic AMP. Isobutylmethylxanthine alone or in combination
with dbcAMP has been reported to elicit differentiation of MSCs in adipocyte-like cells
with large lipid-filed vacuoles which stain positive with lipid-specific dyes like oil O red
or Nile red. In addition to morphological changes, induced cells upregulate genes
involved in lipogenesis including peroxisome proliferator-activated receptor-gamma
(PPAR-y) and fatty acid synthetase. Release of leptin into the culture medium has been

used as an indicator of lipogenic differentiation of MSCs [78, 79].
Therapeutic applications of MSCs

Due to the ability of MSCs to proliferate extensively ex vivo while maintaining
their pluripotent differentiation capabilities (in vivo and in vitro), they are regarded as a

particularly attractive cell type for many cell-based therapies in humans. For these
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applications, autologous or allogenic ex vivo expanded MSCs can be locally or
systemically delivered into patients (Figure 2.1). This setting opens the possibility of
genetic manipulation (transient or stable) of MSCs during in vitro expansion previous to
transplantation. Another feature of MSCs that enhance their therapeutic appeal is the
alleged capacity of these cells to suppress immune responses and their particular
immunophenotype that could render them hypoimmunogenic or nonimmunogenic upon
allotransplantation. In vitro studies indicated that MSCs can suppress T-lymphocyte
proliferation induced by irradiated allogeneic blood lymphocytes, dendritic cells, or
phytohemaglutinin [80]. Le Blanc [81] has reported that MSCs can inhibit the formation
of cytotoxic lymphocytes and can escape lysis by cytotoxic lymphocytes and natural
killing cells. Cultures MSCs express HLA Class I antigen but are negative for HLA Class
II, CD40, CD80, and CD86 [82, 83]. This immunophenotype is considered as
nonimmunogenic and suggests that MSCs could induce immunotolerance after
transplantation to HLA-mismatched individuals. In line with these in vitro findings,
systemic administration of HLA-mismatched MSCs prolonged the survival of skin
allografts in immunocompetent baboons [84]. Another study showed that mouse tumoral
cells injected subcutaneously in allogeneic hosts formed tumors only when coinjected
with MSCs [85]. Furthermore, transplantation of allogeneic MSCs in human trials has
resulted in good tolerance to grafted cells with no evidence of graft-versus-host disease
[86-88]. Immunomodulatory properties of MSCs make them a strong candidate cell for
many therapeutic applications, especially acute conditions that require immediate cell-

based treatment. Based on these alleged immunologic properties, MSCs could be used
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“off the shelf” for conditions like myocardial infarction in which cellular therapy needs to

be performed before scar tissue develops.

Isolation of MSCs

A 4

Ex vivo
proliferation

A 4

( Genetic
Modification
L (transient or stable)

\ 4 A
—[ Local delivery ]: :[ Systemic delivery ]—

o :
gl Patient 2 ]4—

Figure 2.1. Flowchart showing different therapeutic alternatives of MSCs. Cells are
harvested from a donor (Patient 1) and expanded in vitro. Intact or genetically
manipulated cells are locally or systemically grafted into the same patient 1 (autologous
transplantation) or different patient (patient 2; allogeneic transplantation)
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Local transplantation

In this approach the cells are directly placed in the damaged tissue, avoiding cell
losses associated with the systemic route. Local administration of cells alone or loaded in
different matrices has been the method of choice for the treatment of bone and cartilage
defects [89-91]. Preclinical studies conducted in animal models have unequivocally
demonstrated the benefits of using MSC grafts for orthopedic purposes [15, 92-95].
Quarto et al. [96] have reported successful treatment of long bone defects in patients with
defective fracture healing by local injection of autologous, in vitro expanded MSCs. Site-
directed administration of MSCs has been also used to repair focal defects in aurticular
cartilage [97, 98] and tendon [99]. In a caprine model of osteoarthritis, autologous MSCs
injected in the knee joint were capable of engraftment and repair of the damaged tissues
[16]. MSCs engineered to produce growth factors such as those involved in bone and
cartilage formation hold great promise in the area of orthopedic medicine [100, 101].
Despite positive results, much work lays ahead in order to optimize these procedures. For
instance, determination of the ideal culture conditions for ex vivo expansion of MSCs,
optimal composition and structure of the cell carriers and appropriate cell doses to

achieve bone/cartilage formation are some areas that will need further study.

Systemic transplantation

Infusion of MSCs into the general circulation has been attempted in the context of
bone marrow transplantation (BMT) or for the treatment of generalized skeletal diseases
in which local delivery would not be practical. Since during oncological or hematological
BMT the stroma (containing MSC populations) is not commonly transplanted along with

hematopoietic tissue [102, 103], it has been proposed that cotransplantation of MSCs
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during BMT might hasten hematopoietic recovery [104, 105]. A second rationale for the
inclusion of MSCs in BMT is based on the immunological properties of MSCs which
might favor engraftment and reduce the risk of graft-versus-host disease [104]. Based on
these unproven but intuitive concepts, several clinical trials aimed to assess the effects of
MSC:s cotransplantation with heamtopoietic cells have been carried out. In general these
studies have reported well tolerance of transplanted cells but low engraftment of donor
MSCs and short-term persistence of donor stromal cells [106-109]. However, in other
study cotransplantation of human ex vivo expanded MSCs with hematopoietic stem cells
(CD34") into NOD-SCID mice induced a 10-20 fold increase in engraftment compared
with that in animals receiving CD34" cells alone [110]. Therefore, the benefits and extent
of stromal cell or MSC engraftment following standard myeloablative BMT is still source

of controversy.

The ability of MSCs infused into circulation to colonize other tissues has been the
focus of many studies. It is clear that infusion of large numbers of MSCs systemically
results in non specific sequestration of cells in capillary beads of different organs
specially lung [53, 111, 112]. Low numbers of systemically infused MSCs are found
distributed in different tissues providing evidence for donor cell survival but stringent
criteria to determine engraftment has not been normally provided. Convincing clinical
improvements were seen after allogeneic BMT in patients with osteogenesis imperfecta
despite the low engraftment observed (only 1.5-2% of osteoblasts were from donor
origin) [87, 113]. On the other hand, there is some experimental evidence that suggests
specific homing of infused MSC:s to sites of injury or tumoral tissue [114]. The

mechanisms that guide implanted MSCs to wounded areas or tumors are not clear. One
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study indicated that inflammatory chemotactic agents and cytokines released during
cerebral ischemic damage are responsible for selective migration of infused MSCs into
the injured brain [115]. Additional evidence for MSC homing has been provided by
Rombouts and Ploemacher [116] in a syngeneic mouse model. The authors reported that
homing and engraftment of MSCs to bone marrow in sublethally irradiated mice was
much higher than that in unirradiated counterparts. This study also demonstrated that in
vitro culture of MSCs previous to transplantation hinders their ability to home and
engraft in the bone marrow. The capacity of MSCs infused intravenously to seek out the
site of tissue damage has been also demonstrated in animal models of myocardial
infarction [117, 118]. A better understanding of the mechanisms governing homing of

MSCs will certainly lead to improved MSC-based therapeutic protocols.
Myocardial repair

Much attention has attracted the application of systemic or site-directed cell-based
therapies for future treatment of myocardial damage. Using animal models of acute
myocardial infarction, improvements in myocardial function have been reported after
administration of cells from a number of sources: fibroblasts, skeletal myoblasts,
cardiomyoblasts, unprocessed bone marrow cells, hematopoietic stem cells, and MSCs
[117, 119-131]. Several studies have documented that enriched populations of MSCs
when placed in the hearts of adult laboratory rodents engraft in the myocardium and
undergo cardiomyocyte differentiation [117, 128, 132]. Despite the fact that MSCs
usually integrate at low rates, they exhibited a cardiomyocyte phenotype as evidenced by
expression of sarcomeric myosin heavy chain, cardiac troponin I, desmin, and a-actin. In

addition to cardiomyocyte replacement, alternative mechanisms to explain improved
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cardiac and hemodynamic function in these animal models have been postulated,
including induction of angiogenesis, inhibition of apoptosis, and increased collagen
production. Which cell type will be ultimately superior or more practical than the others

for cell-based myocardial regeneration remains to be established.

Central nervous system and spinal injury

Central nervous system (CNS) and spinal injuries are other promising
experimental targets for MSC-based therapy strategies. Several laboratories have reported
induction of MSC differentiation along the neurogenic pathway under different in vitro
culture conditions [4, 68, 69, 133]. Following the demonstration of in vitro neurogenic
plasticity, the beneficial effect of local administration of MSCs in animal models of CNS
and spinal damage has been documented [134-136]. In addition to replacing cellular
components, it is believed that transplanted MSCs could release trophic factors which in

turn might improve the neurologic outcome.

Genetically modified MSCs for gene therapy

Bone marrow-derived MSCs are emerging as an attractive cell type for many cell-
based gene therapy strategies. These adult stem cells possess characteristics that make
them ideal vehicles for gene delivery: they are relatively easy to obtain from bone
marrow aspirates, can be expanded extensively in culture while maintaining their
pluripotent differentiation capabilities [2] and are amenable to genetic manipulation to

elicit efficient transgene expression [137].

Depending on the final objective, transient or permanent gene modification of

cultured MSCs is the desired outcome. When a short-lived effect is necessary, such as for
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skeletal regeneration, transient transduction can be achieved using DNA plasmids in
combination with electroporation or chemical methods like lipofection or calcium

phosphate.

An alternative method to obtain transient transfection is the use of adenovirus
vectors which can carry double stranded linear DNA of up to ~36 Kb in length in the last
generation vectors [138, 139]. Adenoviruses are particularly attractive vectors for ex vivo
gene transfer due to their ability to infect a wide range of cell types including quiescent
cells, accommodate large pieces of exogenous DNA, and the possibility of production of
stocks with high viral titers [140]. Since adenovirus very rarely integrates into the host
genome by non-homologous recombination, replication-defective recombinant adenoviral
vectors are used as efficient expression vectors particularly for those applications in

which high transgene expression for a limited period of time are required.

In replication deficient adenovirus vectors some or all of the viral genes can be
removed (reviewed in [141]). In the first generation adenoviral vectors, the E1 and/or E3
viral genes were deleted making space for the introduction of up to 6.5 Kb of foreign
DNA, usually under the control of a heterologous promoter. In second generation
adenovectors, some or all of the E2 genes were removed [142, 143], leading to vectors
without the capacity to replicate their DNA and to produce replication-competent
adenovirus. In a later generation of adenovirus vectors (third generation) more viral genes
were removed [144]. In the latest versions, nearly the entire viral DNA but all the
inverted terminal repeats (ITRs) and packaging sequences were excised (“gutless”
vectors) [138, 139], making enough space to accommodate transgenes of up ~36 Kb in

length.
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Efficiency of adenovirus-mediated gene deliver is largely limited by the
availability of specific viral receptors on target cells. Adenovirus serotype 5-based
vectors cell entry is mediated through a receptor mediated biphasic process. First the
vector recognizes the target cells through attachment of the knob domain of the viral fiber
capsid protein to the cellular coxsackie and adenovirus receptor (CAR) [145]. The second
step involves the internalization of the vector particle via interaction of the caspid penton
protein with oy integrins present in target cells [146]. Therefore, infectivity of a
particular cell type depends largely on the density of CAR and integrins [147, 148].
Despite the broad adenoviral tropism, many cell types are refractory to adenoviral
infection due the lack of or low expression of adenovirus specific receptors. For instance,
adenoviral receptors are expressed at low levels in primitive hematopoietic stem cells
[149, 150] and human MSCs [151, 152] leading to poor transduction efficiency by type 5
adenovirus vectors. Consequently, several approaches have been undertaken in order to
circumvent this problem. The use of fiber-modified adenovectors or Ad5 vectors
possessing fiber proteins from a different adenovirus serotype has become an
increasingly popular approach to achieve infection of cells via CAR-independent
mechanisms. One of such chimeric vectors is the Ad5/F35 in which the Ad5 fiber has
been replaced by the fiber of Ad35 serotype. In this way, the tropism of Ad5 can be
retargeted to that of Ad35 which utilizes cofactor protein CD46 as cellular receptor [153]
and thereby can infect CAR-deficient target cells such as human primitive hematopoietic
cells [154] and human MSCs [151]. However, CD46 appear to be preferentially
expressed in eyes and testes in rodent species [155-157] limiting the versatility of

chimeric Ad5/F35 vectors in these species.
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In addition to methods that abrogate CAR tropism, combination of various
compounds with adenovirus has been reported to enhance transduction of target cells
likely via a receptor independent pathway. Polycations and cationic lipids form
complexes with adenoviral particles facilitating in vitro transduction of refractory tumor
cell lines [158, 159] and primary and established cell lines [160-163]. Similarly,
adenoviral infection of primitive human hematopoietic cells can be strongly enhanced by
several cationic lipids [164]. Therefore, by using adenovirus vector complexed with
polycations it is possible to combine the advantages of each system to achieve high
transduction efficiencies: excellent cellular uptake contributed by the polycation [165]

with endosomal escape and nuclear targeting function provided by the vector [166].

One promising application is the autografting or allografting of genetically
modified MSCs as vehicles for locally delivery of therapeutic gene products [114, 151,
167, 168]. For instance, MSC delivery system that can produce high levels of active bone
morphogenetic protein 2 (BMP2) and induce bone formation in vivo [100, 101, 151, 167,
169] may prove to be of use for treatment of several skeletal injuries and diseases.
Another particularly interesting application is the use of genetically engineered MSCs as
platform for delivery of chemotherapeutics into tumors. The feasibility of this approach
has been recently demonstrated in a xenogeneic mouse model [114, 168, 170]. Systemic
administration of human MSCs engineered to express human interferon-f (IFN-p), a
biological agent with known antiproliferative activity, preferentially homed to tumors
where they induced tumor regression presumably through local delivery of IFN-f [114,

170]. These promissory data obtained in a xenogeneic model (i.e., human MSCs, human
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tumors grown in immunodeficient mice) if successfully replicated in an allogeneic

system might prove to be a novel strategy for cancer therapy.

For diseases in which a biological activity is impaired or absent, long-lasting or
stable genetic modification of MSCs is usually required for effective treatment. To
achieve permanent genetic changes in target cells, virus vectors with intrinsic ability to
intercalate in the host genome are chosen. These include: retrovirus, lentivirus, adeno-
associated virus and a number of hybrid vectors between adenovirus (non-integrating)
with retrovirus, adeno-associated or Epstein-Barr virus. Each of the individual vectors
has advantages and disadvantages; the election of a particular one ultimately depends on
the specific application. Many studies have documented in vitro transduction of MSCs
with different viral vectors (retrovirus, adeno-associated or lentivirus vectors) or a
combination of ex vivo viral transduction followed by transplantation into animal models
to investigate in vivo gene expression [171-188]. Generation of genetically engineered
MSC:s directing the synthesis of reporter molecules, interleukin 3, erythropoietin,
coagulation factor VIII, tyrosine hydroxylase, or 3,4-dihydroxyphenylalanine (L-DOPA)
has been reported [171, 173, 179-182, 184, 188]. An interesting alternative to the
systemic or local delivery of transduced cells is the implantation of a matrix (e.g.
Matrigel) in which genetically engineered MSCs have been embedded. These MSC-
matrix masses placed in subcutaneous spaces are neovascularized to form an “organoid”
which releases transgenic protein into the bloodstream [181]. These studies demonstrate
the great therapeutic potential of these strategies, but at the same time they underscore the
hurdles to overcome before this technology is available for clinical use. One obstacle is

the development of methods to achieve optimal ex vivo transduction of MSCs. The
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second problem relates to the relatively short-lived protein expression in the recipient (no
more than 4 months) [176]. Loss of transplanted cells and methylation-dependent gene
silencing were implicated as major factors responsible for the transitory in vivo transgene
expression [173, 179]. Finally, short and long term safety concerns associated with the
use of vector transduced cells (e.g., neoplastic transformation) must be addressed in

appropriate animal models before these technologies can move to the clinical setting.
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ABSTRACT

Bone marrow mesenchymal stem cells (MSC) are adult pluripotent cells considered an
important resource for human cell-based therapies. Understanding MSC clinical potential
may require their use in preclinical large animal models such as pigs. The objectives of
this study were: 1) to establish porcine MSC (pMSC) cultures; 2) to optimize in vitro
pMSC culture conditions 3) to investigate whether pMSCs are amenable to genetic
manipulation; and 4) to determine pMSC reprogramming potential using somatic cell
nuclear transfer (SCNT). pMSCs isolated from bone marrow grew, attached to plastic
with a fibroblast-like morphology, and expressed the mesenchymal surface marker CD90
but not the hematopoietic marker CD11b. Furthermore, pMSCs underwent lipogenic,
chondrogenic and osteogenic differentiation when exposed to specific inducing
conditions. Porcine MSCs grew well in a variety of media and proliferative capacity was
enhanced by culture under low oxygen atmosphere. Transient transduction of pMSCs and
isogenic skin fibroblasts (SF) with a human adenovirus carrying the gene for green
fluorescent protein (GFP) (Ad5-F35eGFP) resulted in more pMSCs expressing GFP
compared with SFs. Cell lines with stable genetic modifications and extended expression
of transgene were obtained when pMSCs were transfected with a plasmid containing the
GFP gene. Infection of pMSC and SF cell lines by an adeno-associated virus resulted in
~12% transformed cells, which formed transgenic clonal lines after propagation as single
cells. pMSCs can be expanded in vitro and used as nuclear donors to produce SCNT
embryos. Thus, pMSCs are an attractive cell type for large animal autologous and

allogenic cell therapy models and SCNT transgenesis.
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INTRODUCTION

Mesenchymal stem cells (MSCs) are pluripotent precursor cells that localize to
the stromal compartment of the bone marrow where they support hematopoiesis and
differentiate into mesenchymal lineages. The potential of MSCs to form bone, cartilage
and adipose tissues both in vivo [1-3] and in vitro [4] has been well documented.
However, their plasticity is not limited to those mesenchymal derivatives; recent reports
have shown that MSCs can differentiate into neurons [5, 6], myoblasts [7], and
cardiomyocytes [8]. Cells with features of mesenchymal precursors have been isolated
from the bone marrow of many mammals including laboratory rodents [9, 10], humans
[4], cats [11], dogs [12] and pigs [13]. MSCs from all species studied proliferate in vitro
as adherent fibroblastic cells, a feature that has been exploited in order to enrich MSCs
from hematopoietic cells that normally remain in suspension. In humans, pluripotent stem
cells derived from marrow stroma proliferate ex vivo to form a phenotypically
homogeneous population of cells that express several surface markers, such as CD90,
CD44, and CD71, but do not express the hematopoietic markers CD45 and CD11b [4].
Like MSCs from other species, porcine MSCs (pMSC) were capable of growing and
attaching to plastic with a fibroblast-like morphology and then differentiating into
adipose, bone and cartilage tissues in vitro [13]. However, surface marker expression and

culture requirements for ex vivo expansion of MSCs in this species have not been yet

defined.

Due to the ability of MSCs to proliferate extensively ex vivo while maintaining
their pluripotent differentiation capabilities (in vivo and in vitro), they are regarded as a

particularly attractive cell type for cell-based therapies in humans. Of particular interest is
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the use of intact or genetically engineered MSCs for the treatment of skeletal disorders
like osteogenesis imperfecta [14, 15]. Moreover, MSCs have attracted much attention as
tools for targeted delivery of anticancer agents into tumors [16, 17]. Before human
clinical trials are approved, scaled up cell production and delivery into a large animal
model in which cell doses (number of cells) comparable to those that will be used in
human trials is often required in order to satisfy regulatory safety concerns. Beyond
safety issues, the reprogramming of pMSCs via somatic cell nuclear transfer (SCNT) lays
the foundation for future isogenic comparisons between adult pMSCs and reprogrammed
embryonic cell sources (therapeutic cloning) in porcine disease models. Kato et al. [18]
have recently reported the birth of the first calf originated from a bovine MSC,
demonstrating bovine MSCs can be reprogrammed to drive term development after

SCNT.

Development of SCNT has provided a new and faster way to create transgenic
animals. It is now possible to introduce genetic modifications in cultured cells that can be
later used as donor cells to produce cloned animals bearing the genetic transformation
(reviewed in [19, 20]). Genetic manipulations of cultured cells can range from simple
random integration of the gene of interest to targeted homologous recombination to
abolish (knockout) or modulate gene function. DNA plasmids in combination with
electroporation or a particular transfection compound have been used to transform
cultured cells for use in nuclear transfer (NT) [21, 22], and transgenic animals have been
subsequently generated with these genetically transformed cells [23, 24]. In addition,

transient expression of proteins in donor cells could open new opportunities from basic
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studies of donor cell physiology and nuclear reprogramming to more applied studies

aimed to improve cloning efficiencies by conditioning donor cells before NT.

The use of viruses as vectors has emerged as a promising alternative to the classic
mechanical methods of gene delivery. The ability of retroviruses to randomly integrate
into the host genome has been exploited to stably introduce the green fluorescent protein
(GFP) reporter gene in pig cell lines that were later used to produce embryos [25] and
transgenic cloned pigs by SCNT [26, 27]. Lentivirus, which is a complex retrovirus, is
considered a promising alternative to the original oncogenic retroviral vectors due to their
ability to infect non-dividing mammalian cells and to resist methylation-dependent gene
silencing. Lentiviral infection of bovine fibroblasts followed by SCNT has resulted in the

production of transgenic animals [28].

Adeno-associated virus (AAV) is an integrating, non-pathogenic human virus
which requires coinfection with a helper virus such as adenovirus or herpesvirus for
productive infection. In absence of a helper virus, AAV integrates in a site-specific
manner in the host genome where it remains as latent infection. Vectors derived from
AAYV are attractive candidates for transgenesis by virtue of their nonpathogenicity,
integration capability, infectivity of dividing and non-dividing cells and ability to infect a
wide variety of cell types. AAV vectors have been used to insert small (<20 bp) and large
transgenes (>1Kb) by homologous recombination in human cells in culture [29]. More
recently, Hirata et al. [30] demonstrated that AAV vectors can efficiently disrupt one
allele of the PRNP gene in cultured bovine fibroblasts; expanding the use of AAV vectors

to animal transgenesis.
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Targeted homologous recombination has also been accomplished in mammalian
cells with adenovirus vectors [31]. Since adenovirus very rarely integrates into the host
genome by non-homologous recombination, replication-defective recombinant adenoviral
vectors are used as efficient expression vectors. Transient expression of endogenous or
even foreign proteins in cultured cells by adenovirus vectors would represent a potential
tool to manipulate donor cells in culture. Furthermore, silencing of endogenous genes by
adenovirus-mediated expression of small interfering RNA is now a reality [32]. These
novel adenovirus-based approaches could open new possibilities for controlling cell

processes such as cycle progression, DNA methylation or apoptosis in SCNT donor cells.

In the present study we have isolated and established adult pMSC lines from live
animals using a minimally invasive bone marrow (BM) aspiration technique. The
mesenchymal identity of isolated cells was determined by expression of surface markers
and multilineage differentiation potential. We then designed experiments aimed to: a)
optimize in vitro culture conditions of pMSCs; b) compare transfection/transduction
efficiencies of pMSCs and isogenic skin fibroblasts (SF) exposed to integrating and non-
integrating vectors; and c) examine the ability of pMSCs to drive development of SCNT
embryos to blastocyst stage. We have shown that adult pMSC can be genetically
modified and be used to produce SCNT embryos. This is significant in that it prepares us
for future large animal autologous cell/gene therapy modeling comparing the adult cells

to embryonic cells derived through SCNT.
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MATERIALS AND METHODS

Bone marrow and skin collection

BM aspirates were obtained from anesthetized young adult female pigs (~6
month-old). General anesthesia was induced with a combination of Ketamine, 10 mg/Kg
BW, intramuscularly (IM) and xylazine, 2 mg/kg BW, IM and maintained with inhalation
anesthesia (halothane). Aspirates of bone marrow (approximately 20 ml) were collected
from the humeral head with an 11 g biopsy-aspiration needle (Medical Device
Technologies, Inc., Gainesville, FL, USA) attached to a heparinized syringe. An ear skin
sample was obtained from the same animal by punch biopsy. Bone marrow and skin
samples were immediately transported to the laboratory for further processing. All animal
procedures were approved by the Institutional Animal Care and Use Committee at The

University of Georgia.
Isolation of bone marrow pMSCs and skin fibroblasts

Mononuclear cells were separated by centrifugation of BM aspirates through a
solution of polysucrose and sodium diatrizoate (Histopaque®, density: 1.077; Sigma
Chemical, St Louis, MO) as indicated by the manufacturer. Briefly, 5 ml of PBS were
added to 3 ml of marrow aspirate and mixed in a 15 ml centrifuge tube. The cell
suspension was deposited over 3 ml of Histopaque, and centrifuged at 400 x g for 30
minutes at room temperature. Mononuclear cells were recovered with a Pasteur pipette
from the opaque interface and washed 2X with D-PBS. For SF isolation, cartilage tissue
was removed from the ear skin sample followed by scratching the surface of it with a
scalpel to partially remove the dermis. Then, specimens were finely chopped with a

scalpel blade and digested by treatment with 10 ml of digestion solution containing 0.2%
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trypsin (Cat Number T4799, Sigma, St. Louis. MO, USA) and 0.2% collagenase (Cat.
Number C9263, Sigma, St. Louis. MO, USA) in D-PBS containing 5 mg BSA per ml at
37°C with agitation. At 10 min intervals the supernatant containing cells was removed
and replaced by fresh digestion solution. Approximately 30 min were required to digest
the tissue corresponding to a skin sample. Cells recovered from one skin sample were
washed and plated in ~8 75 cm” flasks in MEM alpha medium (Invitrogen Corporation,

Cat No 12000-022) supplemented with 10% fetal bovine serum (FBS).
Culture of pMSC

After washing, mononuclear cells were resuspended in MEM alpha medium
(Invitrogen Corporation, Cat No 12000-022) supplemented with 10% FBS and plated on
plastic flasks at a density of ~500,000 cells/cm®. After 24 h, unattached cells were
washed off the flask during medium exchange. Adherent fibroblast-like cells were
allowed to grow for 10-14 days with media replacement every 3™ day. Cells were
passaged at 80-90% confluence by trypsinization (0.25% trypsin-EDTA solution, Sigma,

St. Louis. MO, USA), and reseeded at a density of 5,000-6,000 cells/cm? in plastic flasks.
Expression of surface markers

Expression of surface markers in MSC cultures for phenotypic characterization
was performed by indirect immunofluorescence and flow cytometric analysis. For
immunocytochemistry, cells grown in glass chamber slides were fixed with 2%
formaldehyde for 5 min, washed and blocked with 3% goat serum in D-PBS for 30 min.
Then, cultures were incubated with either 1:500 dilution of the primary antibody (anti-
CD90 or anti-CD11b), or isotype control (Mouse IgG;, clone: MOPC-31C, BD

Biosciences, Pharmingen, San Jose, CA, USA), or D-PBS (negative control) for 1:15 h.
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Primary antibody used was anti-human CD-90 monoclonal antibody that cross-react with
pig antigens (Clone 5SE10, BD Biosciences, Pharmingen, San Jose, CA, USA) or anti-pig
CD11b monoclonal antibody (Clone 2F4/11, BD Biosciences, Pharmingen, San Jose,
CA, USA). After washing in D-PBS, cell monolayers were incubated with Alexa Fluor®
488 goat anti-mouse IgG (1:100 dilution; Molecular Probes, Eugene, OR, USA) for 1 h.
Cells were washed, stained with DAPI (1pug/ml; Calbiochem, San Diego, CA, USA) and
mounted with Vectashild mounting medium (Vector Laboratories, Burlingame, CA).
Specimens were examined under an epifluorescent inverted microscope (Nikon Eclipse
TE2000-S, Nikon Corporation, Tokyo, Japan) equipped with a digital camera (Qimaging

Ratiga 1300, Qimaging, Burnaby, BC, Canada).

The same basic staining procedure described for immunocytochemistry was used
to prepare the cells for flow cytometric analysis with minor modifications. Cell cultures
were trypsinized, washed in D-PBS and fixed with 2% formaldehyde solution for 3
minutes. Non-specific binding was prevented by incubating the cells in 3% goat serum
for 30 min. Cells were incubated in 15 pg/ml of the primary antibody (anti-CD90 or anti-
CD11b) or isotype control for 45 min at room temperature. After washing, cells were
incubated with a 1:500 dilution of Alexa Fluor® 488 goat anti-mouse IgG. Fluorescent
cell analysis was performed with FACSCalibur cytometer (Becton Dickinson
Immunocytometry System, San Jose, CA, USA) and data analyzed by FlowJo software

(Tree Star, Inc, Ashland, OR, USA).

Lineage differentiation of MSC

pMSC cultures were exposed to chondrogenic, lipogenic or osteogenic conditions

for 14-20 days to determine multipotency. Lipogenic and osteogenic induction was
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applied to cells growing in monolayers. Chondrogenic and osteogenic differentiation was
induced on cell masses as previously described in human [33] and porcine MSC [13].
Briefly, aliquots of 200,000 cells were distributed in 15-ml conical tubes and centrifuged
5 min at 600 x g. Sedimented cells were cultured in the tubes with loosened caps to allow
gas exchange. Cells formed a spherical mass on the bottom of the tube by 24 h of culture.
Composition of differentiation media is shown in Table 3.1. Differentiation media were
replaced every 3-4 days. For lipogenic differentiation, cells were first exposed to
induction medium for 2-3 days and then cultured in maintenance medium (Table 1) for
another 2-3 days. This alternating treatment was repeated 3-4 times to achieve full

lipogenic differentiation.

Histochemical stains were used to assess cell differentiation into specific lineages
in adherent cell cultures and histological cryosections of cell masses. Cell masses were
embedded in a water soluble embedding medium, frozen in liquid N, and sectioned (10
um thickness) with a Leica CM3050 cryostat (Leica, Nussloch, Germany). Accumulation
of phosphates and carbonates, indicative of osteogenic differentiation was demonstrated
by the von Kossa silver reduction method [4]. Cultures or cryosections were fixed with
4% formaldehyde, exposed to 5% silver nitrate solution and immediately exposed to
direct UV light for 45-60 minutes. Specimens were then washed and incubated for 2-3
min in 5% sodium thiosulfate solution. Expression of alkaline phosphatase was assessed
by a commercial kit (Vector Red Alkaline Phosphatase Substrate Kit I, Vector
Laboratories, Burlingame, CA). Intracellular accumulation of neutral lipids was
demonstrated by Oil Red O staining [4]. For this assay monolayers were fixed and

stained with Oil Red O working solution for 1 h. The working solution was made fresh
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each time by mixing 1 part distilled water with 1.5 parts of a saturated Oil Red O solution
(0.5% w/v Oil Red O in 99% isopropyl alcohol). Acidic mucopolysaccharides present in
cartilage tissue were stained with alcian blue 8GX (Sigma, St. Louis. MO, USA). Briefly,
cryosections were fixed with 3% acetic acid and stained with alcian blue solution (1%
w/v alcian blue in 3% acetic acid, pH 2.5) for 30 min. After washing, slides were
mounted with 90% glycerol and inspected with a transmitted light microscope.
Photographs were taken with a digital camera (Qimaging Ratiga 1300, Qimaging,

Burnaby, BC, Canada) mounted on the microscope.

Optimization of culture conditions for pMSC

Colony forming unit fibroblast (CFU-F) assay. Passage 2-3 MSCs growing in
flasks were trypsinized and plated at density of 10 cells/cm® in 100 x 20 mm dishes. Cells
were cultured for 14 days under different experimental conditions. Medium was replaced
every 3'9-4"™ day. Cell colonies were washed with D-PBS and stained with 3% Crystal
Violet in methanol for 15-20 min and the number and size of colonies recorded for each
experimental group. Number of colonies and major and minor axes of each colony were
measured with the aid of an ocular micrometer. The averages of the major and minor axes
are reported as colony diameter. For each experimental condition, the best treatment is

the one that induces the highest number of colonies with the larger diameter.

Cell proliferation assay (CyQUANT assay). Passage 2-3 MSCs growing in flasks
were trypsinized and plated at a density of 800 cells/well of 96 well assay plates (black
plate with clear bottom; Corning Incorporated, Corning, NY, USA). Cells were grown
under different experimental conditions for 4 days. Media were removed and the plates

stored at -80 until the CyQUANT proliferation assay was performed following the
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manufacturer instructions (Molecular Probes, Eugene, OR, USA). Fluorescence in the
samples was measure with a fluorescence microplate reader (SPECTRAmax GEMINI,
Molecular Devices Corporation, Sunnyvale, CA, USA) with filters appropriate for 485

nm excitation and 538 nm emission.

CyQUANT proliferation assay kit was also used to investigate cell adhesion
efficiency. Cells were plated in two plates at a density of 13,000 cells per well and
incubated under different experimental conditions at 37°C in 5% CO; in air. After 5-hour
incubation one plate was centrifuged to pellet the cells and the media were carefully
removed. This plate was used to determine total cell numbers. Media from the second
plate were removed and wells washed 3 times with D-PBS. All plates were stored at -
80°C until the CyQUANT proliferation assay was performed according to manufacturer

instructions.

Experiment 1: Effect of FBS concentration on proliferation of pMSC. The
objective of this experiment was to study the effect of media containing increasing
concentrations of FBS (2.5, 5, 10, 20, or 30%) on growing characteristics of pMSC in the

CFU-F assay.

Experiment 2: Effect of media and oxygen tension on proliferation of MSC. The
ability of different media to support pMSC grow in vitro under low or high oxygen
concentration atmosphere was investigated using the CFU-F and CyQUANT
proliferation assays. pMSC were cultured in either alpha MEM medium (Invitrogen
Corporation, Cat No 12000-022), low glucose DMEM containing 2.2 g/L of sodium
bicarbonate, low glucose DMEM containing 3.7 g/L sodium bicarbonate (Invitrogen

Corporation, Cat No 31600-034) or DMEM/F12 (Sigma Cat No D0547). All media were
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supplemented with 10% FBS. Culture was carried out in low oxygen concentration (5%
03, 5% CO; and 90% N) or high oxygen concentration (5% CO; in air). In the
CyQUANT proliferation experiment cells were seeded in 96-well plates in alpha MEM
media with 10% FBS and allowed to attach for 12 h. After this, media were removed and
treatments applied. The design of the CFU-F experiment was slightly different, since

cells were directly seeded in 100 mm dishes in the treatment media.

Experiment 3: Effect of ascorbic acid supplementation and oxygen tension on
proliferation of pMSC. The potential stimulatory effect of increasing concentrations of
ascorbic acid 2-phosphate (control, 5, 50, 500 or 5,000 png/ml; A8960, Sigma Chemical,
St Louis, MO) added to the culture medium (low glucose DMEM) on proliferation of
pMSC was investigated. The design also included the effect of culture under an
atmosphere with low or high oxygen concentration on proliferation of pMSC across all

ascorbic acid treatments.

Transient genetic modification

Transduction with a human adenovirus. A chimeric adenovirus type 5 that
contains the adenovirus type 35 fiber and carries the GFP gene (Ad5F35-eGFP; 5 x 10"
particles/ml, 3.45 x 10" pfu/ml) was obtained from the Vector Development Laboratory

at Baylor College of Medicine, Huston, TX.

Passage 2-3 pMSC and matching isogenic SF cell lines were seeded at a density
of 43,000 cells/cm” in 12-well plates (150,500 cells/well). Twenty-four hours after
plating, cultures were infected with 100 MOI in 500 puL of alpha MEM with 10% FBS.
The percentage of GFP positive cells, relative fluorescence intensity (RFI) of the GFP

positive cell population and cell viability by exclusion of propidium iodide (50 p/ml;
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Roche Applied Science, Indianapolis, IN, USA) was determined 24 h after viral exposure

by flow cytometric analysis using a FACSCalibur cytometer and FlowJo software.

Transfection with GFP plasmid. Early passage (2-3) pMSCs and isogenic SFs
were plated in 12-well plates (120,000 cells/well) and 20 h later were transfected with a
plasmid containing EGFP gene under control of cytomegalovirus (CMV) promoter and
neomycin-resistant gene under control of an SV40 promoter which allows selection using
geneticin (EGFP-N1, Clontech Laboratories, Palo Alto, CA, USA). Transfection was
carried out in presence of a polyamine-based transfection reagent (GeneJammer,
Stratagene, La Jolla, CA, USA) according to manufacturer recommendations (2 pug
plasmid DNA per well). Transfected cells were sorted based on GFP fluorescence 72 h
after transfection using a MoFlow FACS set to sort 1 cell per well of 96-well plates (3
plates per cell line). Cell were cultured in alpha MEM with 15% FBS for 14 days and
development of GFP expressing colonies was determined at this point by inspection

under a microscope equipped with UV light.

Stable genetic transformation

Transfection with GFP plasmid. Passage 2-3 MSCs and isogenic SFs were plated
in 4 100x20 mm plastic dishes per cell line at 1.2 x 10° cells/dish. Cultures were
transfected with EGFP-N1 plasmid (12 pg plasmid DNA/dish) using GeneJammer
Transfection Reagent according to manufacturer specifications. Selection for transgenic
cells was initiated in 3 dishes per cell line 72 h after transfection by culturing the cells in
medium containing Geneticin (250 pg/ml, G418, Sigma). Number of GFP expressing
colonies was determined 14 days after transfection. The remaining 100 mm dish was

passaged and propagated in alpha MEM with 15% FBS. After 8-9 days, cells were
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trypsinized and stained with 50 pg/ml propidium iodide (Roche Applied Science,
Indianapolis, IN, USA). Viable GFP expressing cells were sorted with a MoFlo
instrument (DakoCytomation, Ft. Collins, CO, USA) as single cells in 96-well plates (3
plates per cell line) containing culture medium supplemented with 20% FBS and colonies
were allowed to grow for 14 days (with media change at day 7). At the end of the culture
period, colonies were graded according their development as follows: category 1, colony
covering all or almost all the surface of the well; category 2, colony covering
approximately half of the well; and category 3, colony covering one forth of the well.
Colonies were also graded as GFP positive (high, medium or low florescence intensity)

or negative.

Adeno-associated viral transduction. Human adeno-associated virus vector
carrying the GFP gene was kindly provided by Vector Development Laboratory at Baylor
College of Medicine, Huston, TX. pMSC and SF cultures (passage 2-3) were seeded in 4-
well plates (40,000 cells/well). Cell cultures were transduced 24 h after plating with 3 x
10® viral particles per well in alpha MEM with 2% FBS. Serum concentration was
adjusted to 10% by adding FBS 3.5 h after transduction. Transduced cells were passaged
and expanded for 9-10 days in alpha MEM supplemented with 15% FBS before sorting
viable GFP positive cells in 96-well plates (1 cell per well; 3 plates per cell line) using a
FACS cytometer (MoFlo, DakoCytomation, Ft. Collins, CO, USA). Cells were cultured
for 14 days in alpha MEM containing 15% FBS (replaced at Day 7 of culture), and

colony development was evaluated as described above.
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Somatic cell nuclear transfer

Confluent (passage # 2) MSC and SF cultures exposed to roscovitine (15 pM;
Sigma) during the last 24 h of culture [34] were used as karyoplasts to produce NT
embryos. In vitro matured oocytes were enucleated and a single cell (MSC or SF) was
transferred into the periviteline space. Cell-oocyte couplets were fused in Zimmerman’s
medium with a single electric pulse (250 V/mm for 20 psec) delivered through a needle-
type electrode. NT units were electrically activated (2 pulses of 75 V/mm for 60 psec
separated by 5 sec) in a chamber 1 h after fusion and transferred to drops of NCSU-23
medium. Embryos were examined for cleavage and blastocyst formation at 2 and 7 days

after NT respectively.

Statistical analysis

CFU-F data from Experiment 1 were analyzed by one-way analysis of variance
(ANOVA) using the general linear models (GLM) procedure of the Statistical Analysis
System [35], followed by protected LSD. CFU-F and proliferation data from Experiments
2 and 3 were analyzed by two-way ANOVA using GLM procedure of SAS under a
completely randomized factorial design. The model included variation due to treatment
(media in Experiment 2 or ascorbic acid in Experiment 3), oxygen tension (high or low)
and their interaction. When a significant effect was detected with the ANOVAs,
treatment means were compared by protected LSD. Student’s t-test was used for
comparing data from two groups, i.e., pMSC versus SF. All values are mean = SEM from

at least 3 replicates. Differences were considered to be significant at P<(.05.
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RESULTS

Isolation of cell lines

Mesenchymal stem cell lines were successfully established from bone marrow
collected from 10 anesthetized gilts (n=10). The number of mononuclear cells per BM
aspirate (~20 ml) recovered from the density gradient was 2.33 + 0.5 x 10° mononuclear
cells, enough to plate ~6 75 cm? flasks. Most of the non-adherent cells were removed
during the first media change at 24-48 h. Discrete colonies of fibroblast-like cells
attached to the plastic were evident at Day 4-5 after initial seeding. Most cell lines were
composed of cells with a characteristic spindle shape while others had cells with
polygonal morphology. The number and size of the colonies increased progressively to

reach 80% confluency by Day 14-15 (Fig. 3.1, A and B) after seeding.
Expression of surface markers

Immunocytochemistry revealed that fibroblast-like cells from pig bone marrow
were positive for the cell surface marker CD90 (Fig. 3.2A) and negative for CD11b (Fig.
3.2B). Flow cytometric analysis confirmed that 99.4 + 0.20% of the cells expressed
CD90 antigen (Fig 3.2C) and virtually the entire population was negative for CD11b

(Fig. 3.2D).
Lineage differentiation of MSC

Results indicated that BM mesenchymal cells acquire morphological and
histochemical characteristics of adipose, cartilage or bone tissues when exposed to
specific differentiation inducing conditions (Fig. 3.3). Conversely, isogenic SFs exposed

to identical induction conditions failed to differentiate (Fig. 3.3). Cells with discrete,
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although small lipid droplets were present as early as Day 4-5 of culture. The number of
cells with lipid accumulation and the size of the lipid droplets increased until Day 8-9 and
plateaued until the end of culture period (Day 12-14). The percentage of cells undergoing
lipogenic differentiation was highly variable among cell lines, ranging from ~1 to 15%.
Oil Red O confirmed the presence of neutral lipid accumulation in differentiated pMSCs.
(Fig. 3.3A). Lipogenesis was not evident in pMSCs maintained in culture medium alone
(Control; Fig. 3.3B) or isogenic SFs exposed to lipogenic medium (Fig. 3.3C). Alcian
blue staining revealed presence of acidic mucopolosaccharides in sections of pMSC
masses cultured in chondrognic medium for 14-17 days (Fig. 3.3D). Cell morphology
was also compatible with cartilage tissue. pMSC controls and SFs cultured in
differentiation media were negative for alcian blue stain (Fig. 3.3, E and F). Extensive
osteogenic differentiation, as evidenced by black deposits with von Kossa stain (Fig.
3.3G) was only noticeable in pMSCs exposed to osteogenic conditions; pMSC controls
and SFs cultured in osteogenic differentiation media were both negative for von Kossa

stain (Fig. 3.3, Hand I)

Optimization of culture conditions for pMSC

Experiment 1: Effect of FBS concentration on proliferation of pMSC. Percentage
of FBS in the culture medium greatly influenced both the number of colonies per dish
and the mean colony diameter. The number of colonies per dish increased with increasing
FBS concentrations up to 10% when a plateau was reached (Fig. 3.4A). A similar
positive effect of FBS on colony diameter was also evident, however, a plateau was not

reached with 30 % FBS (Fig. 3.4B).
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Experiment 2: Effect of media and oxygen tension on proliferation of MSC. The
effect of media and oxygen tension on CFU-F assay was replicated with 4 cell lines
(obtained from 4 different animals). In 3 out of 4 cell lines the number and diameter of
colonies were markedly smaller in DMEM/F12 medium compared with the other media
studied, while in the remaining cell line the response to DMEM/F12 medium was similar
to the other treatments. Since the inclusion of data from this cell line in the statistical
analysis would mask the negative effect observed for DMEM/F12 medium in 3 out of 4
cell lines, we decided to exclude it from the statistical analysis. The number and diameter
of colonies was not different for MSCs grown in alpha MEM, DMEM 2.2 or DMEM 3.7
(Fig. 3.4, C and E). Cells cultured in DMEM/F12 responded with fewer and smaller
colonies compared with the other media studied (Fig. 3.4, C and E). Oxygen
concentration affected neither the number nor the mean diameter of colonies (Fig. 3.4G)

in the CFU-F assay.

The effect of media type on proliferation of pMSCs in two different oxygen
tensions (low or high) was investigated with QyQUANT proliferation assay. Significant
effect of medium type (P<0.0001) and oxygen tension (P<0.0001) but not interaction
(P=0.49) between these variables was observed. Relative fluorescence units (RFU),
which is correlated to the amount of DNA, was higher in DMEM/F12 treated cells
compared with the other media types studied (Fig. 3.4D). Low oxygen tension had a
positive effect on cell proliferation as evidenced by a higher RFU compared with cells

maintained in high oxygen atmosphere (Fig. 3.4H).

The ability of alpha MEM and DMEM/F12 to induce adhesion of pMSCs to

plastic was compared with CyQUANT assay. Alpha MEM had a better ability to induce
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pMSC attachment than DMEM/F12 medium (189.33 £ 10.05 versus 164.66 + 2.96 RFU

in alpha MEM and DMEM/F12 respectively; P<0.05).

Experiment 3: Effect of ascorbic acid supplementation and oxygen tension on
proliferation of pMSCs. Significant effects of ascorbic acid concentration (P<0.0001) and
oxygen tension (P<0.0001) but not interaction (P=0.56) between these variables were
observed. Supplementation of the culture medium with 5 to 500 pg of ascorbic acid per
ml did not affect cell proliferation compared with the control (Fig. 3.4F). However,
addition of 5000 pg of ascorbic acid/ml impaired pMSC proliferation (Fig. 3.4F).
Coinciding with results from Experiment 2, low oxygen tension significantly improved

(P<0.05) pMSC proliferation rate.

Transient genetic modification of SFs and pMSCs

Transduction with a human adenovirus. Microscopic inspection of cultures under
UV light 24 h after infection revealed a superior transduction efficiency in pMSCs
compared to SFs (Fig. 3.5, E and F), a finding that was later confirmed by flow
cytometry. The percentage of cells expressing GFP was ~15% higher in pMSCs than that
in isogenic SFs (70.25 £5.45 vs. 55.31 + 6.83 % of GFP+ in pMSCs and SFs
respectively; P=0.02; Fig. 3.5, A-C). Relative fluorescence intensity was also higher in
pMSCs compared with that in SFs (959.66 + 73.25 vs. 585.75 £ 19.32 RFI, in pMSCs
and SFs respectively; P=0.005; Fig. 3.5A). Percentage of PI positive cells was higher in

pMSCs (5.35 + 0.38%) compared with that in SFs (3.45 £ 0.24%; p=0.01; Fig. 3.5A).

Transfection with GFP plasmid. There was no difference in the proportions of
SFs and pMSCs expressing GFP (SFs: 3.99 + 0.95%, pMSC: 8.44 + 2.33%, P=0.22; Fig.

3.5D). Viability was also similar between the two experimental groups (Fig. 3.5D). GFP
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positive cells were individually sorted in 3 96-well plates per cell line and checked for
GFP expressing colonies after 14 days of culture. Only 7 out of 648 colonies that

developed in SF and pMSC plates were GFP positive.

Stable genetic transformation

We used two different vectors, namely a GFP plasmid and AAV to obtain cell
populations displaying extended expression of the transgene, which is normally
associated with integration of the transgene into the host DNA. Comparison of
proportions of cells that remained GFP+ after transfection/transduction and proliferation
in vitro (8-10 days) revealed a higher proportion of GFP expressing cells in the AAV
than in the GFP plasmid transfected group, irrespective of cell line (Fig 3.6A). There was

no difference in transfection/transduction efficiency between SF and pMSC (Fig. 3.6A).

Transfection with GFP plasmid. The mean number of colonies per 100 mm dish
expressing GFP after 14 days of G418 selection was 74.32 + 8.34 in SF and 74.38 £ 4.58

in pMSC (P>0.05).

We implemented an approach to reduce the number of cells with transient
expression of GFP from episomes which consisted in propagation of transfected cell lines
for 10 days and then sorting individual cells in 96-well plates based on GFP fluorescence.
Two weeks after plating, approximately 35% of plated cells formed a colony (Fig. 3.6D).
Irrespective of cell line (SF or pMSC), the vast majority of these colonies (~92%) did not
express GFP. Colony development was similar between SF and pMSC (Fig. 3.6E). There
was a higher percentage of high fluorescence SF colonies compared with the same

category pMSC (Fig. 3.6E; P>0.05). A pMSC colony originated from one cell transfected
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with the GFP plasmid and positive for GFP after 14 days of culture is shown in Figure

3.6B.

Adeno-associated viral transduction. The proportion of plated cells that formed a
colony was not different between cell lines ranging from 26.39 + 1.31 in pMSC to 40.04
+ 7.79% in SF. Contrasting with results obtained with GFP plasmid transfected cells,
90.2% of SF colonies and 96.2% of pMSC colonies expressed GFP (compare Fig. 3.6D
with Fig. 3.6F). There was no difference in the proportion of colonies category 1, 2 or 3
between cell lines (Fig. 3.6G). pMSC had a larger proportion of high fluorescence
colonies and lower percentage of low fluorescence intensity colonies compared to SF
(P<0.05; Fig. 3.6G). A pMSC colony positive for GFP after 14 days of culture is shown

in Figure 3.6C.

Somatic cell nuclear transfer

pMSC and SF synchronized with roscovitine were used in two replicates as
nuclear donors to produce cloned porcine embryos. Cleavage rates were 44.5% (65/146)
for MSC and 53.1% (60/113) for SF NT embryos. Development to blastocyst stage was
4.1% (6/146) in the MSC group and 1.77% (2/113) in SF group. The number of cells per
blastocyst ranged from 7-23 cells per blastocyst. Low percentages of embryo

development obtained precluded statistical analysis of NT data.

DISCUSSION

Since first identified by the pioneering work of Freidman et al. in the early 70s
[36, 37], MSC, also known as marrow somatic cells or colony forming unit fibroblastic
cells, have been the subject of numerous studies aimed to decipher the roles of these stem

cells in the complex marrow physiology. MSCs are considered non-hematopoietic
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precursor cells that support hematopoiesis and can differentiate down the lipogenic,
chondrogenic, osteogenic and tenogenic pathways (reviewed in [38]). The broad
differentiation potential along with extensive ex vivo proliferative capacity makes these
stromal precursors attractive candidates for autologous and allogeneic cell therapy and
potentially for SCNT transgenesis. We have isolated and characterized the growing
properties of pMSC under different culture conditions. Then we examined the ability of
pMSC and isogenic SF to undergo transient and stable genetic modifications using a
combination of GFP-plasmid with a transfection reagent and viral vectors. Finally, our
studies suggest that pMSC can undergo nuclear reprogramming to generate cloned

blastocysts.

We were able to establish a primary MSC line from each of 10 individual animal
bone marrow aspirations. Two approaches were undertaken in order to determine the
MSC identity of fibroblastic cells isolated from pig BM: (a) expression of surface
markers by immunocytochemistry and flow cytometry analysis, and (b) pluripotency as
determined by multilineage differentiation in vitro. Imunocytochemistry revealed that
most cells expressed the mesenchymal marker CD90. These results were later confirmed
by flow cytometric analysis of pMSCs which demonstrated that ~99% of the cells
expressed the antigen. Using the same techniques, it was establish that bone marrow
fibroblastic cell did not express CD11b, a hematopoietic marker present in granulocytes,
monocytes, NK cells, subsets of T cells, and subsets of B cells [39]. Cell surface marker
expression in bone marrow-derived cells isolated in the present study supports the
mesenchymal origin of these cells and agrees with previous work in human and rat

MSCs, which consistently express CD90 and lack CD11b expression [4, 6]. Furthermore,
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analysis of forward and scatter light data from pMSCs revealed homogenous cell
populations (size and granularity; data not shown) coinciding with flow cytometry results
from human MSCs [4]. MSCs but not fibroblasts are capable of differentiating down
mesenchymal lineages [4, 10, 11, 13], and we used this to confirm that isolated cells from
pig bone marrow were truly MSCs. Only pMSCs differentiated along the lipogenic,
chondrogenic and osteogenic lineages when exposed to specific induction media;
isogenic SFs failed to do so (Fig. 3.3). Morphology, surface antigen profile and
pluripotency characteristics provide convincing evidence that the bone marrow cells

isolated in the present study are pMSCs.

Since little is known about culture conditions that support pMSC proliferation in
vitro, we first sought to characterize the growth properties of pMSCs under different
culture conditions. The CFU-F assay was used to investigate the effect of FBS on number
and diameter of pMSC colonies. Development of MSC colonies depended entirely on the
growth factors present in FBS (Fig. 3.4, A and B). No colonies were present when the
FBS was omitted and a clear positive dose-response relationship was observed between
colony numbers and FBS concentrations. A similar response to FBS was reported for
human MSCs [40]. A positive effect of FBS was also evident on the mean colony
diameter; however the plateau was not reached with 30% FBS. Overall, it is apparent that
addition of 10-20% of serum to pMSC culture medium provides adequate support for
pMSC expansion. The CFU-F assay was used to investigate growing properties of
pMSCs in different media resulting in a cell line dependent response. In 3 out of 4 cell
lines, the number and diameter of colonies was not different for pMSCs cultured in alpha

MEM, DMEM 2.2 and DMEM 3.7, but significantly lower for cells growing in
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DMEM/F12. Unexpectedly, DMEM/F12 medium enhanced proliferation of pMSCs in
the CyQUANT assay (Fig. 3.4D), contrasting with results obtained in the CFU-F assay.
This inconsistent response may have arisen from inherent differences between the assays.
For instance, cells in the CFU-F assay were plated in treatment media, whilst in the
proliferation assay cells were allowed to adhere for 12 h in alpha MEM and then exposed
to different treatment media. Therefore, CFU-F assay measured both plating efficiency
and proliferation capacity of media whereas CyQUANT assay only measured
proliferation capability. We hypothesized that DMEM/F12 low plating efficiency could
explain, at least partially, the contrasting results. To test this we compared plating
efficiency of alpha MEM and DMEM/F12 and showed that DMEM/F12 had
comparatively lower ability to promote cell attachment in the CyQUANT plating assay.
Different cell concentrations between CFU-F (very low cell density) and CyQUANT
(high cell density) assays might have also contributed to the differential outcomes

observed.

The effect of oxygen tension during culture on colony formation was investigated
in the CFU-F assay. Despite the fact that oxygen tension did not affect number and size
of the colonies (Fig. 3.4G), we observed darker colonies in cultures maintained under low
oxygen tension (5%) suggesting higher number of cells per colony. These results
prompted us to study the combined effect of media type and oxygen tension on pMSC
proliferation. Since an interaction was not detected, each factor (medium type and oxygen
tension) was analyzed separately. pMSCs growing in an atmosphere low in oxygen (5%)
proliferated faster than cells cultured in higher oxygen tension (21%), which is consistent

with our previous observation of darker pMSC colonies in cultures grown under low
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oxygen environment. Culture of cells in reduced oxygen tension has been reported to
cause inhibition [41, 42] or stimulation of cell growth in vitro [43-47]. Our results
demonstrated increased proliferation rate of pMSCs in an oxygen concentration that more
closely mimic the in vivo conditions. Therefore, exogenous control of oxygen tension
may have important implications for in vitro propagation of pMSC and possibly

differentiation [47, 48].

Ascorbic acid or vitamin C, a primary antioxidant for cells, has been associated
with enhancement of cell proliferation [49-51], and it contributes to collagen synthesis in
mesenchymal cells [52-54]. One difficulty associated with supplying ascorbate to
cultured cells is the instability of this vitamin under standard culture conditions (neutral
pH, 37°C, and aerobic environment) resulting from its autoxidation [55]. To overcome
this problem we used an esterified ascorbate (ascorbic acid 2-phosphate) which is more
resistant to autoxidation [50] and therefore more stable in aqueous solutions. Addition of
ascorbic acid to a vitamin C-free medium over a wide range of concentrations (5-500
ug/ml) did not affect proliferation rate of pMSCs. The causes for the lack of effect of
ascorbic acid supplementation on pMSC proliferation in our experiment are not readily
evident. The amount of free ascorbate available for the cells is dependent upon the rate of
conversion of ascorbate 2-phosphate to ascorbate in a given cell type and culture
condition. We are unaware of the rate of conversion of ascorbate from its esterified
precursor in our culture system; thus, the amount of ascorbic acid readily available for the
cells might not have been the optimal. Additionally, we cannot rule out the possibility
that the method used to estimate cell numbers in our study was not sensitive enough to

detect subtle effects of ascorbic acid on cell proliferation. Impairment of cell proliferation
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observed when ascorbate was added at 5,000 pg/ml of medium is consistent with the idea
that at high concentrations, ascorbate favors the generation of free radicals, promoting in

this way a pro-oxidative rather than an antioxidative state [56].

The recent development of somatic cell nuclear transfer to produce cloned
animals has provided a new method to create transgenic livestock that clearly advances
previously available technologies like pronuclear microinjection [20]. A particular cell
type must satisfy four basic donor cell criteria in order to be considered for SCNT
transgenesis, including easily cultured, clonal propagation, amenable to genetic
manipulation and nuclear reprogramming. To establish whether pMSCs can be
genetically manipulated we performed a series of experiments to address this and
compare transfection/transduction efficiencies between pMSCs and isogenic SFs using
viral and non-viral methods. Here we have used a recombinant adenoviral vector carrying
the eGFP gene to transiently transduce pMSC and SF in combination with flow
cytometry analysis to determine expression of the reporter gene. We have shown that
both cell types can be infected with the non-integrating human adenovirus vector.
Interestingly, a higher proportion of pMSCs expressed GFP compared with isogenic SFs
(Fig. 3.5). Likewise, RFI revealed a shift in GFP intensity to the right in pMSCs
indicating that a larger number of adenoviral particles entered into these cells compared
with that in SFs (Fig. 3.5A). Since adenoviral entry into the host cells is mediated through
membrane receptors, particularly CD46 for AdSF35 [57], it is likely that pMSCs possess
higher density of adenoviral receptors, which would explain the higher transduction
efficiency. We also observed a higher proportion of non-viable pMSCs (Fig. 3.5A),

which could be the result of viral cytopathic effects associated with the higher viral
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infection achieved in this group. Nonetheless, overall cell viability was very high (>
95%) in both cell lines. When pMSCs and SFs were transfected with a plasmid
containing the eGFP gene, the proportion of cells transiently expressing the transgene at
72 h was not different between cell lines and it was 9-fold lower than the proportions of
GFP positive cells achieved with the adenovirus vector. Transient gene transfer into
cultured cells with subsequent expression of the transgene has become a valuable tool for
physiological studies, functional genomics and gene therapy. Furthermore, ectopic
expression of signaling molecules and transcription factors has proven useful to
manipulate the differentiation fate of stem cells [58, 59] and might prove valuable to

manipulate donor cell function.

For animal transgenesis, stable integration of the gene in the host genome is
required. We designed a series of experiments to investigate stable transgene expression
in pMSC and SF using a GFP plasmid and a viral vector (AAV). Plasmid integration was
confirmed by selection of transformants with the antibiotic G418; approximately 74 GFP
positive colonies developed in each 100 mm dish. Since 1.2 x 10° cells per dish were
transfected, then approximately 1 in every ~16,000 treated cells integrated the transgene.
To further study extended expression of transgenes delivered by a plasmid or AAV
vector, transfected/transduced cells were allowed to propagate in vitro; we then used
FACS for clonal propagation of GFP positive cells in 96-well plates. At sorting, the
percentage of GFP positive cells transduced with AAV vector was double that of cells
transfected with the plasmid (Fig. 3.6A). GFP expressing cells from these populations
were sorted as single cells in multi-well plates and the total number of colonies and GFP

expressing colonies determined after 14 days. Contrasting results in terms of percentage
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of GFP positive colonies were obtained between plasmid transfected and AAV
transduced cells irrespective of cell line (pMSC or SF). Approximately 8% of colonies
were GFP positive in the plasmid transfected group versus ~93% in the AAV vector
transduced group. To determine how long these GFP+ cells could maintain transgene
expression as a measure of integration, some GFP positive colonies originating from cells
transfected with either GFP plasmid or AAV vector were expanded in vitro up to ~ 1 x
10° cells without losing GFP expression (~ 21 cell doublings; data not shown). These
data along with the well known integrative capacity of AAV vectors indicates stable
transgene integration. We demonstrate here that pMSCs can be genetically manipulated,
clonally propagated and sustain transgene expression. Furthermore, the AAV vector used
in the present study was clearly superior to a conventional GFP plasmid to produce stable
integration. Viral vectors have previously been used to create transgenic cell lines that
were later used to generate SCNT transgenic embryos [25] and animals [26, 27].
Recently, Hofmann et al. [28] obtained high transduction rates of bovine fibroblasts in
culture with a lentivirus vector, and these transgenic cells were able to drive development
to term. Therefore the use of integrating viral vectors like lentivirus and AAV is

emerging as highly effective alternative method to deliver DNA into cells.

There is some experimental evidence that supports the idea that the nucleus of
less differentiated cells may have a configuration that is more amenable to
reprogramming upon nuclear transfer into the recipient oocyte (reviewed in [60]). Some
studies have reported improved post-implantation survival of clones originated from
mouse embryonic stem cells [61, 62] and enhanced in vitro development of

preimplantation pig embryos reconstructed with fetal skin-derived stem cells [63].
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Bovine MSCs were able to undergo nuclear reprogramming after SCNT and supported
development to term [18]; unfortunately embryos reconstructed with other somatic cell
types were not included in this study for comparison purposes. Nuclear transfer results
from the present study suggest that pMSC can support blastocyst development after being
transferred to enucleated MII oocytes. Although both the pMSCs and SFs produced low
cleavage and blastocyst rates, this limited study does indicate that pMSCs can undergo
nuclear reprogramming at least to support development to the blastocyst stage. Additional
replicates will be necessary in order to establish any potential differences in
reprogramming ability between cell lines and types. Having shown that pMSC-donor
cells can develop into initial SCNT blastocyst stage embryos, future studies might
investigate the differentiation potential or differences between pMSC and embryonic
cells derived from the same donor cells. In addition, this work can lead to studies that
determine the effects of stable (AAV) or transient (Ad5-F35 vector) expression of certain

exogenous genes and their effect on nuclear reprogramming.

In conclusion, we have been able to establish adult pMSC lines from live animals
using a minimally invasive BM aspiration technique. These adult stem cells can
proliferate extensively in vitro (~ 30 cell doublings until senescence; data not shown) and
undergo transient and stable genetic modification with non-viral and viral vectors. Of
particular interest is the highly efficient transduction of MSCs with a non-integrating
human adenovirus and AAV vectors. All these characteristics along with favorable clonal
cell propagation properties make pMSCs an attractive source of cells for large animal
preclinical testing. These significant findings will lead to future autologous cell/gene

therapy studies comparing easily cultured genetically modified adult pMSC to isogenic
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embryonic cells derived via SCNT, thus addressing cell rejection issues in non murine

models for disease and tissue repair.
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TABLE 3.1. Composition of differentiation media and methods used to assess lineage

differentiation.
Lineage Differentiation medium composition Assessment of differentiation
Lipogenic Induction: High glucose alpha MEM Oil Red O stain: lipid

supplemented with ITS+1 (Sigma), sodium  accumulation
pyruvate (10 mM), methyl isobutylxanthine
(0.5 mM) and dexamethasone (1uM).

Maintenance: High glucose alpha MEM
supplemented with ITS+1 (Sigma) and
sodium piruvate (10 mM)

Chondrogenic  Alpha MEM supplemented with pTGF-1 Alcian blue stain: acidic
(10 ng/ml), dexamethasone (100 nM), mucopolysaccharides
ascorbic acid 2-phosphate (50 pg/ml),
thyroxine (50 ng/ml) and ITS+1 (Sigma)

Osteogenic Alpha MEM supplemented with 10% FBS,  von Kossa stain: phosphates

dexamethasone (10®M), ascorbic acid (50 and carbonates.
pg/ml), and B-glycerophosphate (10 mM). Alkaline phosphatase (AP)
activity
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FIG 3.1. Morphology of adherent fibroblast-like cells, later identified as pMSCs, isolated
from pig bone marrow after 14 days from initial plating (A). Same cell line at higher
magnification showing detailed fibroblastic morphology of pMSCs (B). Bar =200 pm

(A) and 100 um (B).
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FIG 3.2. Immunofluorescence and flow cytometry for the surface markers CD90 and
CD11b in pMSCs. Specific imunoreactivity for CD90 was observed in pMSCs growing
on chamber slides (A). CD11b immunoreactivity was absent in pMSC monolayers (B).
(Green: Immunoreactive CD90; Blue: DAPI). These results were later confirmed by flow
cytometry (C, D). pMSC suspension was fixed and immunostainied for CD90 (C) or
CD11b expression (D). Histograms show frequency distribution and fluorescence
intensity data. Blue curves represent the distribution of cells incubated with anti-CD90 or
CD11d primary antibody, whereas red curves represent the distribution of cells incubated
with the immunoglobulin isotype control. In histogram (C), from a representative pMSC
line, 99.6% of total cells were positive for CD90. In (D) CD11b (blue) and isotype (red)
curves overlap, indicative of absence of imunoreactive sites for CD11b on pMSC. Bar =

100 pm.
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FIG 3.3. Histochemical stains of SFs and pMSCs exposed to lipogenic, chondrogenic,
osteogenic or control media. pMSCs underwent lipogenic (A), chondrogenic (D) and
osteogenic differentiation when exposed to specific induction media. pMSCs cultured in
control medium (B, E and H) and isogenic SFs (C, F and I) exposed to differentiation

conditions failed to differentiate. Bar = 100 um (A-C) and 0.5 mm (D-I).
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FIG 3.4. Effect of culture conditions on proliferation of pMSCs as determined by CFU-F
or CyQUANT assays. Effect of supplementation of culture media with different FBS
concentrations on the number of colonies (A) and colony diameter (B). Response of
pMSCs to medium type in the CFU-F (C, E) and CyQUANT proliferation assays (D).
Effect of increasing concentrations of ascorbic acid on proliferation of pMSCs in the
CyQUANT assay (F). Effect of low or high oxygen tension on colony formation in the
CFU-F assay (G) and proliferation in the CYQUANT assay (H). Values are the mean +
SEM of at least 4 independent replicates. Bars with different letters are statistically

different at P<0.05; ANOVA followed by LSD.
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FIG 3.5. Transient transduction/transfection of SFs and pMSCs with a human adenovirus
(Ad5F35-eGFP) or a plasmid carrying the EGFP gene. SFs and pMSCs were transfected
with Ad5F35-eGFP and after 24 h characterized by flow cytometry. Percentage of GFP
positive, mean fluorescence intensity and proportions of viable cells (A) were estimated
from the flow cytometry data. Representative dot plots of transduced isogenic SFs (B)
and pMSCs (C) showing distribution of cell populations based on GFP intensity (X axis)
and PI staining (Y axis). Very low proportions of cells are non-viable (top left quadrants
in B and C). A larger percentage of cells are viable and GFP positive in pMSCs (74.6%,
bottom right quadrant in C) compared with that in SFs (44.1%, bottom right quadrant in
B). SFs and pMSCs were transfected with GFP plasmid and characterized by flow
cytometry 72 h after transfection (D). Percentage of GFP positive, non-viable cells were
estimated from the flow cytometry data. Photomicrographs of SFs (E) and pMSCs (F) 24
h after transduction with Ad5F35-eGFP. Different symbols within each variable denotes

significant difference at P<0.05; Student t-test. Bar = 200 pm.
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FIG. 3.6. Stable transformation of SFs and pMSCs with a GFP plasmid or an AAV
vector. SFs and pMSCs were transfected with a GFP plasmid or AAV, expanded in vitro
for 9-10 days, and sorted as single GFP positive cells by flow cytometry. Percentage of
GFP positive SF and pMSC transfected/transduced cells after propagation in vitro (A).
GFP expressing cells sorted in 96-well plates were cultured in vitro for 14 days and the
percentage of colonies, GFP negative and GFP positive colonies were determined for
cells transfected with GFP plasmid (D) or AAV (F). Colonies were classified according
to degree of development (1, 2 or 3) and fluorescence intensity (high, medium or low) (E,
G). Photomicrographs of GFP positive pMSC colonies generated from a single cell
transfected either with GFP plasmid (B) or AAV (C). *¥P<0.05; Student t-test. Bar =200

pm.

101



A 18 -
16 O GPF plasmid
B AAV
o 14 *=
oo 12
8
= 10 1
)
° 8
5]
A 6
4 .
2 B
0 T
SF pMSC
D 100 - E 100 -
90 - GFP plasmid 904 GFP plasmid OSF MpMSC
80 80 4
70 o 704
(o]
20 60 - 2 60
= g
S 50 8 501
2 401 S 40 *
ot ~
30 30
20 20
10 10 4
0 T T 0
Colony formation ~ GFP negative GFP positive 1 2 3 High Medum Low
| 11 |
OSF HpMSC Colony development Fluorescence intensity
F 100 G 100
00 { AAV o0 { AAV OSF MpMSC
80 80 -
701 o 70
& 0
& 60+ £ 60
§ 50 8 501 * *
5 40 5 40
& 30 301
20 1 20 4
i i
0 . I_Y_h . 0 T T . . .
Colony formation GFP negative GFP positive | 1 2 3 I High Medium Low
OSF | pMSC Colony development Fluorescence intensity

102



CHAPTER 4

EFFICIENT ADENOVIRAL MEDIATED GENE DELIVERY INTO PORCINE

MESENCHYMAL STEM CELLS!

! Pablo Bosch, Christine Fouletier-Dilling, Elizabeth A. Olmsted-Davis, Alan R. Davis

and Steven L. Stice, To be submitted to Experimental Hematology



ABSTRACT

Mesenchymal stem cell-mediated gene therapy research has been predominantly
conducted on rodent disease and injury models. Appropriate scaled up large animal
models may provide additional safety and efficacy information prior to human clinical
trials. Here we report for the first time efficient transduction of porcine bone marrow
derived mesenchymal stem cells (MSCs) (~90% of the cells expressing the transgene)
while retaining their ability to differentiate in vitro into mesodermal lineages. Porcine
MSCs (pMSC) were infected under different experimental conditions with replication-
defective adenoviral vectors carrying the GFP gene and later transgene expression
analyzed by flow cytometry. There was a 5.5-fold increase in the percentage of GFP
expressing cells when we delivered adenovirus type 5 that contains an adenovirus type 35
fiber (Ad5F35eGFP) in presence of GeneJammer. Transduction of pMSC with 1,500-
2,000 vp/cells in presence of GeneJammer yielded the highest percentage of GFP
expressing cells (~90%) without affecting cell viability. Transduction enhancement
mediated by GeneJammer was not dependent on adenovirus type 35 fiber protein, since a
similar positive effect was detected when pMSCs were infected with an Ad5 vector.
Presence of fetal bovine serum (FBS) during adenoviral transduction enhanced vector-
encoded transgene expression in both GeneJammer-treated and control groups.
Complexing Ad5SF35 vector with the cationic lipid Lipofectamine augmented transgene
expression at levels similar to GeneJammer; however, Lipofectamine-transduced cells
exhibited increased side-scatter intensity values suggesting cellular toxicity. MSCs
transduced with adenovirus vector in presence of GeneJammer underwent lipogenic,

chondrogenic and osteogenic differentiation. Thus, addition of GeneJammer during
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adenoviral infection of pMSCs can revert the poor transduction efficiency of pMSCs
while retaining their pluripotent differentiation capacity. GeneJammer enhanced
transduction will facilitate the use of adenoviral vectors in MSC-mediated gene therapy

models and therapies.

INTRODUCTION

Several studies have demonstrated that bone marrow mesenchymal stem cells
(MSC), also referred as marrow stromal cells or colony forming unit fibroblastic cells,
can be easily isolated and cultured in vitro, proliferate extensively ex vivo to originate
large cell populations [1,2] and are endowed with the capacity to differentiate into
mesodermal [2] and non-mesodermal [3,4] cell types. All of these characteristics make
these stromal precursors attractive candidates for development of autologous cell-based
therapeutic approaches for treatment of various human diseases. Of particular interest is
the use of intact or genetically engineered MSCs for the treatment of skeletal disorders
like osteogenesis imperfecta [5,6]. One approach envisions the use of genetically
modified MSCs as targeted delivery vehicles for various therapeutic molecules. For
instance, a MSC delivery system that can produce high levels of active bone
morphogenetic protein 2 (BMP2) and induce bone formation in vivo [7-10] may prove to
be of use for treatment of several skeletal injuries and diseases. A therapeutic strategy
that have attracted much attention is the use of ex vivo expanded, genetically modified
MSC:s as cellular vehicles to locally deliver therapeutic gene products such as anticancer
agents in tumors [11,12]. Ideally, MSCs for these applications would be readily
obtainable from the patient own bone marrow which would avoid immunological

rejection associated with allogeneic transplantation. The clinical application of gene
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therapy approaches will depend greatly on efficient delivery of the gene of interest into
the cells. Therefore, a species independent approach of gene delivery will be useful for
development of animal models. Furthermore, a scaled up cell production and delivery
into a large animal model in which cell doses could be 100X greater than that used in the
mouse, will undoubtedly more closely mimic what will be used in human trials. In this
context, pigs are regarded as a particularly suited animal model due to their similar organ

physiology, size, and genomic organization [13,14] with humans.

Adenovirus are particularly attractive vectors for ex vivo gene transfer due to their
ability to infect a wide range of cell types including quiescent cells, accommodate large
pieces of exogenous DNA, and the possibility of production of stocks with high viral
titers [15]. Since adenovirus very rarely integrates into the host genome by non-
homologous recombination, replication-defective recombinant adenoviral vectors are

efficient transient expression vectors.

A drawback to adenovirus-mediated gene deliver is the low transduction efficiency in
some cell types, due in part to limited availability of specific viral receptors on these
cells. Adenovirus serotype 5-based vectors cell entry is mediated through a receptor
mediated biphasic process. First the vector recognizes the target cells through attachment
of the knob domain of the viral fiber capsid protein to the cellular coxsackie and
adenovirus receptor (CAR) [16]. The second step involves the internalization of the
vector particle via interaction of the caspid penton protein whit ayf integrins present in
target cells [17]. Despite the broad adenoviral tropism, many cell types are refractory to
adenoviral infection due the lack or low expression adenovirus specific receptors.

Therefore, infectivity of a particular cell type depends largely on the density of CAR and
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integrins [18,19]. For instance, adenoviral receptors are expressed at low levels in
primitive hematopoietic stem cells [20,21] and human MSCs [7,22] leading to poor
transduction efficiency by type 5 adenovirus vectors. Consequently, several approaches
have been undertaken in order to circumvent this problem. The use of fiber-modified
adenovectors or Ad5 vectors possessing fiber proteins from a different adenovirus
serotype has become an increasingly popular approach to achieve infection of cells. One
of such chimeric vectors is the Ad5/F35 in which the Ad5 fiber has been replaced by the
fiber of Ad35 serotype. In this way, the tropism of Ad5 can be retargeted to that of Ad35
which utilized cofactor protein CD46 as cellular receptor [23] and thereby can infect
target cells such as human primitive hematopoietic cells [24] and human MSCs [7].
However, CD46 appear to be preferentially expressed in eyes and testes in rodent species

[25-27] limiting the versatility of chimeric Ad5/F35 vectors in this species.

Species specificity of receptor-mediated adenoviral vector gene therapy may pose
problems in translating results from one animal model to the next and eventually to
humans. A receptor independent mechanism of delivery might eliminate this source of
variability. Combining various compounds with adenovirus has been reported to enhance
transduction of target cells likely via a receptor independent pathway. Polycations and
cationic lipids form complexes with adenoviral particles facilitating in vitro transduction
of refractory tumor cell lines [28,29] and primary and established cell lines [30-33].
There is one report of adenoviral infection of primitive human hematopoietic cells using

cationic lipids [34].

Here we demonstrate for the first time that the polyamine-based transfection

reagent GeneJammer (Stratagene, La Jolla, CA, USA) significantly improves Ad5F35
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and Ad5 vector-mediated gene transduction in cultured pMSCs (~90% infected cells)
without a significant reduction of cell viability in contrast to reduced cell viability
observed when a cationic lipid was used. We further demonstrate that in vitro
multipotential differentiation capability of adenoviral transduced pMSCs is not

compromised by the treatment.

MATERIALS AND METHODS

Isolation and culture of pMSCs

Mesenchymal stem cells were isolated from bone marrow (BM) aspirates
collected from anesthetized gilts. Mononuclear fraction was obtained by centrifugation of
BM aspirates through a solution of polysucrose and sodium diatrizoate (Histopaque®,
density: 1.077; Sigma Chemical, St Louis, MO). Mononuclear cells were plated on
plastic flasks at a density of 300,000-600,000 cells/cm® in aMEM medium with 10% fetal
bovine serum (FBS). After 24 h, unattached cells were washed off the flask during
medium exchange. Colonies of adherent cells with a fibroblastic morphology were
evident by day 4-5 after initial plating. Adherent fibroblast-like cells were allowed to
grow for 10-14 days with media replacement every 3" day. Cells were passaged at 80-
90% confluence by trypsinization (0.25% trypsin-EDTA solution, Sigma, St. Louis. MO,
USA), and reseeded at a density of 5,000-6,000 cells/cm?® in plastic flasks. The MSC
identity of adherent cells isolated from pig BM was established by cell surface markers
(CD90 positive and CD11b negative) and the ability of these cells to undergo osteogenic,
lipogenic or chondrogenic differentiation when exposed to specific media (data not

shown).
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Expression of CD46 in pMSC by flow cytometry

Expression of CD46 was performed by immunostaining of pMSC followed by flow
cytometry analysis. Passage 2-3 pMSC cultures were trypsinized, washed in D-PBS and
fixed with 2% formaldehyde solution for 3 minutes. Non-specific antibody binding was
prevented by incubating the cells in 3% goat serum for 30 min. Then, cells were
incubated in 15 pg/ml of the primary antibody anti-CD46 (Clone JM6C11, BD
Biosciences, Pharmingen, San Jose, CA, USA) or isotype control (Mouse IgGj, clone:
MOPC-31C, BD Biosciences, Pharmingen, San Jose, CA, USA) for 45 min at room
temperature. After washing, cells were incubated with a 1:300 dilution of Alexa Fluor®
488 goat anti-mouse IgG (Molecular Probes, Eugene, OR, USA). Fluorescent cell
analysis was performed with FACSCalibur cytometer (Becton Dickinson
Immunocytometry System, San Jose, CA, USA) and data analyzed by FlowJo software

(Tree Star, Inc, Ashland, OR, USA).

Adenovirus vectors

Replication defective E1-E3 deleted first generation human type 5 adenovirus
(Ad5) and/or modified forms in which the normal fiber protein has been substituted for
the human adenovirus type 35 fiber (Ad5F35) were constructed to contain the GFP gene
in the E1 region of the virus [35] under the control of the immediate-early promoter from
cytomegalovirus (CMV). The virus particles to plaque forming units are 5 x 10"
particles/mL to 3.45 x 10'° pfu/mL for Ad5F35¢GFP and 5 x 10'? particles/mL to 3 x

10" pfu/mL for Ad5eGFP. Viruses were negative for replication competent adenovirus.
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Viral transduction

Passage 2-3 BM pMSCs were seeded at a density of 43,000 cells/cm® in 12-well
plates (150,500 cells/well). Twenty-four hours after plating, MSC cultures were
incubated for 5.30 h in 500 uL of medium containing adenovirus under different

experimental conditions as described in Experimental Design.

Flow cytometry

Percentage of GFP positive cells, relative fluorescence intensity (RFI) of the GFP
positive cell population and cell viability by exclusion of Propidium Iodide (50 u/mL;
Roche) was determined 24 h after viral exposure by flow cytometric analysis using a

FACSCalibur cytometer (Becton Dickinson, San Jose, CA) and FlowJo software.

In vitro differentiation of pMSCs

pMSC cultures were induced to differentiate to lipogenic, chondrogenic or
osteogenic lineages as previously described [2]. pMSCs were cultured under specific
differentiation conditions for 14-20 days and differentiation assessed by histochemical
stains. Lipogenic and osteogenic induction was applied to cells growing in monolayers.
Chondrogenic and osteogenic differentiation was induced on cells masses as previously
described in human [36] and porcine MSC [37]. Briefly, aliquots of 200,000 cells were
distributed in 15-ml conical tubes and centrifuged 5 min at 600g. Sedimented cells were
cultured in the tubes with loosened caps to allow gas exchange. Cells formed a spherical
mass on the bottom of the tube by 24 h of culture. Composition of chondrogenic
differentiation media was: Alpha MEM supplemented with pTGF-B1 (10 ng/mL),
dexamethasone (100 nM), ascorbic acid 2-phosphate (50 pg/mL), thyroxine (50 ng/mL)

and ITS+1 (Sigma). Differentiation media were replaced every 3-4 days. Lipogenesis was
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induced by a biphasic treatment with induction medium (high glucose alpha MEM
supplemented with ITS+1 (Sigma), 10 mM sodium pyruvate, 0.5 mM methyl
isobutylxanthine and 1 uM dexamethasone) and maintenance medium (high glucose
alpha MEM supplemented with ITS+1 (Sigma) and 10 mM sodium pyruvate). pMSC
cultures were first exposed to induction medium for 2-3 days and then cultured in
maintenance medium for another 2-3 days. This alternating treatment was repeated 3-4
times to achieve full lipogenic differentiation. Osteogenic differentiation media was:
alpha MEM supplemented with 10% FBS, dexamethasone (10™*M), ascorbic acid (50
pg/mL) and B-glycerophosphate (10 mM). Histochemical stains were used to assess cell
differentiation into specific lineages in adherent cell cultures and histological
cryosections of cell masses. Cell masses were embedded in a water soluble embedding
medium, frozen in liquid N; and sectioned (10 pm thickness) with a Leica CM3050
cryiostat (Leica, Nussloch, Germany). Accumulation of phosphates and carbonates,
indicative of osteogenic differentiation was demonstrated by the von Kossa silver
reduction method [2]. Cultures or cryosections were fixed with 4% formaldehyde,
exposed to 5% silver nitrate solution and immediately exposed to direct UV light for 45-
60 minutes. Specimens were then washed and incubated for 2-3 min in 5% sodium
thiosulfate solution. Intracellular accumulation of neutral lipids was demonstrated by Oil
Red O staining [2]. For this, monolayers were fixed and stained with Oil Red O working
solution for 1 h. The working solution was made fresh each time by mixing 1 part of
distilled water with 1.5 parts of a saturated Oil Red O solution (0.5% w/v Oil Red O in
99% isopropyl alcohol). Acidic mucopolysaccharides present in cartilage tissue were

stained with alcian blue 8GX (Sigma, St. Louis. MO, USA). Briefly, cryosections were
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fixed with 3% acetic acid and stained with alcian blue solution (1% w/v alcian blue in 3%
acetic acid, pH 2.5) for 30 min. After washing, slides were mounted with 90% of glycerol
and inspected with a transmitted light microscope. Photographs were taken with a digital
camera (Qimaging Ratiga 1300, Qimaging, Burnaby, BC, Canada) mounted on the

microscope.

Experimental design

Experiment 1: Transduction of pMSCs with Ad5eGFP or AdF35eGFP: pMSC
cultures were incubated with increasing concentrations of Ad5eGFP or Ad5F35eGFP.
Cells were incubated for 5 h in the following multiplicity of infection (MOI, defined as

pfu/cell) of Ad5eGFP or Ad5F35eGFP: 1, 10, 100, 500, 1,000 or 2,000 MOIL.

Experiment 2: Effect of GeneJammer on transduction efficiency of pMSCs with
Ad5F35eGFP: pMSC cultures were transduced with 2,000 vp/cell in presence of
increasing concentrations of GeneJammer® Transfection Reagent (Statagene, La Jolla,
CA). Virus-GeneJammer suspension was prepared as follow: GeneJammer® (0, 2, 4, 8,
16, 32 or 64 pL) was suspended in 200 pL of serum-free antibiotic-free tMEM and
incubated 10 min at room temperature. Then, stock viral suspension was added to the
diluted GeneJammer® transfection reagent and incubated at room temperature for 10
min. Medium in each well was replaced by 300 pL of fresh aMEM with 3.3% FBS and
the GeneJammer®-virus mixture (200 pL) was added drop wise for a final volume of 500
pL per well (Therefore, final concentrations of GeneJammer were: 0.4, 0.8, 1.6, 3.2, 6.4
or 12.5 uL/100pL of medium). After incubation for 5.30 h at 37°C in 5% CO; in air, 500

pL of aMEM with 18% FBS were added in each well (final volume 1 mL/well).
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Since GeneJammer active components are resusupended in an 80% ethanol
solution and this may affect per se transduction efficiency, we conducted a vehicle
control study to investigate this possibility. pMSC cultures were transfected with
increasing doses of ethanol 80% (0, 1.2, 2.4 or 4.8 pL/100uL of medium) following the

procedures described above for GeneJammer.

Experiment 3: Effect of Ad5SF35eGFP dose on transduction efficiency of pMSCs:
the aim of this experiment was to determine the dose of Ad5F35eGFP to achieve optimal
transduction efficiency. pMSC cultures were infected with increasing doses of adenovirus
(100-100,000 vp/cell) and transduced without or with GeneJammer at 1.6% as indicated

in Experiment 1.

Experiment 4: Effect of FBS on transduction efficiency of pMSCs with
Ad5F35eGFP: this experiment was conducted to investigate the effect of FBS on AdSF35
transduction efficiency. pMSCs were transduced with Ad5F35eGFP without or with

GeneJammer (1.6%) under different FBS concentrations (0, 2, 10 or 20%).

Experiment 5: Effect of GeneJammer on transduction of pMSCs with Ad5eGFP:
to determine the effect of GeneJammer on transduction efficiency of pMSCs by
Ad5eGFP vector, cultures were transduced with 1,500 vp/cell in absence (control) or

presence of 1.6% GeneJammer.

Experiment 6: Transduction efficiency of pMSCs infected with Ad5F35eGFP in
presence of Lipofectamine: this experiment was designed to compare transduction
efficiency of pMSCs transduced in presence of GeneJammer or various doses of
Lipofectamine (Invitrogen Corporation, Carlsbad, California), an extensively used

transfection reagent. Liofectamine was prepared as per manufacturer’s instructions.
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Briefly, for each well of a 12-well plate 1, 2 or 4 pL of Lipofectamine were diluted in 25
uL of serum-free DMEM/F12 medium and combined with 25 pL of media containing
2.25 x 10® Ad5F35eGFP vp (150,500 cells x 1,500 vp/cell). Transfection reagent-
adenovirus mixture was incubated at room temperature for 20 min and 150 pL of
DMEM/F12 were added. Medium in each well was replaced by 300 pL of fresh tMEM
with 10% FBS and the Lipofectamine-virus mixture (200 pL) was added drop wise for a
final volume of 500 uL per well. After incubation for 5 h at 37°C in 5% CO; in air, 500
pL of aMEM containing 18% FBS were added in each well (final volume 1 mL/well). In
addition to Lipofectamine treatments, a GeneJammer treated group (1.6%) and a control

without any of the transfection reagents were included.

Experiment 7: Differentiation of Ad5F35eGFP transduced pMSCs: pMSC
cultures were transduced with Ad5FeGFP vector (1,500 vp/cell) as described in
Experiment 1. Transduced cells and non-transduced controls were exposed to lipogenic,
chondrogenic or osteogenic differentiation conditions. After 14-20 d, cultures were
inspected under UV light and photographed with a digital camera (Qimaging Ratiga
1300, Qimaging, Burnaby, BC, Canada) mounted in an inverted microscope (Nikon
Eclipse TE2000-S, Nikon Corporation, Tokyo, Japan). Specimens were then subjected to
histochemical stains as described above. The same area of the well photographed under

UV light was identified and photographed with transmitted light.
Statistical analysis

Data from Experiment 2, 6 and 7 were analyzed by one-way analysis of variance
(ANOVA) using the General Linear Models (GLM) of the Statistical Analysis System

(SAS). Treatment means were compared by Tukey Test (HSD) in Experiment 2 and 6,
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and Dunnet Test was applied in Experiment 7 to compare each treatment with the control.
Data from Experiments 1, 3 and 4 were analyzed by two-way analysis of variance under a
completely randomized 2 x 6 (Experiment 1), 2 x 8 (Experiment 3) or 2 x 4 (Experiment
4) design followed by least significant differences (LSD) when appropriate. Whenever a
significant main effect and interaction between factors were detected, simple main effects
of the interaction were compared using the SLICE option of the LSMEANS in GLM
procedure of SAS. This analysis allowed us to look at differences between the cell means
for one factor (vector type or GeneJammer) at each of the levels of the other (viral
concentration in Experiments 1 and 3 and FBS concentration in Experiment 4). Means
from one factor (adenovector type, GeneJammer or control) were compared across
adenoviral concentration (Experiment 1 and 3) or FBS concentrations (Experiment 4) as
simple effects with de PDIFF option of the LSMEANS in PROC GLM of SAS. Since
relative fluorescence intensity data in Experiment 3 was not normally distributed, the
Kruskal-Wallis test (nonparametric ANOVA) followed by Dunn’s Multiple Comparisons
Test was used. Unpaired, two tailed Student’s t test was used to determine differences
between the means of two groups (Experiment 5). In all experiments, data analysis was
blocked by replicate in order to account for the experimental error contributed by cell
lines. Values are presented as mean + SEM from 2 independent replicates for Experiment
6; 3 independent replicates for Experiments 1, 2, 3, 4 and 5; and 4 replicates for

Experiment 7. Differences were considered statistically significant at P< 0.05.

RESULTS
Experiment 1: Transduction of pMSCs with Ad5eGFP or AdF35eGFP:

Percentage of transduced cells increased rapidly between MOI 1-500 in both viral vectors
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(Fig. 4.1A). Percentage of GFP positive cells reached a maximum at MOI 500 for
Ad5F35eGFP and MOI 1,000 for Ad5eGFP to reach a plateau at higher MOI (Fig. 4.1A).
The effect of adenovirus vector type on efficiency of infection at each MOI revealed that
AdS5F35 infected more cells than Ad5eGFP at MOI 10 (17.37 £ 1.68% vs. 22.62 + 3.24%
for Ad5eGFP and Ad5F35eGFP respectively; P=0.02) and 100 (62.83% =+ 3.99 vs. 74.84
+ 3.68% for Ad5eGFP and Ad5F35eGFP respectively; P<0.0001) (Fig. 4.1A). Increasing
viral concentrations were associated with increments in RFI in cells transfected with
either virus (Fig 4.1B). There was no difference in RFI between cells transduced with
either adenovector at MOI 1, 10, 100 and 500; however, cells infected with Ad5F35eGFP
exhibited higher (P<0.001) RFI than those transduced with Ad5eGFP at MOI 1,000 and
2,000 (Fig. 4.1B). Irrespective of vector type, transfection of cells with high viral doses
(at MOI 1,000 and 2,000) caused a rise in the proportions of PI positive cells (Fig. 4.1C).
Flow cytometry analysis revealed that 99.6 + 0.11% (n=3) of pMSC were positive for the

membrane cofactor protein (CD46) (Fig. 4.2).

Experiment 2: Effect of GeneJammer on transduction efficiency of pMSCs with
Ad5F35eGFP: Addition of GeneJammer Transfection Reagent markedly increased the
transfection efficiency of AdSF35 at all doses studied (Fig. 4.3A). A similar enhancement
in the percentage of GFP positive cells by GeneJammer was observed for doses between
0.4t03.2% (e.g., 89.18 £ 0.79% vs. 16.15 £ 1.71 % in GeneJammer 1.6% and control
respectively; P<0.05); however, a reduction was evident at GeneJammer 6.4% (Fig.
4.3A). Relative fluorescence intensity variable exhibited a bell-shape response to
increasing concentrations of GeneJammer with maximal values reached with

GeneJammer 0.8%-3.2 (Fig 4.3A). This enhancement in RFI indicates that a higher
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number of viruses entered each cell. Exposure of pMSC to GeneJammer at 12.8% killed
most of the cells precluding further cytometric analysis and suggesting a toxic effect of
GeneJammer at this high concentration. The positive effect of GeneJammer on
transduction efficiency was evident by simple inspection of cell cultures (Fig 4.3C,
control and Fig 4.3D, GeneJammer 1.6%) Cell viability measured by exclusion of PI was
not affected by GeneJammer treatment (Fig. 4.3 B). Figure 4.3 E shows a representative
distribution of GFP positive/negative events in non-treated (red curve) and GeneJammer
treated cells (blue curve). Based on results from this experiment, GeneJammer
concentrations between 0.8-3.2 rendered optimal transfection efficiency with no evident
toxic effect. We have selected GeneJammer 1.6%, which induced a 5.5-fold increase in
the proportion of GFP+ cells compared with the control, as the dose to use throughout

this study.

Addition of 1.2 or 2.4% of ethanol 80% to the transfection medium did not affect
the percentage of pMSCs expressing GFP. A small, although significant increase in
transfection efficiency was observed when 4.8% ethanol 80% was added to the

transduction medium.

Experiment 3: Effect of Ad5F35eGFP dose on transduction efficiency of pMSCs:
In both control and GeneJammer treated groups the percentage of cells expressing the
transgene increased with increasing viral dose (Fig. 4.4A). However, the characteristics
of the responses were rather different. In GeneJammer treated cells a steep increase in the
percentage of GFP positive cells was evident at low viral doses (100 to 1000 vp/cell)
followed small increments and a plateau (Fig 4.4A). When GeneJammer was omitted, a

steady increase in the percentage of GFP+ cells was observed across treatments.
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Furthermore, comparison of the mean percentage of GFP positive cells between
GeneJammer-treated and control groups at each viral dose revealed a significantly higher
percentage of cells expressing the transgene in cells transduced in presence of
GeneJammer (Fig. 4.4A). For instance, in cells transduced with 1,500 vp/cell with
GeneJammer 88.92 + 4.58% were GFP+ compared with 21.59 + 7.66% in the control
without GeneJammer (P<0.05) (Fig 4.4A). Increasing adenoviral dose was also
associated with increased RFI in both non-treated and GeneJammer-treated groups (Fig.
4.4B). Percentage of non-viable cells was not affected by GeneJammer, therefore the data
were pooled (Fig. 4.4C). Percentage of PI positive cells remained unchanged at viral
doses ranging from 100 to 2,000 vp/cell; further increments of viral concentration

induced a significant rise in the percentage of PI+ cells (Fig. 4.4C).

Experiment 4: Effect of FBS on transduction efficiency of pMSCs with
Ad5F35eGFP: Medium containing fetal bovine serum (FBS) improved transfection
efficiency in both GeneJammer and control groups (Fig. 4.5A). The maximal
transduction efficiency in GeneJammer treated group was obtained when the medium
was supplemented with 10% FBS (89.21 £ 0.74% of GFP+ cells), whereas in the control,
20% FBS had the highest percentage of GFP+ cells (37.72 £ 2.98% of GFP+ cells).
Furthermore, comparison of the mean percentage of GFP expressing cells between
GeneJammer-treated and control groups at each FBS concentration revealed a
significantly higher percentage of cells expressing the transgene in cells transduced in
presence of GeneJammer (Fig 4.5A). Relative fluorescence intensity was not affected by
FBS concentration; however, GeneJammer enhanced RFI at all FBS concentrations

studied (53.16 = 2.28% in GeneJammer-treated groups vs. 30.03 + 0.58 in the control
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groups; P<0.05) (Fig. 4.5A). No statistical differences were detected for percentage of

non-viable cells (Fig. 4.5B).

Experiment 5: Effect of GeneJammer on transduction of pMSCs with Ad5eGFP:
Inclusion of GeneJammer (1.6%) in the Ad5eGFP transduction medium elicited a 3-fold
(P=0.0003) and 2.5-fold (P=0.0036) increase in the percentage of GFP positive cells and
RFI respectively (Fig. 4.6A), compared with that in controls transduced without
GeneJammer. Enhanced transduction efficiency induce by the treatment was clearly
evident upon visual inspection (Fig. 4.6 B and C). Representative dot plots of control and
GeneJammer treated groups showing distribution of cell populations based on GFP
intensity and PI staining are depicted in Fig 4.6D and E. Cell viability was not affected by

the treatment (Fig 4.6A, D and E).

Experiment 6: Transduction efficiency of pMSCs infected with Ad5F35eGFP in
presence of Lipofectamine: In this experiment we studied the effect of GeneJammer
(1.6%) or Lipofectamine (1, 2 or 4 pul) on transfection efficiency (percentage of GFP+
and RFI), percentage of non-viable cells and side scatter (SSC) values. GeneJammer and
Lipofectamine 2 ul induced a similar increase in the percentage of GFP+ cells compared
with the control (Fig. 4.7A). Lipofectamine 1 pl also enhanced the proportion of GFP+
cells compared with the control, but it was statistically lower than GeneJammer and
Lipofectamine 2 pL (P<0.05) (Fig. 4.7A). Similar results were obtained for RFI. Relative
fluorescence intensity was highest in GeneJammer and Lipofectamine 2 pl treatments and
lower in the control. Proportions of non-viable cells were below 6% for all treatments;
however, transduction with Lipofectamine 4 pL, significantly increased the proportions

of PI+ cells compared with GeneJammer and control treatments (P<0.05) (Fig 4.7A).
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SSC-height of cells transduced in presence of GeneJammer was higher than that in
control cells (Fig. 4.7C) and SSC-height in Lipofectamine treated cells higher than that in
GeneJammer group. Increments in Lipofectamine concentration was associated with
increased SSC-height (Fig. 4.7B). Representative histograms of the frequency
distribution and SSC-height in control, GeneJammer and Lipofectamine 4 pL showing a

shift to the right especially in Lipofectamine group are illustrated in Fig. 4.7C.

Experiment 7: Differentiation of Ad5F35eGFP transduced pMSCs: Non-
transduced controls and transduced cells were exposed to induction media and
differentiation assessed by histochemical stains. Both non-transduced and transduced
cells underwent lipogenic, chondrogenic or osteogenic differentiation. Cells with
characteristic lipid droplets fluoresced under UV light and stained red with ORO (Fig.
4.8A and B). Although most of the cells that acquired an adipocyte-like morphology
expressed GFP (Fig. 4.8B), some differentiated cells did not fluoresce (Fig. 4.8 C, D and
E). Similarly, non-transduced and transduced cell masses differentiate into cartilage and
bone tissues. GFP fluorescence colocalized with alcian blue positive (Fig. 4.8F and G)
and von Kossa positive (black; Fig. 4.8H and I) cryosections in chondrogenic and

osteogenic differentiated cultures respectively.

DISCUSSION

Bone marrow-derived MSCs are an attractive cell type for cell-based gene therapy
strategies. These cells can be injected directly into damaged organs or tissue and systemic
intravenous injections of MSCs can home to multiple tissue types or sites of tissue
damage [11,12,38-41]. Further, genetically modified MSCs, secreting biologicals can

serve as vehicles for locally delivery of therapeutic gene products. In addition, MSCs are
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ideal for ex vivo gene delivery systems because they are relatively easy to obtain from
bone marrow aspirates and can be expanded extensively in culture [2]. However,
development of efficient transfection/transductions systems for the delivery and
expression of genes of interest in MSCs remains a significant challenge to overcome for
future clinical use. Here for the first time we have demonstrated the relatively simple and
efficient method to infect pMSCs using two adenoviral vectors, human adenovirus vector

type 5 (Ad5) and a chimeric Ad5 bearing the fiber protein from Ad35 (AdSF35).

Replication-deficient adenoviral vectors are particularly suitable for adult stem
cell-based therapies because they can elicit high-level gene expression for a limited
period of time [15]. To date most of this research has been conducted on rodent models.
The development of large animal models will facilitate the study of cell distribution,
patterns of gene expression and required cell doses to achieve a therapeutic effect in
animals that are similar to humans in size and physiology. Striking morphologic and
physiologic similarities between humans and pigs make them an appropriate large animal
model for safety and efficacy preclinical studies. Despite the fact that methods for
isolation and culture of porcine MSCs are available [37], adenoviral-mediated gene

transfer into pig cells have not been explored.

We first sought to study the ability of human adenovectors to deliver the GFP
gene into cultured pMSC. A clear positive dose-response relationship was observed
between vector concentrations ranging from MOI 1-500 and percentage of GFP positive
cells irrespective of adenovirus type. No further increments in proportions of cells
expressing the transgene were observed beyond MOI 500 for cells transduced with

AdS5F35 and MOI 1,000 for cells infected with Ad5 vector. Comparison of transduction
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efficiency between adenovirus vector type at each viral MOI, revealed that Ad5F35
infected ~5% (P=0.02) and ~12% (P<0.0001) more cells than Ad5eGFP at MOI 10 and
100 respectively. These results may reflect differences in tropism between AdS and
Ad5F35. Cell entrance in vectors derived from adenovirus type 5 is mediated by CAR
and integrins [16,17], whilst the chimeric Ad5SF35 appears to use a CAR-independent
mechanism via CD46 as cellular receptor [23]. A high percentage of pMSCs (>99%)
express CD46 (Fig. 4.2), and thus we expected better transduction efficiencies in pMSCs
transduced with the Ad5F35 vector. In comparison, cell lines expressing adenoviral
receptors such as human embryonic kidney-293 (HEK-293) low doses (~10 MOI) are
enough to achieve transfection efficiencies close to 100% [24]. In our study, even in
pMSC cultures infected with AdSF35 at MOI of 100 only ~70% of pMSCs expressed the
transgene and MOI of 500 was required to transduce the entire population. Although we
cannot rule out that adenoviral vector entrance into pMSCs was mediated by CAR or
CD46 receptors, transduction efficiencies observed in the present study are compatible
with those observed in cells lacking adenoviral receptors in which large viral doses are
required to achieve high infection rates. The relatively low homology between human
and porcine CD46 (42% amino acid identity) [42] may have hindered the ability of
human Ad5F35 to recognize and interact with porcine CD46 receptor. Even assuming
that human Ad5F35-porcine CD46 recognition is preserved, there is evidence that CD46
is required [23] but probably not sufficient to mediate adenoviral intake; other cell
membrane molecules, such us integrins, not expressed in pMSCs could be required for

vector internalization. The variable adenoviral infection efficiencies of porcine cells
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could hinder pig translational research if a more efficient and uniform system for

transducing cells is not available.

We also observed a positive relationship between RFI and adenoviral vector
concentration, however a plateau was not reached for this variable (Fig. 4.1B). It is
assumed that RFI reflects the amount of GFP produced and this depends on the number
of viral particles that entered each particular cell. Therefore RFI data from this study
indicate that increments in adenoviral concentration results in larger number of viral
particles entering each cell; even when virtually the entire population was transduced (at
MOI 1,000 and 2,000). At high viral concentrations (MOI of 1,000 and 2,000) pMSCs
transduced with Ad5F35 vector exhibited enhanced RFI. This differential response is
difficult to explain. It is plausible that distinct capsid features of AdSF35 favor cellular
intake only at high viral doses. Along with increase RFI, cell death was also augmented
at high viral doses (i.e., MOI 1,000 and 2,000) irrespective of vector type, likely
reflecting adenovector cytopathogenic effects and/or cell damage due to excessive

transgene expression.

Our results indicate that efficient adenoviral transduction of pMSCs is contingent
on high adenoviral MOI; therefore, development of methods to achieve comparable
adenoviral gene delivery with substantially lower viral doses is highly desirable for future
MSC animal modeling. Here we found that transduction of pMSCs could be greatly
enhanced by incorporation of the commercial polyamine-based transfection reagent
GeneJammer into the adenovirus vector transfection medium. A significant increase in
both the total number of transduced cells and level of transgene expression was detected

at low MOI (2,000 vp/cell or MOI ~14) when the transduction was carried out in the
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presence of GeneJammer (Fig. 4.2A). GeneJammer at 1.6% which induced a 5.5 and 12
fold-increase in the proportion of GFP+ cells and RFI respectively, was selected to
investigate the effect of viral dose on transduction efficiency. The lowest viral
concentration to achieve the best level of transduction was 1,500-2,000 vp/cell (MOI 10-
14). At these viral doses and level of transgene expression no adverse effect on cell

viability was evident (Fig. 4.3C).

To determine if the virus entry into the cells via the polyamine was specific to the
adenovirus type 35 capsid, we infected pMSCs with Ad5eGFP with or without
GenJammer. The enhancement of adenoviral transduction efficiency by GeneJammer was
similar to that obtained with the Ad35 vector, suggesting a similar mechanism that is not
dependent on adenovirus type 35 fiber. Other studies have reported enhanced viral uptake
and subsequent transgene expression by cationic polymers and lipids [28-33]. The precise
mechanism of polycation-enhanced adenoviral cell entrance remains unclear. Polycations
may complex with negatively charged viral particles and reduce the electrostatic
repulsion with the negatively charged cell plasma membrane [32]. Alternatively, viral
aggregates induced by polycations [30,31] may facilitate viral access to the cell
membrane and lead to greater viral uptake. The experimental evidence supports the idea
that these polycationic molecules stimulate viral uptake by pathways independent of fiber
receptor or cellular integrins [33]. Similarly, GeneJammer was able to enhance
adenoviral entry in CAR- and CD46-deficient cell lines (Chinese hamster ovary cells and
human MSCs), demonstrating that GeneJammer positive effect is mediated through an
unknown alternative pathway independent of the classical adenoviral receptors (our

unpublished results).
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Lipofectamine, a cationic lipid-based transfection compound, has been
extensively used to deliver DNA into cultured cells and shown to enhance adenoviral
transduction of cultured primary [28,30,34] and established cell lines [28]. In agreement
with these results, transduction of pMSCs in presence or Lipofectamine strongly
enhanced both the percentage of transduced cells and gene expression (RFI) at levels
comparable to those in GeneJammer-transduced cells. However, SSC intensity values
collected during flow cytometric analysis in the Lipofectamine-treated groups were
significantly higher than those in GeneJammer-treated group and control. Side scatter
values reveal light-refractive and light reflective properties of the cells associated with
optical inhomogeneity of cell structures such as condensation of cytoplasm or nucleus
and granularity. Changes in light scattering during apoptosis have been well characterized
[43]. In some cell systems, during early stages of apoptosis increased SSC intensity has
been reported; probably reflecting chromatin and cytoplasm condensation and nuclear
fragmentation which are followed by decreased SSC intensity at later stages of apoptosis.
The increased SSC intensity found in pMSCs might reflect changes associated with initial
apoptosis induced by the cationic lipid. However, since a change in light scatter is not a
specific marker of apoptosis, other measurements like DNA fragmentation needs to be

performed in future studies for a more definite identification of apoptosis.

Neutralizing antibodies or charged components in serum that may inhibit
adenovirus uptake has favored the use of low serum concentration (~2%) in the
adenoviral transduction media. It is also known the profound effects of low serum
exposure on cell physiology, especially in stem cells in which culture in such conditions

may trigger cell differentiation [44]. Results from this study indicate that incorporation of
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FBS (up to 20%) in the transduction medium of pMSCs substantially increases the
percentage of cells expressing the transgene, but not the RFI. Thus, the use of
GeneJammer provides the versatility of achieving high adenoviral vector transfection

over a broad range of serum concentrations.

One of the hallmark characteristics of MSCs that make these cells of particular
value in areas of cell therapy and regenerative and reconstructive medicine is their
capacity to differentiate into diverse mesodermal lineages [2,37]. Therefore, preservation
of the differentiation potential of MSCs after in vitro manipulation is of major interest in
MSC ex vivo therapeutic protocols aimed at regeneration of mesenchymal tissues after
MSC transplantation. One study reported that the transfected MSC subpopulation was not
prone to differentiate into adipocytic lineages [22]. From this study it was not clear
whether transduction led to the loss of adipogenic differentiation potential or the
transduced subpopulation had a restrictive differentiation potential. In order to test
whether pMSCs transduced using the GeneJammer protocol described here, would retain
the capacity to differentiate into adipogenic, chondrogenic and osteogenic lineages,
transduced and non-transduced MSCs were cultured in specific differentiation media.
Porcine MSCs transduced in presence of GeneJammer were able to form adipose,
cartilage and bone tissues. In agreement with the results presented here, human MSCs
transduced with adenovirus vectors preserved the differentiation potential to adipogenic

[45,46] and osteogenic [22,46] lineages.

In summary, we have developed a highly effective adenoviral transduction system
for cultured pMSCs which are normally poorly infected by human adenovectors and

these cells should now serve as a valuable translational large animal cell-based gene
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therapy model. The use of GeneJammer as described in this study leads to high transgene
expression levels in pMSCs while minimizing adverse reactions and retaining
differentiation potential. In light of the multiple applications of MSCs in areas of gene
therapy and targeted delivery of therapeutics, results from this study will facilitate
addressing scalability, multiple biological questions and safety concerns in a large animal

model.
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Figure 4.1. Transduction of pMSCs with increasing concentrations of Ad5eGFP or
Ad5F35eGFP. Cells were incubated with adenovectors (1, 10, 100, 500, 1,000 or 2,000
MOI) for 5 h. Twenty-four house posttransfection the percentage of GFP positive cells
(A), relative fluorescence intensity (B) and percentage of non-viable cells (C) were

and **

determined by flow cytometry. (" indicate significant differences between Ad5eGFP
vs. Ad5SF35eGFP treated cells at each adenovector concentration (* P=0.02 in A,
P=0.0003 in B; ** P<0.0001). “* Bars with different letters denote significant
differences at P<0.05 (ANOVA followed by LSD). Results are expressed as mean £ SEM

from 3 independent replicates.
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Figure 4.2. Histogram showing frequency distribution and fluorescence intensity data
from a representative pMSC line stained to demonstrate immunoreactive sites for CD-46.
The blue curve represents the distribution of cells incubated with anti-CD46 primary
antibody, whereas red curve represents the distribution of cells incubated with the
immunoglobulin isotype control. In this particular cell line 99.4% of total cells were

positive for CD46.
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Figure 4.3. Effect of GeneJammer on transduction efficiency of pMSCs with
Ad5F35eGFP (2,000 vp/vell). pMSC cultures were transduced without (control) or with
increasing concentrations of GeneJammer. Twenty-four hours after infection, percentage
of pMSCs expressing GFP and relative fluorescence intensity (RFI) in pMSCs was
analyzed by flow cytometry (A). GeneJammer treatment did not affect the percentage of
non-viable cells as indicated by the rate of PI positive cells (B). Photomicrographs of
pMSC cultures 24 h after transduction in absence (C) or presence (D) of GeneJammer
(1.6%). Representative distribution of GFP negative/positive cells from non-treated (red
curve; 14.0% of positive cells) and GeneJammer treated cells (1.6 uL./100 pL; blue curve,
90.1% of positive cells) (E). Effect of increasing concentrations of ethanol 80%
(GeneJammer vehicle) during transduction on proportions of GFP+ cells (F). *>¢dand ete
Bars with different letters denote significant differences (P<0.05; ANOVA) within each
variable studied. Results are expressed as mean + SEM from 3 independent replicates.

(Bar=200 pum).
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Figure 4.4. Effect of increasing Ad5F35eGFP concentrations without or with
GeneJammer on proportions of GFP expressing cells (A), RFI (B) and percentage of non
viable cells (C).**“® Bars with different letters denote significant differences (P<0.05;
ANOVA) within GeneJammer treated group (n=3). * *** ** denote differences between
control and GeneJammer treated groups within each viral concentration (n=3; p<0.05;
ANOVA). ** Bars with different letters denote significant differences (P<0.05; Kruskal-
Wallis Test followed by Dunn’s Multiple Comparisons Test in B and ANOVA in C).

Results are expressed as mean + SEM from 3 independent replicates.
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Figure 4.5. Effect of FBS on transduction of pMSCs with Ad5F35eGFP vector without
or with GeneJammer on proportions of GFP expressing cells, RFI (A) and percentage of

ab,c,

non viable cells (B). Bars with different letters denote significant differences
(P<0.05; ANOVA) within GeneJammer treated group (n=3). ABC Bars with different
capital letters denote significant differences (P<0.05; ANOVA) within control group
(n=3) across different FBS concentrations. * ™ ** denote differences between control

and GeneJammer treated groups within each FBS concentration (n=3; p<0.05; ANOVA).

Values are mean = SEM from 3 independent replicates.
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Figure 4.6. Transduction of pMSCs with Ad5eGFP without or with GeneJammer. Effect
of transduction of pMSC cultures with Ad5eGFP in medium containing 1.6%
GeneJammer on percentage of GFP positive cells, RFI and proportion of non-viable cells
(A). Photomicrographs of pMSCs 24 h after transduction with AdSF35-EGFP without
(B) or with 1.6% GeneJammer (C). Representative dot plots of control (D) or
GeneJammer transduced pMSCs (C) showing distribution of cell populations based on
GFP intensity (X axis) and PI staining (Y axis). Very low proportions of cells are non-
viable (top left quadrants). A larger percentage of cells are viable and GFP positive in
GeneJammer-treated group (90.3%, bottom right quadrant in E) compared with that in the

a,b and *,*

control (31.1%, bottom right quadrant in B). " denote a significant difference at

P<0.05 (Student’s t-test; n=3). NS: non-significant difference.
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Figure 4.7. Effect of Lipofectamine on Ad5F35eGFP transduction efficiency of pMSCs
(percentage of GFP positive cells and relative fluorescence intensity), percentage of non-
viable cells (A) and mean SSC-height values (B) determined by flow cytometry.
Representative histograms of the frequency of events at different SSC-height values in
the control (red curve), GeneJammer-trated (blue curve) and Lipofectamine 4 uL are
shown in (C). **“%¢ Bars with different letters denote significant difference (P<0.05;

ANOVA followed by HSD). Values are mean + SEM from 4 independent replicates.
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Figure 4.8. In vitro differentiation of pMSCs transduced with AdSF35e¢GFP in medium
containing GeneJammer 1.6%. pMSCs were transfected, induced to differentiate into
lipogenic, chondrogenic or osteogenic lineages and differentiation assessed by
histochemical stains. In lipogenic cultures GFP fluorescent cells (B and E) with
characteristic refringent lipid droplets were evident by phase contrast microscopy (C).
These cells stained positive for the lipid stain ORO (A and D). However, not all cells
with lipid accumulation were GFP positive. Panels (C), (D) and (E) show the same
microscopic field photographed in phase contrast (unstained), bright field (stained with
ORO) and UV light (GFP fluorescence) respectively. Arrows point to the same
differentiated cell (note the lipid droplets in (C) and ORO stained droplets in (D))
expressing GFP (E). Arrowheads point to a lipogenic differentiated pMSC (C and D) that
resulted non-fluorescent (E). Cryosections from cell masses cultured in chondrogenic
medium stained positive with alcian blue (F) and fluoresced under UV light (G).
Similarly, cryosections from cell masses cultured under osteogenic conditions turned
black upon staining with von Kossa and (H) and fluoresced under UV light (I). Bar = 100

pm (A and B), 50 um (C-E) and 200 pm (F-I).
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CHAPTER 5

A NOVEL COMPOUND ENABLES HIGH-LEVEL ADENOVIRUS
TRANSDUCTION IN THE ABSENCE OF AN ADENOVIRUS-SPECIFIC

RECEPTOR!

! Pablo Bosch, Christine M. Fouletier-Dilling, Alan R. Davis, Jessica A. Shafer, Steven
L. Stice, Zbigniew Gugala, Francis H. Gannon, and Elizabeth A. Olmest-Davis,
Submitted to Human Gene Therapy, 06/18/2005



OVERVIEW SUMMARY

Adenovirus (Ad) vectors are very useful in gene transfer ranking second behind DNA
transfection as a DNA delivery method. However, host range and tissue tropism restrict
the use of specific Ad vectors sometimes necessitating the lengthy construction of new
vectors with more appropriate cell specificity. This is particularly important in bone
formation using Ad type 5 carrying the gene for bone morphogenetic protein 2
(Ad5BMP2) where inefficient transduction can result in the total lack of bone formation.
We describe here a novel methodology using GeneJammer® that increases the
transduction efficiency of adenovirus vectors in general in a receptor independent
fashion. We show that the use of this compound enables bone to be formed readily in

VIVO in immunocompetent animals.
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ABSTRACT

Viral vectors are extensively used to deliver foreign DNA to cells for applications
ranging from basic research to potential clinical therapies. A limiting step in this process
is virus uptake and internalization into the target cells which is mediated by membrane
receptors. Although it is possible to modify viral capsid proteins to target the viruses,
such procedures are complex and often unsuccessful. Here we present a rapid,
inexpensive system for improving transduction of cells including those that lack receptors
for adenovirus fiber proteins. Addition of GeneJammer® during the adenovirus
transduction led to both a significant increase in the total number of transduced cells as
well as the level of transgene expression per cell. Studies using cell lines deficient in
adenovirus receptors demonstrated that addition of GeneJammer® provided a novel
cellular-entry mechanism for the virus. These findings were tested in a cell-based gene
therapy system for the induction of bone, which is contingent on high level expression of
the transgene. Inclusion of GeneJammer® in AdSBMP2 transduction of human
mesenchymal stem cells and a murine osteoblastic cell line demonstrated a correlating
increase in bone formation. The results suggest a novel and versatile method for

achieving high level transduction using adenovirus.
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INTRODUCTION

Osteoinductive cytokines comprise the bulk of known osteoinductive agents as a
class of relatively small secreted molecules that are capable of promoting the formation
of bone. Some of the most heavily studied of these factors are the bone morphogenetic
proteins (BMPs), which are part of the TGF-P superfamily and were originally isolated
based on their ability to induce ectopic bone. Recently Turgeman et al. (2002) suggested
that BMP2 may also be capable of enhancing adult mesenchymal stem cells to form
bone, providing a possible role in treatment of osteoporosis. The human recombinant
proteins BMP2 and BMP7 (thBMP2 and thBMP7) have been recently approved for
restricted clinical use, however large doses of these recombinant proteins are required to
induce adequate bone repair, suggesting that the mode of BMP delivery still requires
further optimization. Furthermore, BMP induced osteogenesis even under ideal
conditions does not approach the efficiency of bone formation seen during normal
fracture repair (Franceschi et al., 2004). Also, delivery of these proteins requires a carrier
such as collagen sponge carriers (Bonadio et al., 1999) which can also elicit responses

that often influence the bone formation process.

Alternatively, gene therapy approaches have been developed to circumvent the
problems associated with delivering the protein itself (Musgrave et al., 2000; Olmsted-
Davis et al., 2002). Studies using both non-viral and viral delivery systems have
successfully induced bone formation in several animal models. Park et al., (2003) used
liposomes to transfect mesenchymal stem cells to heal mandibular defects in rats by an ex
Vivo strategy which expressed markers of new bone matrix such as osteopontin and

osteocalcin within 2 weeks following gene transfer. Musgrave et al., (2000) have shown
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primary bone marrow mesenchymal stem cells (hBM-MSCs) transduced with Ad5-
BMP2 produced no radiographic ossification. We demonstrated (Olmsted et al., 2001)
that Ad5 elicits only minimal amounts of BMP2 synthesis upon transduction of hBM-
MSCs due to the lack of adenovirus specific receptors. Further we previously
demonstrated a critical link between the amount of BMP2 expressed in the tissue and the
production of bone (Gugala et al., 2003). Therefore, the poor efficiency of delivery and
transient expression of the gene are significant challenges that need to be overcome for

these strategies to be truly effective.

Consequently, several approaches have been undertaken in order to circumvent
these problems. A limiting step in adenoviral uptake is indeed the entry into the target
cells which is mediated by the coxsackie -adenovirus receptor (CAR) and cellular ayf3
integrins. In many cell types, these receptors are either absent or expressed at low levels
leading to poor transduction efficiency by adenovirus. For instance, CAR expression is
highly variable and most stem cells and fibroblastic cells are poorly infected by
adenoviral vectors due to low expression of CAR (Hidaka et al., 1999; Sakurai et al.,

2003).

Recently investigators have attempted to circumvent this problem by introducing
genetic fiber modifications in Ad which provides an alternate cellular entry route.
Chimeric AdS5 vectors possessing fiber proteins derived from subgroup B Ad serotypes
such as Ad35 have become increasingly popular as gene transfer vectors because they
can efficiently deliver genes to cell types that are refractory to AdS infection (Mizuguchi
and Hayakawa, 2002; Olmsted-Davis et al., 2002; Gao et al., 2003). These groups B

adenovirus have been shown to utilize CD46 as a primary attachment receptor (Gaggar et
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al., 2003; Segerman et al., 2003). However, receptors for these chimeric viruses appeared
to be absent on most murine cells (Mallam et al., 2004), which reduce their versatility
and high titers of the purified fiber modified viruses are difficult to produce.

Polycations and cationic lipids, which form complexes with adenoviral particles,
have also been used to facilitate in vitro transduction of a range of cell types (Lanuti et
al., 1999; Toyoda et al., 2001). Similarly, adenoviral infection of primitive human
hematopoietic cells can be strongly enhanced by several cationic lipids (Harrison et al.,
1995; Byk et al., 1998; Marit et al., 2000). Others have been using bilamellar cationic
liposomes to protect adenovectors from preexisting humoral immune responses (Yotnda

etal., 2002).

The aim of this study was to investigate the role of a commercial polyamine-
based compound (GeneJammer®, Stratagene, La Jolla, CA) on enhancement of
adenoviral transduction of several cell types in vitro. We show a significant increase in
both the total number of transduced cells and level of transgene expression per cell, when
the transduction is carried out in the presence of GeneJammer®. Studies using cell lines
deficient in adenovirus receptors demonstrated that addition of GeneJammer® provided a
novel cellular-entry mechanism for the virus. We further tested this methodology in our
cell based gene therapy system for induction of bone formation. The compound
increased cell transduction and achieved a high level of functional BMP2 protein
expression, in both murine and human cell types. Further, this increase in BMP2
production correlated with increased bone formation in vivo. This finding greatly
advances our goal of developing a cell-based gene therapy system for the induction of

bone formation. GeneJammer® transfection reagent markedly increases the efficiency of
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adenovirus-mediated gene transfer in cells deficient in adenovirus receptors through an
alternative pathway for virus entry into the cell. Hence this methodology provides a

rapid inexpensive technique for transduction of adenovirus-refractive cells.
MATERIALS AND METHODS

Cell culture

Cell lines: Chinese hamster ovary cells (CHO), the human lung carcinoma cell
line (A549), and murine osteoblast cell line (MC3T3-El), were obtained from American
Type Culture Collection. Human lung carcinoma cells (A549) were propagated in
Dulbecco’s Modified Eagles Medium (DMEM) (Biowhittaker, Walkersville, MD),
supplemented with 10% fetal bovine serum (FBS; Hyclone, Logan, UT), 100 units/ml
penicillin, 100 pg/ml streptomycin, and 0.25 pg/ml amphotericin B (Life Technologies
Inc., Gaithersburg, MD); CHO cells and MC3T3-E1 were propagated in RPMI and

oaMEM respectively supplemented as described above.

The W20-17 mouse stromal cell line (a gift from Genetics Institute, Cambridge,
MA) was propagated as described by Thies et al., (1992). Briefly, the cells were grown
in DMEM supplemented as described above and cultured at a subconfluent density in
order to maintain the phenotype. All cell types were grown at 37°C and 5% CO; in

humidified air.

Human bone marrow mesenchymal stem cells: Discarded human bone marrow
products were obtained from healthy donors in compliance with all state and federal
regulations following Institutional Review Board approval. Mononuclear cells were

isolated by gradient density centrifugation on Ficoll-Paque™ PLUS (Amersham
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Pharmacia Biotech, Piscataway, NJ) and washed twice with Dulbecco’s Phosphate
Buffered Saline (PBS) (Life Technologies Inc., Gaithersburg, MD) prior to culturing.
Cells were plated at a density of 5 x 10° cells/cm? (Jaiswal et al., 1997) in DMEM
supplemented with 10% FBS and antibiotics-antimycotics as described above. Early
adherent fibroblastic cells appeared within two days of culture, and after one week dead
cells and debris were removed by washing with PBS and cells were passaged prior to
confluence. Several vials of these cells were frozen in Origen® dimethyl sulfoxide

freeze medium (Igen International Inc., Gaithersburg, MD).

Human Mononuclear Peripheral blood cells (hPBMCs): Whole peripheral blood
was obtained from healthy donors in compliance with all state and federal regulations
following Institutional Review Board approval. Approximately 10-30 ml of blood were
collected into heparinized tubes, and then layered onto 20 ml of Ficoll-Paque™ PLUS
density gradient (Amersham Biosciences, Piscataway, NJ). Cells were centrifuged at 770
x g for 30 minutes at room temperature and the hPBMCs band was carefully removed

washed with PBS and resuspended at a concentration of 3 x 10° cells/ml.
Transduction of cells with adenovirus in the presence or absence of GeneJammer®

Adenoviruses: Replication defective E1-E3 deleted first generation human type 5
adenovirus (Ad5) and/or modified forms in which the normal fiber protein has been
substituted for the human adenovirus type 35 fiber (Ad5F35) were constructed to contain
c¢DNAs for either BMP2 or GFP in the E1 region of the virus (Olmsted et al., 2001). The
virus particles to plaque forming units ratio are: 55, 76, 8, 132, 200 for AASBMP2,
AdSF35BMP2, Ad5eGFP, Ad5F35eGFP and AdS-empty respectively, and all viruses

were shown to be negative for replication competent adenovirus.
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Cell transduction: Adherent cells (1 x 10°) were transduced with adenovirus at
three different virus concentrations (2,500, 5,000 and 10,000 vp/cell) with or without
1.2% GeneJammer®. This concentration of the polyamine compound was optimized
based upon percentage of GFP transduction (Data not shown). Briefly, 15 ul of
GeneJammer® or PBS was added to 500 ul of DMEM medium without supplements and
incubated for 10 minutes at room temperature. The virus was then added at indicated
concentrations and the mixture further incubated for 10 minutes at room temperature.
This virus-GeneJammer® mixture was added to approximately 1 x 10° cells along with
750 pl of DMEM supplemented with 10% FBS and antibiotics/antimycotics. The cells
were incubated at 37°C for 4 hours and then the mixture was diluted with 3 ml of fresh
medium containing FBS. hPBMCs (1 x 107) were transduced with 5000 vp/cell of

adenovirus in the presence or absence of 1.2% GeneJammer® as described above.

Flow cytometry

Transduced cells were trypsinized, washed and resuspended in PBS, 48 hours
after the initial transduction. Dead cells and debris were excluded from analysis based on
propidium iodide (PI) fluorescence. Flow cytometric analysis was performed with a
FACSCalibur cytometer (Becton Dickinson, San Jose, CA). Percentage of GFP positive
cells was quantified using a CellQuest™ software (Becton Dickinson, San Jose CA), on a
minimum of 10> cells per sample (n=3). Relative fluorescence intensity (RFI) of the GFP
positive cell population was also determined for each sample. All data were taken in
triplicate and reported as mean and standard deviation. Significance was determined

between samples transduced with and without GeneJammer® (n=3) using a Student’s t
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test with 95% confidence interval (p<0.05) (GraphPad InStat software, GraphPad

Software, Inc.,San Diego, CA).

A549, hBM-MSCs and CHO cells were analyzed for CAR, aV integrin and CD46
expression. Briefly the cells at a concentration of 1 x 10°/ml were incubated with the
primary antibody: CAR (ab9891, ABCAM, Inc., Cambridge, MA), aV integrin
(MAB1953Z, Chemicon International, Inc., Temecula, CA) or CD46 (CBL488,
Chemicon International, Inc., Temecula, CA) for 15 minutes on ice. The secondary
antibody, FITC-conjugated rat anti-mouse (Cat. No 553354, BD Biosciences, Pharmigen,
San Jose, CA) was diluted 1/200 and cells incubated with the secondary antibody for 15
minutes on ice. Cell pellets were washed in PBS and the samples analyzed by flow

cytometry.
Quantification of BMP2

BMP2 protein was measured in the culture supernatant taken from cells 72 hours
after transduction with AdSBMP2 (at varying doses) in the presence or absence of
GeneJammer®. Briefly 10° cells were transduced as described above and culture
supernatant collected and assayed using the Quantikine® BMP2 Immunoassay from
R&D systems (DBP200, R&D Systems Inc., Minneapolis, MN). A monoclonal antibody
specific for BMP2 has been coated onto the microplate wells. Standards and samples (in
triplicate) are pipetted into the wells and any BMP2 present is bound by the immobilized
antibody. After washing away any unbound substances, an enzyme-linked monoclonal
antibody specific for BMP2 is added to the wells. Following a wash to remove any
unbound antibody-enzyme reagent, a substrate solution is added to the wells and a color

develops in proportion to the amount of BMP2 bound in the initial step. The color
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development is stopped and the intensity of the color is measured by reading the
microplate at 450 nm. A standard curve was drawn by plotting the optical density for the
standards versus the concentration of the standards and BMP2 concentration in samples

was extrapolated from this standard curve.
Alkaline phosphatase assay

W20-17 cells were assayed for alkaline phosphatase activity three days after
addition of either the supernatant of cells infected with AASBMP2, Ad5-empty or
medium control by a chemiluminescent procedure (Olmsted et al., 2001). Cellular
alkaline phosphatase was extracted by three freeze-thaw cycles in 100 ul/cm” of 25 mM
Tris-HCI, pH 8.0 and 0.5% Triton X-100 and the activity was then measured by addition
of CSPD® Ready-to-use with Sapphire II enhancer (Tropix, Inc., Bedford, MA) to the
samples. The light output from each sample was integrated for 10 seconds after a 2
second delay by the luminometer (TD-20/20, Turner Designs, Sunnyvale, CA). Alkaline
phosphatase levels were recorded in relative luminescence units (RLU) and normalized to
protein content with the BCA assay using bovine serum albumin to derive a standard
curve. Data are presented as percent induction above unstimulated basal control cells.
Statistical analysis was performed as described previously. Briefly all data were taken in
triplicate and reported as mean and standard deviation. A Student’s t test with 95%
confidence interval (p<0.05) was done between the untreated control and each

experimental condition.

Heterotropic bone assay
hBM-MSCs were transduced with AASBMP2 (2500 vp/cell) or an Ad5-empty

(2500 vp/cell) which is a control adenovirus type 5 vector that lacks a transgene in the E1
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deleted region. Briefly, cells were removed by trypsin, resuspended at a concentration of
5 x 10° cells/100 pl PBS, and then injected into the hind limb quadriceps muscle of
NOD/SCID mice (2 animals per group). All animals were euthanized two weeks after
injection and the hind limbs were harvested, the skin removed, and the limbs placed in
formalin. Bone formation was analyzed by X-ray analysis using a Faxitron Specimen
Radiography System Model MX-20 (83 seconds at 31 kV; Faxitron, Wheeling, IL). All
animal studies were performed in accordance with standards of the Baylor College of
Medicine, Department of Comparative Medicine after review and approval of the

protocol by the Animal Use and Care Committee.

RESULTS
Enhanced viral transduction in the presence of GeneJammer®

Adenovirus transduction of coxsackie-adenovirus receptor (CAR)-negative cell
lines is extremely inefficient requiring large amounts of virus, and resulting in low level
expression of the desired transgene. To enhance virus uptake into the cells, we tested the
ability of the commercially available polyamine complex, GeneJammer® to enhance
virus transduction. Accordingly, CAR-negative hBM-MSCs (10° cells) were transduced
with Ad5eGFP virus at three different doses (2,500 vp/cell, 5,000 vp/cell, and 10,000
vp/cell) in the presence or absence of GeneJammer® (Fig. 5.1A). An adenovirus type 5
lacking any transgene (Ad-empty) was used as a negative control. Transduction in
presence of GeneJammer® increased the number of the hBM-MSCs transduced cells for
all concentrations of virus (Fig. 5.1A). The lowest viral vector concentration of 2,500
vp/cell resulted in the most dramatic increase in the percentage of GFP expressing cells

(15% GFP+ cells in the control group and 95% of GFP+ cells in GeneJammer-treated
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group). Further we observed an increase in the number of transduced cells with a
corresponding increase in virus concentration in the absence of GeneJammer®, however,
in the presence GeneJammer®, the maximum number of transduced cells (95-100%) was

found at all viral concentrations.

Since multiple virus particles can enter the same cell, we also analyzed the
samples transduced in the presence of GeneJammer®, in which we obtained 95-100%
cell transduction, to determine if the intensity of GFP expression increased with virus
concentration. As shown in Figure 5.1B, the intensity of GFP expression from the cells
transduced with GeneJammer®, increased with virus dose. Since 100% of the cells were
transduced at all virus doses in this population, the increase in GFP intensity presumably
represents an increase in the number of virus particles each cell is taking up. The data
suggests that GeneJammer® not only enhances the number of cells taking up the virus

(Fig. 5.1A) but also the total amount of virus entering any given cell (Fig. 5.1B).

The compound GeneJammer® allows adenovirus to enter cells lacking the receptor for
fiber

Two potential models exist as to the mechanism by which the polyamine
enhances virus uptake. First, GeneJammer® may aid in virus binding to its receptor,
therefore potentially acting as a co-receptor for the virus internalization. Alternatively,
this compound may bind to the virus and promote a novel entry route into the cell. To
determine which of these is most likely, we compared the transduction efficiency of
various cell types known to have differential expression levels of CAR and oV integrin
(AdS) or CD46 (AdSF35), in the presence or absence of GeneJammer®. The three cells

lines chosen have the following receptor characteristics: A549 cells express high levels of
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CAR, aV integrin, and CD46; hBM-MSCs lack CAR but express aV integrin, and
express moderate levels of CD46, and CHO cells express little to no adenovirus receptors
(Table 1). As expected, Ad5SeGFP (2,500 vp/cell) transduced 100% of the receptor
positive A549 cells, while less than 15% of the receptor negative CHO cells were
transduced (Fig. 5.2A and C). The hBM-MSCs which are aV integrin positive-CAR
negative yielded approximately 10% of the cells expressing GFP at this same viral dose
(Fig. 5.2B). Parallel transductions done in the presence of GeneJammer® showed
significant enhancement in transduction in both the cells lacking CAR but expressing aV
integrin, as well as the receptor negative cells (Fig. 5.2B and C). The results (Fig. 5.2C)
show approximately 95% of the transduced CHO cells were expressing GFP when the
adenovirus was delivered in the presence of the polyamine, suggesting that the molecular
mechanism is not adenovirus receptor associated but rather, a novel pathway for virus
entry into the cell. We did not see any significant changes between the groups in the
A549 cells (Fig. 5.2A) due to the fact that the cells in the absence of GeneJammer® have
been maximally transduced. However, the data suggest that these two systems for virus

entry do not appear to inhibit one another (Fig. 5.2A).

Next we chose to determine if the virus entry into the cells via the polyamine was
specific to the adenovirus type 5 capsid, so similar experiments were conducted using the
altered fiber virus Ad5F35eGFP. The results were similar to those obtained with the Ad5
vector, suggesting similar mechanism that is not dependant on adenovirus type 5 fiber for

entry into the cell (Fig. 5.2).
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BMP2 expression and bone formation in the presence of GeneJammer®

We previously reported the inability of AASBMP?2 to transduce hBM-MSCs
which resulted in low level expression of BMP2 and lack of bone formation in vivo
(Olmsted-Davis et al., 2002). Additionally, since eGFP has been engineered to be
extremely stable, whereas BMP2 is significantly less stable at both the RNA and protein
level, the enhancement by the polyamine may be overestimated when eGFP is used as a
transgene. To determine this, we measured the amount of BMP2 secreted into the culture
supernatant after transduction of hBM-MSCs with AdSBMP2, in the presence or absence
of GeneJammer®. Expression and secretion of BMP2 in hBM-MSCs was enhanced after
combined GeneJammer® AdSBMP2 transduction. Culture supernatants were collected
72 hours after initial transduction and BMP2 quantified by ELISA. The results (Fig.
5.3A) show increased BMP2 protein in culture supernatant taken from the hBM-MSCs
transduced in the presence of the polyamine compared with those from hBM-MSC
cultures where GeneJammer® was omitted during transduction. BMP2 was not detected
in the culture supernatant from either cells alone or those transduced with the control
virus Ad-empty, demonstrating that BMP2 expression in all cases specifically

corresponded with viral transduction (Fig. 5.3A).

BMP2 protein in culture supernatant was further assayed for functional activity
using the W20-17 cell based assay (Thies et al., 1992; Blum et al., 2001; Olmsted et al.,
2001). In this assay, the murine bone marrow cell line W20-17 was exposed to the
culture supernatant from hBM-MSCs that were transduced in the presence or absence of
GeneJammer®. This cell line responds to exogenously added BMP2 by increasing the

expression of alkaline phosphatase. Culture supernatants from hBM-MSCs as well as
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those transduced with the Ad-empty control virus were also included in the analysis to
verify that the W20-17 response was BMP2 specific. We observed a 12-fold increase in
the relative chemiluminescence in the supernatant of W20-17 cells exposed to media
from hBM-MSCs transduced with AASBMP2 (2,500 vp/cell) in the presence of
GeneJammer® as compared to those samples transduced in the absence of the compound
(Fig. 5.3B). At the virus concentrations of 5,000 and 10,000 vp/cell, we observed a 3.5
and 0.8 fold increase respectively in the cells transduced in the presence of the polyamine
(Fig. 5.3B). Alkaline phosphatase activity in the samples exposed to the culture
supernatant from the cells transduced in the presence of GeneJammer® were maximally
activated, whereas exposure to culture supernatant from cells transduced in the absence

of the polyamine appeared to increase with viral dose (Fig. 5.3B).

We have previously shown that h BM-MSCs transduced with AASBMP2 induces
little to no detectable bone formation while those cells transduced with AdSF35BMP2
elicited significant bone in the same two week time period suggesting that transduction
efficiency of the cells was critical to bone formation in vivo (Olmsted-Davis et al., 2002).
To further confirm that GeneJammer® can significantly increase AASBMP2 transduction
efficiency and BMP2 production in the hBM-MSCs without altering cell viability in vivo,
we chose to compare these two cell populations in our heterotopic bone assay (Olmsted-
Davis et al., 2002). Briefly, hBM-MSCs (5x10°) transduced with either AdSBMP2 or
the control vector AdS-empty in the presence or absence of GeneJammer® were injected
into the hind quadriceps muscle of NOD/SCID mice. After two weeks, the injected
tissues were isolated and bone formation determined by radiological analysis. Mice that

received cells transduced with AASBMP?2 in the presence of GeneJammer® had

164



detectable mineralized bone, whereas those that received cells transduced in the absence
of the polyamine had none (Fig. 5.3C). In no cases did we detect bone in mice receiving
cells transduced with the Ad-empty control vector (data not shown). The data suggest
that bone formation correlated with enhanced transduction efficiency and expression of

BMP2.

Next we determined the effect of the GeneJammer® on adenovirus transduction
of the murine cell line MC3T3-E1. These cells are a C57BL/6 derived cell line that can
be propagated in vitro, and used in vivo in C57BL/6 mice without eliciting a graft versus
host response in the animals. However, they do not possess CAR or CD46 (data not
shown), and therefore are not readily transduced with AdS5 or Ad5F35 vectors. To
overcome this barrier the cells were transduced with AdSBMP?2 at varying doses (2,500,
5,000 and 10,000 vp/cell) in the presence or absence of GeneJammer®. Culture
supernatant was removed approximately 72 hours after transduction and assayed for
functional BMP2 activity using the W20-17 cells. Supernatant from cells transduced
with AASBMP2 at a 5000 vp/cell in the presence of the compound, yielded a significant
elevation approximately 1.5 fold in alkaline phosphatase activity as compared to similar
amounts of culture supernatant taken from the parallel samples of cells transduced in the
absence of GeneJammer® (Fig. 5.4A). Further, the level of alkaline phosphatase
induction was similar to that obtained from culture supernatant removed from hBM-

MSC:s after transduction with AdSF35BMP2 (Fig. 5.4A).

We have observed that we can make copious amounts of bone in immunodeficient
NOD/SCID mice (Olmsted-Davis et al, 2002; Gugala et al, 2003) after transduction of

Ad5F35BMP2 into a number of human cells. However, in our current investigations we

165



wished to inject transduced cells into immunocompetent mice. To aid in this process we
transduced and injected murine (MC3T3-E1) rather than human cells. Approximately 5 x
10° MC3T3-El cells were transduced with either AASBMP2 (5,000 vp/cell) or Ad5-
empty (5,000 vp/cell) in the presence or absence of GeneJammer® and injected into the
hind quadriceps muscle of C57BL/6 mice (n=4). Figure 5.4B shows the results of
radiological analysis of the rear hind limbs of only two of the mice, since all mice gave
identifcal results, approximately two weeks after injection of the transduced cells. Limbs
of mice that received the cells transduced with AASBMP2 in the presence of
GeneJammer® exhibited detectable mineralization while the limbs injected with cells
transduced in the absence of the polyamine showed little to no detectable bone. These
findings demonstrate the ability of BMP2 transduced cells to elicit bone formation even
in mice with a normal immune system. Further, the results suggest once again that the

level of AdSBMP?2 transduction of the cells is crucial to elicit bone formation.

Transduction of human hPBMCs in the presence of GeneJammer®

A potentially attractive gene therapy system to treat musculoskeletal defects
would be to efficiently transduce a patient’s own blood cells to express high levels of
BMP2. In previous studies we (Yotnda et al., 2001) and others (Schroers et al., 2004),
have found that human blood is very difficult to transduce with standard adenovirus type
5 vectors. Although the chimeric vector Ad5F35 greatly improves the transduction
efficiency, we chose to determine if we could enhance the human hPBMCs transduction
with the addition of GeneJammer®. Human PBMCs were grown in 6-well dishes and
transduced with an Ad5F35eGFP virus at a concentration of 5,000 vp/cell in the presence

or absence of GeneJammer®. It was observed a 14% increase in transduction efficiency
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of hPBMC by Ad5F35eGFP in the presence of GeneJammer® (Fig. 5.5A). We then
measured the amount of BMP2 secreted into the culture supernatant after transduction of
hPBMCs with AdSF35BMP2, in the presence or absence of GeneJammer®. The results
show a smaller but statistically significant increase (0.5 fold) in BMP2 protein in culture
supernatant taken from the hPBMCs transduced in the presence of this compound (Fig.
5.5B). BMP2 was not detected in the culture supernatant from either cells alone
demonstrating that the BMP2 expression in all cases specifically corresponded with viral
transduction (Fig. 5.5B). The level of BMP2 activity was also measured in this culture
supernatant using the W20-17 cell assay. Cells were transduced with AdSF35BMP2 at a
concentration of 5000 vp/cell in the presence or absence of GeneJammer®. We observed
a similar small but significant (0.4 fold) increase in expression of alkaline phosphatase
activity, which is induced in W20-17 cells in response to BMP2, demonstrating an
increase in BMP2 production by the hPBMCs transduced in the presence of

GeneJammer® (Fig. 5.5C).

DISCUSSION

Much emphasis in tissue engineering of bone has been focused on developing
gene therapy approaches to induce bone formation. However, many critical obstacles
still stand in the pathway of developing such a system for clinical use, such as efficient
transduction of either delivery cells or target tissues, sequestration of the cell or vector
system to the specific site, and avoidance of immune surveillance and clearing prior to

obtaining the desired bone induction.

We and others have taken a viral-based gene therapy approach to deliver BMP2

ectopically for induction of new bone formation (Olmsted-Davis et al., 2002; Gugala et
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al., 2003; Tsuda et al., 2003; Zhu et al., 2004). Since BMP?2 is a secreted protein, the
transduced cells function as a delivery vehicle (Gugala et al., 2003), but they provide
additional safety, since no free virus would be delivered to patients, which reduces both
immune clearance and acute reaction to the virus itself. Ideally these cells would be
readily obtainable from patients, such as human peripheral blood which would avoid
additional immune response to foreign cells. However, we have previously demonstrated
that bone formation was linked to the level of BMP2 secretion, with high levels of BMP2
inducing more bone formation than low. Hence transduction methodology must be
versatile enough to provide high level transduction of a variety of species required for

preclinical development, as well as the cell types found in human blood.

Here we present a rapid, easy, inexpensive versatile method for achieving high
level adenovirus transduction of cells from various species, including hPBMCs, by
inclusion of the DNA transfection reagent, GeneJammer®. Comparison of eGFP
expression after transduction with Ad5eGFP or Ad5F35eGFP showed significant
increase in both the number of cells and the intensity of transgene expression in the
presence of GeneJammer® independent of fiber type. Interestingly, in experiments in
which 100% of the cells were transduced at all viral doses in the presence of
GeneJammer®, we observed an increase in GFP intensity corresponding with increasing
amounts of adenovirus. As shown Figure 5.1B, at 2,500 vp/cell, 100% of the cells are
transduced. However, the mean fluorescence intensity of eGFP expression is
approximately 10° eGFP fluorescence units, whereas at 5,000 vp/cell the mean is greater
than 10" eGFP fluorescence units. Further, at the highest virus concentration (10,000

vp/cell) approximately 60% of the cells expressed equal or greater than 10* eGFP
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fluorescence units as compared to the lower dose (5,000 vp/cell) in which only 30% of
the cells express this level of eGFP intensity. These results suggest that the mechanism
by which GeneJammer® assists adenovirus entry into cells, is not limiting at the doses
studied and that it can also increase the total number of adenovirus particles entering any

individual cell resulting in higher levels of expression per cell.

Since adenovirus fiber protein is involved in receptor binding and internalization,
two likely models exist as to how the compound enhances cellular transduction. First,
GeneJammer® may bind the virus and allow cellular entry through either an alternative
receptor or a non-receptor mediated pathway. Alternatively the compound may enhance

adenovirus binding to its normal receptor, functioning as a co-receptor.

To determine which of the two tentative mechanisms was involved, we selected
three different cell lines which had varying levels of adenovirus receptors and transduced
them in the presence or absence of GeneJammer®. As expected Ad5eGFP was able to
infect 100% of the CAR positive cell line A549, but were less efficient at transducing the
hBM-MSCs, which possesses only the ay receptor; with 10% of the cells positive for
eGFP expression. Further, in the CHO cells that are negative for both adenovirus-
specific receptors, we observed no cells expressing eGFP. However, when
GeneJammer® was included in the transduction reaction, approximately 100% of the
cells were found to be expressing the transgene in all three cell types. A significant
enhancement in expression was achieved in the cell lines that lacked one of both
adenovirus type 5-specific receptors, while in the receptor positive cell lines, the
transduction efficiency remained the same, presumably due to the fact that it was

maximal under both circumstance. Interestingly, the results suggest that GeneJammer®
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is not enhancing viral entry through its normal receptor/co-receptor mediated route but
rather utilizing a novel mechanism, since 100% of the cells were transduced in the cell
line lacking adenovirus type 5 specific receptors. This finding is consistent to other
studies where uptake of adenovirus via hexon protein binding to dipalmityl phosphatidyl
choline resulted in cellular internalization via an alternative mechanism that does not
utilize receptor binding (Balakireva et al., 2003). However, the authors suggested that
this is a mechanism utilized by adenovirus for entry in the lung, since alveolar epithelial
type II cells synthesize the major component of pulmonary surfactant, disaturated
phosphatidylcholine upon adenovirus infection. Further they suggest that although the
cells do possess adenovirus-specific receptors, it is the production of this compound
which leads to the high transduction efficiency found with these cell types including
A549 cells (Balakireva et al., 2003). Further studies are required to determine if

GeneJammer® functions through similar mechanisms.

GeneJammer® significantly enhanced expression of eGFP when Ad5F35eGFP
was used in the transductions. Again this suggests that the mechanism by which
GeneJammer® enhances virus entry into the cell is not specific to fiber type 5. As
expected A549 cells which possess the adenovirus type 35 specific receptor CD46, 100%
of cells transduced in the presence or absence of the compound. Interestingly, we
observed approximately the same transduction efficiency in both hBM-MSCs and CHO
cells with AdSF35eGFP even though they differ significantly in the level of CD46. One
possible explanation is that the anti-human CD46 antibody used in these experiments
may not detect hamster CD46. The lower level of induction by GeneJammer® is in part

due to the higher transduction efficiency of the Ad5SF35eGFP vector in its absence with
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approximately 55-60% of the cells transduced. Ad5eGFP transduction of CHO cells,
however, is low in the absence of GeneJammer®, and it has been shown previously
(Bergelson et al., 1997; Davison et al., 1999) that CHO cells lack CAR, because CHO
cells can be transduced by Ad5 vectors when these cells are transfected with a vector that

elicits the expression of CAR.

We next measured the level of BMP2 production in cells transduced with
Ad5BMP2 to determine if GeneJammer® could enhance the expression of this protein.
There was a significant enhancement in BMP2 production, and activity in vitro and in
vivo (Fig. 5.3A, B and C). Interestingly, in the assay for functional BMP2, media
collected from hBM-MSCs transduced with Ad5SF35BMP?2 stimulated alkaline
phosphatase to a level of approximately 5,000 chemiluminescence units, while the same
cells transduced with AASBMP2 in the presence of GeneJammer® elevated alkaline
phosphatase to a level of 9,000 chemiluminescence units demonstrating that this
universal system could actually lead to increased BMP2 activity than parallel systems
using the chimeric Ad5SF35BMP2 (Olmsted-Davis et al., 2002). As expected this high
level expression of BMP2 after transduction of the hBM-MSCs with AASBMP2 in the
presence of GeneJammer® led to significant in vivo bone formation after implantation,
whereas the cells transduced in parallel in the absence of GeneJammer®, did not induce
detectable mineralization or osteoid by histology. Again this verifies our previous
finding (Gugala et al., 2003) that the level of BMP2 expression dictates the formation of
bone and is linked to the transduction efficiency of the cells. Hence developing a system
which would routinely provide high level transduction of cells with adenovirus

independent of vector type is an essential component to developing a gene therapy
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system to induce bone formation. Further, the data also demonstrates that there are no
apparent deleterious effects on these processes or the BMP2 protein itself due to the
potential presence of residual compound in the media or to the animals after injection of

these transduced cells suggesting that this is safe for conducting preclinical trials.

Next we determined the effects of this compound on AdSBMP2 transduction
efficiency of a murine cell line, MC3T3-E1 by measuring BMP2 activity in the culture
supernatant using the W20-17 assay. Previous attempts to achieve high level
transduction of this cell line have failed due in part to the lack of adenovirus-specific
receptors for either AdS or Ad5F35 vectors (Mallam et al., 2004) . However, use of this
or other syngeneic murine cells is critical in pre-clinical studies using AASBMP2
transduced cells, since it is derived from the C57BL/6 strain and does not elicit a graft
versus host reaction in recipient C57BL/6 mice (data not shown). The results
demonstrate that GeneJammer® provides a similar enhancement of expression in these
murine cells as that observed in the hBM-MSCs. Interestingly, at 2,500 vp/cell neither
transduction methodology led to detectable levels of BMP2 activity in the culture
supernatant, presumably due to potential low level transduction of the MC3T3-E1 cells.
However, at the higher doses of AASBMP2 we did observe significant increases in
alkaline phosphatase activity correlating with BMP2 activity in the culture supernatant
presumably due to increased transduction of the MC3T3-E1 cells in the presence of
GeneJammer®. Culture supernatant taken from MC3T3-E1 cells transduced with
Ad5BMP2 (5,000 vp/cell or 10,000 vp/cell) in the presence of GeneJammer® led to at
least the same or higher levels of alkaline phosphatase and/or BMP2 activity than those

achieved using culture supernatants collected from the AdSF35BMP2 (2500 vp/cell)
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transduced hBM-MSCs (Fig. 5.3B) which consistently produces the level of BMP2
necessary to induce bone formation in vivo. These results suggest that the cells are
transduced to express BMP2 at a level capable of eliciting bone formation in the
immuno-incompetent mice. When the MC3T3-E1 cells transduced with AdSBMP2
(5,000 vp/cell) in the presence of the compound were implanted in vivo into C57BL/6
mice, we observed significant bone formation, suggesting that this level of BMP2 is also
sufficient to induce bone formation in immune competent mice (Fig. 5.4B). However,
when samples transduced in parallel but in the absence of GeneJammer® were
transplanted we did not observe any bone formation again presumably due to the low
level of BMP2 expression from these cells. Further these results suggest that high level
BMP?2 production is essential regardless of the immune profile of the mice. Interestingly
this is contradictory to a previous report which suggests that low level virus transduction
of cells, with potent osteo-inductive agents may prevent significant immune response

allowing longer transgene expression and greater bone induction (Kim et al., 2003).

Finally we tested the ability of GeneJammer® to improve the transduction
efficiency of hPBMCs. The results indicated that 32% of the cells expressed GFP after
transduction with Ad5F35eGFP in the presence of GeneJammer® as compared with 15%
of the total population when the compound was omitted. We did not observe detectable
levels of eGFP expression in hPBMCs after transduction with Ad5eGFP in either case
(data not shown). This supports previous findings by our laboratory (Yotnda et al., 2001)
and others (Schroers et al., 2004) that demonstrated approximately 50% of the lymphoid
populations could be transduced using Ad5SF35 vectors as compared to 5% when Ad5

vectors were used. Interestingly, since lymphoid cells make up approximately 28-60% of
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the hPBMCs, the 15% transduction we obtained using the Ad5F35 vectors may represent
transduction of the lymphoid component. However, further studies are needed to
determine whether GeneJammer® enhances transduction of the lymphoid component of
hPBMCs or whether it transduces another population of cells perhaps lacking the CD46

receptor.

Since we are interested in using the hPBMCs to deliver BMP2 to specific sites for
the production of bone, the exact nature of the cells transduced in peripheral blood are not
essential to our efforts. Therefore we determined whether hPBMC:s transduced with
AdS5F35BMP2 in the presence of absence of BMP2 or GeneJammer® could make
detectable levels of BMP2. Our results showed approximately 0.4 fold more BMP2 in
culture supernatant collected from hPBMCs transduced in the presence of
GeneJammer®, as compared to those in the absence. This result was reproducible and
statistically significant. Further, we observed a similar enhancement in alkaline
phosphatase activity in the W20-17 cells after exposure to culture supernatant collected
from hPBMC:s transduced in the presence of GeneJammer® as compared to similar
samples transduced in the absence of this compound, supporting the idea that the BMP2

detected in the culture supernatant is functionally active.

We conclude that the use of GeneJammer® as described in this study can
significantly enhance adenovirus entry into cells even in those lacking adenovirus-
specific receptors. Thus this technique provides investigators the ability to transduce a
wide range of cells through a rapid, inexpensive method, offering substantial versatility
which was previously lacking. Such advances are critical in the translation of cell-based

gene therapy systems from small animal models into preclinical and clinical testing.
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FIG.5.1. (A) Flow cytometric quantification of GFP expression after transduction of
hBM-MSCs with Ad5-empty (bar 1), Ad5eGFP 2,500vp/cell (bar 2), Ad5eGFP
5,000vp/cell (bar 3), Ad5¢GFP 10,000vp/cell (bar 4). In the absence I or

presence [_] of GeneJammer®. The percentage of GFP positive cells is depicted as the
average eGFP fluorescence where n=3. Errors bars represent means =+ standard deviation
for n=3. *** represent p<0.001 and ** represent p<0.01; Student t test. (B) GFP
fluorescence intensity shifts in the flow cytometry profiles of eGFP expression in the
hBM-MSCs transduced with either 2,500 vp/cell, 5,000 vp/cell, or 10,000 vp/cell
AdS5GFP in the presence of GeneJammer® shown in (A). In all samples 100% of the

cells were found to express eGFP.
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TABLE 5.1: Adenovirus receptors expression on selected cell lines

Cell Surface Receptor

Cell line

CAR Integrin aV CD46
A549 93.28% + 1.28 99.26% + 0.53 99.27% + 0.79
hBM-MSCs "0.34% + 0.50 *87% + 4.70 31.78% + 3.54
CHO 1.77% + 0.27 2.04% +0.16 0.19% £ 0.05

Numbers represent mean percentage of cells expressing each receptor = SD (n=3)
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FIG. 5.2. Flow cytometry analysis of GFP expression of A549 cells (A), hBM-MSCs
(B) and CHO cells (C) transduced with Ad5e¢GFP 2,500 vp/cell (bar 1), Ad5SF35¢GFP
2,500 vp/cell (bar 2). In the absence M or presence [_1 of GeneJammer®. The

percentage of GFP positive cells was depicted as the average GFP fluorescence where
n=3. Errors bars represent means + standard deviation for n=3. *** represent p<0.001

and ** represent p<0.01; Student t test.

183



NS

NS

T T T T T T t
o O O O o o o
N O o0 O < N

~ <

(%) sli®2 @Alsod 449

Experimental Groups

*%

*k%k

o
o
~—

, , , , , , , , , 4
OOOOOOOOOO
S O~ © IO T O AN

(%) sl182 annisod 449

Experimental Groups

*k%

*%

o O o o o o
N Q@ © O < «

-~

(%) slI@0 aAIsod 449

o

Experimental Groups

184



FIG. 5.3. Quantification of BMP2 protein (A), or activity in vitro (B) or in vivo (C). (A)
BMP?2 protein concentration was determined in the culture supernatants using the
Quantikine BMP2 assay (R&D systems). The concentration of BMP2 was extrapolated
from a standard curve using known concentrations of recombinant BMP2. BMP2
concentrations in the supernatant are reported as pg/ml, n=3. (B) BMP2 activity was
measured in culture supernatant taken from hBM-MSCs alone (bar 1), hBM-MSCs
transduced with a control AdSF35BMP2 (2500vp/cell) (bar 2), or those cells transduced
with Ad5-empty (5,000 vp/cell) bar 3, AASBMP2 (2,500 vp/cell), bar 4, AASBMP2
(5,000 vp/cell) bar 5, AASBMP2 (10,000 vp/cell) bar 6 by determining the increase in
alkaline phosphatase activity in W20-17 cells 72 hours after the exposure. In the
absence Il or presence [_] of GeneJammer®. Alkaline phosphatase activity is
depicted as the average relative chemiluminescence units (RLU) where n=3. Errors bars
represents means + standard deviation for n=3. *** represent p<0.001 and ** represent
p<0.01; Student t test. (C) Radiologic analysis of heterotropic bone formation in NOD-
SCID mice after intramuscular injection of hBM-MSCs transduced with AdSBMP2

(5,000 vp/cell) + GeneJammer® (C1) or AASBMP?2 alone (C2).
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FIG. 5.4. Analysis of BMP2 activity both in vitro and in vivo. Analysis of BMP2
activity in (A) culture supernatant taken from MC3T3-E1 cells (bar 1) or those
transduced with AdSF35BMP2 (2,500 vp/cell) bar 2, AASBMP2 (2,500 vp/cell) bar 3,
Ad5BMP2 (5,000 vp/cell) bar 4, AASBMP2 (10,000 vp/cell) bar 5. Alkaline phosphatase
activity is depicted as the average relative chemiluminescence (RLU) where n=3. Errors
bars represents means + standard deviation for n=3. * represent p<0.05; Student t test.. In
the absence I or presence [_] of GeneJammer®. In vivo analysis of BMP2 activity
(B) was determined radiologically in C57BL/6 mice that received MC3T3-E1 cells
transduced with AASBMP2 (5,000 vp/cell) in the presence (B1) or absence (B2) of

GeneJammer®.
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FIG. 5.5. Transduction efficiency of hPBMC:s in the presence or absence of
GeneJammer®. (A) Flow cytometric analysis of GFP expression in cells or
quantification of BMP2 (B) protein or (C) activity in culture supernatant from hPBMCs
transduced with AdSF35HM4 (5,000 vp/cell) which lacks any transgene (bar 1),
Ad5F35eGFP (5,000 vp/cell) (bar 2), or Ad5SF35eGFP 5000 vp/cell + GeneJammer® (bar
3). (C) BMP2 activity was determined by the induction of alkaline phosphatase in the
W20-17 cells. Bar 4 represents the control, media from W20-17 alone. Alkaline
phosphatase activity is depicted as the average relative chemiluminescence units (RLU).

Errors bars represents means + standard deviation for n=3.
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CHAPTER 6

CONCLUSIONS

Adult bone marrow contains mesenchymal stem cells (MSC), also referred as
marrow stromal cells, which constitute an integral component of the bone marrow
microenvironment that support hematopoiesis. In addition, these pluripotent stem cells
can form in vitro and in vivo connective tissues including bone, cartilage and fat. Because
the relative ease for establishing in vitro cultures of MSCs and their ability to extensively
proliferate under in vitro conditions, MSCs hold great promise as a readily available cell
source for development of cell-based strategies for the treatment of human diseases. A
particularly attractive therapeutic approach is the use of cultured genetically modified
MSCs as vehicles for delivery of therapeutic agents. In this regard, development of
appropriate large animal models to address biosafety concerns associated with these
novel protocols will be instrumental for future human clinical use. Therefore, the overall
goal of the studies that comprise this dissertation was to establish a pig model where to
study transient and stable genetic modifications of cultured MSCs. Finally, gene delivery
methods developed for pig MSCs (pMSC) were tested in human MSCs and rodent cell

lines.

The objectives of the first study were: a) to establish porcine MSC lines and

identify appropriate in vitro culture conditions; b) to study non-viral and viral-based



methods for gene delivery in porcine MSC and c) to determine pMSC reprogramming
potential using somatic cell nuclear transfer (SCNT). Ten adult pMSC lines were
established from pig bone marrow using a minimally invasive aspiration technique. The
MSC identity of fibroblast-like cells isolated from pig bone marrow was confirmed by
immunophenotyping and multipotential differentiation capacity. Bone marrow-derived
fibroblastic cells highly expressed a marker for cells of mesenchymal origin (CD90) but
they did not express the hematopoietic marker CD11b. When MSCs were exposed to
appropriate inductive conditions in vitro, they differentiated into fat, cartilage and bone
tissues. These adult stem cells exhibited vast proliferative potential in vitro (~ 30 cell
doublings until senescence) and underwent transient and stable genetic modification with
non-viral and viral vectors. Of particular interest is the highly efficient transduction of
MSCs with a non-integrating human adenovirus (Ad5F35eGFP) and adeno-associated
vectors. Nuclear transfer results suggest that pMSC can undergo nuclear reprogramming
to support blastocyst development after being transferred to enucleated MII oocytes. All
these characteristics along with favorable clonal cell propagation properties make pMSCs
an attractive source of cells for large animal preclinical testing. These findings will lead
to future autologous cell/gene therapy studies comparing easily cultured genetically
modified adult pMSC to isogeneic embryonic cells derived via SCNT, thus addressing

cell rejection issues in non murine models for disease and tissue repair.

Since adenovirus very rarely integrates into the host genome, replication-defective
recombinant adenoviral vectors are considered efficient expression vectors particularly
for those applications, such as bone regeneration, in which transient transgene expression

is the desired outcome. MSCs are normally poorly transduced by adenovirus vectors due

192



to the lack or low expression of specific adenoviral receptors. Therefore, the objectives of
the second study were: a) to optimize adenoviral transduction efficiency of bone marrow
pMSC using a commercial polyamine-based transfection reagent (GeneJammer®,
Stratagene, CA, USA); and b) to determine if transduced cells retain the ability to
differentiate in vitro. It is described in this study a highly effective adenoviral
transduction system for cultured pMSC which are normally poorly infected by human
adenovectors. Complexing human adenovectors with GeneJamme, a commercial
polyamine-based tranfection reagent, led to high transgene expression levels in pMSCs
while minimizing adverse cell reactions. Furthermore, transduced MSCs retained
multipotential differentiation capacity in vitro. In light of the multiple applications of
MSC in areas of gene therapy and targeted delivery of therapeutics, results from this
study will facilitate addressing multiple biological questions and safety concerns in a

large animal model before this protocols move into human clinical trials.

The excellent gene delivery efficiency achieved in pMSCs transduced with
adenovirus vectors complexed with GeneJammer prompted us to perform experiments to
determine if similar methods would enhance adenovirus infection of human and rodent
cell lines. Additionally, the effect of GeneJammer on transduction efficiency was tested
in a cell-based gene therapy system for the induction of bone, which is contingent on high
level expression of the transgene. As it was demonstrated in the second study (Chapter 4),
addition of GeneJammer® during adenoviral transduction of human MSCs and rodent
cell lines led to both a significant increase in the total number of transduced cells as well
as the level of transgene expression per cell. Studies using cell lines deficient in

adenovirus receptors demonstrated that addition of GeneJammer® enhance viral cellular
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entry by an adenovirus receptor-independent mechanism. Human and murine cell lines
infected with adenovectors carrying the gene for bone morphogenetic protein 2 (BMP2),
an osteoinductive cytokine, in presence of GeneJammer achieved higher levels of
functional BMP2 expression both in vitro and in vivo. High level of BMP2 expression
after transduction of human MSCs in presence of GeneJammer led to the production of
detectable amount of mineralized tissue in the heterotopic bone assay whereas cells

transduced without GeneJammer did not induce mineralization.

In summary, the use of GeneJammer® as described in this study can significantly
enhance adenovirus entry into cells even in those lacking adenovirus-specific receptors.
Thus this technique provides investigators the ability to transduce a wide range of cells
through a rapid, inexpensive method, offering substantial versatility which was
previously lacking. Such advances are critical in the translation of cell-based gene

therapy systems from small animal models into preclinical and clinical testing.
Future Studies

In addition to the great potential of MSC in the area of human therapeutics, these
adult stem cells are being considered as potential cell source for somatic cell nuclear
transfer research. The same features that make MSC an excellent source for cell-mediated
therapy are also attractive attributes for a nuclear donor cells for somatic cell nuclear
transfer transgenesis, i.e., easily isolated and cultured, clonal propagation and amenable

to genetic manipulation.

In the first study presented in Chapter 3 of this dissertation we have established
that porcine pMSC can be isolated from bone marrow aspirates using conventional cell

culture techniques, proliferate extensively in vitro and undergo transient and stable
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genetic modification with non-viral and viral vectors. It is predicted that transient
expression of endogenous or exogenous genes in donor cells transduced by adenovirus
vectors will represent an important tool to manipulate donor cell physiology in vitro.
These novel adenovirus-based approaches could open new possibilities for controlling
cell processes such as cycle progression, DNA methylation or apoptosis in NT donor
cells, which eventually will lead to improvements in the efficiency of cloning and a better
understanding of reprogramming processes. One important question that has not been
addressed in our study is whether adenoviral-transduced cells can undergo nuclear
reprogramming when transferred to appropriate cytoplasts. Comparison of in vitro and in
vivo development of embryos reconstructed with non-transduced or transduced donor

cells will provide insights into nuclear reprogramming of adenovirus infected cells.

The use of integrating viral vectors like adeno-associated virus (AAV) is
emerging as a highly effective alternative method for stable gene modification of cultured
cells. These cells can be later used as nuclear donors to produce cloned animals bearing
the genetic transformation. We present strong evidence that pMSCs and fibroblasts
transduced with an AAV vector carrying the GFP transgene can lead to high percentage
of cells expressing the transgene for extended time. Whether the AAV vector integrated
at specific sites of the cell host genome and the number of copies of the virus per genome
was not addressed in our study and warrant further investigation. Production of nuclear
transfer transgenic animals from of AAV-gene modified cells will represent an important
step for future use of AAV vectors in animal transgenesis. Our data also suggest that
PMSCs can be, at least partially reprogrammed after transfer to enucleated MII oocytes to

support embryo development to the blastocyst stage. Further experiments will be needed
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to confirm this preliminary finding and compare the in vitro and in vivo developmental

ability of embryos reconstructed with fibroblasts or pMSC.

A therapeutic area in which MSCs promise to play a preponderant role is in ex
vivo gene therapy. In these strategies, MSCs obtained from the patient own bone marrow
are propagated ex vivo, genetically modified and reintroduced into the patient for
treatment of various diseases. Development of efficient gene delivery systems for MSCs
remains a significant challenge to overcome for future clinical use. In the second and
third studies presented in Chapters 4 and 5 of this dissertation we describe a highly
efficient method for adenoviral gene delivery into cultured MSCs from pigs, human and
rodents. Addition of a polyamine-base compound (GeneJammer) during adenovirus
transduction of MSCs led to enhanced infection efficiency of these cells which are
otherwise inefficiently infected by adenovirus. First we develop methods to achieve high
transduction rates in porcine MSCs and then we adapted these methods to human MSCs.
We have chosen the pig as the study species because its importance as large animal
model for gene therapy. In adenoviral transduction experiments with pig MSCs presented
in Chapter 4, GFP was used as the reporter transgene to determine transfection efficiency
and transgene expression in cells exposed to different experimental conditions. Since
GFP has been engineered to be extremely stable it is predicted that expression of
transgenes codifying for functional proteins, such as BMP2 which are less stable at both
the RNA and protein level will lead to different patterns of gene expression. Therefore,
transduction experiments of porcine MSC with adenovirus carrying a trangene for a
biologically active protein with potential therapeutic use (e.g., BMP2) will provide

valuable information about levels and time course of gene expression. In addition, the pig
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model will be useful for in vivo studies of cell distribution after local or systemic MSC
transplantation, patterns of transgene expression and cell doses needed to achieve a
therapeutic effect. Finally, the positive effect of GeneJammer on transduction of human
MSCs with adenovectors carrying the BMP2 transgene as demonstrated in the
heterotopic bone formation assay warrant further confirmation in animal models of bone
regeneration. It is hoped that results from these proposed studies will help to advance

mesenchymal stem cell-based therapy strategies closer to routine human clinical use.
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