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The aims of this study were to compare the ability of ex vivo expansion of
human cord blood (CB) CD34" cells cultured in cytokine factors; 4F (FIt3L, SCF,
TPO, and IL-6) and 4F containing Wntl (4FW) in serum and serum-free medium and
to compare newly six combinations of cytokine cocktails with 4F in serum-free
medium in supporting proliferation. In the present study, the capacity of expanded
CD34" cells in serum-free medium in wound healing was also investigated and
compared with freshly isolated CD34" cells in streptozotocin (STZ)-induced diabetic
mice. Firstly, the culture of CB-CD34" cells in serum-free medium with 4F and 4FW
showed superior ex vivo expansion of CD34'CD38" cells (~18.5- and ~24.3-folds,
respectively) than those of serum containing medium (~4.2- and ~6.6-folds,
respectively) significantly at day 7. Interestingly, in the serum-free medium exhibited
the increase in CD133"CD38" cells and preserved the expansion of CD34 CD38" cells
(more committed cells) than those of serum containing medium. Secondly, among the
seven combinations of cytokine cocktails in serum-free medium investigated in this
study, cultivation in 4FW and PO medium showed the highest expansion of

CD34'CD38" cells (~24.3 fold) and CD133"CD38" cells (~18.2 fold), respectively, at
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day 7. All cocktails could maintain stemness of expanded cells in which the cellular
level as determined by colony forming cell and liquid culture assay, and the molecular
level as analyzed from the expression pluripotency genes (Oct3/4 and Nanog)
displayed the comparative results compared to freshly isolated CD34" cells. Finally,
fresh and day 5-expanded CD34" cells obtained from 4FW in serum-free culture
could accelerate wound healing in diabetic mice by improved proliferation and
migration of CD68" macrophages and CD31" endothelial cells as identified by
immunohistochemistry analysis. In conclusion, these data demonstrate the benefits of
using serum-free medium with new cytokine cocktails as an effective choice to
eliminate the contamination of animal product and enhance CB-CD34" cells
expansion ex vivo. Particularly, this study is the first research that confirms the
addition of Wntl plays an essential role in promoting the proliferation. In addition,
our findings also indicate for the first time that significantly improvement of wound
healing in STZ-induced diabetic mice can be succeeded by the use of freshly isolated

and day 5-expanded CB-CD34" cells from 4FW medium.
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CHAPTER I

INTRODUCTION

1.1 Introduction

Stem cells are unspecialized cells which contain the self-renewal ability.
These cells have the capacity to differentiate into diverse cell types according to their
optimal condition. Conversely, progenitor cells lack the self-renewal property but
remain the differentiation capacity to differentiate into mature specialized cell types
(Alison et al., 2002; Kondo et al., 2003). Two main categories of human stem cells are
classified as embryonic stem cells group and somatic stem cell group according to
their source and differentiation capacity. First, embryonic stem cells group comprised
of embryonic stem cells (ESCs, originated from inner cell mass of blastocyst of
embryos) and induced pluripotent stem cells (iPSCs). The iPSCs are embryonic-like
stem cells which derived from reprogramming adult cells (Teo and Vallier, 2010).
Both ESCs and iPSCs contain differentiation potential into three germ layers;
ectoderm, mesoderm, and endoderm. In addition, these stem cells are pluripotent cells
and capable of differentiation into all cell types of the body except placenta and
umbilical cord. Although, human ESCs and iPSCs are believed to be the ultimate
source for stem cell-based therapy studies, however, their safety and ethic in clinical
practice remains controversial. There are due to source and immortalized property of

the cells that may result in the development of malignant teratocarcinomas. Second,



somatic or adult stem cells are restricted in their differentiation capacity and can be
isolated from various tissues such as brain, hematopoietic system, neuron, skin, heart,
lung, liver, intestine (Alison et al., 2002), anterior cruciate ligament (Matsumoto et
al., 2011), adipose tissue, vascular system (Hung et al., 2011), periodontal ligament,
tooth dental pulp (Duailibi et al., 2011; Um et al., 2011), placenta (Sasaki et al.,
2010; Tsagias et al., 2011), amniotic fluid (Rosner et al., 2011), and umbilical cord
(Sellamuthu et al., 2011; Taghizadeh et al., 2011). Moreover, adult stem cells show a
well-defined differentiation to other specialized cell types called ‘plasticity’.
Hematopoietic stem cells (HSCs), for instance, can differentiate into all blood cell
types, endothelial cells (Elkhafif et al., 2011), brain cells (neurons and astrocytes)
(Reali et al., 2006), muscles (Jazedje et al., 2009), cardiomyocytes (Pozzobon et al.,
2010), liver cells (Khurana and Mukhopadhyay, 2008; Sellamuthu et al., 2011),
pancreatic cells (Minamiguchi et al., 2008), fibroblasts/myofibroblasts (Ebihara et al.,
2006), adipocytes (Sera et al., 2009), osteochondrocytes (Dominici et al., 2004;
Mehrotra et al., 2010), and alveolar epithelial cells (De Paepe et al., 2011), etc. Due to
the ease of collection and processing, HSCs have been studied extensively for clinical
implications not only hematological disease treatment but also non-hematological
diseases such as neurological disorders, cardiovascular, pancreas or liver diseases, and
non-healing wounds in regenerative medicine, etc. HSCs can be isolated from several
sources including bone marrow and peripheral blood (PB) and umbilical cord blood
(CB). Among these three sources, cord blood HSCs (CB-HSCs) are less mature and
contain the lowest immunogenicity. The frequency of HSCs is more prominent in CB
than bone marrow and peripheral blood as 0.4-4.9% (Pranke et al., 2005), and 0.1-2 %

in growth factors stimulation, respectively (Hossle et al., 2002; Krause et al., 1996).



In addition, engraftment ability of CB-HSCs is higher than bone marrow and
peripheral blood as determined by engraftment ability of severe combined
immunodeficient (SCID)-repopulating cell (SRC) in non-obese diabetic/SCID
(NOD/SCID) mice (1 SRC in 9.3 x 10° CB cells compared to 1 SRC in 3.0 x 10° adult
BM cells or 1 in 6.0 x 10° mobilized peripheral blood cells) (Wang et al., 1997). Thus,
CB-HSCs serve as the great candidate for HSCs studies and in clinical applications.
Although, HSCs are rich in CB, the total HSCs obtained from single blood unit
remain low which hamper the successive autologous transplantation. Therefore,
researchers have been attempting to induce the higher number of HSCs ex vivo.
Several HSCs cultures have been identified; 1.) co-cultivation with supportive cells
simulated the bone marrow niche (Butler et al., 2010; da Silva et al., 2010), 2.) viral-
based induction of self-renewal gene expression (Domashenko et al., 2010; lwama et
al., 2004; Miyake et al., 2006), 3.) suppression of the negatively regulator of self-
renewal genes (Wang et al., 2008; 2011), and 4.) growth factors and cytokines based
medium culture (Bramono et al., 2010; Zhang et al., 2008). The cultivation of HSCs
by growth factors and cytokines shows superior advantages than other techniques,
which is not related to virus and cell loss by interaction to the supportive cells. In
practical, the high yield number of proliferative cells in the culture can differentiate
quickly into more mature blood cells and lower the HSCs yield for transplantation.
Thus, maintaining their multipotency and stemness capacity during the cultivation is
the key role to the way of clinic. Therefore, my dissertation research was focused on
the ex vivo expansion of cord blood CD34" cells which are the representative of
hematopoietic stem and progenitor cells by cytokine-based and medicinal plant

extract including studied the role of expanded CD34" cells in wound healing of



streptozotocin-induced diabetic mice. The findings obtained from this work contain
the new cytokines cocktails that never studied before and thus will provide as an
alternative method to increase the number of available HSCs for successful clinical
based HSC transplantation, including apply for regenerative medicine and other

hematological research studies.

1.2 Objectives

1.2.1 To determine the efficacy of cytokine cocktails culture between serum
and serum-free medium for the ex vivo enhancement of human CB-CD34" cells

1.2.2 To determine the efficacy of multi-combination of cytokines and
medicinal plant extract for the ex vivo enhancement of human CB-CD34" cells and
characterization of expanded cells in both cellular and molecular levels

1.2.3 To explore the potential of expanded human CB-CD34" cells in wound

healing of streptozotocin-induced diabetic mice



CHAPTER Il

LITERATURE REVIEW

2.1 Hematopoietic stem cells origin and development

In the hematopoietic system, the discovery of hematopoietic stem cells (HSCs)
has shed the light on stem cell biology studies including linked to other adult stem
cells through the basic concepts of differentiation, multipotentiality, and self-renewal.
In the early period of those discoveries, lethally irradiated animals were found to be
rescued by spleen cells or marrow cells (Jacobson et al., 1951; Lorenz et al., 1951).
After mouse bone marrow cells were transplanted into irradiated mice, the clonogenic
mixed colony of hematopoietic cells (often composed of granulocyte/megakaryocyte
and erythroid precusors) were formed within the spleen, which these colonies were
then termed colony-forming unit spleen (CFU-S) (Till and McCulloch, 1961). Some
colonies of primary CFU-S could reconstitute hematopoietic system in the secondary
irradiated mice after receiving transplantation (Siminovitch et al., 1963). The CFU-S
was first proposed that it may be differentiated from HSC, but subsequently CFU-S
was demonstrated to be originated from more committed progenitor cells (Schofield,
1978). The discovery by Till and McCulloch embarked on a new journey toward
many investigations to clarify HSC biology, functional characterization, purify,

cultivation and other stem cells research.



Hematopoiesis and HSC development are the key role in the improvement of
efficient HSC expansion. To explore that enigma, embryogenesis study for tracing
HSC development in various multiple anatomical sites from different animals such as
zebrafish, chicken and mouse including human embryos model have been emerging.
The first anatomical site for fetal HSC activity was found in the yolk sac, which
generated hematopoietic progenitors that restricted to erythroid and myeloid lineages
(Mikkola and Orkin, 2006; Moore and Metcalf, 1970). Moreover, the Runxl
(transcription factor for the onset of definitive hematopoiesis) was first observed to
express at embryonic day 7.5 (E7.5) in the yolk sac, the chorionic mesoderm and parts
of allantoic mesoderm (Zeigler et al., 2006). However, the yolk sac was found to lack
the definitive hematopoietic stem cells which lacking long-term hematopoietic
reconstitution in mouse embryo prior to E11.5 (Medvinsky and Dzierzak 1996). On
the other hand, long-term repopulating HSCs (LT-HSCs) were demonstrated that
HSCs increased largely in the aorta-gonad mesonephros (AGM) region of the mouse
embryo including in serially transplantable irradiated mice (Medvinsky and Dzierzak,
1996; Muller et al., 1994). Vitelline and umbilical arteries were also endowed with
hematopoietic potential (de Bruijn et al., 2000). The presence of HSC phenotype in
the embryo was supported by the evidence that a high number of non-erythroid
progenitors with high proliferative potential was observed from which the liver
rudiment has been removed (Huyhn et al., 1995). Other evidence to demonstrate the
existence of HSC progenitor within the embryonic compartment showed that a dense
population of CD34" cells adhering to the ventral side of the aortic endothelium
displayed a cell-surface and molecular phenotype of primitive hematopoietic

progenitors (CD45", CD34", CD31", CD38', negative for lineage markers, GATA-2",



GATA-3", c-myb*, SCL/TAL1", c-kit", flk-1/KDR") (Labastie et al., 1998; Tavian et
al., 1996). In addition, the autonomously emergence of myelo-lymphoid lineage from
progenitors occurred in splanchnopleural mesoderm and derived aorta within the
human embryo proper, while the yolk sac generated restricted progenitors (Tavian et
al., 2001). Altogether, AGM region in the embryo is suggested as the source of
definitive hematopoiesis as the generation occurs between E10.5 and E12.0 with the
enhance activity of HSC after mid-day 11 of gestation (Chen et al., 2009; de Bruijn et
al., 2002; Taylor et al., 2010). Even though, the main source of fetal hematopoiesis
was considered in AGM including vitelline and umbilical arteries, the question was
raised whether the rare population produced in those regions would be enough for the
distribution into fetal liver for alternative development of enormous HSCs before the
transition of hematopoiesis continues to occur in the fetal thymus and bone marrow in
post-natal life. Recently, the placenta, an extra-embryonic organ, has been considered
as the other hematopoietic organ for de novo hematopoiesis (Barcena et al., 2009;
Robin et al., 2009). This may be due to the physiology of the placenta containing
highly vascularized blood vessels, and cytokines and growth factors rich environment
for proper microenvironment of hematopoiesis and development (Cross, 2005).
Additionally, privilege site within the placenta may hide the HSCs from the
promoting signal into differentiation stage. Summarization of the source of blood cells

during gestation through adult life has been elucidated in Figure 2.1.
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Figure 2.1 Source of blood cells during gestation through after birth (adapted from
(Coskun and Hirschi, 2010)). Intraembryonic yolk sac is the first site of blood cells
observation at around E7.0-E7.5. The de novo hematopoiesis in the placenta and
AGM occurs at nearly similar wave of gestation (around E8.5-E10.5) before it
circulates into fetal liver where there is the large HSC pool during gestation. At
around E16.5, the HSCs migrate and reside within the bone marrow which finally

becomes the source of HSC in adult life.



The origin of HSC in the placenta is being question. Understanding how the
placenta develops might be useful to define the source and the niches supporting HSC
development. Mouse and human placentas are anatomically similar and its genes have
analogous identity (Cox et al., 2009; Georgiades et al., 2002). The placenta is formed
from trophectoderm, mesodermal tissues, chorionic mesoderm and allantois (Figure
2.2) (Rossant and Cross, 2001). At E8.5 of mouse gestation, the allantois develops
and fuses with chorionic mesoderm through its distal part generating the
chorioallantoic mesenchyme in the chorionic plate and continuing to form the fetal
vascular compartment of the placental labyrinth, while the proximal part becomes the
umbilical cord (Gekas et al., 2010).

The umbilical cord (a constitution of the fetal arteries and veins and is inserted
within chorionic plate of the placenta) is attached to the center of fetal surface for
utero-placenta circulation through maternal blood. Maternal blood passes through the
placenta from uterine arteries to spiral arteries in the maternal decidua Thereafter, the
maternal blood percolates through the villous tree in humans (or the labyrinth in mice)
known as chorionic villi which created and lined by fetal trophoblast cells
(Georgiades et al., 2002; Rossant and Cross, 2001). The inner core of the chorionic
villi consists of allantoic mesenchyme and vasculature which is continuous with that
of the umbilical cord. The chorioallantoic vasculature connects the placenta via the
dorsal aorta and fetal liver through the umbilical cord vessels. These regions are
localized by an equally dense network of fetal capillaries where the fetomaternal
exchange occurs (Georgiades et al., 2002).

Because of the mesoderm layer gives rise to all blood cells, the chorionic and

allantoic mesoderm are considered as the origin of HSC in the placenta. This can be
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explained by the observation that hematopoietic potential emerging from both tissues
and has been identified with myeloerythroid potential (Corbel et al., 2007). In
addition, hematopoietic cell (CD34°CD45") collected from placental villi stroma and
highly expression of CD45" cells that appear to be budding from the vasculature have
been found from human placenta during midgestation (Robin et al., 2009). Moreover,
cells harvested from term human placenta vessels and tissues could generate human
hematopoietic repopulation of non-obese diabetic (NOD)-SCID mice, which harbored
and/or amplified in vascular labyrinth placenta niche (Robin et al., 2009). These
observations imply that the placenta is the HSC source along with umbilical cord
blood. At E10.5, first HSC emerge in the dorsal aorta before the onset of heart beat
where the circulation has not been formed. One study showed that in the absence of
heat beat in Ncx1 (the sodium and calcium exchange pumpl) knockout embryos, the
HSC development was verified to initiate in the placental vasculature (Rhodes et al.,
2008). Additionally, multilineage hematopoietic potential could obtain from placentas
of Ncx1 knockout embryos. Taken together, these observations support the hypothesis
that the placenta is the source of de novo hematopoiesis while placenta labyrinth may
serve as the niche for the development.

The true origin of HSC in the intraembryonic hematopoiesis remains
controversial. One of the main hypotheses is hemangioblasts or hemogenic
endothelial while the alternative model is mesodermal precursors. The blood islands
originated in the yolk sac are derived from mesodermal cell aggregates, which contain
the ability to differentiate into both hematopoietic and endothelial cells. The common
precursor by those lineages is suggested to be so called the hemangioblast (Murray,

1932). Hematopoietic phenotype originated from hemogenic endothelium has been
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found in avian and mouse during ontogeny (Jaffredo et al., 1998; Nishikawa et al.,
1998). Imaging and cell-tracking study explored the hemogenic endothelial cells
giving rise to hematopoietic cells (Eilken et al., 2009). Single-cell observation of
mouse mesodermal cells by time-lapse imaging showed the generation of endothelial
sheet colonies. Some colonies developed the hematopoietic morphology by
upregulated the blood-specific proteins CD45, CD41 and CD11b and loosing intact
morphology. Recently, this evidence has been supported by the emergence of HSCs
(Sca’, c-kit", CD41") directly from ventral aortic endothelial cells using time-lapse
confocal imaging from live mouse aorta (Boisset et al., 2010). Moreover, Oberlin and
colleagues prove the origin of adult bone marrow HSCs which most of them derived
from the vascular endothelial-cadherin ancestor (Oberlin et al., 2010). Taken together,
these studies pinpoint the evidence that definitive hematopoietic stem and progenitor

cells emerge from an endothelial precursor.
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Figure 2.2 Mouse placenta development. A) At E3.5 of early embryogenesis,
blastocyst is formed, containing inner cell mass located at one side of the blastocoelic
cavity and outer layer (trophectodermal epithelium) which give rise to the placenta. B)
Between E7.5-E8.25 mesodermal precursors originating from the primitive streak
grow into the allantois (light grey) which then develops toward the ectoplacental cone
(dark grey). C) Chorioallantoic fusion between the allantoic and chorionic mesoderm
at E8.5. After that, Chorionic villi and vasculature are formed producing and
generates extensive villous branching called labyrinth. D) At E11.5, umbilical cord is
fully formed to connect the placenta with fetus where feto-maternal bloods circulate.
D) Cross-section of the placenta at E12.5 showing the chorioallantoic mesenchyme
lies cover the placenta labyrinth with fetal vessels lined by fetal endothelium (dark
vessels with lumen) and trophoblast lined by maternal blood spaces (grey vessels
surrounded by dark trophoblasts). al, allantois; ch, chorion; am, amnion; epc,
ectoplacental cone; ys, yolk sac; psp, para-aortic splanchnopleura; da, dorsal aorta; ua,
umbilical artery; va, vitelline artery; fl, fetal liver (modified from (Gekas et al.,

2010)).
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2.2 HSC niches

Homing of HSC from other definitive hematopoiesis to fetal bone marrow is
thought to involve some signaling factors such as stromal derived factor-1 (SDF-1 or
CXCL12)/chemokine C-X-C receptor 4 (CXCR4) axis (Ara et al., 2003; Guo et al.,
2005). Soluble factors are not only mediated in fetal bone marrow but also in adult
bone marrow to maintain HSC in undifferentiated state, and regulate HSC in
proliferative and differentiated states within the microenvironments termed ‘niche’
throughout the life (Nagasawa et al., 2011). Such molecules have been identified to be
associated with HSC homing to bone marrow, for example, SDF1-a, B1-integrins,
metalloproteinases (MMP) and serine-threonine protein phosphatase (PP)2A (Basu et
al., 2007; Nilsson et al., 2006). By using real-time imaging, it is possible to explore
the localization of HSCs with their function (Lo Celso et al., 2009). HSCs lodge in the
endosteal surface, osteoblasts and blood vessels, particularly in trabecular regions, in
the mouse calvaria. On the contrary, more mature cells reside away from the
endosteum. Similarly, a study by developed ex vivo real-time imaging in irradiated
mice show the homing and lodgment of transplantable HSCs in the endosteal region
of the trabecular bone area where they respond to bone marrow damage by rapidly
dividing (Xie et al., 2009).

Recently, HSCs niches are suggested to be mediated in three main
microenvironments within bone marrow (Figure 2.3). First, osteoblasts derived from
mesenchymal precursors are localized in the endosteal regions which are well
vascularized. The activation of osteoblastic differentiation is in part mediated by
HSC-derived bone morphogenic protein 2 (BMP-2) and BMP-6 (Jung et al., 2008).

Osteoblasts are suggested as the niche due to the finding that the number of
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osteoblasts is increased from parathyroid hormone activation and results in an
increase HSCs number in vivo (Calvi et al., 2003). This signal was found to activate
through Jaggedl, a serrate family of Notch ligand, on osteoblasts (Weber et al.,
2006). Study by Chittrti and colleagues supports this evidence and shows that
enhancing hematopoiesis promoted by osteoblast via Notch signaling not only
through Jaggedl up-regulation, but also Notch2, Jagged2, Deltal and 4, Hesl and 5,
and Deltex ligands (Chitteti et al., 2010). Soluble factors produced from osteoblasts
function in regulating HSC quiescence, HSC pool and fate such as angiopoietin-1
(Ang-1) (Arai et al., 2004), SDF-1 (CXCL12) (Taichman, 2005), and osteopontin
(Stier et al., 2005). Recently, osteoblasts secreted cysteine protease cathepsin X has
been found to catalyze the chemokine CXCL-12, a potent chemo-attractive cytokine
for HSCs, and ablate the attachment of CD34" cells with the osteoblasts (Staudt et al.,
2010). This result suggests the role of osteoblasts in regulate HSCs trafficking in the
bone marrow.

A group of de Borros supports this hypothesis by demonstrated that the 3D
spheroid of non-induced and one week osteo-induce bone marrow stromal cell (active
osteoblasts) form an informative microenvironment that control migration, lodgment,
and proliferation of HSCs (de Barros et al., 2010). Bone marrow endosteal cells,
particularly, osteoblast-enriched ALCAM*Sca-1" cells promote LT-reconstitution
activity of HSCs via the up-regulation of genes related in homing and cell adhesion
(Nakamura et al., 2010). In addition, HSCs are found to adhere with spindle-shaped
N-cadherin® osteoblastic (SNO) cells which are a subpopulation of osteoblasts (Zhang
et al., 2003). BMP receptor type 1A mutant mice have been showed to increase in the

number of SNO cells that correlated to an increase in HSC number (Zhang et al.,
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2003). Consistently, green fluorescent protein-positive (GFP™) HSCs derived from
Col2.3-GFP" transgenic mouse are found to attach to SNO cells but not all GFP*
HSCs are in contact with SNO cells which show that N-cadherin” component might be
the other niche for HSCs (Xie et al., 2009). Cumulatively, osteoblasts and SNO cells
are suggested as the niche for hematopoietic stem and progenitor cells where this
microenvironment termed “Endosteal niche”.

Nevertheless, some reports suggest that other niches might involve in HSC
maintenance inside the bone marrow. There are some observations that osteoblast
depletion results in the loss of B lymphopoiesis but not immediately loss of HSC
number (Visnjic et al.,, 2004; Zhu et al., 2007) and few bone marrow HSCs
(CD150"CD48 CD41 lineage’) localized to the endosteum (Kiel et al., 2007). Mice
model defect in osteoblast function confer no changes in LT-reconstitution function of
HSCs (Ma et al., 2009). Additionally, loss of N-cadherin does not affect HSC
maintenance and hematopoiesis (Kiel et al., 2009). Most HSCs in the bone marrow
have been observed to reside in the sinusoid, where fenestrated endothelium persists
and allows blood flow for an exchange of blood cells and small molecules. Taken
together, the vascular niche is suggested as the other niche for HSC maintenance (Kiel
et al., 2007). Bone marrow endothelial cells have been proposed to play a role in HSC
controlling within vascular niche. Primary CD31" microvascular endothelial cells can
restore hematopoiesis in mice when they receive bone marrow lethal doses of
irradiation (Li et al., 2010). Study by a group of Salter shows a consistent observation
that endothelial progenitor cells injected in total body irradiated mice can stimulate
HSC reconstitution and hematologic recovery (Salter et al., 2009). Furthermore,

selective activation of Akt in endothelial cells produces angiocrine factors mediated in
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the reconstitution, expansion and maintenance of HSCs (Kobayashi et al., 2010).
Nonetheless, constitutively activation of Akt, a binding ligand of phosphoinositide 3
in the phosphoinositide 3-kinase pathway, impairs engraftment ability in mice and
preferable generate leukemia in mice (Kharas et al., 2010). Sinusoidal endothelial
cells are essential for engraftment of hematopoietic stem and progenitor cells
(HSPCs) and restoration of hematopoiesis after myeloablation (Hooper et al., 2009).
Angiocrine factors, such as Notch ligands, released by endothelial cells in vivo
contribute to the replenishment of the LT-HSC pool and result in reconstitution of
hematopoiesis (Butler et al., 2010). Altogether, vascular niche containing endothelial
cells is suggested as the major HSC pool and maintenance conferring proliferation
and differentiation selection.

The other candidate niche rather than endosteal and vascular
microenvironments has been proposed to SDF-1 (CXCL12) producing vascular cell
adhesion molecule-1" reticular cells (CAR cells), that line the sinusoid next to the
endothelial layer, in which the HSCs are found in contact with (Sugiyama et al.,
2006). CAR cells are surrounded by sinusoidal endothelial cells. CXCL12-CXCR4
signaling is essential in maintaining the HSC pool, development of B cells and
plasmacytoid dendritic cells (Kohara et al., 2007; Nagasawa, 2006; Nie et al., 2008;
Noda et al., 2011). Short-term ablation of CAR cells results in impairment of
adipogenic and osteogenic differentiation, thus, CAR cells are suggested as the adipo-
osteogenic progenitors (Omatsu et al., 2010). HSCs from CAR cell-depleted mice
have been shown a reduction in number and cell size, which are more quiescent and
an increase in expression of early myeloid selector genes (Omatsu et al., 2010). In

addition, CAR cells are suggested to coincide with CD146" stromal progenitors that
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express CXCL12 and Ang-1. CD146" cells have been shown to generate osteoblast
which form bone and function as skeletal progenitor cells. Thus, those cells provide or
generate the hematopoietic microenvironment that link to the hematopoietic

regulation in the reticular niche (Sacchetti et al., 2007).

2.3 Hierarchy of human hematopoiesis

Based on the study of molecular marker expression by flow cytometry analysis
has led the identification of each blood cell subpopulations in terms of their biology
and potential when combine with other functional assays. As a result, schematic
demonstration of hematopoietic hierarchy has been proposed (Figure 2.4) (Seita and
Weissman 2010). The origin of all blood cell in hematopoietic system is believed to
be derived from HSCs that contain self-renewal capacity and give rise to multipotent
progenitors (MPPs) which lose self-renewal potential but remain fully differentiate
into all multilineages. MPPs further give rise to oligopotent progenitors which are
common lymphoid and myeloid progenitors (CLP and CMP, respectively). All these
oligopotent progenitors differentiate into their restricted lineage commitment: (1)
CMPs advance to megakaryocyte/erythrocyte progenitors (MEPS), granulocyte/
macrophage progenitors (GMPs) and dendritic cell (DC) progenitors. (2) CLPs give
rise to T cell progenitors, B cell progenitors, NK cell progenitors and DC progenitors.
Notably, DC progenitors (CD8a" DC, CD8a” DC, and plasmacytoid DC) could be

derived from both CMPs and CLPs (Manz et al., 2001a; 2001b; Traver et al., 2000).
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in bone marrow; endosteal niche, vascular niche, and reticular niche. HSCs are in

contact with SNO cells, bone-lining osteoblasts, within endosteal niche. Osteblasts

produce several signal molecules such as Notch ligands, angiopoietin-1 (Ang-1),

CXCL12 and cathepsin X mediated in control HSC pool and maintenance. Most

HSCs are found in sinusoids, particularly adherence to CAR cells that surround

sinusoidal endothelial cells (reticular niche). Similarly, CAR cells produce CXCL12

in association with CXCR4 signaling essentially for HSC maintenance (adapted from

Nagasawa et al., 2011).
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Among the isolation and characterization of HSCs and progenitors, CD34
molecule is the first widely chosen for the study by several researchers. CD34 is
comprised in the CD34 family of cell-surface transmembrane proteins together with
podocalyxin and endoglycan (Doyonnas et al., 2001; Sassetti et al., 1998; 2000).
CD34 expression on blood cells is about 0.1-4.9% in human cord blood, bone marrow
and peripheral blood (Hossle et al., 2002; Krause et al., 1996; Pranke et al., 2005).
The first candidate human HSCs was a population of cells expressing
CD34"CD90*(Thy-1)Lin" which could give rise to T and B lymphocytes and
myeloerythroid activities in both in vitro and in vivo human fetal thymus transplanted
into SCID mice while some subset of CD34°, CD90, Lin" lack of multipotent
progenitors (Baum et al., 1992). Further isolation of HSCs are based on the expression
of CD38 (Bhatia et al., 1997b; Hao et al., 1995) and CD45RA (Mayani et al., 1993).
This can be concluded that LinCD34"CD38 CD90"CD45RA" population enriches for
human HSCs and the candidate human MPP fraction of multipotency with an
incomplete self-renewal capacity is enriched in Lin'CD34°CD38 CD90 CD45RA
population (Majeti et al., 2007). However, recently observation using HSC xenograft
assay in NOD-SCID-IL2Rgc” (NSG) mice showed that both LinCD34*CD38 CD90"
CD45RA" and Lin"CD34"CD38 CD90"CD45RA" contain LT repopulating activity in
secondary recipients with different frequency (Notta et al., 2011). In addition, CD49f
(integrin a6) marker has been shown as a specific HSC marker within Lin
CD34'CD38 CD45RA™ population which as single sorted HSC is highly efficient in
generating long-term multilineage grafts while the loss of CD49f expression results in
the absence of long-term grafts (Notta et al., 2011). Furthermore, Rhodamine-123

marker (efflux of the mitochondrial dye) is added to enrich for HSCs where high Rho
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efflux (Rho')Lin"CD34"CD38'CD90*CD45RA ™ can also repopulate all blood lineages
in secondary recipients (Notta et al., 2011). Taken together, these results demonstrate
that human HSCs are enriched in the Lin"CD34'CD38CD90"" CD45RARho"

population of hematopoietic cells (Figure 2.4).

2.4 Molecular niche in self-renewal and maintenance of HSCs

The balance to control between self-renewal and differentiation (or cell fate
decision) of HSCs in bone marrow is mediated by several factors. There are a number
of animal models promoting the concept that the niches inside bone marrow provide
the maintenance and regulation of HSCs by some microenvironmental-dependent
signals. Most HSCs are in quiescent state (i.e. in GO/G1 phase of the cell cycle)
(Fleming et al., 1993), however, when the hematopoietic cells disturbance occurs,
hematopoiesis system will respond by shutting down or turning on the regulators
mediated in the regulations. Several pathways have been studied in relation to that
circumstance  which are; CXCL12/CXCR4 signaling, BMP signaling,
Mpl/Thrombopoietin (TPO) signaling, Tie2/Ang-1 signaling, hedgehog and Notch

signaling, as well as Wingless (Wnt) signaling.
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Figure 2.4 Hierarchy of hematopoiesis (modified from Irving Weissman’s group
(Seita and Weissman, 2010)). The phenotypic cell surface marker of each population
of mouse and human blood system is shown. In the mouse hematopoiesis system,
MPPs give rise directly to MEPs without passing through CMPs as identified in
human system (dash line). CLP, common lymphoid progenitor; CMP, common
myeloid progenitor; DC, dendritic cell; EP, erythrocyte progenitor; GMP,
granulocyte/ macrophage progenitor; GP, granulocyte progenitor; HSC,
hematopoietic stem cell; MacP, macrophage progenitor; MEP,
megakaryocyte/erythrocyte progenitor; MkP, megakaryocyte progenitor; NK, natural

killer; Lin, lineage markers.
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The first pathway is CXCL12 (SDF-1)/CXCR4 signaling as described earlier
that its role is essential for HSC maintenance. Specifically, SDF-1 regulated HSC
attachment within the niche through matrix metalloproteinase-9 mediated released of
soluble Kit-ligand (Heissig et al., 2002). Inactivation or deletion of CXCR4 in mice
resulted in HSC pool reduction and hyperproliferation responsive to HSC defects (Nie
et al., 2008; Sugiyama et al., 2006). In addition, conditional SDF-1-deficient mice
impaired HSC quiescence and endosteal niche localization (Tzeng et al., 2011).

The second pathway is involved in BMP signaling. Besides BMP-4 (a TGF-
family member) regulation during embryogenesis in hematopoietic lineage
commitment from mesodermal cell, adult HSC number and function within bone
marrow niche is controlled by Bmp-4 (Durand et al., 2007; Goldman et al., 2009).
Knowledge of BMP signaling and receptor related adult HSC within bone marrow has
been studied in a small number and is elusive. BMP signaling impairment
demonstrated an increase in the niche size, leading to the enhancement in the number
of HSCs (J. Zhang et al., 2003). Differential response of HSC to soluble BMPs
observed by a group of Bhatia showed that higher concentrations of BMP-4
maintained human CB HSCs in vitro while at lower concentrations of BMP-4 induced
proliferation and differentiation of HSCs (Bhatia et al., 1999). Moreover, BMP-2 and
BMP-7 at high concentrations inhibited proliferation which then maintained HSCs
(Bhatia et al., 1999).

A third pathway is composed of Mpl and its ligand TPO which is known to
regulate megakaryopoiesis (Broudy and Kaushansky, 1995). Mpl/TPO signaling
involved in postnatal steady-state HSC maintenance and cell-cycle progression at the

endosteal surface (Qian et al., 2007; Yoshihara et al., 2007b). Mpl-expressed LT-
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HSCs was found in correlation to cell cycle quiescence and that is closely associated
with TPO-producing osteoblastic cells in the bone marrow (Yoshihara et al., 2007Db).
Additionally, the inhibitory adaptor protein Lnk was demonstrated as a negative
regulator of Janus kinase 2 (JAK2) in HSCs following TPO stimulation and that HSC
quiescence and self-renewal control was predominantly through Mpl (Bersenev et al.,
2008). Therefore, TPO/Mpl/JAK2/Lnk pathway can be concluded as a gatekeeper for
HSC quiescence. Recently, TPO knock-in RAGZ"'yc"‘ mice has been shown to
improve human engraftment in the bone marrow and maintenance of HSPCs pool by
serial transplantation (Rongvaux et al., 2011). Taken together, TPO has an important
function in maintenance and self-renewal of HSCs.

A fourth pathway includes Tie2/Ang-1 signaling which Ang-1 is the ligand of
Tie2 expressed predominantly on osteoblastic cells in endosteum (Arai et al., 2004)
and in mesenchymal stem/stromal cells (MSCs) (Sacchetti et al., 2007). Interaction of
receptor tyrosine kinase Tie2 expressing HSCs to the bone surface of bone marrow
via the interaction of Ang-1, resulted in tightly adhesion of HSCs to the niche and
become quiescence (Arai et al., 2004). Moreover, Ang-1 conferred the maintenance of
LT-HSCs while Ang-2 did not and antagonized the effects of Ang-1 on gene
expression, Akt (also known as protein B) phosphorylation (Gomei et al., 2010).

A fifth pathway, hedgehog (Hh) signaling is proposed as a negative regulator of
the HSC quiescence (Trowbridge et al., 2006a). Hh ligand binds to the
transmembrane receptor Patched (Ptc) allowing the signaling function of a second
transmembrane protein, Smoothened (Smo) essential for the Hh signal to be active.
Constitutive activation of the Hh signaling pathway in Ptc heterozygous (Ptc-l*")

mice resulted in induction of cell cycling and expansion of primitive bone marrow
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hematopoietic cells (Trowbridge et al., 2006a). To support this hypothesis, deletion of
Smo in the in utero of transgenic mice impaired stem cell self-renewal and inhibit the
engraftment capacity of HSCs (Zhao et al., 2009). Furthermore, the common
downstream positive effector of Hg signaling, Glil, has been shown to play a critical
role in normal and stress hematopoiesis (Merchant et al., 2010). However, the
discrepancy was shown in studies of Hofmann et al. (2009) and Gao et al. (2009)
which suggested that the conditional loss of Smo within adult HSCs is dispensable for
hematopoiesis. These conflicts might be due to the difference of the mice model and
conditional system used to impair Hg signaling.

A sixth pathway is Notch signaling which plays a key role in several
fundamental functions including proliferation, differentiation and cell fate decision
(Artavanis-Tsakonas et al., 1999; Lin and Hankenson, 2011). Four notch receptors
(Notch 1-4) and five ligands (Jaggedl-2 and Delta-like 1, 3 and 4) have been
identified in mammals (Ranganathan et al., 2011). Cells expressing Notch ligands or
engineered immobilized Notch ligands could maintain or enhance HSC self-renewal
in culture (Ohishi et al., 2002; Varnum-Finney et al.,, 2011). Of note, some
investigations showed an impair differentiation in vitro (Stier et al., 2002; Varnum-
Finney et al., 2003) and in vivo (Stier et al., 2002; Varnum-Finney et al., 2011)
following interaction of Notch receptors and Notch ligands. Transcription factor act
upstream of the Notch signaling cascade, Hes2, was shown to be essential in HSCs
formation in zebrafish embryos when hes2 expression was knockdown, whereas HSC
formation could be rescued by the activation of Notch signal (Rowlinson and Gering,
2010). Increased in in vitro maintenance of hematopoietic functions and repopulating

potential on osteoblasts and Lineage'Sca-1°'CD117" (LSK) cells co-culture was
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mediated with the up-regulation of Notch signal (Notch2, Jaggedl and 2, Deltal and
4, Hesl and 5, and Deltex) (Chitteti et al., 2010). Thus, these studies support the role
of Notch signaling mediated in HSC hematopoiesis and maintenance. In the contrary,
some investigations reported that Notch signaling is not important for HSC self-
renewal and maintenance (Maillard et al., 2008; Mancini et al., 2005). Inactivation of
Notchl and Jaggedl in bone marrow progenitors and bone marrow stroma,
respectively, did not impair HSC maintenance and reconstitution (Mancini et al.,
2005). The inhibition of Notchl-4 signaling via a developed dominant-negative
Mastermind-likel construct was transfected into LSK and demonstrated similar result
of LT-reconstitution in bone marrow compared to LSK control, except for T-cells
(Maillard et al., 2008). Nevertheless, the study by Kim and colleague explored the
important of Notch in normal hematopoiesis (Kim et al., 2008). Mind bomb (Mib)-1,
that regulates the endocytosis of Notch ligands and activation, was inactivated in mice
leading to myeloproliferative disease (MPD). Surprisingly, when transplanted with
wild-type bone marrow cells into the Mib1-null microenvironment resulting in a de
novo MPD. The MPD progression was suppressed by transplantable Notch activating
cells, suggesting that MPD develops from the non-hematopoietic microenvironmental
cells with defective Notch signaling. Therefore, Notch signaling is indeed required for
normal hematopoiesis. Santaguida and colleague developed JunB-deficient mice
which resulted in impairment of Notch and transforming growth factor-p (TGF-B)
signaling, in part via the transcriptional regulation of Hesl (Santaguida et al., 2009).
This study showed an increase in LT-HSCs proliferation and differentiation without

impairing their self-renewal in vivo, suggesting that LT-HSC proliferation rate is not
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exclusively compelling to self-renewal activity and maintenance of HSC in the BM
niches.

Notch signaling is involved in the cross-talk with other pathways particularly
Whnt signaling not only in hematopoiesis (Clements et al., 2011) but also in other
cellular development (Chalamalasetty et al., 2011; Han et al., 2011; Kim et al., 2011;
Lin and Hankenson, 2011; Peter and Davidson, 2011). In addition, Wnt signaling
pathway is mediated in the regulation of stem cell fate and maintenance of mouse
ESCs and human ESCs in undifferentiated state (Sato et al., 2004; Woll et al., 2008).

A seventh pathway is Wnt signaling. There are at least two independent
pathway comprised in Whnt signaling; canonical Wnt and non-canonical Wnt signaling
pathways. The canonical Wnt signal interacts with Frizzled (Fz) receptors and single-
pass co-receptors LDL-receptor-related proteins 5 and 6 (LRP 5 and 6). The Fz
protein contains a conserved motif, a cysteine rich domain (CRD) located on the
extracellular domain that binds to multiple Wnts with a high affinity (Wu and Nusse,
2002). The intracellular signaling, then, activates B-catenin stabilization, a multi-
functional protein that plays a central role in Wnt signaling pathway to modulate
transcription of specific target genes by binding to T-cell factor/lymphoid enhancer
binding factor (TCF/LEF) in the nucleus (Figure 2.5) (Miller et al., 1999). In the
absence of Wnt, B-catenin is destabilized by phosphorylation of serine-threonine
kinase, glycogen synthase kinase 3 (GSK 3B) and resulting in a formation of a
destruction complex facilitating by Axin, a scaffold protein for the complex (Miller et
al., 1999).

In the second pathway, “non-canonical Wnt signal” exerts the independent -

catenin signaling. The Wnt subfamily members, for example, Wnt5a bind to the
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Frizzled receptor and stimulate downstream intracellular signaling, resulting in an
increase in intracellular Ca2" and then activates protein kinase C and calmodulin-
dependent kinase (Miller et al., 1999). The cross-talk between Notch and Wnt
signaling pathways was found in the stabilizing B-catenin on bone marrow stroma
cells that promoted maintaining and self-renewal of HSCs (Kim et al., 2009).
Moreover the induction of Jaggedl and delta-like 1 was observed in Wnt/B-catenin
activated bone marrow stroma or in bone marrow stroma cultured with Wnt3a-
conditioned medium (Kim et al., 2009). Mice lacking Wnt3a resulted in prenatal
death (Luis et al., 2009). Moreover, Wnt3a deficiency reduced the number of HSCs in
fetal liver and impaired the repopulating activity in vivo (Luis et al., 2009). However,
the exact role of Wnt signaling pathway in regulation of HSCs remains a controversy.
Some studies showed that constitutive activation of Wnt/B-catenin in transgenic mice
resulted in the multilineage differentiation block and loss of repopulating stem cell
activity due to the induction of quiescent stem cells entering into cell cycle and
arresting their differentiation (Kirstetter et al., 2006; Scheller et al., 2006). In contrast
to previous works by administration of an inhibitor of GSK-3p in vivo resulted in
enhancing the recovery of hematopoietic cells for neutrophil and megakaryocytic
lineages as well as primitive LSK cell population together with the up-regulation of
Wnt, Notch and Hedgehog genes (Trowbridge et al., 2006b).

In addition, inhibition of Wnt signaling in HSCs by overexpression of the
paninhibitor of canonical Wnt signaling, Dickkopfl (Dkk1), resulted in the induction
of cell cycling and reduction in repopulating ability in transplanted induction mice
(Fleming et al., 2008). When the inhibitor of GSK-3p3, 6-bromoindirubin 3'-oxime

was used to treat CB-CD34" cells, cell cycle progression was delayed including
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promoted engraftment of ex vivo-expanded HSCs (Ko et al., 2011). Cumulatively,
these studies suggest the positive regulatory role of Wnt/pB-catenin signal on the
proliferative or repopulating activity of HSCs. 12/15-lipoxygenase-mediated
unsaturated fatty acid metabolism has been implicated in canonical Wnt-related
signaling in the maintenance of LT-HSC quiescence and number (Kinder et al., 2010).
Taken together, the canonical Wnt signal is mediated in the regulation of HSC

function by maintaining quiescence and balance in proliferation.
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Figure 2.5 Schematic diagram of Wnt/B-catenin signaling. CRD: cysteine-rich
domain, DKK: dickkopf, LRP: LDL-receptor-related proteins, RTK: receptor tyrosine

kinase, TCF: T-cell factor, WIF: Wnt inhibitory factor (Oh, 2010).
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2.5 Ex vivo HSCs expansion

Besides advanced studies in HSC biology, understanding regulatory
transcription factors and growth factor mediated in self-renewal and proliferation have
led into the development of HSCs culture. Currently, the use of CB as a source for
hematopoietic cell transplantation is increasing, primarily due to the ease, availability
in collection and wide-applicability for undefined HLA-matched recipients. There are
several attempts to expand HSC and MPP (HSPC) numbers ex vivo to reach the
available dose needed for transplantation, particularly for autologous transplantation
to reduce the risk of graft failure. Three main methodologies for ex vivo expansion of
HSPCs can be classified; cytokine-based culture, viral-based culture and stromal cell

support.

2.5.1 Cytokine-based culture

Initial studies in PB-, BM- or CB-CD34" or CD34"CD38" cells expansion using
Fms-Related Tyrosine Kinase 3-Ligand (FIt3L), stem cell factor (SCF),
thrombopoietin (TPO), interleukin-6 (IL-6) and/or granulocyte-colony-stimulating
factor (G-SCF) showed significant expansion of hematopoietic cells or moderate
increase in CD34"CD38" cells with 2- to 6- fold increase in long-term repopulating
cells after 4 to 21 days in culture (Bhatia et al., 1997a; Conneally et al., 1997;
Gammaitoni et al., 2003; Ueda et al., 2000). In addition, a number of investigators
adopted the medium culture usually compose of FIt3L, SCF and TPO for CB-CD34"
cells expansion (<14 days) (Lam et al., 2001; Qiu et al., 1999; Yang et al., 2007).
Furthermore, some molecules have been found to synergize effect to enhance the

proliferation of the CD34" cells, colony-forming cells (CFU) and SRC number such



30

as angiotensin-(1-7) (Heringer-Walther et al., 2009), angiopoietin-like proteins
(Zhang et al., 2006a), serotonin (Yang et al., 2007), insulin-like growth factor-binding
protein 2 (IGFBP2) (Zhang et al., 2008) and valproic acid (Seet et al., 2009).
Additionally, conditioned medium (CM) containing Wnt proteins (Wntl and Wnt3a)
were found enhance the proliferative capacity and preserve immature state of CB-
CD133" cells, while WNT4-, WNT5a-, and WNT11-CM have been shown to promote
non-hematopoietic differentiation (Nikolova et al., 2007).

Preclinical expansion of CB-CD34" cells in the medium supplemented with
cytokine cocktail SCF, granulocyte colony-stimulating factor (G-CSF), and
megakaryocyte growth and with the development factor (MGDF) could enhance
CD34" cells around 100-fold in 10 days of culture and SCID-repopulating cell (SRC)
activity was maintained (Ivanovic et al., 2011). Moreover, the addition of I1L-3 did not
improve the net fold increase significantly. Nevertheless, clinical trial using PB-
CD34" expansion in that cocktail containing SCF, G-CSF, and MGDF for 10 days
and subjected to autologous transplantation resulted in modest or no effect to abrogate
the post-transplantation neutropenia (Boiron et al., 2006; McNiece et al., 2000).
Another group by Delaney and colleague point to the role of Notch mediated in ex
vivo expansion which has been studied in phase I clinical trial (Delaney et al., 2010).
Initial analysis showed an extensive expansion of CB-CD34" cells (>100-fold) after
17 days in the culture containing immobilized ligand Deltal combined with
fibronectin fragments and cytokines (SCF, TPO, FIt3L, IL-3, IL-6). Preliminary
results of ongoing phase | trial in patients transplanted with non-manipulated CB unit
along with manipulated CB unit that have undergone Notch-mediated ex vivo

expansion resulted in rapid recovery of neutrophil.
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2.5.2 Viral-based culture

Intrinsic regulators, directly act on HSCs to regulate cell fate and self-renewal,
have been imposed to stimulate HSCs proliferation through viral-mediated
expression. HOX transcription factor, particularly HOXB4, overexpressed by
retroviral vector demonstrated an extensive ex vivo expansion of mouse BM-HSCs
without impairing lymphomyeloid repopulating activity in irradiated mice
(Antonchuk et al., 2001; 2002). Adapted TAT-HOXB4 fusion protein was introduced
to the medium for inducing murine HSCs expansion (Krosl et al., 2003). Moreover, ex
vivo expansion of HOXB4 overexpression in human CB-CD34" cells was shown to
improve proliferation but repopulation activity in NOD/SCID mice was less efficient
as compared to murine HSCs (Buske et al., 2002; Schiedlmeier et al., 2003).
Similarly, study on nonhuman primate CD34" cells repopulating ability showed a
dramatic effect on short-term repopulation ability (less than 7 weeks post-transplant).
On the other hand, the repopulating cells were shown to less pronounce in long-term
repopulation ability (Zhang et al., 2006b). Combining culture of HOXBA4-transduced
human CB-CD34" cells with Delta-1 ligand-expressing OP9 cells had better
expansion and fully lymphomyeloid repopulating capacity in NOD/SCID mice which
cannot be observed with HOXB4 alone (Watts et al., 2010).

Another gene of HOX family, a nucleoporin 98-homebox A10 fusion gene
(NUP98-HOXA10 (NA10)) conferred a remarkable expansion of mouse long-term
repopulating cells other than those observed by HOXB4 (Ohta et al., 2007). Of note,
the 60 amino acid homeodomain portion in the HOXA10 domain (namely NUP98-
HOXA10hd or NA1Ohd) was found to demonstrate that potent effect on HSC

expansion. Furthermore, NA10hd transduced HSCs also maintained lymphomyeloid
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repopulating capacity in murine (Ohta et al., 2007). Recently, comparative study on
nonhuman primate model has shown that HOXB4 overexpression in monkey CD34"
cells contributed more to early hematopoiesis while in those of NA10hd
overexpression contributed more to later hematopoiesis (Watts et al., 2011). Based on
utilization of retroviral-transduced cells, the clinical setting should be of concern.
Recently, new viral system, sendai virus, which shown transient expression of
HOXB4 has been introduced for the development of ex vivo HSC expression to
reduce the risk of leukemogenesis (Abe et al., 2011), however, safety in the clinic

remains controversial.

2.5.3 Stromal cell-based culture

HSCs self-renewal is thought to be regulated by their surrounded
microenvironment and nonhematopoietic cells that govern molecular signals. As a
consequence, those signals may exert in orchestrate in control cell fate decision and
proliferation of HSCs during the stress response. Co-cultivation of HSCs with
cytokines combined with stromal cells has been an interest in the field of ex vivo
expansion of HSCs. The most favorable utilization to date is MSCs that mimic the
microenvironment in the bone marrow niche. CB-CD34" cells showed a modest
expansion in MSC-cocultivation with the improve engraftment in mice model (Jang et
al., 2006; Mishima et al., 2010; Xie et al., 2006). Recently, improved co-culture of
MSC with multiple cytokines combination (SCF, TPO, fibroblast growth factor-1,
IGFBP2, and angiopoietin-like 5 (ANGPTLS5)) increased net fold expansions of CB-
CD34" cells significantly and enhanced hematopoietic chimerism in a murine

transplantation model (Walenda et al.,, 2011). Nonetheless, MSCs maintenance
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requires robust manipulation such as culture medium that requires xeno-free cell
culture conditions. MSCs isolation with pooled human platelet lysate instead of FCS
IS the best selective choice (Horn et al., 2010; Schallmoser et al., 2007); however, the
increase risk in bacterial contamination should be of concern. Moreover, long-term

culture may affect their stromal function.

2.6 FIt3-Ligand

2.6.1 Structure and expression pattern

Fit3-ligand (FIt3L) is a type | transmembrane protein that exists either in a
transmembrane, a membrane-bound or a soluble form which is specific for class 11l
receptor tyrosine kinases; FIt3 (Fms-related tyrosine kinase), also known as FLK-2
(fetal liver kinase 2). FIt3L is encoded by a single locus on chromosome 13 at q12 and
contains 24 exons (Abu-Duhier et al., 2001; Agnes et al., 1994). Structurally, FIt3L
contains an amino-terminal signaling peptide, four extracellular helical domains,
spacer and tether regions, a transmembrane domain and a small cytoplasmic domain.
Its structure is similar to M-CSF and SCF receptors c-fms and c-kit, respectively,
which also included in the same type 1 transmembrane protein (Lyman and Jacobsen,
1998). Human FIt3L contains at least three isoforms; 1) full-length transmembrane
isoform, 2) proteolytic cleavage of the first isoform that lacks the carboxyl end and
consists mainly of the extracellular domains of the protein, and 3) an alternatively
spliced exon 6 that creates a premature stop codon (Stirewalt and Radich, 2003).
FIt3L expression is found in various tissues, including hematopoietic organs (spleen,
thymus, peripheral blood and bone marrow) and the prostate, ovary, kidney, lung,

colon, small intestine, testis, heart and placenta, with the highest level of expression in
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peripheral blood mononuclear cells (Takahashi, 2011). Nonetheless, the FIt3L protein
has been found only in stromal fibroblasts presented in the bone marrow
microenvironment and T lymphocytes (Antonysamy and Thomson, 2000).

FIt3 expression is found mainly on primitive hematopoietic progenitors in the
bone marrow, thymus and lymph nodes, but is also found in the placenta, brain and
gonads (Naoe and Kiyoi, 2004). FIt3L can be proteolytically processed and released
as a soluble protein, which both membrane-bound and soluble isoforms are
biologically active (Lyman, 1995). FIt3L binding to the FIt3 stimulates the
dimerization of the receptors, phosphorylation of the tyrosine-kinase domains and
activating the receptor and downstream effectors that regulate the proliferation and
differentiation of immature hematopoietic cells (Hannum et al., 1994; Stirewalt and
Radich, 2003). The representative model of FIt3 binding to FIt3L and its activation is

shown in Figure 2.6.
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Figure 2.6 Structure and activation of FIt3. Transcription of the FMS-like tyrosine
kinase 3 (FIt3) gene produces FIt3 mRNA, which is translated to FIt3 protein. FIt3
contains five extracellular immunoglobulin-like domains (E), a transmembrane
domain (TM), a juxtamembrane domain (JM) and two tyrosine-kinase domains (K)
that are linked through the tyrosine-kinase insert (KI). Cytoplasmic FIt3 undergoes
glycosylation (G), which promotes localization of the receptor to the membrane.
Wild-type FIt3 remains as a monomeric, inactivated protein on the cell surface until
FIt3L (L), probably in a dimeric form, binds the receptor and induces receptor
dimerization. FIt3 dimerization promotes phosphorylation (P) of the tyrosine-kinase
domains, thereby activating the receptor and downstream effectors. The dimerized

receptors are quickly internalized and degraded (Stirewalt and Radich, 2003).
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2.6.2 Biological function

FIt3L alone does not effective enough for hematopoietic cells growth and
functions. Despite using FIt3L only, combination of other cytokines and growth
factors are used for pleiotropic effects on HSCs (as previously described) and
precursors of myeloid and lymphoid lineages. For instance, FIt3L in combination with
growth factors such as IL-3, G-CSF, M-SCF (CSF1), GM-CSF, EPO and KIT ligand
produce synergistic effect for proliferative response (Rusten et al., 1996; Shah et al.,
1996). Administration of FIt3L and G-SCF enhance the mobilization of bone marrow
cells which improved the functional outcome after spinal cord injury in the rat
(Urdzikova et al., 2011). FIt3L displays a role in lymphoid development where
progenitor lymphocytes depend on FIt3 signaling. Besides the effect of FIt3L on the
mobilization of HSCs and progenitor cells, FIt3L increases the number of dendritic
cells in the circulatory system (Antonysamy and Thomson, 2000; Bertrand et al.,
2000; McKenna et al., 2000). A combination of FIt3L and IL-7 promotes stromal-cell-
independent growth of pro-B cells and the differentiation of pro-B cells to pre-B cells
(Namikawa et al., 1996). Recently, in vivo study has been shown that
haploinsufficiency of FL (FL(+/-)) reduces the numbers of lymphohematopoietic
progenitors, common lymphoid progenitors, and pro-B cells in bone marrow
suggesting that FIt3L level regulates the generation and survival of lymphoid
progenitors and B-cell precursors (Dolence et al., 2011). Ex vivo expansion of
plasmacytoid DCs and DCs from murine bone marrow or spleen could be performed
by culture with recombinant FIt3L (Brawand et al., 2002; Gilliet et al., 2002; Naik et
al., 2005). Moreover, recent observation has shown the mechanism of Flt3 signaling

in regulation of DC. The results show that DC progenitor survival and DC
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development requires prostaglandin E(2) signaling through EP1/EP3 receptors that
regulate FIt3 expression, downstream signal transducers and activators of

transcription 3 (STATS3) activation and Survivin expression (Singh et al., 2012).

2.7 Interleukin-6

2.7.1 Structure and expression pattern

IL-6 belongs to the family of IL-6 cytokines which also includes IL-11,
leukemia inhibitory factor, oncostatin M, ciliary inhibitory factor, cardiotropin-1,
cardiotrophin-like related cytokine and stimulating neurotrophin-1/B-cell stimulating
factor 3, neuropoietin, IL-27, and IL-31 (Scheller et al., 2011). IL-6 is a glycosylated
protein of 21-28 kDa and comprises the helix bundle structure characteristic for all
IL-6-type cytokines (Heinrich et al., 2003). Typically, the four long a-helices (A, B,
C, D) arrange in an up-up-down-down topology. Three distinct receptor-binding sites
of IL-6 have been identified. Site 1 is structurally mediated by the formation of the C-
terminal residues of helix D and the C-terminal part of the AB-loop that determines
the specificity of IL-6R binding. Site 2 has gp130 residue contact located in between
helices A and C. Site 3 comprises of two residues; one located at N-terminal part of
the AB-loop and another located at the C-terminal residues of the D-helix (lg-like
domain of gp130). The representative picture of IL-6 structure is shown in Figure 2.7.
All except IL-31 contain the common membrane glycoprotein gp130 as a receptor and
signal transducer subunit (Heinrich et al., 2003). Signal transduction initially starts
from the binding of IL-6 to the membrane bound o receptors IL-6 receptor (IL-6R;
type | transmembrane glycoprotein). Subsequently, IL-6/IL-6R complex binds to two

molecules of gp130, leading to gp130-homodimer formation and signal initiation via
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JAK/STAT, ERK, and phosphatidylinositol 3-kinase (PI3K) signal transduction
pathways (Scheller et al., 2011). The resulting signals not only effect proliferation of
HSCs but also control immune system and communications among cells including
epithelial cells, neutrophils, macrophages and T cells (Fielding et al., 2008; Hou et al.,
2008; Hurst et al., 2001; Jones et al., 2005). IL-6 is produced by T cells, B cells,
monocytes, fibroblasts, keratinocytes, endothelial cells, and mesengial cells
(Ghazizadeh, 2007). Typically, large amount of IL-6 is produced by adipose tissue in
vivo and may be mediate in fat metabolism (Mohamed-Ali et al., 1997). Besides the
adipocytes that secretes 1L-6 (Fried et al., 1998), other cells such as primarily nonfat
cells in the adipose tissue are capable of IL-6 production (Fain, 2010; Fain et al.,

2004; Weisberg et al., 2003).

IL-6Rx
Figure 2.7 Structure of IL-6 containing the four long helices A, B, C and D.
Receptor-binding sites I, Il and Il of IL-6 are indicated by circles (Heinrich et al.,

2003).
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2.7.2 Biological function

IL-6 is pleiotropic cytokines that function in inflammation, hematopoiesis,
immune responses, cardiovascular action, and neuronal survival (Heinrich et al.,
2003). The major role of IL-6 in the inflammation is the synthesis of acute phase
proteins such as C-reactive protein. Another role is the regulation of T cell
differentiation and activation (Weinhold et al., 1997; Weinhold and Ruther, 1997). T
helper 2 (Th2) cell cytokine production in CD4" T lymphocytes is activated by I1L-6
through the transcription factor C/EBP (Rincon et al., 1997). The balance between IL-
17-producing Th17 cells and regulatory T cells (Treg) is also regulated by IL-6
(Kimura and Kishimoto, 2010). Specifically, IL-6 and TGF-f induce the development
of Th17 cells from naive T cells. On the other hand, IL-6 inhibits differentiation of
TGF-B-induced Treg. Some evidences also suggested the correlation of IL-6
inflammatory response in obese humans by showed that human adipose tissue in
obesity contains the elevation of IL-6 in circulation (Fain, 2010; Khaodhiar et al.,
2004; Madani et al., 2009). In addition, IL-6 is mediated in wound healing.
Proinflammatory cytokines (IL-6, IL-1a, IL-1p and TNF-a) response in the wound
repair were found to strongly up-regulated during the inflammatory phase (Grellner
2002; Grellner et al., 2000; Hubner et al., 1996). The major targets of these cytokines
were macrophages, fibroblasts and lymphocytes. Moreover, during the proliferative
phase, fibroblasts produced keratinocyte growth factor (KGF)-1, KGF-2, and IL-6,
which simulated keratinocytes nearby migrated into the wound site, proliferated, and
differentiated in the epidermis (Smola et al., 1993; Xia et al., 1999). Gallucci and
colleague showed that IL-6-deficient transgenic mice displayed prolong wound

healing compared to wild-type control (Gallucci et al., 2000). More multiple effects
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were observed which were delayed re-epithelialization, greatly decreased granulation
tissue, inhibited neovascularization and delayed wound closure (Gallucci et al., 2001;
Lin et al., 2003).

Additionally, IL-6 has been implicated its role in bone metabolism and aging
(Hashizume et al., 2008; Maggio et al., 2006). Epidemiology studies have been shown
to clarify the relationship among risk factors for elevated markers of inflammation in
older adults. The data has demonstrated that IL-6 is the robustly predicted disease,
disability and mortality in old age (Singh and Newman, 2011; S. Zhu et al., 2009).
This data also suggests that IL-6 may be a common cause of multiple age-related
diseases or a final common pathway, thereby resulting in the reducing disability in
older adults. RANK ligand (RANKL) is an essential factor for osteoclastogenesis.
RANKL binding to its signaling receptor (RANK) stimulates differentiation of
myeloid precursor cells into osteoclasts. In particular, IL-6 and sIL-6R complex
induces RANKL expression via the JAK/STAT signaling pathway (Hashizume et al.,

2008). Thus, IL-6 functions in trans-signaling to regulate the bone homeostasis.

2.8 Stem cell factor

2.8.1 Structure and expression pattern

Stem Cell Factor (SCF; also known as Kit ligand, mast cell growth factor, or
steel factor) is the ligand of c-kit which is encoded by the Steel (SI) locus on
chromosome 12 in humans and chromosome 10 in mice (Besmer, 1991; Geissler et
al., 1991). Alternative splicing of exon 6 of the mRNA results in two isoforms. The
first isoform contains 248 amino acids translation product containing proteolytic

cleavage site and post-translational processing at this site results in the soluble form
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of SCF comprising 165 amino acid residues. While, the second form comprises of 220
amino acid that lacks the proteolytic cleavage site, thereby remaining in the
membrane-bound form (Ray et al., 2008). SCF binds to c-kit that is a type Il tyrosine
kinase receptor. Subsequently, two c-kit receptors homodimerize and are
phosphorylated by selective tyrosine residues 719 of c-kit by p85 regulatory subunit
of PI3K. The resulting effect is the unmasked docking sites for the Src-homology2
(SH2)-containing signal transducers (Blume-Jensen et al., 1998).

SCF is expressed during the development of embryo and primodial germ cells
(De Felici and Pesce, 1994), in the sources where hematopoietic system is developed
including the yolk sac, fetal liver, bone marrow (Kallianpur et al., 1994), melanocytes
(Wehrle-Haller, 2003; Wehrle-Haller and Weston, 1995), oocytes (Manova et al.,
1993), testis (Ballow et al., 2006), retina (Blackshaw et al., 2004), stromal cells,
thymic stroma, fibroblasts and endothelial cells (Heinrich et al., 1993). Moreover, the
c-kit is expressed by approximately 70% of CD34" cells in bone marrow including
more committed progenitor cells (Papayannopoulou et al., 1991), in neurons and

neural stem cells/neural progenitor cells of adult brain (Zhao et al., 2007).

2.8.2 Biological function

The SCF/c-kit signaling has been reported as an important survival factor for
many progenitor cell types including primordial germ cells (Guerif et al., 2002; Yan
et al.,, 2000), HSCs (Engstrom et al., 2003), NSCs (Erlandsson et al., 2004),
melanocyte precursors (Ito et al., 1999), and ESCs (Bashamboo et al., 2006). The
main mechanism that promotes survival of these cell types is the suppression of

apoptosis. Neuronal lineage commitment from NSCs has been shown by the use of
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combination of SCF and G-CSF, suggesting the role of SCF in neurogenesis (Piao et
al., 2012). In the normal stage, the brain produces high amount of SCF (Huang et al.,
1992). However, when the injury occurs, the membrane-bound SCF is enhanced. The
latter form of ligand recruits NSCs to the injury site and stimulates c-kit expression on
stem cells for further healing process (Sun et al., 2004). Besides the proliferation
effect on HSCs, SCF has been shown to control the regulatory effect of TGF-p3,
thereby promoting proliferation of prostate cells from the proximal and distal regions
of prostatic ducts where stem cell niche exists (Salm et al., 2011). As mentioned
earlier that FIt3L and IL-7 mediate in the T cell development, another possible
thymopoietic agent is SCF. Specifically, SCF/c-kit signaling is essential in early T
cell differentiation into the T cell lineage and thymic niche availability (Fewkes et al.,

2010; Massa et al., 2006; Rodewald et al., 1995).

2.9 Thrombopoietin

2.9.1 Structure and expression pattern

Thrombopoietin (TPO) is also known as megapoietin, MGDF, and c-mpl
ligand. Human TPO gene is located on chromosome 3g26.33-q27 (Foster et al., 1994;
Sohma et al., 1994) and is approximately 8 kb long containing 7 exons (Chang et al.,
1995). TPO is originally translated from TPO gene into 353 amino acids precursor (35
kDa). Processing by cleavage of the 21 amino acid signal peptide and glycosylation
results in 332 amino acids with 60-70 kDa glycoprotein that contains an amino-
terminal receptor-binding domain (residues 1-153) and a carboxyl-terminal
carbohydrate-rich domain (residues 154-332). Both domains are separated by the

arginine residues in positions 153 and 154 (Bartley et al., 1994; de Sauvage et al.,
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1994). TPO is a member of the four-helix bundle family of cytokines, which also
contains erythropoietin, G-CSF, growth hormone and leukemia inhibitory factor
among others. TPO mRNA is expressed widely in several tissues including liver,
kidney, brain, skeletal muscle and intestine. The main site for TPO synthesis is found
in the liver, particularly hepatocytes (Ogami, 1996; Sungaran et al., 1997).

TPO receptor is a member of the class | hematopoietic growth factor receptor
superfamily, a group of integral membrane proteins. By cDNA sequencing, the TPO
receptor can be differentiated into three forms which are c-Mpl-P, c-Mpl-K and c-
Mpl-S (Kiladjian et al., 1997; Vigon et al., 1992). Of note, c-Mpl-P is the only
demonstrating functional receptor. The alternative splicing confers the difference in
intracellular domains of those isoforms. TPO mRNA is expressed mainly on HSCs,
with a lesser extent on megakaryocytic progenitors, megakaryocytes and platelets
(Debili et al., 1995). Various tissues that express c-Mpl are mediated in
hematopoiesis, including bone marrow, spleen, and fetal liver (Chou and Mulloy,
2011). By crystallographic EPO receptor study and based on the its analogy to the
TPO receptor have led to postulation that TPO initiates the signal transduction by
binding to the c-Mpl at the distal part, which in turn a homodimer of c-Mpl becomes
active (Livnah et al., 1999). Consequently, JAK2 can phosphorylate tyrosine residues
within the receptor itself and phosphorylate c-Mpl on at least Tyr625 and Tyr630
(Drachman and Kaushansky, 1997; Figure 2.8), thereby stimulating the down-stream
cascade STATs, PI3K, the mitogen-activated protein kinases (MAPKS), and
extracellular signal regulated kinases-1 and -2 (Tortolani et al., 1995; Witthuhn et al.,

1993).
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Figure 2.8 TPO/c-Mpl signaling pathway (modified from Chou and Mulloy, and

Geddis (Chou and Mulloy, 2011; Geddis, 2010)).

2.9.2 Biological function

TPO plays a role in megakaryopoiesis. Typically, mice genetically modified
lacking of TPO conferred an approximately 85% reduction in circulating platelets and
markedly decreased the number of bone marrow megakaryocyte (Carver-Moore et al.,
1996; Gurney et al., 1994). TPO stimulates the megakaryocytic colony-forming units
(CFU-Meg) and more mature megakaryocytes development such as the number size
and ploidy of megakaryocytes (Broudy et al., 1995; Wendling et al., 1994). TPO
induces PI3K phosphorylates and activates the serine/threonine kinase Akt (Geddis et
al., 2001). TPO-induced cell cycle progression of primary megakaryocyte progenitors

is mediated by PI3K/Akt pathway (Chanprasert et al., 2006). Moreover, p27<iP
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expression is shown to be regulated by PI3K/Akt/FOXO3a pathway, suggesting that
PI3K/Akt/FOXO3a/p27X"*  pathway contributes to normal  TPO-induced
megakaryocyte proliferation (Nakao et al.,, 2008). One downstream target of
PI3K/Akt, mammalian target of rapamycin (MTOR) controls proliferation and
maturation of megakaryocytic progenitors via 2 effector proteins, p70S6K1 and 4E-
BP1 (Guerriero et al., 2006; Raslova et al., 2006). Recent data has shown that
neonatal megakaryocyte progenitors, which are hyperproliferative, contain up-
regulation of TPO signaling through mTOR during the development to mature
megakaryocytes (Liu et al., 2011). This study suggests that TPO signaling has the role
in rapidly repopulate of megakaryocyte progenitors from bone marrow in neonatal.
Furthermore, HSC maintenance mediating TPO/c-Mpl signaling was demonstrated by
overexpression of Bcl2 (anti-apoptotic molecule) in MPL’/" mice which resulted in a
failure to rescue Lin'Sca’Kit"CD34FIt3™ cells (Qian et al., 2007). Several
investigators has also been studies the regulation, expansion and maintenance of
quiescent HSC by TPO (Bryder and Jacobsen, 2000; Buza-Vidas et al., 2006; Ema et

al., 2000; Fox et al., 2002; Hiroki Yoshihara et al., 2007a).

2.10 Wntl

2.10.1 Structure and expression pattern

The human Wnt gene family comprises of 19 members that encode cysteine-
rich glycoproteins of 45 kDa and express distinctively in mammal during
embryogenesis and adulthood. After glycosylation, they are transported to the cell
membrane and bind to the cell surface or the extracellular matrix through heparin-like

binding sites (Katoh, 2002; Lo Muzio, 2001). Wntl is encoded by human
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chromosome 12013 as well as Wnt10B (Katoh, 2002). Wntl signal is transduced to
the canonical pathway via the Frizzled (FZD) family receptors and LRP5/LRP6 co-
receptor as shown in Figure 2.9 (Bhanot et al., 1996; Katoh, 2007; Pinson et al.,
2000). Specifically, Dishevelled (DVL) is phosphorylated by casein kinase le
(CKleg), which then binds typically to FRAT and confers the assembly between FZD
to DVL (FZD-DVL complex) and LRP5/6 to AXIN and FRAT (LRP5/6-AXIN-
FRAT complex) (Tolwinski et al., 2003; Wong et al., 2003). After that, [B-catenin is
protected and released from phosphorylation by CKlo and GSK3p. Then, B-catenin
forms the complex with TCF/LEF family transcription factors and also with Legless
family docking proteins (BCL9 and BCLIL) associated with PYGO family co-
activators for stabilization and nuclear accumulation (Katoh, 2003; Kramps et al.,
2002). Typically, the down-stream effectors for transcriptional activation target genes
are FGF20, DKK1, WISP1, MYC and CCND1 (Chamorro et al., 2005; He et al., 1998;
Pennica et al., 1998; Tetsu and McCormick, 1999). On the other hand, if the canonical
Whnt signaling is absent, phosphorylation to B-catenin by CKla and GSK3p in the
NH.-terminal degradation box occurs and results in forming of the p-catenin-APC-
AXIN complex that is polyubiquitinated by BTRCP1 or BTRCP2 complex for the

degradation by proteasome (Price, 2006).

2.10.2 Biological function

Wntl plays a role in regulation of cell fate and patterning during
embryogenesis. Wntl is expressed in the dorsolateral region of the neural tube that
gives rise to cranial neural crest (CNC). The expression of Wntl is restricted to the

midbrain which is essential for the midbrain patterning during the development of
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embryo (McMahon et al., 1992). Mice lacking Wntl and Wnt3a genes conferred a
marked deficiency in CNC derivatives that originated from the dorsal neural tube
(Ikeya et al., 1997). Besides the functional role in stimulating proliferation of
embryonic neural crest (NC) progenitors by Wnt1, it has been shown that BMP2 and
Whntl enrich the NC progenitors from adult bone marrow cells that normally NC
progenitors persist in a few number during adulthood (Glejzer et al., 2011).
Additional data also showed that satellite cells which are mediated in muscle
regeneration could be induced to proliferate by overexpressed Wntl, Wnt3a or Wnt5a
protein (Otto et al., 2008). Furthermore, the marked increase in mouse ESCs
proliferation by BMP-4 was found to be mediated by Wntl/B-catenin, Smad and
PI3K/Akt signaling (Lee et al., 2009). Another role of Wntl as a proangiogenic
molecule has been shown by injection of human endothelial progenitor cells
expressing Wntl in murine ischemic hindlimbs can enhance blood flow and capillary
density to the ischemic tissues (Gherghe et al., 2011). Moreover, the expression of
Wntl has been implicated in pathogenesis of different tumors. Overexpression of
Whntl is associated with pathogenesis and progression in non-small cell lung cancer
and mammary phyllodes tumors (Huang et al., 2008; Karim et al., 2009). When using
anti-Wntl siRNA transduced into tumor cell lines from sarcomas, colon cancer, and
breast cancers that expressed Wntl could induce tumor cell apoptosis effectively (He

et al., 2004; 2005; Mikami et al., 2005).
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Figure 2.9 A canonical Wnt signaling pathway. In the presence of Wnt, the signals

are transduced through Frizzled family receptors and LRP5/LRP6 coreceptor to the j3-

catenin signaling cascade which then stabilize hypophosphorylated [-catenin and

interact with TCF/LEF, Legless and PYGO for target gene activations. MARK and

CKle are the positive regulators of canonical Wnt pathway, while APC, AXIN1,

AXIN2, CKla, NKD1, NKD2, BTRCP1, BTRCP2 and ANKRD6 are negative

regulators. In the absence of Wnt, 3-catenin forming complex with AXIN and APC is

phosphorylates, leading to be a target for ubiquitination and degradation by

proteasome (adapted from Katoh (Katoh, 2007)).
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2.11 Wound healing in diabetes mellitus by stem cells

Diabetes, a chronic and progressive disease, has increasingly affected people
worldwide during the last three decades (Danaei et al., 2011). The prevalence of
diabetes in Thai adults (>20 years) was 7.5% as reported by the multistage cross-
sectional National Health Examination Survey (NHES) IV in 2009 (Aekplakorn et al.,
2011). Nonhealing foot ulceration is affecting diabetes patients which lead to high
mortality rate (Boyko et al., 1996; Iversen et al., 2009; Junrungsee et al., 2011). More
specifically, Sriwijitkamol and coworkers showed that the diabetic foot occurred 40%
in Thai patients with type 2 diabetes. (Sriwijitkamol et al., 2011). Normal wound
healing is a dynamic process mediated by three phases; inflammation, tissue
formation (epithelialization), and tissue remodeling (granulation tissue formation) that
overlap in time (Singer and Clark, 1999). Directly after wounding, the coagulation
process is activated and forming a fibrin clot that prevent the blood loss from the
wound. Subsequently, the inflammatory phase performing by recruitment of
neutrophils and macrophages to the site of injury (Broughton et al., 2006). As a
circumstance, these cells release several mediators and cytokines to promote epithelial
cells and fibroblasts migration from the surrounding tissue and proliferation within
the wound area which in turn produce extracellular matrix components (Ehrlich and
Krummel, 1996; Smola et al., 1993; Xia et al., 1999). Finally, the maturation and
remodeling are mainly compose of keratinocytes migration over the matrix to close
the wound with collagen synthesis and deposition, and fibroblasts differentiation into
myofibroblasts to increase the contractility (Broughton et al., 2006).

Wound healing in diabetes is thought to be impaired by several factors;

deregulatory in pro-inflammatory cytokine interaction and production by immune and
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non-immune cells, dysfunction of leukocytes, impaired neovascularization,
neuropathy and peripheral vascular disease (Pradhan et al., 2009). In particular,
abnormality in cytokine production and recruitment by local inflammatory cells
including reduced angiogenesis are believed to be crucial in impaired wound healing.
Thus, advance methodologies are required for the treatment or accelerate wound
repair in diabetic patients.

Peripheral blood-CD34" cells were shown to accelerate noevascularization and
healing in diabetic wounds (Sivan-Loukianova et al., 2003). However, it has been
shown that circulating CD34" cell from diabetic patients had impaired vasculature
potential (Caballero et al., 2007). Murine bone marrow stem cell population, Sca-1"c-
kit'Lin®¥°®CD34™ and purified based on its ability to efflux Hoechst dye (side
population), was found to improve wound healing in diabetic mice (Chan et al.,
2007). In addition, human fetal aorta-derived CD133" was found to promote diabetic
ischemic ulcers, which suggested the potential use of fetus-derived cells, however, the
future therapy in clinics may be difficult to obtain (Barcelos et al., 2009).
Furthermore, improvement in wound healing has been developed by the combined use
of CB-CD34" cells and CD34"-derived endothelial cells encapsulated in a fibrin gel
(Pedroso et al., 2011). Recent studies have shown that human CB- and rat adipose-
tissue-derived MSCs were also shown to promote wound healing in diabetic mice and
rat, respectively. (Maharlooei et al., 2011; Tark et al., 2010). CB-derived cells seem to
be more useful than adipose tissue due to the aging and disease related isolation.
Other evidence showed that mouse ESCs was also found to enhance wound healing in

diabetic rates (K.B. Lee et al., 2011a), yet, ethical concern remains.



CHAPTER Il

MATERIALS AND METHODS

3.1 Materials and Methods

3.1.1 Human cord blood collection and separation

Umbilical cord blood (UBC) samples were collected from normal full term
cesarean section in the Department of Obstetrics and Gynecology at Por-Pat hospital,
St. Mary Hospital, and Fort Suranari Hospital, Nakhon Ratchasima, Thailand (n =
45). Written inform of consent was obtained from the mother according to the
approval of Institute of Research and Development of Suranaree Unversity of
Technology, Suranaree University of Technology, Nakhon Ratchasima, Thailand.

After removal of the newborn from the operative field, the free end of the cord
was clamped and cord blood was collected. The UCB units were stored at room

temperature until delivered to the laboratory and processing.

3.1.2 CD34" cell purification

Total cord blood was centrifuged at 2,003 x g for 10 minutes at 25°C to separate
plasma from whole blood. Mononuclear cells (MNCs) were isolated by density
gradient centrifugation using Ficoll-Paque PREMIUM (1.077 g/ml; GE Healthcare,
Sweden). Diluted packed RBCs were over layered on the Ficoll-Paque (dilution 1:1)

and centrifuged at 400 x g for 30 minutes at 25°C. MNCs layer was collected and
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washed twice with washing buffer (PBS pH 7.4, 0.1% BSA, 2 mM EDTA) by
centrifugation at 235 x g for 5 minutes each at 25°C. Total number of MNCs was
stained with trypan blue and counted by hemacytometer. Before performing CD34
positive cell selection, MNCs (1.5 x 10° cells) were subjected for CD34" cells
determination by flow cytometry analysis as describe below. After that, CD34" cells
were purified with Dynal CD34 Progenitor Cell Selection System (Invitrogen Dynal
AS, Norway) from MNCs. Dynabeads CD34 (4 x 107 in 100 pl/1 ml MNCs) were
used for the CD34" cells separation by incubation with MNCs for 30 minutes at 4°C.
Rosetted cells were separated from other MNCs by placing the tube into a magnet for
2 minutes and discarded the supernatant. The rosette cells were washed four times
with washing buffer (8 ml) by placing the tube into a magnet for 2 minutes each.
After that, the beads were detached from the CD34" cells with DETACHaBEAD
CD34 (100 pl/1 ml total volume of MNCs starter). The mixture was incubated for 45
minutes at room temperature. Enhancement the detached beads from the cells by
adding 2 ml washing buffer. Isolated CD34" cells were collected after placing the tube
into the magnet for 2 minutes. After that, the residual cells were obtained by washing
four times with washing buffer (2 ml) and placed the tube into the magnet for 2
minutes each. Isolated cells were then pooled together. All collected cells were
washed thoroughly twice in 10 ml washing buffer and centrifuged at 400 x g for 5
minutes each. Finally, the isolated cells were suspended in 100 ul washing buffer and
subjected to cell count by trypan blue dye exclusion. To identify the purity and
percentage of CD34" cells recovery, isolated CD34" cells were subjected for flow
cytometry analysis. The percentage recovery of selected CD34" cells was calculated

as the following equation as previously described (Imai et al., 2005).
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total number of CD34" cells after selection
Recovery (%) = x 100
total number of CD34" cells before selection

3.1.3 Expansion of enriched CD34" cells in vitro
3.1.3.1 Cytokines
Cytokines used in the ex vivo expansion were Flt3-Ligand (FIt3L),
interleukin-6 (IL-6), thrombopoietin (TPO), and Wntl (PeproTech, Rocky Hill, NJ,

USA).

3.1.3.2 Ex vivo expansion

On day 0, enriched CD34" cells from cord blood were seeded at a
concentration of 1 x 10° cells/ml in a flat-bottomed 24-well plate in Iscove's Modified
Dulbecco's Medium (IMDM; Invitrogen, USA) supplemented with 10% fetal bovine
serum (FBS; Hyclone, USA) or 10% knockout serum replacement (KSR; Invitrogen,
USA), 4 ug/ml amphotericin B, 200 U/mL penicillin and 200 ug/ml streptomycin
(Sigma, USA). The cultures will be incubated at 37°C in a humidified atmosphere of
5% 0O,, 5% CO, for 7 days. At initiation and every 48 h thereafter, cultures were
supplemented with different combinations of recombinant human cytokines and
growth factors as follow:

a. FIt3-L (100 ng/ml), IL-6 (100 ng/ml), SCF (100 ng/ml), and TPO (10
ng/ml) in 10% FBS (designated as 4F cIMDM)

b. FIt3-L (100 ng/ml), IL-6 (100 ng/ml), SCF (100 ng/ml), TPO (10

ng/ml), and Wntl (20 ng/ml) in 10% FBS (designated as 4FW cIMDM)



54

c. FlIt3-L (100 ng/ml), IL-6 (100 ng/ml), SCF (100 ng/ml), and TPO (10
ng/ml) in 10% KSR (designated as 4F KSR)

d. FIt3-L (100 ng/ml), IL-6 (100 ng/ml), SCF (100 ng/ml), TPO (10
ng/ml), and Wntl (20 ng/ml) in 10% KSR (designated as 4FW KSR)

e. Cocktail PO (confidential) designated as PO

f. Cocktail P1 (confidential) designated as P1

g. Cocktail P2 (confidential) designated as P2

h. Cocktail P3 (confidential) designated as P3

I. Cocktail P4 (confidential) designated as P4

By the third and fifth day, all cultures were demipopulated by removal of
one half the culture volumes, which were replaced by fresh medium and growth
factors. The total number of amplified cells and viable cell staining with trypan blue
were determined every two days by counting in triplicate with in the single expansion
assay. On day 5 and day 7, some cells were harvested to determine flow cytometry
analysis. On day 7, cells were subjected for colony forming cell assay, liquid
differentiation, and pluripotency genes expression. Each culture was performed in
three independent CB samples. Fold increase in expansion of total amplified cells was
calculated by dividing total number of viable cells at indicated time point by number

of isolated CD34" cells in starting culture.

3.1.4 Liquid differentiation assay
3.1.4.1 Feeder cell preparation for lymphoid differentiation

Mouse stromal (OP9) cell line was cultured in a-MEM (Invitrogen,

USA) supplemented with 10% FBS, 2 ug/ml amphotericin B, 100 U/ml penicillin and
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100 pg/ml streptomycin. The OP9 cells were plated to subject 90% confluent by

growing at 37°C in a humidified atmosphere of 5% O, and 5% CO, overnight.

3.1.4.2 In vitro liquid differentiation

Five-days expanded cells (1.5 x 10° cells/well) were determined the
capability of primitive HSPCs to differentiate into each cell lineages. Five different
groups containing different human recombinant cytokine factors (PeproTech, USA)
were performed to study the differentiation and proliferation of cells as follow:

a. Erythrocytes; EPO (20 ng/ml) + SCF (100 ng/ml)

b. Megakaryocytes; TPO (100 ng/ml) + SCF (100 ng/ml)

c. Mast cells + granulocytes; IL-3 (30 ng/ml) + SCF (100 ng/ml)

d. Granulocytes + macrophages; GM-CSF (20 ng/ml) + SCF (100 ng/ml)

e. Lymphocytes; FIt3-L (100 ng/ml) + SCF (100 ng/ml) + IL-7

(50 ng/ml)

Additionally, the culture of lymphocytes was co-cultured with confluent
OP9 cells. All cultures were cultured in IMDM, 10% FBS, 4 ug/ml amphotericin B,
200 U/mL penicillin and 200 pg/ml streptomycin incubated at 37°C in a humidified,
5% O, and 5% CO, for 14-28 days. Differentiated cells were then subjected for
cytospin (1.5 x 10° cells/well; Centurion Scientific, UK) onto slides at 800 rpm for 5
minutes and stained with Wright-Giemsa staining. Slides were mounted with aqueous
mounting solution (Merck, Germany). Image analysis was visualized by microscope
(Olympus BX51; Olympus Corporation, Japan) and captured by a digital CCD camera

(Olympus DP72, Olympus Corporation, Japan).
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3.1.5 Colony forming cell assay

For colony forming cell assay, 2 x 10° expanded cells were collected from day
5-expanded CD34" cells and washed with PBS by centrifugation at 235 x g for 5
minutes at 4°C. Cells were resuspended with 100 ul of IMDM with 2% FBS and
grown in 1 ml of methylcellulose H4434 (Stem Cell Technologies, Canada) which
contained rhSCF, rhGM-CSF, rhlL-3, and rhEPO. The mixtures were plated onto 35
mm suspension culture dish (Corning, USA). There were duplicated plates from each
sample. Then, the plates were incubated at 37°C in a humidified containing 5% O,
and 5% CO,. The resulting Colony-Forming Unit-Granulocyte, Erythroid,
Macrophage, and Megakaryocyte (CFU-GEMM), CFU-Granulocyte and Macrophage
(CFU-GM) and Burst-Forming Unit-Erythroid (BFU-E) colonies were scored on day
14 according to their morphologies (Pereira et al., 2007) under inverted microscope
(CKX41, Olympus, Japan). CFU-GEMM comprises a multi-potential progenitor that
produces a colony containing a highly a large dense with an indistinct border between
the core and the peripheral cells. Erythroblast clusters can be visible along the
periphery of the CFU-GEMM colony. Monocytic and granulocytic cells are easily
identifiable and clusters of large megakaryocytic cells are usually seen. BFU-E
colonies were identified as a colony containing erythroid clusters and a minimum of
30 cells (red). Each individual cluster contains a group of cells that are tiny, irregular
in shape, and difficult to distinguish. CFU-GM produces a colony containing at least
30 granulocyte cells (CFU-G), macrophages (CFU-M), or cells of both lineages
(CFU-GM). The monocytic lineage cells are large cells with an oval to round shape
and appear to have a grainy or grey center. The granulocytic lineage cells are round,

bright and are much smaller and more uniform in size than macrophage cells (Pereira



S7

et al., 2007). The experiments were performed from three different cord blood

samples for each cytokine cocktail.

3.1.6 Flow cytometry analysis

Day 5 and day 7 expanded cells were obtained from each culture to characterize
the stemness and differentiation state of expanded cells. The cells were collected and
washed with PBS two times at 235 x g for 5 minutes each before subjected to
immunofluorescent staining. There were three reaction tubes per each sample (1.5 x
10° cells/tube) as follow:

a. mouse anti-human CD34-PE (5 ul; BD biosciences, USA), CD133-APC (5
ul; MACS, Miltenyi Biotec GmbH, Germany) and CD38-FITC monoclonal
antibodies (3 ul; BD biosciences, USA) were used to identify hematopoietic stem and
progenitor cells.

b. mouse anti-human CD33-PE (5 ul; BD biosciences, USA) and CD71-FITC
monoclonal antibodies (5 ul; BD biosciences, USA) were used to identify myeloid
and erythroid lineages.

¢. mouse anti-human CD3-FITC (5 ul; BD biosciences, USA) and CD19-PE
monoclonal antibodies (5 ul; BD biosciences, USA) monoclonal antibodies (mAbs)
were performed to identify lymphoid lineages.

The reactions were incubated at 4°C for 30 minutes in the dark. Then, the cells
were washed with PBS twice by centrifugation at 235 x g for 5 minutes each at 4°C
and fixed with 300 ul of 4% paraformaldehyde. Next, the cells were analyzed by flow

cytometer (FACSCalibur, Becton Dickinson, USA) using CellQuest Pro Software
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version 5.2.1. As a control, fresh isolated CD34" cells were stained at identical cell
concentrations. As a negative cell control, the experiment was done in parallel without
the addition of antibody. The experiments were performed on three different cord
blood samples for each cytokine cocktail. The analysis of proportion of CD34" cells
in MNCs was prepared, stained with mouse anti-human CD34-PE (5 ul) and
performed similarly to the method as described above.

Total number of each subpopulation at indicated time point was calculated as

the following equation.

Total number of subpopulation = AxBxC

A: Total cell at the starting culture
B: The percentage of positive cells in each subpopulation
C: The fold expansion of amplified cells

Fold expansion of each subpopulation was calculated as the equation below.

total cell number in each population

Fold expansion =
the number of subpopulation at starting culture

3.1.7 Gene expression by reverse transcription-polymerase chain reaction
(RT-PCR)
3.1.7.1 Total RNA extraction
Total RNA from each sample was extracted by Total RNA Purification
Mini Kit (Geneaid, Taiwan). Cells were collected on day 5 of the culture. Cell pellets
were collected by centrifugation at 6,000 x g for 20 seconds. Then, cells were

resuspended in 100 pl of PBS. RB buffer (400 pL) and B-mercaptoethanol (4 ulL)
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were added to the suspension and incubated for 5 minutes at room temperature. The
sample lysate was added with 500 uL of 70% ethanol and transferred into RB column.
The residual was removed by centrifugation at 14,000 x g for 1 minute. W1 Buffer
(500 uL) was added into the RB column and washed by centrifugation at 14,000 x g
for 30 seconds. Wash Buffer (600 uL) was added into the RB column twice at 14,000
x g for 30 seconds, followed by centrifugation at 14,000 x g for 3 minutes to dry the
column. The dried column was applied to the 1.5 ml microcentrifuge tube and RNase-
free water (30 ul) was added into the column matrix. The column was incubated for 5
minutes at room temperature and then centrifuged at 14,000 x g for 1 minute to elute
the purified RNA. Total RNA was finally measured the concentration by Nanodrop

ND-1000 spectrophotometer (Thermo Fisher Scientific Inc., USA).

3.1.7.2 Primers

Two set of primers (human Oct3/4 and Nanog) were used to identify
pluripotency gene expression. A house keeping gene; GAPDH was used as a control.
Sequence of primers are as follows; human Oct3/4 (230 bp), forward: 5°-CT
CACCCTGGGGGTTCTATT-3", reverse: 5-CTCCAGGTTGCCTCTCACTC-3’
(Pessina et al., 2010) and human Nanog (255 bp), forward: 5-GCTTGCCTT
GCTTTGAAGCA-3" and reverse: 5-TTCTTGACTGGGACCTTGTC-3". As a
housekeeping gene; GAPDH (302 bp), forward: 5'-AGCCACATCGCTCAGAC
ACC-3’, reverse: 5'-GTACTCAGCGGCCAGCATCG-3" (Yao et al., 2006). The

annealing temperatures were 60°C for all genes.
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3.1.7.3 Complementary DNA (cDNA synthesis) RT-PCR

Total RNA of each cell samples were reverse transcribed into cDNA
using Superscript First-Strand Synthesis System (Invitrogen, USA). The mixture in
the first reverse transcription step comprised of 700 ng total RNA, 1 mM
deoxynucleotide triphosphate solution (ANTP mix), and 5 uM oligo(dT) primer. The
denaturation was performed at 65°C for 5 minutes and chilled at 4°C for 1 minute.
The cDNA was synthesized from the supplement mixture of 1x RT buffer, 5 mM
MgCl,, 0.02 M DTT, 2 Unit RnaseOUT, and 10 Unit Superscript 11l RT by amplify in
a Px2 Thermal Cyclers (Thermo Electron, UK) at 50°C for 50 minutes followed by
termination reaction at 85°C for 5 minutes. The reaction mixture was then chilled at
4°C for 5 minutes. cDNA mixture was added with 0.1 Unit RNase H to remove

residual RNA template and incubated at 37°C for 5 minutes.

3.1.7.4 Real-time PCR

The level of MRNA expression of Nanog and Oct3/4 was quantified by
real-time quantitative PCR. Amplification of PCR products from cDNA of each cells
was quantified using Power SYBR green PCR master mix (Applied Biosystems,
USA) according to the manufacturer's instructions and fluorescence monitored on a
ABI 7900HT Fast Real-Time PCR System (Applied Biosystems, USA) in a 25 pl
final reaction volume containing 1.5 ul cDNA, 1x SYBR green PCR master mix, 0.2
uM forward primer, and 0.2 uM reverse primer. Melting curve analysis was also
performed. The following cycling conditions were used: initial denaturation at 95°C
for 10 min, followed by 40 cycles of 95°C for 15 s, 60°C for 15 s, and 60°C for 60 s.

Measurement of fluorescence of each sample in every cycle at the end of the
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extension was performed. The comparative threshold cycle method was used to
enable quantification of the mRNA of these genes by normalized to an endogenous
control and relative to a calibrator using the equation:

Relative quantification = 2"24¢;

Where AACt = ACrarget) - ACT(calibrator)

ACrtarget) = Cr(Nonog or octaia) - C1 (carpr) Of expanded cells obtained
from each cocktail.

ACTtaiibratoy = CT(Nonog or 0ct3/4) - C(carpny Of fresh CD34™ cells.

Graphs represent the combined results for three independent replicates.
After PCR operation, a melting curve was obtained and analyzed to verify the single
band PCR product. PCR products were analyzed by 1% agarose gel (Invitrogen,
USA) electrophoresis in 1x TBE buffer (Sambrook, 2001). The DNA sample was
prepared by mixing eight parts of the sample with two parts of 6x DNA loading buffer
and applied into the gel wells. Electrophoresis was performed on the electrophoresis
unit (Cosmo Bio, Japan) at a constant voltage of 100 V for 120 minutes. The gel was
then stained with 0.5 pg/ml ethidium bromide for 10 minutes and destained with
distilled water for 20 minutes. Gel image was visualized under UV light and captured

by Gel Documentation System (MiniBIS, DNR Bio Imaging Systems Ltd., Israel).

3.1.8 Wound healing assay
3.1.8.1 Induction of diabetic mice
All procedures were performed in accordance with the Guidelines for the
Care and Use of the Animal Care Unit of the Center for Scientific and Technological

Equipment. Male ICR mice (approximate eight weeks, body weight 30-40 mg) were
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intraperitoneal injected by multi-low dose of streptozotocin (STZ, 40 mg/kg; Sigma,
USA) in 0.1 M citrate buffer pH 4.5 for 5 days (Motyl and McCabe, 2009; Tesch and
Allen, 2007). After 7 days of injection, the blood samples were obtained from the tail
vein of non-fasting mice and the glucose level was measured using Accu-Check
Performa glucometer (Roche, USA). Mice were considered diabetes when non-fasting
blood glucose level higher than 300 mg/dl for two consecutive days (Motyl and
McCabe, 2009). Twenty-four hours before start the wound, mice were
immunosuppressed by injection subcutaneously with cyclosporine A (10 mg/kg). One
day after the wound and every two days after that, mice were also injected with

cyclosporine A (20 mg/kg) for the entire experiment period (Nishio et al., 2006).

3.1.8.2 Wound healing model

STZ-induced diabetic mice were anesthetized by Zoletil (80 mg/kg;
Virbac Laboratories, Carros, France). Hair on dorsal area was shaved and sterile with
70% alcohol. Two full-thickness excisional wounds were generated on dorso-lateral
area using a standard skin biopsy punch (0.5 cm in diameter; Keyes, Germany). After
the creation of wound, mice were injected subcutaneous with fresh isolated CD34"
cells or 5 day-expanded CD34" cells in 4FW KSR (1 x 10° cells in 100 pl PBS per
wound) or 4FW cytokine (100 ng of each SCF, FIt3-L, IL-6 and 10 ng TPO in 100 pl
PBS per wound) on four different sites surrounding the wound area. As a control,
STZ-induced diabetic mice were injected with PBS alone. The wounds were dressed

with an occlusive polyurethane film (Tegaderm, 3M Health Care, USA).
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3.1.8.3 Wound analysis

The open wound areas on the left and right side of each mouse were
documented using a digital camera (Canon S90, Japan) on days 0, 3, 5, 7 and 9 after
wounding. The wound areas were then analyzed by Adobe Photoshop CS5 Extended
software (version 12.0, Adobe Systems Incorporated) by calculating the pixel area
from the tracing wound margin. After that, wound areas were normalized to the pixel
count of the metric ruler scale that was photographed with each wound. Thereafter,

the open wound area was calculated as follow (Templin et al., 2009):

wound area at each indicated time point

% wound area = x 100
wound area (day 0)

Wound area of each mouse was calculated from duplicated wound areas

on both sides of the mouse.

3.1.8.4 Tissue section preparation

On day 5 and day 9 of the wound, mice were sacrificed by cervical
dislocation. Wounds with 0.3 cm margin of normal skin surrounding them were
excised by skin biopsy punch from both sides of dorso-lateral area. A half piece of
each wound was excised and embedded with tissue freezing medium (Richard-Allan
Scientific, USA). Ten micron thick tissue sections from the 25" section were cut
perpendicular to the wound surface by microtome cryostat (HM 525, MICROM
International GmbH, Germany) and placed on slide. The sections were kept at -80°C
until further processed for hematoxylin and eosin staining and immunohistochemistry

analysis.
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3.1.8.5 Hematoxylin and eosin staining

In order to determine the histopathology of the wound and epithelial gap
analysis, hematoxylin and eosin staining was performed according to the
manufacturer’s instruction. Fresh frozen sections were fixed in 10% neutral buffered
formalin for 10 minutes and washed with PBS. Then, the slides were rinsed in
distilled water and stained with Harris hematoxylin (Bio Optica, Italy) for 5 minutes.
After that the slides were washed in the tap water for 5 minutes and dehydrated with
95% ethanol for 5 minutes. The sections were counterstained with Eosin (1% aqueous
solution Eosin Y, Bio Optica, Italy) for 1 minute, followed by dehydration with 95%
ethanol for 2 minutes each (twice), 100% ethanol for 2 minutes each (twice) and
xylene for 2 minutes each (twice). Finally, slides were mounted with mounting
medium (Merck, Germany). Microscopic images of wound tissue sections were
visualized by a light microscope (Olympus BX51, Olympus Corporation, Japan).
Digital images were captured with a digital camera CCD camera (Olympus DP72,
Olympus Corporation, Japan). The epithelial gaps were determined by measuring the
distance between encroaching epidermal elements (at least three cell layers thick) near
the normal epidermis on both sides (Badillo et al., 2007) as performed by DP2-BSW

program (version 2.2, Olympus Corporation, Japan; n = 6 per group).

3.1.8.6 Immunofluorescence

To analyze capillary density and macrophage content, wound sections
were processed for immunofluorescent staining adapted from previously described
(Templin et al., 2009). Briefly, tissue sections were fixed in cold acetone for 10 minutes

at -20°C and let in the air for 20 minutes. The sections were blocked for non-specific
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protein biding with 5% bovine serum albumin (BSA, Sigma, USA) in PBS for 10
minutes. Then, the sections were incubated with 50 ul primary rat anti-mouse CD31
or CD68 monoclonal antibodies (diluted 1:100 with 1% BSA in PBS, AbD Serotec,
UK) at 4°C in a moist chamber for 16 hours. After removal of excess antibody, the
sections were washed with 0.1% Tween (Sigma, USA) in PBS three times for 5
minutes each. After that, the slides were incubated with secondary antibody Dylight-
488 conjugated goat anti-rat IgG (dilution 1:300 in PBS with 1% BSA; AbD Serotec,
UK) in a moist dark chamber at room temperature for 1 hour. The slides were then
washed with 0.1% Tween in PBS three times for 5 minutes each and for nuclei
staining with 4',6-diamidino-2-phenylindole (DAPI, diluted 1:100 with PBS) in a moist
dark chamber at room temperature for 5 minutes. The slides were again washed with
0.1% Tween in PBS three times for 3 minutes each. Negative slides were stained in
parallel with primary rat 1gG2a isotype control (dilution 1:300 in PBS with 1% BSA;
AbD Serotec, UK) or without using primary antibody to verify non-specific binding
of secondary antibody. Finally, the slides were mounted in Fluorescence mounting
medium (Vectashield, Vector Laboratories Inc., USA) and the edges were sealed with
nail polish. Microscopic images of wound tissue sections were visualized by a
fluorescence microscope (Olympus BX51, Olympus Corporation, Japan). Digital
images were captured with a digital camera CCD camera (Olympus DP72, Olympus
Corporation, Japan). CD31- or CD68-positive area was counted in the area where
contain the most cells found in relative to five high power field (x400) on each slide

(n = 6 per group).
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Analysis of fresh human isolate CD34" cells and expanded-CD34" cells
within the wound tissues were performed using mouse anti-human CD34-PE
monoclonal antibody. Fixed tissue sections were blocked with 10% normal mouse
serum for 10 minutes. Then, the sections were incubated with 50 pl mouse anti-
human CD34-PE monoclonal antibody (dilution 1:15 with 1% BSA in PBS) at 4°C in
a moist chamber for 16 hours. Next, after removal of excess antibody, the sections were
washed with 0.1% Tween in PBS 3 times for 5 minutes each. The slides were then
stained with DAPI (diluted 1:100 with PBS) in a moist dark chamber at room
temperature for 5 minutes and washed with 0.1% Tween in PBS 3 times for 3 minutes
each. Negative slides were stained in parallel with mouse IgG1-PE (BD biosciences,
USA) as an isotype control. Finally, the slides were mounted in Fluorescence
mounting medium and sealed the edges with nail polish. Microscopic images of
wound tissue sections were visualized by with a fluorescence microscope (Olympus
BX51, Olympus Corporation, Japan). Digital images were captured with a digital

camera CCD camera (Olympus DP72, Olympus Corporation, Japan).

3.1.9 Statistical analysis

Data were presented as the mean values * the standard deviation (SD).
Significant differences of total cells and fold increase in each subpopulation, colony
forming cells, and relative quantification of genes expression between different cytokine
cocktails were analyzed with one way analysis of variance (ANOVA) followed by
Tukey’s HSD test for multiple comparisons. Comparison of total cells and fold increase
in subpopulation between day 5 and day 7 of culture, and values between two groups

of control and test medium or between two different experiment groups in wound
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healing assay were analyzed with unpaired Student’s t test. P value (P) < 0.05 was
considered statistically significant. All statistic tests were calculated with SPSS

software (version 17.0, SPSS Inc, USA).



CHAPTER IV

RESULTS

4.1 Results

4.1.1 Isolation of CD34" cells

The mean mononuclear cell (MNC) concentration in fresh cord blood (CB) was
2.1+ 2.7 x 10%/1 (range 0.1 - 18.5 x 10°) and the mean MNCs per product was 9.9 +
8.5 x 10" cells (range 1.1 - 47.5 x 10"; n = 45). The mean proportion of CD34" cells in
MNCs were 6.9 + 2.3% (range 3.5 - 10.6, n = 6) as analyzed by flow cytometry
analysis before subjected for CD34 positive selection (Figure 4.1).

After using the Dynal CD34 Progenitor Cell Selection System, the mean
number of isolated CB-CD34" cells in each product was 6.9 + 10.1 x 10° cells (range
0.3 - 55.5 x 10°, n = 45). The purity of CD34" cells in each product was >93% (Figure
4.3) with a mean recovery of 10.7 + 9.0% (range 4.1 - 28.0, n = 6). CB-CD34" cells
morphology was homogeneous and contained the diameter approximately 9.7 um
(range 5.3 - 13.9 um; Figure 4.2). The evaluation of cell surface expression molecules
(CD34, CD38 and CD133) on freshly isolated CD34" cells showed that the majority
of isolated cells co-expressed with CD133 (74.3 £ 6.2%) and CD38 (86.2 + 1.3%, n =
3) which corresponded to previous reports (Mayani and Lansdorp, 1998; Scheinecker

et al., 1995) as shown in Figure 4.3A.
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Figure 4.1 Assessment of CD34" cell fraction in CB-MNCs by flow cytometry. (A)
Forward scatter and side scatter of MNCs. (B) Percentage of CD34" cells in MNCs

fraction (violet) compared to negative control (green line). Data represent as mean +

SD (n = 6).

Figure 4.2 Morphology of isolated CB-CD34" cells. Bar = 5 um.
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Figure 4.3 Representative of flow cytometry analysis of CD34, CD38 and CD133
expressions in freshly isolated CD34" cells (A) and expanded CD34" cells (B)
cultured in various cytokine cocktails in serum (cIMDM) and serum-free medium

(KSR) at day 5 and 7. Values are expressed as the mean (n = 3).
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4.1.2 Development of culture medium for CB-CD34" cells expansion in
serum-free medium

Due to the limit number of CD34" cells in a single unit, the expansion of the
cells is required. Cultivation of CD34" cells in a medium containing the growth
factors and fetal serum resulted in the contamination of animal residual. Thus, to
increase the efficiency of the culture method for clinical purpose, 2 different culture
medium, with and without fetal serum (cIMDM and KSR, respectively), that could
accelerate cells proliferation and preserve hematopoietic stem cells phenotype
throughout the culture period were assessed.

There were 4 groups of CB-CD34" cells culture: 4F cIMDM, 4FW cIMDM, 4F
KSR and 4FW KSR. The fold increase of the cells after expansion was investigated
by stained the cells with CD34, CD38 and CD133 monoclonal antibodies. The
representative characteristic patterns of expanded cells derived on day 5 and 7 of each
culture condition when analyzed by flow cytometry analysis were shown in Figure
4.3B. The CD34'CD38 cells represent primitive HSC population which is very
crucial for therapeutic purpose. When normalize the number of data value with the
input cell culture, the results showed that there were a slightly increase in fold
expansion of CD34°CD38" population in the expanded cells cultured in 4F cIMDM
(2.6 £ 1.1 fold) and 4FW cIMDM (3.9 + 1.0 fold) at day 5 as compared with day 0 of
the control cells (Table 4.1, n = 3). These cells continuously expanded more over time
as 4.2 + 1.3 and 6.6 + 1.4 folds at day 7 of expansion process, respectively (Table
4.1).

Interestingly, cells that maintained in 4F KSR and 4FW KSR for 7 days

revealed a significant multiplication of CD34°CD38" population as 18.5 + 0.4 and
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24.3 + 2.1 folds, respectively (Table 4.1). Total CD34°CD38" cells in 4F KSR (4.8 +
1.1 x 10* cells) and 4FW KSR (4.5 + 0.8 x 10* cells) were higher than those of 4F
cIMDM (1.9 + 0.5 x 10* cells) and 4FW cIMDM (3.0 + 0.3 x 10* cells), respectively,
on day 5 of the culture (Figure 4.4). In addition, total CD34"CD38 number slightly
increased in serum containing medium and gradually increased in serum-free medium
as observed on day 7. The highest CD34"CD38  number was observed in 4FW KSR
(1.9 + 0.3 x 10° cells) which enhanced significantly than other culture conditions (4F
cIMDM: 3.1 + 0.3 x 10*, 4FW cIMDM: 5.0 + 0.3 x 10%, and 4F KSR: 1.4 + 0.3 x 10°
cells) as shown in Figure 4.4. Moreover, cells cultured in 4F KSR and 4FW KSR
conditions contained significantly fewer number of CD34'CD38" cells (differentiated
cells; 1.1 + 0.2 x 10° and 7.2 + 1.2 x 10* cells with 20.1 + 6.8 and 13.0 + 3.7 folds,
respectively) than those of 4F cIMDM and 4FW cIMDM (3.6 + 0.5 x 10° and 5.0 +
0.3 x 10° cells with 62.8 + 5.0 and 89.7 + 12.2 folds, respectively) on day 7 of cultures
(Figure 4.5 and Table 4.1). These data indicate that 4F KSR and 4FW KSR conditions
could preserve HSCs phenotype of the cells better than serum containing medium.
Surprisingly, culture condition of 4F KSR and 4FW KSR also revealed the
enhancement of CD133"CD38 subpopulation proliferation statistical significance as
11.5 + 3.4 and 12.3 + 4.0 folds, respectively, on day 7 of cultures when compared to
that of 4F cIMDM (0.7 + 0.4 fold, Table 4.1). In addition, total CD133"CD38" number
observed in 4F KSR and 4FW KSR (at day 5: 3.0 + 0.7 x 10* and 3.5 + 0.7 x 10*, day
7: 7.7 £ 1.6 x 10* and 8.0 + 1.3 x 10* cells, respectively) were significantly higher
than those of 4F cIMDM and 4FW cIMDM (at day 5: 0.4 + 0.1 x 10*and 1.6 + 0.2 x

10% day 7: 1.9 + 0.3 x 10* and 3.8 + 0.2 x 10* cells, respectively) throughout the study
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period (Figure 4.6). These cells also contain blood cells repopulating capacity in vivo
(Boxall et al., 2009; Koutna et al., 2011). Altogether, these findings suggest that 4F
KSR and 4FW KSR can augment CD133"CD38" subpopulation proliferation along
with CD34°CD38" cells expansion. Moreover, these data demonstrate that Wnt1 is a

potent stimulator of CD34"CD38 and CD133"CD38" cells proliferations.

Table 4.1 Ex vivo expansion pattern of CD34" cells cultured in 2 different cytokine

cocktails in cIMDM and KSR medium. Values are expressed as the mean £ SD (n =

3).
Culture conditions Fold expansion
. Day + - + - - +
Name Cytokines CD34 CD38 CD133 CD38 CD34 CD38
4F cIMDM  FlIt3-L, SCF, TPO, IL-6 5 26+1.1 0.7+0.4 120+ 14
7 42+13 31+16 62.8 + 5.0t
4FW cIMDM FIt3-L, SCF, TPO, IL-6, Wntl 5 39+1.0 25+1.2 9.3+1.3
7 6.6+ 1.4 6.0+26 89.7 + 12.2!
4F KSR  FIt3-L, SCF, TPO, IL-6 5 6.3+1.6" 47+20 76+22
7 185+04™ 115+34™ 201+68"
4FW KSR FIt3-L, SCF, TPO, IL-6, Wntl 5 59+1.2 54+22" 8.4+22

Fekk

7 243+21™ 123+40 13.0+£3.77

Note: *P<0.05 when comparing with 4F cIMDM on day 5 (on the same column),

**P<(0.05 when comparing with 4F and 4FW cIMDM on day 7 (on the same column),
**xP<().01 when comparing with 4F cIMDM on day 7 (on the same column), 'P<0.05

when comparing between day 5 and day 7 of each culture condition.
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Figure 4.4 Total CD34"CD38 cell number in serum and serum-free culture on day 5
and day 7. Values are expressed as the mean = SD (n = 3). Values with different
letters on the same day of culture are significantly different. *P<0.02 when comparing
cultures of KSR with 4F cIMDM on day 5. **P<0.004 when comparing 4F KSR with
cultures of cIMDM on day 7. ***P<0.001 when comparing 4FW KSR with cultures

of cIMDM on day 7.
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Figure 4.5 Total CD34'CD38" cell number in serum and serum-free culture on day 5

and day 7. Values are expressed as the mean £ SD (n = 3). Values with different

letters on the same day of culture are significantly different. *P<0.003 when

comparing 4FW cIMDM with 4F cIMDM on day 7. **P<0.001 when comparing

cultures of KSR with 4F ciIMDM on day 7.
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Figure 4.6 Total CD133"CD38" cell number in serum and serum-free culture on day 5
and day 7. Values are expressed as the mean £ SD (n = 3). Values with different
letters on the same day of culture are significantly different. *P<0.03 when comparing
4F KSR with cultures of cIMDM on day 5. **P<0.01 when comparing cultures of
KSR with cultures of cIMDM on day 7. ***P<0.005 when comparing 4FW KSR with

cultures of cIMDM on day 5.
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4.1.3 Determination of phenotype and in vitro hematopoiesis of expanded
cells in serum and serum-free cultures

To further investigate more phenotypes of progenitor cells in these expanded
cells, cells from four conditions were separately harvested and subjected for myeloid,
lymphoid and erythroid lineages analysis using CD33 (myeloid), CD71 (erythroid),
CD3 and CD19 (lymphoid) markers. The results demonstrated the significant
presence of early markers of myeloid/erythroid progenitors (CD33"CD71" cells, 4F
cIMDM: 86.7 £ 3.7%, 4FW cIMDM: 85.5 £ 7.7%, 4F KSR: 72.2 + 15.6%, 4FW KSR
71.3 = 14.2%) but not lymphoid progenitors in all culture conditions at day 7 (Figure
4.7). However, cells cultured in 4F cIMDM and 4FW cIMDM contained more
myeloid/erythroid progenitors than cells cultured in both 4F KSR and 4FW KSR. In
addition, the results showed that medium containing serum induced alteration of cell
phenotypes by the loss of CD34" cells and obtained more CD34 CD38" population
than those observed in serum-free medium. This data suggests the effect of serum in

enhancement of spontaneous differentiation.
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Figure 4.7 Immunophenotype of expanded cells. Cell surface markers CD33/CD71
and CD3/CD19 of freshly isolated CD34" cells (A) and expanded cells (B) at 5-day
and 7-day of each culture condition in serum (cIMDM) and serum-free medium

(KSR). Values are expressed as the mean (n = 3).
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In addition, to support the evidence that expanded CD34" cells in the serum-
free medium culture could differentiate into all 3 hematopoietic lineages; myeloid,
lymphoid and erythroid lineages, clonogenic assay and liquid differentiation were
performed. The results demonstrated that expanded cells in all 4 various culture
conditions contained the ability to produce clonogenic progenitor cells (CFUs); CFU-
GEMM (4F cIMDM: 5 % 3, 4FW cIMDM: 4 £ 2, 4F KSR: 3 £ 1, and 4FW KSR: 3 +
1 colonies), CFU-GM (4F cIMDM: 15 + 3, 4FW cIMDM: 15 £ 4 , 4F KSR: 9 % 4,
and 4FW KSR: 13 + 8 colonies), and BFU-E (4F cIMDM: 77 £ 7, 4FW cIMDM: 78
3, 4F KSR: 70 % 14, and 4FW KSR: 75 £ 10 colonies) similar to the freshly isolated
CD34" cells (CFU-GEMM: 6 + 4, CFU-GM: 16 + 6, and BFU-E: 80 * 4 colonies) as
shown in Figures 4.8-4.9 and Table 4.2. Additionally, expanded HSPCs in 4F KSR
and 4FW KSR could generate more mature blood cells; megakaryocytes, erythroid
cells, lymphocytes, macrophages, granulocytes, and mast cells in liquid culture
differentiation (Figure 4.10) as well as those cultured in cIMDM conditions (Figure
4.11). These findings indicated the achievement of repopulating capacity of expanded

HSPCs population in vitro.
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Table 4.2 Total number of colony forming cells derived from day 5 expanded CD34"
cells obtained from 4F cIMDM, 4FW cIMDM, 4F KSR, and 4FW KSR cultures

compared with fresh CD34" cells. Values are expressed as the mean + SD (n = 3).

Media CFU-GEMM CFU-GM BFU-E
Fresh isolate 6+4 16+ 6 804
4F cIMDM 5+3 15+3 777

4FW cIMDM 4+2 15+4 78+3
4F KSR 3+1 9+4 70+ 14
4FW KSR 3+1 13+8 75+ 10

Figure 4.8 Photomicrographs illustrating the colony forming cells; CFU-GEMM (a),

CFU-GM (b), and BFU-E (c) on methylcellulose. Scale bar = 400 pum.
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Figure 4.9 Colony forming cell assay (CFU-GEMM, CFU-GM, and BFU-E) of day 5
expanded CD34" cells in various culture conditions. Values are expressed as the mean

+SD (n = 3).
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Figure 4.10 Differentiation capacities of expanded CB-CD34" cells from 4F (A) and
4FW (B) cIMDM in vitro. (a) Undifferentiated day 5 expanded CB-CD34" cells, (b)
day 7 expanded CD34" cells, (c) erythroid lineage differentiation (EPO + SCF,
arrow), (d) megakaryocytes differentiation (TPO + SCF), (e) lymphoid lineage
differentiation (IL-7 + FIt3-L + SCF + OP9, arrow), (f-g) granulocytes and
macrophage lineages differentiation (GM-CSF + IL-3), (h-J) mast cells and

granulocyte lineages differentiation (SCF + IL-3). Scale bar = 10 pum.
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Figure 4.11 Differentiation capacities of expanded CB-CD34" cells from 4F (A) and
4FW (B) KSR in vitro. (a) Undifferentiated day 5 expanded CB-CD34" cells, (b) day
7 expanded CD34" cells, (c) erythroid lineage differentiation (EPO + SCF, arrow), (d)
megakaryocytes differentiation (TPO + SCF), (e) lymphoid lineage differentiation
(IL-7 + FIt3-L + SCF + OP9, arrow), (f-g) granulocytes and macrophage lineages
differentiation (GM-CSF + IL-3), (h-j) mast cells and granulocyte lineages

differentiation (SCF + IL-3). Scale bar = 10 um.
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4.1.4 Comparison of multiple cytokine cocktails for CB-CD34" cells

expansion in serum-free medium

Additional cytokine cocktails were performed and compared with 4F and 4FW
cocktails to determine the efficiency of ex vivo expansion of HSCs in serum-free
medium, which were PO, P1, P2, P3 and P4 (the composition of each cocktail were
described in the materials and methods, n = 3).

Culture of CD34" cells in all culture condition showed slightly increased in
expansion of nucleated cells during a few days of culture (Figure 4.12). The number
of nucleated cells continually enhanced and demonstrated the highest fold expansion
in P4 culture (15.4 £ 2.5 fold) compared to other culture conditions (4F: 11.5 £ 2.4,
4FW: 125 + 2.0, PO: 13.9 £ 0.8, P1: 12.3 £ 0.8, P2: 9.6 = 1.4 and P3: 10.6 £ 0.4
folds) on day 7 (Figure 4.12 and Table 4.3).

On 5 and 7 days of the cultures, cells were subjected for CD34, CD38 and
CD133 molecules expression which analyzed by flow cytometry analysis (Figure
4.13). When normalized the number to the input cell number at day O, the results
showed that the highest CD34*CD38' cells were found in PO culture (7.5 + 0.3 x 10*
cells) compared to other cocktails significantly (4F: 4.8 + 1.1 x 10%, 4FW: 4.5 + 0.8 x
10%, P1: 4.9 + 0.1 x 10* P3: 4.6 + 0.4 x 10* and P4: 4.1 + 0.9 x 10* cells) at day 5,
except, in P2 culture that did not show statistical significance (5.7 + 0.7 x 10* cells;
Figure 4.14). Similarly, the highest fold increase in CD34"CD38" cells at day 5 was
found in PO culture (10.0 = 2.2 fold) compared to other cocktails (4F: 6.3 + 1.6, 4FW:
59+12,P1:6.6+13,P2:74+£1.1, P3:6.1+1.4andP4:5.6 £ 2.1 folds) as shown
in Table 4.4. On day 7, the number of CD34°CD38" cells was gradually increased

significantly in all culture conditions and the culture in 4FW cocktail demonstrated
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the highest expansion at 1.9 + 0.3 x 10° cells with 24.3 + 2.1 fold compare to other
cultures (4F: 1.4 + 0.3 x 10° cells and 18.5 + 0.4 fold, PO: 1.5 + 0.1 x 10° cells and
19.4 + 2.9 fold, P1: 1.5 + 0.1 x 10° cells and 19.9 + 4.9 fold, P2: 1.3 + 0.2 x 10° cells
and 16.9 + 2.2 fold, P3: 1.4 + 0.1 x 10° cells and 18.6 + 3.3 fold, and P4: 1.6 + 0.3 x
10° cells and 20.7 + 3.5 fold) as can be seen in Figure 4.14 and Table 4.4. In addition,
total CD34'CD38" cells were observed to be highest in P2 culture (12.1 + 1.4 x 10*
cells and 21.6 + 3.0 fold) compared to other culture conditions (4F: 4.3 + 1.1 x 10*
cells and 7.6 % 2.2 fold, 4FW: 4.7 + 0.9 x 10 cells and 8.4 + 2.2 fold, PO: 4.4 + 0.1 x
10* cells and 7.8 + 1.0 fold, P1: 7.3 + 0.1 x 10* cells and 13.1 + 1.9 fold, P3: 5.5 + 0.5
x 10 cells and 9.9 + 1.7 fold, and P4: 7.2 + 1.5 x 10* cells and 12.6 + 2.2 fold) at day
5 (Figure 4.15 and Table 4.4). On the other hand, the number of total CD34'CD38"
cells at day 7 was highest in PO culture (3.3 + 0.2 x 10° cells and 58.6 + 6.9 fold)
compared to other cocktails (4F: 1.1 + 0.1 x 10° cells and 20.1 + 6.8 fold, 4FW: 0.7 +
0.1 x 10° cells and 13.0 + 3.7 fold, P1: 2.5 + 0.2 x 10° cells and 44.2 + 5.6 fold, P2:
2.4+ 0.3 x 10°cells and 42.0 + 5.4 fold, P3: 1.8 + 0.1 x 10° cells and 33.0 + 5.8 fold,
and P4: 3.3 + 0.5 x 10° cells and 58.3 + 10.0 fold) as shown in Figure 4.15.

Moreover, total CD133"CD38" cells expanded in the PO culture (5.7 + 0.2 x 10
cells and 9.2 + 4.1 fold) were found higher than those of other culture conditions (4F:
3.0 £ 0.7 x 10* cells and 4.7 + 0.2 fold, 4FW: 3.5 + 0.7 x 10* cells and 5.4 + 2.2 fold,
P1: 1.3 + 0.01 x 10* cells and 2.0 + 0.8 fold, P2: 3.7 + 0.5 x 10° cells and 5.9 + 2.4
fold, P3: 2.5 £ 0.2 x 10* cells and 4.1 + 1.9 fold, and P4: 3.4 + 0.7 x 10%cells and 5.7 +
3.2 fold) significantly on day 5 (Figure 4.16 and Table 4.4). As a consequence, total
CD34"CD38" cells continued to increase and remained highest in PO culture (11.2 +

0.7 x 10* cells and 18.2 + 7.3 fold) compared to those of other cultures (4F: 7.7 + 1.6
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x 10% cells and 11.5 + 3.4 fold, 4FW: 8.0 + 1.3 x 10* cells and 12.3 + 4.0 fold, P1: 10.3
+0.7 x 10* cells and 16.2 + 6.5 fold, P2: 9.2 + 1.3 x 10* cells and 14.2 + 5.5 fold, P3:
6.0 + 0.2 x 10*cells and 9.6 + 4.1 fold, and P4: 8.3 + 1.3 x 10%cells and 13.0 + 5.4

fold) on day 7 (Figure 4.16 and Table 4.4).

20.0 *

18.0 N 4F O4FwW BPO OP1 b

160 1 mpa mP3 ¥ p4
140 -
120 -
100 -

8.0 A

Fold expansion

6.0 - a a _

4.0 - 3 a4

a
a a
T gt
z.o—Q
0.0 N

D3 D5

Figure 4.12 Fold increase in total nucleated cells in various cytokine cocktails in
serum-free culture on day 5 and day 7. Values are expressed as the mean + SD (n =
3). Values with different letters are significantly different on the same day of culture
(see appendix B for statistical description). *P<0.05 when comparing P4 with P2 and

P3 on day 7.
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Table 4.3 Fold increase in total nucleated cells in all culture conditions in serum-free

medium. Values are expressed as the mean £ SD (n = 3).

Cocktail D3 D5 D7

4F 2.3+0.7 55+1.3 115+2.4

AFW 2.3+0.3 6.5+1.2 125+2.0
PO 2.8+0.7 5.0+0.2 13.9+0.8
P1 2.1+0.4 52+0.1 12.3+0.8
P2 2.7+0.4 5.2+ 0.6 9.6+ 1.4
P3 25+04 5.8+ 0.5 10.6+0.4
P4 21+0.5 49+1.1 154+25"

Note: *P<0.05 when comparing with P2 and P3 on day 7.
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Figure 4.13 Representative of flow cytometry analysis of CD34, CD38 and CD133
expressions in expanded CD34" cells cultured in PO (A), P1 (B), P2 (C), P3 (D) and
P4 (E) in serum-free medium on day 5 and day 7. Values are expressed as the mean (n

= 3).



Table 4.4 Ex vivo expansion pattern of CD34" cells cultured in various cytokine cocktails in serum-free medium. Values are expressed as

the mean + SD (n = 3).

Cytokine CD34'CD38 CD133'CD38 CD34°CD38"

cocktail D5 D7 D5 D7 D5 D7
4F 6.3+1.6 185+ 0.4' 47+2.0 115+ 3.4' 76+22 20.1+6.8'

AFW 59+1.2 243+2.1 5.4+2.2 12.3+4.0 8.4+22 13.0 £ 3.7

PO 10.0+2.2 19.4 +2.9' 9.2+4.1" 18.2+7.3 7.8+1.0 58.6 +6.9
P1 6.6 +1.3 19.9 + 4.9' 2.0+0.8 16.2+6.5 13.1+1.9 44.2 +5.6'
P2 74+1.1 16.9+2.2' 5.9+ 2.4 142 +55 21.6+3.0" 42.0+54
P3 6.1+1.4 18.6 + 3.3' 41+19 9.6 +4.1 9.9+1.7 33.0+5.8
P4 56+2.1 20.7 + 3.5 5.7+3.2 13.0+5.4 12.6+2.2 58.3+10.07"

Note: *P<0.05 when comparing with P1 on day 5 (on the same column), **P<0.005 when comparing with other culture conditions on
day 5 (on the same column), ***P<0.01 when comparing with 4F, 4FW and P3 on day 7 (on the same column), 'P<0.05 when comparing

between day 5 and day 7 of each population on the same culture condition.

68
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Figure 4.14 Total CD34'CD38 cells in various cytokine cocktail in serum-free
culture on day 5 and day 7. Values are expressed as the mean £ SD (n = 3). Values
with different letters are significantly different. *P<0.01 when comparing PO with

other cultures except P2 on day 5.
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Figure 4.15 Total CD34CD38" cells in various cytokine cocktail in serum-free

culture on day 5 and day 7. Values are expressed as the mean £ SD (n = 3). Values

with different letters are significantly different (P<0.05, see appendix B for statistical

description). *P<0.01 when comparing P2 with other cultures on day 5. **P<0.04

when comparing PO with other cultures on day 7. ***P<0.05 when comparing P4 with

other cultures on day 7.
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Figure 4.16 Total CD133'CD38" cells in various cytokine cocktail in serum-free
culture on day 5 and day 7. Values are expressed as the mean £ SD (n = 3). Values
with different letters are significantly different (P<0.05). *P<0.005 when comparing
PO with other cultures on day 5. **P<0.05 when comparing PO with other cultures

except P1 and P2 on day 7.



Table 4.5 Fold increase in total CD34" and total CD133" cells expansion of cells cultured in various cytokine cocktails in serum-free

medium. Values are expressed as the mean £ SD (n = 3).

. . Total CD34" cells Total CD133"
Cytokine cocktail D5 o7 D5 D7

4F 50+1.2 9.9+2.0" 35+0.7 6.0+0.7""

4FW 6.2+1.2 11.7+1.9™ 52+0.7" 6.3+04""
PO 46+0.2 10.1+05™ 41+0.4 58+04 "
P1 43+0.1 6.8+ 0.5 1.4+0.1 2.9+0.4
P2 3.9+0.4 59+0.8 1.7+0.2 3.0+0.4'
P3 5.3+ 0.4 6.7+0.2 2.8+0.4 35+0.3
P4 4.2+0.9 94+15" 3.2+0.9 59+1.07"

Note: *P<0.05 when comparing with P2 on the same day of culture (on the same column), **P<0.05 when comparing with other culture

conditions except PO on day 5 (on the same column), ***P<0.01 when comparing with P1, P2 and P3 on day 7 (on the same column),

'P<0.01 when comparing between day 5 and day 7 of each population on the same culture condition.

€6
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Overall, total CD34" cells were found in the highest amount in 4FW culture
throughout the culture period (D5: 5.8 + 1.1 x 10° and D7: 11.0 + 1.8 x 10° cells)
compared to other culture (4F: 4.7 + 1.1 x 10° and 9.3 + 1.9 x 10°, PO: 4.4 + 0.1 x 10°
and 9.5 + 0.6 x 10°, P1: 4.0 + 0.04 x 10° and 6.3 + 0.4 x 10°, P2: 3.7 + 0.4 x 10° and
5.5+ 0.8 x 10°, P3: 4.9 + 0.4 x 10° and 6.3 + 0.2 x 10°, P4: 3.9+ 0.8 x 10° and 8.9 +
1.4 x 10°cells, respectively) as can be seen in Figure 4.17. Similarly, total CD133"
cells were found to be highest in 4FW culture (D5: 3.9 + 0.7 x 10° and D7: 4.7 + 0.8 x
10° cells) throughout 7 days of culture compared to other cocktails (4F: 2.7 + 0.6 x
10° and 4.5 + 0.9 x 10°, P0: 3.1 + 0.1 x 10° and 4.3 + 0.3 x 10°, P1: 1.1 + 0.01 x 10°
and 2.1 +0.1x 10°, P2: 1.3+ 0.1 x 10°and 2.2 + 0.3 x 10°, P3: 2.1 + 0.2 x 10° and 2.6
+ 0.1 x 10°, P4: 2.4 + 0.5 x 10° and 4.4 + 0.7 x 10°cells, respectively; Figure 4.18).
The summary of fold increase in expansion of total CD34" cells and CD133" cells

were demonstrated in Table 4.5.

4.1.5 Determination of phenotype and in vitro hematopoiesis of expanded
cells in various cytokine cocktails in serum-free medium
Phenotypic characteristics of progenitor cells in all cultures were further
investigated for myeloid, lymphoid and erythroid lineages analysis as previously
described. The data showed the significant presence of early markers of
myeloid/erythroid progenitors (CD33"CD71" cells, PO: 72.1 + 12.3%, P1: 65.9. +
0.9%, P2: 61.2 £ 5.7%, P3: 65.4 £ 14.9%, and P4: 63.7 + 8.9%, n = 3) whereas
lymphoid progenitors were found in a few number (CD3"CD19", PO: 3.5 + 2.6%, P1:

2.7 £0.9%, P2: 1.9 £ 0.8%, P3: 4.5 + 2.9%, and P4: 3.8 + 2.1%) as shown in Figure
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4.19. These data suggest the differentiation toward myeloid/erythorid lineage rather
than lymphoid lineage in all cultures.

Next, hematopoiesis of expanded CD34" cells in all cytokine cocktails were
verified by clonogenic assay and liquid differentiation. The number of colony forming
cells; CFU-GEMM, CFU-GM, and BFU-E obtained from each cytokine cocktail
culture were summarized in Table 4.6 (n = 3 per group). The number of CFU-GEMM,
CFU-GM, and BUF-E grown in methylcellulose that obtained from cells expanded in
all cultures did not showed difference than those of fresh CD34" cells control (Figures
4.20-4.22). The number of CFU-GEMM was highest in the group P2 culture (9 + 1
colonies) compared to other culture medium (4F:3+1,4FW:3+1,P0: 7+2,P1:5+
3,P3:7x1,P4: 5+ 1 colonies) as shown in Figure 4.20. On the contrary, the highest
numbers of CFU-GM and BFU-E were found in the group of PO culture (18 £ 1 and
90 + 3 colonies, respectively) compared to other culture medium (4F: 9 £ 2 and 70
8,4FW:13+and 75+ 6,P1:9+1and 77 +4,P2: 11 +3and 60 + 3, P3: 15+ 2 and
69 + 3, and P4: 13 £ 3 and 69 * 4 colonies, respectively) as shown in Figures 4.21 and
4.22, respectively. Furthermore, expanded cells in PO, P1, P2, P3 and P4 cocktails
could differentiate into more mature blood cells; megakaryocytes, erythroid cells,
lymphocytes, macrophages, granulocytes, and mast cells in liquid culture
differentiation assay (Figures 4.23-4.27). These data suggest the potency of expanded

cells in in vitro hematopoiesis.
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Figure 4.17 Total CD34" cells in various cytokine cocktail in serum-free culture on
day 5 and day 7. Values are expressed as the mean + SD (n = 3). Values with different
letters are significantly different (P<0.05). *P<0.04 when comparing 4FW with P2 on

day 5. **P<0.01 when comparing 4FW with P2 on day 7.
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Figure 4.18 Total CD133" cells in various cytokine cocktail in serum-free culture on
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day 5 and day 7. Values are expressed as the mean + SD (n = 3). Values with different

letters are significantly different (P<0.05). *P<0.01 when comparing 4FW with other

cultures except PO on day 5. **P<0.006 when comparing 4FW with P1, P2, and P3 on

day 7.
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Figure 4.19 Representative of flow cytometry analysis of CD3, CD19, CD33 and
CD71 expressions in expanded CD34" cells cultured in PO (A), P1 (B), P2 (C), P3 (D)
and P4 (E) in serum-free medium at day 5 and day 7. Values are expressed as the

mean (n = 3).
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Table 4.6 Total number of colony forming cells grown on methylcellulose at day 14.
Cells cultured on methylcellulose obtained from day 5 expanded CD34" cells
obtained various cocktails in serum-free medium compared to fresh CD34" cells.

Values are expressed as the mean £ SD (n = 3).

Medium CFU-GEMM CFU-GM BFU-E
Fresh isolate 64 164 804
4F 3+1 9+6 70+ 14
4FW 3+1 13+8 7510
PO 7+3 18+2 90+ 6

P1 5+3 9+2 77+6

P2 9+2 11+£5 60+ 6

P3 71 15+3 69+5

P4 5%3 13+5 697
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Figure 4.20 Number of CFU-GEMM on methylcellulose at day 14. Values are

expressed as the mean £ SD (n = 3).
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Figure 4.21 Number of CFU-GM on methylcellulose at day 14. Values are expressed

as the mean = SD (n = 3).
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Figure 4.23 Differentiation capacities of expanded CB-CD34" cells from PO KSR in vitro. (a) Undifferentiated day 5 expanded CB-
CD34" cells, (b) day 7 expanded CD34" cells, (c) erythroid lineage differentiation (EPO + SCF, arrow), (d) megakaryocytes
differentiation (TPO + SCF), (e) lymphoid lineage differentiation (IL-7 + FIt3-L + SCF + OP9, arrow), (f-g) granulocytes and

macrophage lineages differentiation (GM-CSF + IL-3), (h-j) mast cells and granulocyte lineages differentiation (SCF + IL-3). Scale bar

=10 um.
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Figure 4.24 Differentiation capacities of expanded CB-CD34" cells from P1 KSR in vitro. (a) Undifferentiated day 5 expanded CB-

CD34" cells, (b) day 7 expanded CD34" cells, (c) erythroid lineage differentiation (EPO + SCF, arrow), (d) megakaryocytes
differentiation (TPO + SCF), (e) lymphoid lineage differentiation (IL-7 + FIt3-L + SCF + OP9, arrow), (f-g) granulocytes and
macrophage lineages differentiation (GM-CSF + IL-3), (h-j) mast cells and granulocyte lineages differentiation (SCF + IL-3). Scale bar

=10 um.
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Figure 4.25 Differentiation capacities of expanded CB-CD34" cells from P2 KSR in vitro. (a) Undifferentiated day 5 expanded CB-

CD34" cells, (b) day 7 expanded CD34" cells, (c) erythroid lineage differentiation (EPO + SCF, arrow), (d) megakaryocytes
differentiation (TPO + SCF), (e) lymphoid lineage differentiation (IL-7 + FIt3-L + SCF + OP9, arrow), (f-g) granulocytes and
macrophage lineages differentiation (GM-CSF + IL-3), (h-j) mast cells and granulocyte lineages differentiation (SCF + IL-3). Scale bar =

10 pum.
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Figure 4.26 Differentiation capacities of expanded CB-CD34" cells from P3 KSR in vitro. (a) Undifferentiated day 5 expanded CB-
CD34" cells, (b) day 7 expanded CD34" cells, (c) erythroid lineage differentiation (EPO + SCF, arrow), (d) megakaryocytes
differentiation (TPO + SCF), (e) lymphoid lineage differentiation (IL-7 + FIt3-L + SCF + OP9, arrow), (f-g) granulocytes and
macrophage lineages differentiation (GM-CSF + IL-3), (h-j) mast cells and granulocyte lineages differentiation (SCF + IL-3). Scale bar =

10 pum.

90T



Figure 4.27 Differentiation capacities of expanded CB-CD34" cells from P4 KSR in vitro. (a) Undifferentiated day 5 expanded CB-
CD34" cells, (b) day 7 expanded CD34" cells, (c) erythroid lineage differentiation (EPO + SCF, arrow), (d) megakaryocytes
differentiation (TPO + SCF), (e) lymphoid lineage differentiation (IL-7 + FIt3-L + SCF + OP9, arrow), (f-g) granulocytes and
macrophage lineages differentiation (GM-CSF + IL-3), (h-j) mast cells and granulocyte lineages differentiation (SCF + IL-3). Scale bar =

10 pum.

L0T
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4.1.6 Pluripotency genes expression in expanded cells

Real-time RT PCR was performed to determine the relative expression of
pluripotency genes; Nanog and Oct3/4 in expanded CD34" cells that culture in all
cocktails in serum-free medium. The results demonstrated that cells expanded in 4F,
4FW, PO, and P3 did not revealed significantly change in relative expression of
Nanog compared to that of freshly isolated CD34" cells (4F: 0.4 + 0.1, 4FW: 58.5 +
27.5, PO: 67.2 £ 25.6 and P3: 34.1 + 20.1; Figure 4.28). Interestingly, the expression
of Nanog increased significantly in the culture of P1 (98.5 + 38.7), P2 (114.62 + 35.5)
and P4 (74.4 = 3.3). On the contrary, expanded cells cultured in all cytokine cocktails
conferred the significantly increase in relative expression of Oct3/4 except in those of
4F cocktail (4F: 0.5 £ 0.1, 4FW: 454 + 16.0, PO: 49.4 £ 4.5, P1: 106.1 + 25.8, P2:
102.6 + 24.6, P3: 63.6 = 23.0 and P4: 42.7 + 17.7; Figure 4.29). Of note, P2 and P1
displayed the highest Nanog and Oct3/4 gene expressions, respectively. The cDNA
PCR products of Nanog (255 bp), Oct3/4 (230 bp) and GAPDH (302 bp) are shown in
Figure 4.30. These data indicate that expanded cells could be preserved in stemness

like state in the new cytokine cocktails.
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Figure 4.28 Relative quantitation of Nanog gene expression analyzed by RT real-time
PCR of expanded CB-CD34" cells cultured in different cytokine cocktails. Values are
expressed as the mean + SD (n = 3). Values with different letters are significantly

different (P<0.05). *P<0.03 when comparing P1, P2 and P4 with fresh isolate.
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Figure 4.29 Relative quantitation of Oct3/4 gene expression analyzed by RT real-time
PCR of expanded CB-CD34" cells cultured in different cytokine cocktails. Values are
expressed as the mean + SD (n = 3). Values with different letters are significantly

different (P<0.05). *P<0.003 when comparing P1 and P2 with fresh isolate.
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Figure 4.30 Agarose gel electrophoresis of specific PCR products without non-
specific amplification of Nanog (A), Oct3/4 (B) and GAPDH (C) genes obtained from
real-time RT PCR. The bands were 100 bp marker (1), cDNA products obtained from
fresh CD34" cells (2), and expanded cells cultured in 4F (3), 4FW (4), PO (5), P1 (6),

P2 (7), P3 (8), P4 (9) and negative control (10).
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4.1.7 Wound healing in streptozotocin-induced diabetic mice
In order to identify the use of expanded cells obtained from the new cytokine
cocktail for translation medicine, wound assay in diabetic mice was performed. ICR
mice injected with multi-low dose injection of STZ could induce diabetic in all mice
with blood glucose level of 368 + 50 mg/dl (normal blood glucose; 144 + 50 mg/dl, n
= 24) before start the wound assay. STZ-induced diabetic mice achieved the 50%
wound closure by day 7 after wounding (Figure 4.31). When freshly isolated CD34"
cells were injected around full-thickness dermal wounds created on the diabetic mice,
wound closure achieved the 50% as early as day 3. Moreover, fresh CD34" cells
significantly accelerated the wound closure at day 5 after injury compared to PBS-
treated wounds (fresh isolate: 38.3 + 9.1%, PBS: 67.2 + 13.6%, n = 3; Figures 4.31-
4.32). This significant reduction was also observed on the day 9 of the wounding
(fresh isolate: 16.4 + 3.3%, PBS: 26.8 + 5.3%). Expanded CD34" cells injection could
achieve 50% wound closure on day 5 of wounding (41.3 £ 10.3%) and accelerate
wound closure as compared to PBS-treated wounds but not statistical significance
(Figures 4.31 and 4.32). However, the significant reduction of wound closure was
found on day 9 after wound (14.9 + 3.6%) compared to PBS-treated wounds. On the
other hand, cytokine-injected wounds did not improve wound closure when compared
to PBS-treated wounds throughout the study period. All mice after day 9 of wounding
remained diabetic with blood glucose level higher than 600 mg/dl for three mice and
the remaining were 551.4 + 53.0 mg/dl.
Histologic analysis of wound sections confirmed the acceleration of wound
healing in fresh CD34" cells- or expanded CD34" cells-treated diabetic wounds. The

results showed the advanced re-epithelialization over the wound bed area and a more
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arrangement of collagen than those observed in PBS-treated group (Figure 4.33). In
addition, fresh CD34" cells- (1.2 + 0.4 mm) and expanded CD34" cells-treated (1.3 +
0.3 mm) wounds showed a significant reduction in epithelial gap range than that of
PBS-treated wound (2.0 £ 0.5 mm), whereas, the epithelial gap of 4FW cytokine-

treated wound (1.8 £ 0.5 mm) was not different (Figure 4.34; n= 6).
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Figure 4.31 Percentage of opened wound area as normalized to the day 0. Mice were
treated with PBS, freshly isolated CD34" cells, expanded CD34" cells and 4FW
cytokine around the full-thickness dermal wound on day O (n = 6). Values are
expressed as the mean £ SD. Values with different letters on the same day of
wounding are significantly different. *P<0.05 when comparing with PBS control on

the same day of observation.
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Figure 4.32 Representative photographic pictures of wound healing in mice treated
with PBS, freshly isolated CD34" cells, expanded CD34" cells and 4FW cytokine on

day 0, day 3, day 5 and day 9 after wounding. Scale bar =5 um.
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Figure 4.33 Histologic analysis of day 9 wound sections from PBS- (a), freshly
isolated CD34" cells- (c), day 5 expanded CD34" cells- (e) and 4FW cytokine- (g)
treated wounds. The length of edge measurement of epithelial gap is indicated by
arrow. Scale bar = 200 um. Corresponding higher power magnification (b, d, f, h)
represents the right edge of epithelial margin (arrow head) that connected to the

original epidermis and superior to the granulation tissue. Scale bar = 100 pum.
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Figure 4.34 Epithelial gap of the day 9 wounds treated with PBS, freshly isolated
CD34" cells, expanded CD34" cells and 4FW cytokine. Values are expressed as the
mean = SD (n = 6). Values with different letters are significantly different when

compared to the PBS control. *P<0.03 when comparing with PBS control.

4.1.8 Macrophage and capillary contents in treated wounds

Immunofluorescent staining of tissue section for CD68-positive macrophages
revealed the significant increase number in wound treated with freshly isolated CD34"
cells (93 + 8 cells/HPF), expanded CD34" cells (104 + 20 cells/HPF), and 4FW
cytokine (96 £ 11 cells/HPF) compared to PBS-treated wound tissue (81 = 10
cells/HPF) at day 5 after dermal excision as shown in Figure 4.35. The representative
images are shown in Figure 4.36. On the other hand, the number of macrophage
contents on freshly isolated CD34" cells- (61 + 11 cells/HPF), expanded CD34" cells-

(65 £ 9 cells/HPF) and 4FW cytokine- (48 + 12 cells/HPF) treated wound decreased
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significantly at day 9 of wounding when compared to the PBS control (92 + 12
cells/HPF) as shown in Figure 4.35. The representative images are shown in Figure
4.37.

Similarly, endothelial cell-specific staining for CD31 showed a significant
increase in capillary content on wound treated with freshly isolated CD34" cells (37 +
4 cells/HPF), expanded CD34" cells (41 + 8 cells/HPF), and 4FW cytokine (27 + 2
cells/HPF) compared to PBS-treated wound tissue (14 £+ 3 cells/HPF) at day 5 after
dermal excision (Figures 4.38-4.39). Of note, the endothelial cells were generated at
the lateral transitional zone of the normal epidermis at day 5 of the wound treated
with PBS, while the other experimental groups contained the more advanced filtration
of endothelial cells inside the wound tissue area and formed microvessels (Figure
4.39). At day 9, the number of CD31-positive cells in freshly isolated CD34" cells (41
+ 5 cells/HPF), expanded CD34" cells (44 + 8 cells/HPF), and 4FW cytokine (37 £ 5
cells/HPF) remained higher than those observed in PBS-treated wound (27 + 4
cells/HPF). Moreover, all experimental groups showed a gradually increase in CD31-
positive cells than those of day 5 after dermal excisional (Figures 4.38-4.40).

Additionally, the human CD34" cells were observed within the wound area and
normal epidermis nearby in the small quantity of wound tissue treated with freshly
isolated CD34" cells and expanded CD34" cells at day 5 and day 9 after wounding
(Figures 4.41-4.44). Thus, these data suggest the role of fresh CD34" cells and
expanded CD34" cells obtained from 4FW culture in the acceleration of wound

healing in diabetic mice.
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Figure 4.35 CD68-positive cells on wounds treated with PBS, freshly isolated CD34"

cells, expanded CD34" cells and 4FW cytokine on day 5 and 9 after wounding.

Values are expressed as the mean = SD (n = 6). Values with different letters are

significantly different when compared to the PBS control (P<0.05). *P<0.05 when

comparing with PBS control. **P<0.002 when comparing with PBS control.
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Figure 4.36 Immunofluorescent staining for macrophage marker CD68 (green) on
wound tissue treated with PBS (a), freshly isolated CD34" cells (e), expanded CD34"
cells (i) and 4FW cytokine (m) sections at day 5 after wounding (the first column).
Counterstaining of nuclei with DAPI (blue) on the same sections are represented on
the second column (b, f, j, n). The overlay images of the 2" and 3" columns (c, g, k,
0) are represented on the third column. Scale bar = 400 um. High magnification
images of CD31-positive cells are represented on the fourth column (d, h, I, p). Scale

bar =80 um.
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Figure 4.37 Immunofluorescent staining for macrophage marker CD68 (green) on
wound tissue treated with PBS (a), freshly isolated CD34" cells (e), expanded CD34"
cells (i) and 4FW cytokine (m) sections at day 9 after wounding (the first column).
Counterstaining of nuclei with DAPI (blue) on the same sections are represented on
the second column (b, f, j, n). The overlay images of the 2" and 3" columns (c, g, k,
0) are represented on the third column. Scale bar = 400 um. High magnification
images of CD31-positive cells are represented on the fourth column (d, h, I, p). Scale

bar =80 um.
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Figure 4.38 CD31-positive cells on wounds treated with PBS, freshly isolated CD34"
cells, expanded CD34" cells and 4FW cytokine on day 5 and 9 after wounding.
Values are expressed as the mean + SD (n = 6). Values with different letters are
significantly different when compared to the PBS control (P<0.05). *P<0.001 when

comparing with PBS control. **P<0.005 when comparing with PBS control.
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Figure 4.39 Immunofluorescent staining for endothelial marker CD31 (green) on
wound tissue treated with PBS (a), freshly isolated CD34" cells (e), expanded CD34"
cells (i) and 4FW cytokine (m) sections at day 5 after wounding (the first column).
Counterstaining of nuclei with DAPI (blue) on the same sections are represented on
the second column (b, f, j, n). The overlay images of the 2" and 3" columns (c, g, k,
0) are represented on the third column. Scale bar = 400 um. High magnification
images of CD31-positive cells are represented on the fourth column (d, h, I, p). Scale

bar =80 um.
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Figure 4.40 Immunofluorescent staining for endothelial marker CD31 (green) on
wound tissue treated with PBS (a), freshly isolated CD34" cells (e), expanded CD34"
cells (i) and 4FW cytokine (m) sections at day 9 after wounding (the first column).
Counterstaining of nuclei with DAPI (blue) on the same sections are represented on
the second column (b, f, j, n). The overlay images of the 2" and 3™ columns (c, g, k,
0) are represented on the third column. Scale bar = 400 um. High magnification
images of CD31-positive cells are represented on the fourth column (d, h, I, p). Scale

bar = 80 pum.
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Figure 4.41 Immunofluorescence analysis of human CD34" cells on wound tissue
section treated with freshly isolated CD34" cells at day 5 of wounding (red, a).
Counterstaining of nuclei with DAPI (blue) on the same section (b). The overlay

images of CD34" cells with nuclei staining (c). Scale bar = 400 um. High

magnification image of human CD34-positive cells (d). Scale bar = 80 pum.
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Figure 4.42 Immunofluorescence analysis of human CD34" cells on wound tissue
section treated with expanded CD34" cells at day 5 of wounding (red, a).
Counterstaining of nuclei with DAPI (blue) on the same section (b). The overlay

images of CD34" cells with nuclei staining (c). Scale bar = 400 um. High

magnification image of human CD34-positive cells (d). Scale bar = 80 pum.
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Figure 4.43 Immunofluorescence analysis of human CD34" cells on wound tissue
section treated with freshly isolated CD34" cells at day 9 of wounding (red, a).
Counterstaining of nuclei with DAPI (blue) on the same section (b). The overlay
images of CD34" cells with nuclei staining (c). Scale bar = 400 um. High

magnification image of human CD34-positive cells (d). Scale bar = 80 um.
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Figure 4.44 Immunofluorescence analysis of human CD34" cells on wound tissue
section treated with expanded CD34" cells at day 9 of wounding (red, a).
Counterstaining of nuclei with DAPI (blue) on the same section (b). The overlay

images of CD34" cells with nuclei staining (c). Scale bar = 400 um. High

magnification image of human CD34-positive cells (d). Scale bar = 80 pum.



CHAPTER V

DISCUSSION

5.1 Comparative ex vivo expansion capacity of CB-CD34" cells in

serum and serum-free medium

Hematopoietic stem cells (HSCs) can be obtained from several sources. The
three main sources are bone marrow (BM), peripheral blood (PB) and umbilical cord
blood (UCB). Among these, cord blood (CB) serves as the most powerful source for
HSCs collection, especially, with non-invasive collection procedure. In addition, the
CD34" population containing HSCs isolated from CB exhibits superior advantages
than those provided in BM and PB in many aspects, such as exhibiting lowest HLA
antigens and containing highest potential of proliferation. These characteristics are
crucial for achievement of hematopoietic stem cell transplantation (Gluckman, 1996).
Although the proportion of CD34" cells is enriched in the CB, the cell quantity
available in single unit is insufficient for autologous transplantation. Based on this
regard, expansion technology is needed in order to obtain high yield of CD34"CD38"
cells and maintain stemness of HSCs. In this work, the expansion culture conditions
were successfully generated that yield significant increase of CD34°'CD38 and
CD133°CD38" cells in serum-free medium supplemented with cytokine cocktail. The
CD34'CD38" cells represent primitive HSC population, which is very crucial for

blood cell transplantation applications. The CD133"CD38" subpopulation appearing in
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CD34" enriched population is also serve as a source of quiescent stem cell which
contains in vivo repopulating function (Boxall et al., 2009; Koutna et al., 2011). In
addition, it has been investigated that CB-AC133"CD38" is an improved marker that
tracts and enriches for long-term culture-initiating cells and severe combined
immunodeficiency (SCID)-repopulating cell (Ito et al., 2010). Therefore, successful
expansion of both CD34"°CD38" and CD133"CD38" cells is a keystone for not only the
ability to overcome an insufficiency quantity of the cells but also the improvement of
the stem cell transplantation. Interestingly, we observed the large amount of
CD34'CD38 cells (18.5 + 0.4 folds) in 4F KSR medium after 7 days culture. More
strikingly, in supportive of Wntl in the culture as 4FW KSR medium, higher
significant increase of CD34°CD38" cells was obtained (24.3 + 2.1 folds) after 7 days
culture. These investigations showed that Wntl is a stimulator for the expansion of
HSCs cells. The folds expansion of CB-CD34"CD38" cells proliferation in this study
showed greater achievement than that reported in a previous study by Mishima and
colleagues who obtained about 7 folds expansion by culture the cells in cytokine
combination of SCF, TPO, FIt3L, IL-3, IL-6 and in the presence of osteoblast-
differentiated MSC feeder cells (Mishima et al., 2010). However, expansion of HSCs
without feeder cells is an easier procedure to handle, very convenient to perform in a
large scale, has less cost, and no problems of hematopoietic cells attachment to the
feeder cells. Moreover, the quantity of TPO used in our work was lower than that of
Mishima et al. and was not needed to carry out the differentiation of MSC to
osteoblast. Nevertheless, the scaffold may trap the expanded cells and reduce the
actual outcome during the collection from the culture. Additionally, we found that the

number of CD34"CD38" cells in serum-free medium was higher than those in FBS
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containing medium. Therefore, the utility of serum-free conditions (4F KSR and 4FW
KSR) can reduce the risk of cross-contamination carried out by animal products and
exhibit higher efficiency of CD34°CD38 and CD133"CD38" cells expansion than in
serum containing media (4F cIMDM and 4FW cIMDM). Furthermore, our data of 4F
KSR and 4FW KSR also indicated the lower increase of CD34' CD38" progenitor cells
as 20.1 + 6.8 and 13.0 = 3.7 folds, respectively, than those in 4F cIMDM and 4FW
cIMDM as 62.8 + 5.0 and 89.7 + 12.2 folds, correspondingly. The CD34CD38" or
co-expression of CD34 and CD38 are more committed progenitor cells which may
result in less efficiency in transplantation, while the more primitive HSC function is
found to be enriched in CD34"CD38 population (Bhatia et al., 1997b). These findings
suggest that 4F KSR and 4FW KSR are more appropriate culture conditions for
HSPCs expansion and able to maintain CD34" population than 4F cIMDM and 4FW
cIMEM culture conditions. Altogether, by comparison of all 4 conditions in this work,
the efficiency of culture conditions for CB- hematopoietic stem and progenitor cells
(HSPCs) expansion can be arranged in order from high to low efficiency as 4FW
KSR, 4F KSR, 4FW cIMDM, and 4F cIMDM, respectively.

An ex vivo expansion of CD34" cells using various cytokine cocktails is an
alternative approach to overcome the limitation and has been developed largely by
many research groups. The combination of cytokine factors; SCF, FIt3L, TPO and IL-
6 have been widely used for ex vivo expansion of CD34" cells in medium containing
serum (Gammaitoni et al., 2004; Piacibello et al., 2000). However, prolong culture
resulted in an increasing of more committed progenitor cells which may dilute the
number of true HSPCs and reduce the efficiency of engraftment. We also found the

same phenomenon of high yield progenitor cells in CB-CD34" cells cultured in 4F
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cIMDM and 4FW cIMDM serum containing conditions even in a short period of time
as 7 days. Therefore, serum should be eliminated from the stem cell culture. It has
been reported the use of SCF, FIt3L, TPO and IL-6/sIL-6R for HSPC expansion in
serum-free condition and the capacity to increase NOD/SCID-repopulating cells
expansion (Ueda et al., 2000). In addition, Seet’s team showed that the treatment with
valproic acid in a serum-free condition for 7 days could enhance around 2-fold
expansion of CD45"34" progenitor cells (Seet et al., 2009). These studies, however,
observed the population of more committed HSPCs rather than primitive HSPCs.

In fact, Wnt signals are activated through the canonical pathway for cell fate
determination. Their roles in hematopoiesis have been identified as a growth factor
for the development of hematopoietic stem cells. Wnt1 has been suggested it’s role in
differentiation from human ESC to hematoendothelial cells (Woll et al., 2008).
Previous studies have reported the significance of Wnt family signaling proteins in the
expansion and self-renewal of HSPCs (Murdoch et al., 2003; Nikolova et al., 2007).
However, there had not been any research on the use of Wntl in CB-HSCs expansion
previously. Here, we demonstrated for the first time that Wntl effectively supported
the CB-CD34"CD38 and CD133"CD38" cells expansion. This effect was more potent
in serum-free medium than serum containing medium. In addition, Wntl
supplementation in serum-free medium with FIt3L, SCF, TPO and IL-6 (4FW KSR)
was also able to maintain the stemness property of expanded cells without affecting
the differentiation capacity of hematopoietic progenitors. The 4FW KSR-expanded
cells could give rise to all blood cell types in the presence of suitable growth factors

for each blood cell lineage differentiation. In contrast, cells cultured in 4F KSR
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without Wntl, the expansion potential of HSCs was declined. Thus, this data
confirms the stimulatory activity of Wntl on CB-HSCs proliferation.

Generally, Wnt signaling pathway is mediated in the regulation of stem cell fate
and maintenance of mouse embryonic stem cells (ESCs) and human ESCs in
undifferentiated state (Sato et al., 2004; Woll et al., 2008). Wnt3a, a canonical Wnt
pathway activator, was found to promote short-term multilineage reconstitution of
dormant c-kit(-) cells (Trowbridge et al., 2010). Activation of Wnt/p3-catenin signaling
pathway can expand HSCs and plays a role in HSCs self-renewal. However,
constitutive activation of B-catenin could abrogate HSCs differentiation and HSCs
reconstitution in vivo (Reya et al., 2003). Therefore, Wntl may exert function as the
up-regulator in CB-HSCs proliferation via the same pathway as Wnt3a or Wnt/[3-
catenin signaling pathway. It has been reported that conditioned medium collected
from 293T transfected with Wntl, Wnt5a, or Wnt10b could enhance fetal liver
AA4"Sca’kit" cells (murine HSCs) expansion (Austin et al., 1997). The activation of
Whnt pathway was also found in relation to Notch signaling, which is important in the
early development of hematopoiesis (Duncan et al., 2005). Wnt-mediated
maintenance of undifferentiated HSCs required the integration Notch signaling to
inhibit differentiation. Thus, it would be suggested that Wntl may mediate the up-
regulation of notch signaling pathway in expanded CB-HSCs and maintain stemness
of the cells. Further process is required to clarify the role of Wntl protein in
interaction with Notch signaling in the regulation of HSCs self-renewal.

In the present study, we also investigated whether enhancement of proliferation
of CD34" cells or HSPCs by 4F KSR and 4FW KSR would affect the pluripotency

and self-renewal activity. In cellular level, we demonstrated that the expanded cells
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have ability to produce clonogenic progenitor cells; CFU-GEMM, CFU-GM and
BFU-E similar to freshly isolated CD34" cells (Figure 4.9). Moreover, liquid culture
differentiation assay indicated the capability of HSPCs in both 4F KSR and 4FW
KSR to generate more mature blood cells (Figures 4.10-4.11). These findings support
the achievement of repopulating capacity of expanded HSPCs.

These findings can be concluded that in the presence of the same cytokine
cocktail, the serum-free medium is a better option than serum containing medium for
HSPCs expansion, not only less animal product contamination but higher efficiency
of the cells expansion also. In addition, Wntl can synergize SCF, Fit-3L, TPO, IL-6
in serum-free medium (4FW KSR) to stimulate CD34°CD38 and CD133"CD38"
HSPCs proliferation. The advantages of the presence of both populations
simultaneously are that they can synergize and enhance the capacity of blood cells
reconstitution. Moreover, the utilization of human cytokines in the culture media is
feasible, safe and not complicated or at risk by the use of animal product system.
Furthermore, Wntl also enhances stemness preservation, maintains repopulating
capacity and hematopoietic properties of HSPCs. Finally, Wntl can stimulate the
survival and proliferation of HSPCs, demonstrating that Wnt1 comprises a novel class

of hematopoietic cell regulator.

5.2 Multiple cocktails comparison for ex vivo expansion of CB-CD34"

cells in serum-free medium

Further investigation on ex vivo expansion in serum-free medium was

performed on the next five cocktails (PO, P1, P2, P3 and P4) and compared with 4F
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and 4FW. Overall, when cultured the cells in the medium, total nucleated number
increased similarly to all cocktails on day 3 to day 5 of the cultures and this number
continued to increase largely on day 7 with the highest expansion in P4 culture (15.4
+ 2.5 fold; Figure 4.12). However, the characterization of population number of
CD34'CD38" cells demonstrated that in PO culture medium had the highest expansion
on day 5 (10.0 £ 2.2 fold) while 4FW cocktail showed the highest number of
CD34'CD38  cells on day 7 (24.3.0 + 2.1 fold). Total CD133"CD38" cells were found
highest expansion in PO culture medium on both days 5 and 7. Taken together, the
efficiency of expansion ranging from high to low was 4FW, P4, P1, PO, P3, 4F and
P2, respectively. These data suggest that addition of Wntl in a combination with
FIt3L, SCF and/or TPO and IL-6 accelerates the proliferation of HSPCs. This study is
the first time that reports the role of Wnt1 on the proliferative effect of HSPCs.

More specifically, the study extended to determine the pluripotency of
expanded cells together with self-renewal capacity in terms of cellular and molecular
levels. As previously described, the expanded cells from all culture conditions were
performed on the liquid culture assay and colony forming assay. The results of all
expanded cultures displayed the similar potential of differentiation into all mature
hematopoietic lineages including progenitor cells; CFU-GEMM, CFU-GM and BFU-
E (Figures 4.20-4.27). In molecular level, the data demonstrated that expanded
HSPCs from all cultures in serum-free medium expressed key pluripotency and self-
renewal genes of Oct3/4 and Nanog. Oct3/4, a key pluripotency transcription factor of
ES cells, was found to regulate Sox2 expression in ES cells which then activated Oct-
Sox enhancers to control expression of Nonog and even Oct3/4 and Sox2 itself (Masui

et al., 2007). Thus, these results revealed mRNA expression of transcription factors
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Oct3/4 and Nanog which mediate maintenance of pluripotency and self-renewal as
ESCs (Chambers et al., 2003; Kashyap et al., 2009).

Interestingly, there was up-regulation of Nanog expression in the cells cultured
in P1, P2 and P4, while the expression of Oct3/4 was increased in those of P1 and P2
compared to freshly isolated CD34" cells. Recent observation has shown that the
maintenance of human ESCs in undifferentiated state is mediated by differential
phosphorylation of several members of the canonical pathways involved in
pluripotency and self-renewal such as Wnt and PI3K/AKT, human ESC-associated
proteins such as SOX2, RIF1, SALL4, DPPA4, DNMT3B and 53 proteins which
known as target genes of the pluripotency transcription factors SOX2, OCT4 and
NANOG (Zoumaro-Djayoon et al., 2011). This observation suggests the evidence that
Wnt pathway may be in part in mediating the regulation of OCT4/SOX2/NANOG
trimeric complex to maintain the undifferentiated human ESC phenotype. Taken
together, these data suggested that all cytokine cocktails, particularly P1, P2 and P4,
could stabilize the expression of pluripotency and self-renewal genes which are
crucial characteristic of stem cells.

HSCs transplantation has been used for the treatment of hematopoietic
disorders, solid malignant tumors (McNiece et al., 2000; Shpall et al., 2002) and non-
hematopoietic diseases as currently addressed in clinical trials in many countries
around the world. Besides the property of expanded HSPCs in sustainment the stem
cell pool in hematopoietic system of transplant patient, commitment to give rise to
blood cells is also essential for immunological functions. After high-dose
chemotherapy in cancer patients, neutropenia normally occurs. Myeloid lineages

which play roles in the innate immune responses can protect against bacterial
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infections in the initial phase of transplantation. The result in this study is consistent
with previous observation that ex vivo expansion of CD34" cells predominantly
committed into myeloid progenitor cells with a negligible expansion into lymphoid
lineage (Sangeetha et al., 2010). Thus, the natural myeloid/erythroid commitment by
ex vivo culture may enhance engraftment efficiency and reduce mortality rate in
clinical studies. Recently, Phase I clinical trial demonstrated that the utilization of the
ex vivo expanded CB-CD34" cells along with non-manipulating CB unit facilitated
myeloid engraftment rate in patients. (Delaney et al., 2010). This data, therefore,
highlights the importance of expanded CB unit for therapeutic purpose even though
the real mechanism of supportive engraftment between non-manipulating and

manipulate one has not been explored.

5.3 Wound healing in STZ-induced diabetic mice

Diabetes contains defects in immune-mediated wound healing, thus resulted in
delayed wound repair and become a major problem in the clinic. The impaired wound
healing in diabetes is caused by the changes in growth factor productions, cellular
responses to mediators, extracellular matrix deposition, angiogenesis and wound
contraction (Blakytny and Jude, 2006). In this study, the use of expanded CD34" cells
for regenerative medicine related to diabetes was performed in streptozotocin (STZ)-
induced diabetic mice to identify wound healing efficiency. In addition, the cytokines
used for ex vivo expansion of CB-CD34" cells were added to compare. ICR mice were
succeeded to be diabetes by multi-low does injection of STZ which is contains the
pancreatic B cell toxin that can induce rapid and irreversible necrosis of 3 cells (Lee et

al., 2006). The effect mimics to the onset of human patients type 1 diabetes (Motyl
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and McCabe, 2009). Over the 9 days of study period, all treated mice remained
diabetes (high blood glucose level, 551.4 + 53.0 mg/dl), suggesting that
subcutaneously injection of the cells or cytokines nearby the wound area did not
improve or maintain normoglycemia in STZ-diabetic mice within the short period of
time. However, there were some clinical trials for the treatment of type 1 diabetes
which performed by intravenous autologous HSC transplantation after high-dose
cyclophosphamide and antithymocyte globulin (Couri et al., 2009; Snarski et al.,
2011). Most patients were insulin independent with the mean follow up ranging from
7-30 months for all three clinical studies. Couri et al. reported the induction of insulin-
free state as early as mean +2 days and contained the mean duration of symptom of
hyperglycemia for 18.7 days after the infusion as observed in 23 patients (Couri et al.,
2009).

To prevent the leak of cells or fluid out at the wound site, injection of fresh or
expanded CD34" cells or cytokines 4FW to the wound were performed by
subcutaneous injection near the wound margin rather than injection into the wound
directly. Theoretically, the new performing wound healing physiologically starts from
the wound margin (Singer and Clark, 1999). Thus, the cells and cytokines performing
with this application could be accounted for mediating in the starting process on
wound healing. Wounds treated with cytokine 4FW did not enhance wound closure
compared to the PBS treated wounds. Injection of fresh CD34" cells into the wounds
accelerated wound closure significantly as early as day 5 and continued to be
observed until day 9, whereas, the injection of expanded CD34" cells enhanced the
wound closure at day 9 after the surgery significantly compared to the PBS treated

control. These results are in accordance with previous reports on the improvement of
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wound closure (Chan et al., 2007; Kim et al., 2010; Pedroso et al., 2011; Tark et al.,
2010). The rate of wound closure in this study was found earlier than peripheral blood
and bone marrow hematopoietic stem cells transplantation which observed on day 7
reported by Sivan-Loukianova et al. and Chan et al., respectively (Chan et al., 2007
Sivan-Loukianova et al., 2003). Moreover, Pedroso and colleague (2011) showed that
3D fibrin gel containing CB-CD34" did not accelerate wound healing while the gel
containing co-cultured of CB-CD34" cells and CD34"-derived endothelial cells could
improve wound healing as fast as 3 days post-injury. However, the acceleration of
wound closure was not statistically different for the remaining time points (Pedroso et
al., 2011). On the other hand, studies by transplantation with MSCs (Tark et al., 2010)
and endothelial progenitor cells (Kim et al., 2010) showed that these cells could
enhance wound closure as early as day 3 post-transplantation. The discrepancies
between the rates of wound closure among those studies with the present work might
be due to the species differences of mouse model.

Histological findings confirmed the improvement of wound healing in both
fresh CD34" cells and expanded CD34" cells transplantation groups that exhibited
lower epithelial gap between both sites of the wound margin than that of PBS treated
group. In addition, the more densely compact collagen and regular arrangement of
complete epidermis lining on the newly formed epidermal layer were found in fresh-
and expanded CD34" cells treated wounds at day 9 post-wounding. Inflammatory and
neovascularization processes are important in wound healing (Broughton et al., 2006).
Analysis of neovascularization inside the wound tissue was done by using endothelial
CD31 marker. The data demonstrated that fresh-, expanded CD34" cells-, and

cytokine 4FW-treated wounds contained higher amount of CDG68-positive
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macrophages and CD31-positive capillaries than that of PBS-treated wounds after 5
days of wounding. On the other hand, the number of CD68-positive macrophages in
those of treated groups at day 9 decreased lower than that of day 5 whereas these
numbers in PBS control increased higher than that of day 5. Nevertheless, the CD31-
positive capillaries on those of treated wounds continued to increase until day 9 and
higher than that of PBS control. These findings suggest that fresh CD34" cells,
expanded CD34" cells and cytokine 4FW promoted macrophages and capillaries
recruitment and/or proliferation which might be contributed to re-epithelialization in
the early process of wound healing (Singer and Clark, 1999). The number of
macrophages that increased on day 9 on wounds treated with PBS control displayed
the delayed wound healing process by recruitment of inflammatory cells to the wound
area. While the wounds in treated groups contained a declining number of
macrophages and an increase in capillaries on day 9 of wounding which suggested
more advanced process in wound healing compared to PBS group. This data
corresponds with previous report that injection of human peripheral blood CD34"
cells to wound of diabetic mice could accelerate revascularization and would healing
(Sivan-Loukianova et al., 2003). Although cytokine 4FW treated wounds displayed
similar circumstance in the number of macrophages and capillaries contents to the
fresh and expanded CD34" cells, overall resulting in wound closure was not improved
at the end of observation.

It has been proposed that stem cells have the effect on promoting wound healing
(Stepanovic et al., 2003). There are two possibilities that stem cells may affect the
wound healing. First, stem cells release growth factors, cytokines and mediators

which stimulate the generation of neighboring tissues or cells (so called paracrine
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effect) (Templin et al., 2009). Second, stem cells may either differentiate into
regenerative cells in the wound site or stimulate tissue regeneration by collaborating
with adjacent cells (Di Rocco et al., 2010; Heng et al., 2005). Conditioned medium of
hematopoietic progenitor cell line or DKmix cells and DKmix cells have been shown
to promote angiogenesis on murine wound model (Templin et al., 2009). In addition,
conditioned media of human CB-derived endothelial progenitor cells has found to
promote keratinocytes, fibroblasts and endothelial cells proliferations in paracrine
manner in the same action performed by injection of endothelial progenitor cells on
diabetic wound mice (Kim et al., 2010). These data demonstrate that the incorporated
stem cells release cytokine that act in paracrine effect to enhance neovascularization
and resulting in remodeling of extracellular matrix and recruitment of circulating stem
cells. Cytokine 4FW used in this study could enhance microvessels and macrophages
but did not result in wound closure acceleration similar to the use of fresh and
expanded CB-CD34" cells injections and previous reports using conditioned medium
of stem cells (Kim et al., 2010; Templin et al., 2009). These results suggest that Wnt1l
supplementation in SCF, FIt3L, IL-6 and TPO exert the paracrine effect on
macrophages and endothelial cells recruitment and proliferation in early stage of
wound healing process. However, the injection of cytokines alone may not be enough
to induce more advanced wound healing process in the maturation and remodeling
phase which may mediate in defective in keratinocytes and collagen matrix
contractions. The amount of cytokines may also limit the efficiency.

SCF is produced by keratinocytes in the epidermis (Longley et al., 1993), and
produced by endothelial cells (Weiss et al., 1995), fibroblasts (Longley et al., 1993)

and mast cells (S. Zhang et al., 1998) in the dermis. SCF functions as the chemotactic
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factor for mast cells that is one of the major effectors in the inflammatory process
(Nilsson et al., 1994). SCF is also found in the dermis during the early phase of
normal wound healing and declined thereafter (Huttunen et al., 2002). Additionally,
SCF has been proposed to have anti-apoptotic role on keratinocytes regulated through
transiently elevated transforming growth factor B-activated kinase 1 during wound
healing (Lam et al., 2011). Expression of FIt3L was found in a variety of tissues
including BM, fetal liver, thymus, spleen, gonads, placenta and brain. FIt3 expression
is found on early B and T cell progenitors in BM and thymus and on peritoneal
macrophages and monocytes within the hematopoietic compartments (Antonysamy
and Thomson, 2000). Human skin keratinocytes and fibroblast express FIt3L (Morita
et al., 1997). Furthermore, treatment with FIt3L in burn wound infection in mice
resulted in enhancement of dendritic cells number and functions which in turn
stimulate neutrophil recruitment and function in immune response to injection
(Bohannon et al., 2008; 2010; Toliver-Kinsky et al., 2005). IL-6 is secreted mainly by
epidermal keratinocytes, while macrophages, Langerhans cells and fibroblasts in
dermis are the other sources in the skin (Ghazizadeh, 2007; Paquet and Pierard, 1996).
Enhanced IL-6 expression in normal rat skin increased the epidermal proliferation and
inflammation (Sawamura et al., 1998). However, conditioned medium of human ESC-
derived endothelial precursor cells has been shown to enhance normal mice wound
healing by distinctively secretory factors such as epidermal growth factor, basic
fibroblast growth factor, granulocyte-macrophage colony-stimulating factor, 1L-6, IL-
8, platelet-derived growth factor-AA and vascular endothelial growth factor (Lee et
al., 2011b). These data suggest that SCF, FIt3L and IL-6 might mediate significantly

in the early phase of wound process. Many inflammatory cells type such as mast cells
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and neutrophils may be recruited during the inflammatory process than usual that
could prolong the outcome of wound healing. Thus, the improved wound healing
might need more distinctively different cytokines to regulate and make the balance
within the healing process.

The canonical Wnt signaling pathway (mediated by [-catenin) is thought to play
a role in dermal fibroblast proliferation and motility and is elevated in fibroblasts
during the proliferative phase of wound healing (Cheon et al., 2002). Moreover, the
level of B-catenin level was found to enhance during the wound healing with the peak
at 4 weeks following the insult and return to the baseline level by 12 weeks (Cheon et
al., 2005). The canonical Wnt signaling also plays a role in epidermis but in a
complicated way. The Wnt signal was found in elevated level in the wound and was
suggested to mediate in maintenance and regeneration of hair follicle (Fathke et al.,
2006). In addition, Wnt signaling has been shown to be the growth-inducer of stem
cell compartments in skin which interfollicular progenitor cells expresses Wntl that
can inhibit their growth and promote terminal differentiation (Slavik et al., 2007).
Canonical Wnt signaling is found to relate with the development of some kind of skin
tumors like malignant melanoma (Larue and Delmas, 2006) and pilomatrixoma
(Clevers, 2006). Human adipose-derived stromal cells has been shown to produce
cytokines in paracrine effect that induce the expression of Wntl in the de-
epithelialized of skin mainly in the dermal fibroblasts (Kim et al., 2011). Moreover,
the non-canonical Wnt pathway, in which Wnt4, Wnt5, Wnt11 and Wnt16 are found
to involve in the signaling pathway of the skin (Kim et al., 2011). These data suggest
that Wnt signaling including Wntl plays a role in the skin regeneration and wound

healing. Thus, the injection of cytokine containing Wntl mediated in the canonical
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Whnt signaling in this work may stimulate the regeneration of the skin to the fibroblast
cells. However, other Wnt signals may be involved in the wound repair in the
orchestrate manner for the improvement of wound healing. In addition, further
analysis should be performed on fresh or expanded CD34" cells in which cytokines or
growth factors mediated in wound healing process are released and whether
fibroblasts are affected by Wntl.

Wounds treated with fresh human CB-CD34" cells or day 5-expanded CB-
CD34" cells contained the human CD34-positive cells at both inside the wound area
and surrounding of tissue of the wound. This data suggests that these cells may co-
operate in accelerate wound healing either by themselves in conjunction with other
cells mediated in wound repair or paracrine factors that help to recruit stem cells,
macrophages, endothelial cells, fibroblasts and other inflammatory cells to the wound
site. Human CB-CD34" cells may also differentiate into endothelial cells. However,
the present work did not determine this differentiation. Thus, there would be
interesting to identify further whether CB-CD34" cells could transdifferentiate into
endothelial cells in the wound area or not.

In conclusion, fresh and day 5-expanded CB-CD34" cells accelerated wound
healing in STZ-induced diabetic mice by improve macrophages and capillaries
migration and proliferation. The implication of this work will be useful for the

improvement of wound healing in diabetic patient in the future.



CHAPTER VI

CONCLUSION

This study demonstrated that ex vivo expansion by the use of cytokine cocktails
in serum-free medium containing Wntl promoted proliferation of CB-CD34" cells
that also maintaining their self-renewal capacity at both cellular and molecular levels.
Particularly, cocktail PO and the combination of Wnt1 with FIt3L, SCF, IL-6 and TPO
(4FW) exhibited the highest level of CD34°CD38" cell expansion on day 5 and 7 of
the culture, respectively (~10.0- and ~24.3- folds). Interestingly, these cocktails also
enhanced the CD133"CD38" population within the culture which mediated in the
repopulating ability in vivo, especially, in that of PO. Study in STZ-induced diabetic
mice has been shown that by injection of fresh human CB-CD34" cells and day5-
expanded human CB-CD34" cells from 4FW in serum-free medium could accelerate
wound healing. The improvement of wound repairing was mediated by the
enhancement of CD68-positive macrophages and CD31-positive capillaries
recruitment and proliferation. Cytokine 4FW contained the ability to increase CD68-
positive macrophages and CD31-positive capillaries but not improved wound closure.
Therefore, the implication of this work is therapeutic value in cord blood
transplantation for hematologic and non-hematologic diseases, blood bank/stem cell
bank applications and hematological studies in the future. The application of both
fresh and expanded CD34" cells from 4FW medium will also be useful for the

treatment of wound healing in diabetic patient for the translational medicine purposes.
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APPENDIX A

SOLUTION PREPARATION

1. Reagent for CD34" cells isolation

1.1 PBS

Mix the reagent as follow:

NaCl 800 g
Na;HPO4 144 g
KCl 020 g
KH2PO4 024 ¢

Add sterile Ultra-pure water to bring a volume up to 1000 ml. Adjust the pH of
the solution to 7.4. Sterilize by autoclaved at 121°C for 15 minutes and store at room

temperature

1.2 Washing buffer (PBS pH 7.4, 0.1% BSA, 2 mM EDTA)
To prepare 1000 ml solution, mix the stock solution as follow:
- 5 ml of 20% BSA (20.0 g/100 ml, filter sterile)

- 100 ml of 20 MM EDTA (0.749/100 ml, filter sterile)

Add sterile PBS to bring a volume up to 100 ml. Store the solution at 4°C.



2. Reagent for cell culture

2.1 cIMDM

Mix the reagent as follow:

- IMDM

- FBS

- 55 mM B-mercaptoethanol

- NaHCO;

- 1000 U/ml Penicillin/1000 pg/ml Streptomycin

- 2 mg/ml Amphotericin B

Add sterile ultra-pure water to bring a volume up to 100 ml and adjust pH to

7.4. Sterilize by filter sterile.

2.2 KSR medium

Mix the reagent as follow:

- IMDM

- Knocked out serum

- 55 mM B-mercaptoethanol

- NaHCO3

- 1000 U/ml Penicillin/1000 pg/ml Streptomycin

- 2 mg/ml Amphotericin B

Add sterile ultra-pure water to bring a volume up to 100 ml and adjust pH to

7.4. Sterilize by filter sterile.

1.77 g
10.0 ml
0.09 mi
0.3024 g

200 ml
020 ml

1.77 g
10.0 ml
0.09 mi
0.3024 g

200 ml
020 ml
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2.3 a-MEM

Mix the reagent as follow:

- a-MEM

- FBS

- NaHCO;

- 1000 U/ml Penicillin/1000 pg/ml Streptomycin

- 2 mg/ml Amphotericin B

101 g
100.0 ml
2.2 g
10.0 ml

1.0 ml
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Add sterile ultra-pure water to bring a volume up to 1000 ml and adjust pH to

7.4. Sterilize by filter sterile.

2.4 IMDM + 2% FBS

Mix the reagent as follow:

- IMDM

- FBS

- 55 mM B-mercaptoethanol

- NaHCO;

- 1000 U/ml Penicillin/1000 pg/ml Streptomycin

- 2 mg/ml Amphotericin B

Add sterile ultra-pure water to bring a volume up to 100 ml and adjust pH to

7.4. Sterilize by filter sterile.

2.5 Trypsin/EDTA
Mix the reagent as follow:

- Trypsin

1.77 g
20 ml
0.09 ml
0.3024 g

200 ml

020 ml

025 g
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-EDTA 004 ¢

Add sterile PBS to bring a volume up to 100 ml.

3. Reagent for immunofluorescent staining

3.1 4% Paraformaldehyde
Dissolve 4 g. of paraformaldehyde in 90 ml. of H,O to dissolve and adjust the

pH to pH 7.4. Then, add 10 ml. 10x PBS (for a final concentration of 4 g. in 100 ml.

of 1x PBS). Filter sterilize through a 0.22 um filter. Store at 4°C.

4. Reagent for agarose gel electrophoresis

4.1 5x TBE buffer

Mix the reagent as follow:

- Tris base 530 g
- Boric acid 275 ¢
-0.5M EDTA (pH 8.0) 200 ml

Add the ultra-pure water to 1,000 ml

4.2 6x DNA loading dye
Mix 0.025 g bromophenol blue, 0.025 g xylene cyanol and 3 ml of 100%

glycerol in distilled water to a 10 ml final volume and store at 4°C.

5. Reagent for wound healing assay

5.1 0.1 M Citrate buffer pH 4.5
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To prepare 100 ml solution, mix the stock solution as follow:
- 26.7 ml of 0.1 M Citric acid (19.21 g/1 liter)
- 23.3 ml of 0.2 M Dibasic sodium phosphate (35.6 g/1 liter)

Adjust the final pH to pH 4.5 and filter sterilize through a 0.22 um filter.



APPENDIX B

STATISTICAL DESCRIPTION
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Figure B.1 Statistical description of Figure 4.12:
a is statistically different from b on the same day of culture.
ab is not statistically different from a and b on the same day

of culture.
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Figure B.2 Statistical description of Figure 4.15:

a is statistically different from b and c.

b is statistically different from c.

ab is not statistically different from a and b.

ab is statistically different from c.

A and AB are statistically different from C and D.
AB is not statistically different from A and BC.
BC is statistically different from D.

C is statistically different from D.
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