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ABSTRACT

Ex vivo expansion of hematopoietic stem cells (HSCs) is a long-standing challenge faced
by both researchers and clinicians. To date, no robust, efficient method for the pure, ex
vivo expansion of human HSCs has been demonstrated. Previous methods primarily
induced the expansion of committed hematopoietic progenitor cells (HPCs), yielding
even less pure populations of HSCs. This research was based on the hypothesis that, like
for other adult stem cells (ASCs), the major barrier to expanding HSCs ex vivo is in
preferentially regulating the asymmetric self-renewal of HSCs without loss in their ability
to produce differentiated committed HPCs. This laboratory has shown that a p53-
dependent pathway specifically controls the self-renewal pattern of several types of ASCs
and thereby provides an effective means for expansion of ASCs in culture. The method,
which involves the use of purine metabolites to achieve suppression of asymmetric cell
kinetics, is referred to as SACK. The utility of the p53-dependent pathway was
investigated for directing expansion of human HSCs. In order to support this
investigation, the proliferation of HPCs in in vitro cultures was repressed by culturing
cells without hematopoietic growth factors and cytokines. This allowed the in vitro
detection of SACK-effects on a small sub-population of cells, predicted to include HSCs.
In order to determine the self-renewal capacity and multilineage potential of SACK-
cultured cells, they were transplanted into non-obese diabetic/severe combined
immunodeficient (NOD/SCID) mice. In vivo transplantation investigations exhibited 1.9-
fold to 4.5-fold increased engraftment efficiency with SACK-agents compared to SACK-
free controls, suitable for clinical applications. This result suggests that SACK-culture
expands a population of SCID-repopulating cells (SRCs) that yields self-renewal and
multilineage engraftment in NOD/SCID mice. Accordingly, increased engraftment
efficiency for successful clinical applications may be achieved after additional
optimization of HSC expansion. To obtain the full therapeutic potential of expanded
HSCs, development of methods for independently marking putative ASCs for future
analyses and gene therapy was explored. This early success with human HSCs supports
the basic hypothesis that the SACK approach may be applicable to expansion of many
types of ASCs.

Thesis Supervisor: James L. Sherley
Title: Associate Professor of Biological Engineering



Chapter 1

Introduction & Background

Introduction

Hematopoietic stem cells (HSCs) are the engines that drive the maintenance and

production of functional blood cells for the duration of human life. They are defined by

their ability to simultaneous maintain themselves through asymmetric self-renewal cell

kinetics and produce lineage committed cells that differentiate into mature, functional

cells1 . Their existence is an absolute necessity, as their continuous production of mature

blood cells replaces older and expired cells. This characteristic of HSCs of lifelong

regulated production of mature blood cells drives great interest in adapting HSCs for cell

therapy applications, such as advanced bone marrow transplantations (BMT) and gene

therapy. Currently, transplants of HSCs are part of the standard of care for the treatment

of various non-hematopoietic (e.g. breast cancer2'3) and hematopoietic cancers and

disorders 3' 4. Various sources of HSCs are used to reconstitute hematopoiesis after

myeloablation, including bone marrow, umbilical cord blood (UCB) and mobilized

peripheral blood (MPB)4-6. However, hematopoietic transplants are not always an

absolute assurance of a cure for an underlying ailment. For instance, for those that are

fortunate to find an allogeneic match, as much as 35% of patients receiving transplants do

not survive7. There are several factors that play significant roles in the efficacy of

hematopoietic transplants, in addition to patient morbidity and mortality, including the

infused HSC dose, time to engraftment, and risk of graft-versus-host disease (GvHD) 4.

The ideal HSC source would yield decreased HSC dose and risk of GvHD, with short

time to hematopoietic recovery. Currently, such an ideal source does not exist.

Additionally, the transfer of genes into HSCs to repair hematopoietic disorders and

cancers can be used as an important tool to overcome genetic diseases. Moreover, HSCs

might be used clinically to engineer the production of functional blood cells, including

erythrocytes and megakaryocytes.

For clinical fruition of these potential clinical applications, several barriers must

be overcome. Such impediments include extremely low in vivo HSC numbers, the current

lack of markers to exclusively identify HSCs, and the lack of robust technology to



expand HSCs ex vivo as a pure population while maintaining their primitive,

undifferentiated state. This dissertation research is predicated on the proposal that

regulation of HSC kinetics to promote symmetric expansion of inherently asymmetrically

dividing HSCs is an overlooked means to realize the promise of ex vivo expanded

HSCs 8,9. Additionally, understanding the molecular and cellular mechanisms controlling

symmetric HSC expansion may be the key to overcoming the current barriers in basic

scientific research on HSCs and finally making the quest for new and advanced HSC

replacement a reality.

The scarcity of HSCs in adult bone marrow presents a primary barrier to their use

as a source for cell therapy applications. It is estimated that the frequency of HSCs in the

adult bone marrow is approximately 10-4 to 105 10,11". Despite their extraordinarily low

numbers, HSCs collectively have enough proliferative capacity to last several

lifetimes 1,12. It is even more remarkable that a rare population of cells has the power and

memory to fuel the production of approximately 1 billion red blood cells and 100 million

white blood cells per hour in the adult human 13 and a total of 6 billion cells per kilogram

of body weight per day14. The low numbers of HSCs in vivo has resulted in a lack of

understanding in the unique properties of these primitive cells for basic science and has

represented a great obstacle for advanced therapeutic applications.

As a direct consequence of low HSC numbers in vivo, there has been an inability

to uniquely identify and, therefore, purify HSC populations to homogeneity without

contamination from differentiated and lineage-committed hematopoietic progenitor cells

(HPCs). However, there are methods to enrich for HSCs using markers that are expressed

on HSCs. The cell surface markers, CD341' 15 and CD13316,17 identify and enrich for cell

populations that include HSCs. CD34 is currently the marker used as a metric to define

HSC repopulation efficiency in patients receiving bone marrow transplantations (BMT)18 .

However, neither of these markers is uniquely expressed on HSCs. In addition to HSCs,

CD34 and CD133 are expressed on both hematopoietic 1,15-17 and non-hematopoietic

lineage-committed progenitor cells 19,20. These markers are also selectively expressed in

rare cells in other stem cell compartments, including CD34 in hair follicle21,22. However,

neither of these markers shows exclusive expression on HSCs or any other adult stem cell

(ASC)8 . The lack of complete marker specificity for HSCs leads to an obstacle in



obtaining HSCs enriched as a pure, homogeneous population. In fact, with current

enrichment methods, the estimated fraction of human HSCs in therapeutic transplant cell

preparations is approximately 0.1-1.0%8,9,11,18,23. The remaining cells are HPCs and other

differentiated cells. Moreover, lack of pure HSC populations for both research and

clinical use directly correlates with the current lack of markers that uniquely identify

HSCs. This is an important caveat when investigators treat these HSC-enriched

populations as pure HSC populations during characterization of molecular markers for

stem cell populations24'2 5. Without unique identification of HSCs, attainment of

homogeneous populations of HSCs is greatly hindered; therefore, no robust, high-

throughput methods can be used to investigate their properties. Existing knowledge of

HSC properties is dependent on prospective studies for in vivo potential of human HSCs

to produce long-term human myeloid and lymphoid cells in immuno-compromised

animal models' 0 l"

Augmenting the great challenges in the HSC field is the lack of knowledge

required to regulate HSC expansion ex vivo. Although previous investigators have

focused on extrinsic regulation of HSC expansion, this research is based on the proposal

that the greatest challenge in understanding the molecular and cellular mechanisms

regulating ex vivo expansion of HSCs lies in intrinsically manipulating the inherent

property of HSCs: asymmetric self-renewal kinetics26. Although this property protects the

exhaustion of HSCs and may limit their accumulation of mutations in vivo27, it is a major

obstacle to de novo production of ex vivo HSCs for use in advanced cell therapies. While

it has been ]previously shown through time-lapse microscopy that cells from HSC-

enriched populations cycle with asymmetric self-renewal kinetics are the only cells to

give rise to both myeloid and lymphoid cell types in vitro9,28"31, no method has been

developed to regulate the cell kinetics of asymmetrically cycling HSCs to divide with

symmetric cell kinetics in order to give rise to expanded HSCs. Thus far, the rationales

considered for expansion efforts have been largely based on general concepts in

hematopoiesis and the bone marrow microenvironment, including hematopoietic

cytokines and microenvironmental factors (essential cell-to-cell or cell-to-matrices

interactions). These targeted manipulations have been unsuccessful in promoting ex vivo

expansion of human HSCs. One strategy that has not been specifically targeted and



investigated is genes that regulate asymmetric cell kinetics 9. Manipulation of these genes

could be the key to promoting symmetric expansion, as would be the case for HSCs in

vivo as the body promotes wound healing or during growth in the development of adult

tissues from juvenile tissues.

A promising method that has been used to regulate ASC kinetics in adult rat

hepatocyte stem cells is based on suppressing asymmetric cell kinetics of ASCs, also

referred to as: SACK 8' 28. The SACK method is controlled by a p53-dependent pathway

that regulates de novo synthesis of guanine ribonucleotides (rGNPs). Along with being a

vital tumor-suppressor gene maintaining genome stability by temporarily arresting cells

allowing for DNA repair and promoting apoptosis in cells with irreversible DNA

damage32, p53 regulates the production of inosine-5'-monophosphate dehydrogenase

(IMPDH), the rate-limiting enzyme catalyzing the conversion of inosine monophosphate

(IMP) to xanthosine monophosphate (XMP) for rGNP biosynthesis in mammalian cells 33-

35. More specifically, p53 expression was shown to cause the down-regulation of IMPDH

mRNA, protein, and cellular enzymatic activity, although the exact molecular mechanism

was not determined. In its role as a rate-limiting enzyme for rGNP biosynthesis, p53-

dependent reduction of IMPDH decreases rGNP production and intracellular pool size.

Therefore, p53 and IMPDH regulation were implicated as important factors in acquiring

and controlling the asymmetric cell kinetic (ACK) state of a cell35.

As a step to exploring how generally applicable the SACK strategy is for adult

stem cells in varying tissues, HSCs were selected since hematopoietic tissues are the most

extensively studied tissues for stem cell function. In principle, application of the SACK

method can be utilized to regulate guanine ribonucleotide production in cells dividing

with asymmetric cell kinetics (ACKs). This can be done independent of direct p53

regulation, which might perturb numerous other metabolic pathways, most notably those

involved in neoplastic transformation. Salvage pathways, regulated by purine nucleotide

precursors (i.e., hypoxanthine, xanthine, xanthosine) can be used to regulate asymmetric

cell kinetics, with minimal effects on p53 regulation. As proof of principle, the SACK

method has been used to expand and culture, for the first time, adult rat and human

hepatic stem cells28'36,37. Since HSCs have been shown to divide with asymmetric cell



kinetics (ACKs) 31,38, conversion of HSC ACKs to symmetric cell kinetics (SCKs) by the

SACK method may be the key to developing a robust method to expand HSCs.

Additionally, due to inefficient techniques to identify HSCs in vitro, enrichment

of HSCs as a pure population is currently not possible. Contamination by HPCs and other

differentiated cells may negatively regulate HSC expansion 39 and may impair in vitro

detection of HSCs since HPCs far outnumber HSCs in these enriched populations23.

Consequently, in addition to the SACK method, a technique was needed to deplete HPCs

and other differentiated cells or suppress their growth and proliferation. This adaptation

would provide increased specificity for detecting and following HSCs in vitro. HPC

proliferation may be suppressed by starving HSC-associated populations of growth

factors. This is based on precedent in our laboratory, where we have determined that

SACK-derived adult liver stem cells are resistant to differentiation induced by

transforming growth factor-3 (TGF-P) and epidermal growth factor (EGF). Conversely,

non-SACK derived adult liver progenitor and hepatocyte cells are sensitive to TGF-3 and

EGF induced differentiation 40 . This suggests that certain ASCs may be indifferent to

growth factor induction, whereas lineage committed progenitors and differentiated cells

may be more dependent on growth factors for their proliferation and/or survival.

Therefore, investigations were undertaken to evaluate the SACK method for expanding

enriched populations of HSCs, in addition to increasing sensitivity for detecting HSCs

and/or reducing negative regulation of HSCs by HPCs by repressing the survival and

proliferation of contaminating HPCs and differentiated cells.



Background

Adult stem cells (ASCs) are a promising source for the future success of gene

therapy, tissue engineering, and cell replacement therapies, since these cells have the

unique potential to give rise to diverse cell lineages for the lifespan of an organism. ASCs

are both the engine that drives tissue cell renewal and turnover and the memory for the

tissue's cellular differentiation architecture. With recent ethical issues encompassing

present and fuiture work with embryonic stem cells (ESCs), the isolation and expansion of

adult stem cells (ASCs) has become an even more attractive and, therefore, a more

practical route towards stem cell therapeutic technologies.

Adult Stem Cells & Adult Stem Cell Kinetics

ASCs are defined as cells that have the unique ability to maintain themselves

through asymmetric self-renewal and, additionally, to generate mature cells of a

particular tissue through differentiation. ASCs are derived from committed embryonic

stem cells (ESCs; Figure 1.1) and are present in most normal tissues, including

hematopoietic 12 41"45, liver 28'46, intestine 47,48 , muscle 49, nervous41 and epithelia47'5 , yet

are present in small numbers in these adult tissues. Furthermore, all stem cells in adult

tissue share one important feature: the capacity for self-renewal by asymmetric cell
kinetics9,29,51-53kinetics

However, the exact mathematical form of ACKs in adult mammalian tissues

remains under debate 8' 54 56. On the one hand, a stochastic model suggests that multiple

HSCs reside in a specified niche with each ASCs division giving rise to either zero or two

ASCs in an unregulated manner. Under this model, the division of multiple ASCs per

tissue unit occurs to produce different cell types to insure the life-long maintenance of

ASC number (Figure 1.2A). On the other hand, a deterministic model proposes that a

small number of ASCs exist in a niche and with each ASC division resulting in the

production of two daughter cells that are not functionally identical. One daughter cell

divides with symmetric cell kinetics to produce an abundance of progeny referred to as

progenitors. These progenitors, subsequently, differentiate to form cells that comprise the

cellular components of mature tissue. The other newly produced daughter cell retains the

stem cell phenotype and all of the capabilities of the original mother cell in a process



referred to as self-renewal (Figure 1.2B). By this process, a dividing ASC maintains the

tissue's long.-term cellular differentiation architecture. In addition, the deterministic

model proposes that under specific physiological conditions (e.g., adult maturation,

wound repair), ASCs undergo limited symmetric cell kinetics, expanding the ASC pool

and establishing new tissue units. However, under the deterministic model, ASCs can not

undergo direct differentiation 9. These newly expanded stem cells can further divide

symmetrically to form more adult stem cells, or return to their inherent asymmetric self-

renewal state to give rise to progenitor cells to restore the desired mature, differentiated

cells (Figure 1.2B). Such kinetic shifts may be regulated by intracellular signals31. An

example of an ASC that exhibits asymmetric self-renewal cell kinetics is the

hematopoietic stem cell (HSC)31,38 ,57.

Hematopoietic Stem Cells

The human body consumes an astounding 400 billion mature blood cells every

day and even greater numbers when the body is under conditions of stress or trauma, such

as infection, hypoxia or bleeding58. In order to meet this demand, a complex system of

multilineage proliferation and differentiation of hematopoietic cells has evolved. The

regulated production of approximately a dozen types of mature blood cells is sustained by

primitive hematopoietic stem cells (HSCs), primarily residing in the bone marrow (BM)

of adult humans. There are approximately a dozen major types of mature blood types that

are derived from HSCs (Figure 1.3). During normal replenishment of mature blood cells,

HSCs are instructed to divide asymmetrically to self-renew to maintain the HSC pool and

to produce a multipotent progenitor cell that divides with symmetric cell kinetics to give

rise to either of two progenitors types: common myeloid progenitors (CMP) or common

lymphoid progenitors (CLP). The common myeloid progenitor will continue to divide to

give rise to erythrocytes, monocyte lineage-derived cells (e.g. macrophages, osteoclasts

and dendritic cells), granulocytes (e.g. neutrophils, eosinophils, basophils and mast cells),

and platelets that are derived from non-circulating megakaryocytes 58 . Thymus-derived

(T) lymphocytes, bone marrow-derived (B) lymphocytes, natural killer (NK), and

dendritic cells constitute the lymphoid lineage (Figure 1.3). Although some lymphocytes

are thought to survive for many years, cells such as erythrocytes and neutrophils have a



limited lifespan of 120 days and 8 hours, respectively 59. As a result, hematopoiesis is a

highly prolific process, which occurs throughout human life to fulfill this demand and

maintain the body's hematopoietic homeostasis.

The bone marrow is the major site of effective hematopoiesis in humans, in

addition to the spleen and thymus. Located in the medullary cavity of bone, the bone

marrow has the capacity to produce 2.5 billion erythrocytes, 2.5 billion platelets, and 1

billion granulocytes per kilogram of body weight per day14 . However, depending on the

body's particular need, this rate of production can range from nearly zero to several fold

above normal60. Kinetic studies suggest that marrow consists of cells with a finite

functional lifespan. These cells have the capacity for limited proliferation without any

capacity to self-renew. To sustain the extensive need for hematopoietic cells, pools of

primitive, multipotent hematopoietic stem cells continuously self-renew to

simultaneously maintain HSC numbers, in addition to producing mature, functional

hematopoietic cells. HSCs give rise to downstream unilineage hematopoietic progenitor

cells (HPCs) that are restricted to the production of distinct hematopoietic cells with no

capacity for self-renewal. The proliferative activity of HSCs, HPCs, and mature

hematopoietic cells is highly dependent on cell-to-cell interactions within the

microenvironment niche of the marrow14,3 9'6 1 66. More specifically, the microenvironment

stroma has evolved to provide a specific structural, chemical, and biological environment

to support the survival, differentiation, proliferation, and continuous self-renewal of

HSCS14.

Evidence for the Existence of HSCs

The first genetic evidence that adult stem cells exist came from studies on

hematopoietic stem and progenitor cells44 . In these studies, lethally irradiated mice were

injected with bone marrow (BM) cells from healthy donor mice. The hematopoietic

system of mice receiving donor cells was reconstituted, whereas control mice died within

a week. In the spleen of reconstituted mice, macroscopic hematopoietic colonies

containing cells of the myeloid lineage were observed. Cells capable of forming colonies

in the spleens of ablated recipient mice were referred to as CFU-S (spleen colony-

forming unit) and although these cells were originally thought to be stem cells,



subsequent work has shown them to be myeloid-committed early progenitor cells42'45. As

a result, the current definition of a HSC includes the ability to confer long-term in vivo

repopulation of the myeloid and lymphoid lineages of an ablated host. This activity can

be enriched for, in certain purified cell populations, supporting the hypothesis of a single

multipotent stem cell1. Furthermore, genetic marking experiments in mice have

demonstrated that long-term engraftment of both lymphoid and myeloid lineages can be

achieved by the progeny of a single HSC 67,68, thereby confirming the existence of true

HSCs.

To provide for the first isolation of mouse HSCs, it was necessary to develop

assays for the clonal precursors of all known differentiation blood cell types, including

myelo-erythroid 44, B lineage cells 69 and T lineage cells70 . Additionally, the production of

monoclonal antibodies to cell surface molecules found on bone marrow cells was

essential for the first isolation of mouse HSCs, in conjunction with technology that had

the capacity to sort and analyze at high-speeds cells that bared or lacked combinations of

these monoclonal antibody-defined surface determinants1' 69

Human HSC Ontogeny

Although adult hematopoiesis occurs mainly in the marrow, early embryonic

hematopoietic development in humans is found at distinct anatomical sites. During

embryogenesis, hematopoiesis is initiated in the yolk sac, shifts to the fetal liver, and

finally localizes to the bone marrow. Hematopoiesis before the formation of the fetal liver

consists mainly of nucleated erythrocytes with embryonic-type hemoglobin 7 1. This stage

is referred to as primitive hematopoiesis. Initially, primitive erythroblasts can be

distinguished at day 18.5 of development in the yolk sac, a membrane-bound

compartment in the amniotic egg which contains stored food for the developing embryo.

This is the first indication that hematopoiesis has begun72. At day 22, the heart begins

beating at which time erythroid cells are found in circulation 71' 73. Between embryonic day

24 and 34, primitive hematopoietic cells give rise to adult-type blood cells with both

lymphoid and myeloid activity. This represents definitive hematopoiesis and first appears

in the para-aortic splanchnopleura (P-Sp) region74'75 . Shortly after its appearance, the P-

Sp region develops into the intraembryonic aorta-gonad-mesonephros (AGM) structure,



where the first long-term repopulating HSCs can be detected 76 78. On day 23, the liver

begins developing, after which time on day 30, it is colonized by migrating primitive

hematopoietic cells. Migration and colonization by primitive hematopoietic cells

increases until embryonic day 42, at which time the liver is the major source of

hematopoietic cells 7 1. At this time, erythroid cells are the major cell type found in the

embryonic liver and are located extravascularly. At the time of fetal birth, the liver

essentially ceases with hematopoietic activity, although some hematopoietic production

may occur. Between 6 and 8.5 weeks of gestation, the bones of the human embryo are

cartilaginous, after which time chondrolysis occurs and osteoblasts, osteoclasts and

perichondral precursors invade and take residence in the marrow cavity. After week 10.5,

a low frequency of primitive hematopoietic cells marks the appearance of hematopoiesis

in the bone marrow. By week 16, bone formation is complete and hematopoiesis

continues in the marrow for the lifespan of the individual79' 80 .

Understanding the development of HSCs and hematopoiesis not only indicates

distinct anatomical sites for development, but also suggest that HSC numbers and activity

constantly changes until full human development. During fetal development and early

post-natal life, HSCs expand in vivo. However, subtle changes in the quality of HSCs

occur throughout development and life. For instance, HSCs from murine fetal liver have

greater in vivo proliferation potential than HSCs from post-natal BM from young and old

adults5 6 .

Due to the distinct anatomical sites for hematopoiesis during human development,

various sources for HSCs exist. Human HSCs have been isolated and characterized

naturally from the umbilical cord blood (UCB) and bone marrow (BM). In addition,

human HSCs can isolated from mobilized peripheral blood (MPB) by artificially

promoting HSCs from the bone marrow to the peripheral blood in patients treated with

chemotherapeutics and/or administrated cytokines. The migrated HSCs can then be

readily collected using aphaeresis technology. HSCs from these sources have the distinct

advantage of being reasonably well characterized and have been proven in the clinic4 -6 .



Evidence that HSCs divide with deterministic asymmetric cell kinetics (ACKs)

Although other cell kinetic models such as stochastic cell kinetic model have been

proposed to represent the regulation of HSCs8 1-83, current in vitro evidence suggests that

HSCs kinetically behave based on a deterministic model. It has been suggested that,

inherently, HSCs divide with asymmetric self-renewal cell kinetics31,38' 57 in adult

hematopoiesis in order to simultaneously produce functional blood cells and protect their

exhaustion. Since the early 1970's, HSCs have been implicated, based on both biological

and statistical inferences, to divide with asymmetric cell kinetics in vivo 56. Although

debates currently continue over the exact form of the kinetics, the existence of

asymmetric cell kinetics is a well accepted precept of cell kineticists84 . Specifically, it has

been previously demonstrated by time-lapse video-microscopy that approximately 30%

of CD34+/CD38- enriched umbilical cord blood (UCB) cells divide with deterministic

asymmetric cell kinetics 3 1. Additionally, similar results have been obtained from HSC-

associated populations in MPB and BM31. Interestingly, the addition of various cytokines

and growth factors do not affect the observed asymmetric cell kinetics program 31

Another group studied colony formation using single-sorted candidate HSCs. From their

studies, they concluded that primitive hematopoietic cells from fetal liver divide with

asymmetric cell kinetics in which proliferative potential and cell cycle properties are

unevenly distributed among daughter cells85 . Currently, there is no direct evidence that

suggests that HSCs are stochastically regulated to give rise solely to HSCs or lineage-

committed progenitor cells at a certain frequency.

Marrow Microenvironment and the Concept of the HSC Niche

Hematopoiesis in humans takes place in the extravascular spaces within marrow

sinuses. This close proximity of developing blood cells to the sinuses allows for

instantaneous access to the circulation, after navigating the sinus wall. The sinus wall is

composed of a luminal layer of endothelial cells, which forms a complete inner lining and

an abluminal coat of adventitial reticular cells, which forms an incomplete outer coat.

Between these cell layers lies a thin, interrupted basement lamina 4.

Since the first concept of a niche was proposed that provides a supportive

microenvironment for HSCs86, various biological, chemical, and physical components



have been determined to be important in maintaining survival, differentiation,

proliferation, and continuous self-renewal of HSCs. The marrow microenvironment is

responsible for the localization of HSCs to specific anatomical regions in the bone

marrow. In the bone marrow, HSCs are supported by cell-cell interactions with non-

hematopoietic stem cells, including endothelial cells, fibroblast-like bone marrow stromal

cells and osteoblasts. The effects of these supporting cells are mediated through specific

molecular interactions, some of which have been investigated as a means to promote ex

vivo HSC expansion. The two most important cellular components of the bone marrow

microenviromnent, however, are marrow stroma and osteoblasts 4.

Bone Marrow Stroma

An important cellular component of the marrow microenvironment is stromal

cells which are presumably derived from fibroblasts. Stromal cells possess unique

phenotypic and functional characteristics that allow them to nurture hematopoietic

development in highly specialized microenvironment niches. This nurturing ability is

mediated by different combinations of early acting growth factors released by stromal

cells, including Flt3-ligand (fetal liver tyrosine kinase 3-ligand), stem cell factor (SCF;

KIT ligand), thrombopoietin (TPO), leukemic inhibitory factor (LIF), and interleukin-6

(IL-6). Other interactions that regulate hematopoietic cell survival and development are

mediated by cell-to-cell contacts through negative regulators of stromal and primitive

hematopoietic cells. The pathways regulated by such interactions include transforming

growth factor P (TGF-P), which downregulates c-kit expression and the Notch/Jagged

pathway, which down regulates myeloid differentiationl 4

Osteoblasts

The architecture of mammalian bone marrow consists of HSCs in close proximity

to the endosteal surface of the bone and differentiating cells aligned along a gradient

towards the central longitudinal axis of the bone where HSCs have easy access to the

central venous sinus87'88. As a result, it has been suggested that osteoblastic cells are

important regulatory components of the HSC niche in vivo that influences HSC function

through Notch activation63. Osteoblasts are derived from multipotent mesenchymal stem



cells (MSCs) and differentiate along a specified lineage to become highly specialized

synthetic cells. Proliferation and differentiation of bone-forming osteoblast progenitor

cells is promoted by bone morphogenetic protein-2 (BMP-2), basic fibroblast growth

factor (b-FGF) and TGF-P. Osteoblasts secrete hematopoietic growth factors such as

macrophage-colony stimulating factor (M-CSF), granulocyte-colony stimulating factor

(G-CSF), granulocyte-macrophage-colony stimulating factor (GM-CSF), IL-1 and IL-

666,89. Osteoblasts also produce hematopoietic cell cycle inhibitors, such as TGF-P, which

may contribute to their marked role in HSC regulation within the marrow

microenvironment 90. In keeping with their supportive role in promoting hematopoiesis,

osteoblasts facilitate the engraftment of purified allogeneic HSCs when transplanted into

ablated and non-ablated mice64'91

In addition, it has been recently shown that angiopoietin-1 mediated signaling

through the Tie-2 receptor also has a role in the interaction between osteoblasts and

HSCs. Tie-2 is expressed by HSCs and osteoblasts express angiopoietin-1, which binds to

Tie-2, resulting in the quiescence of HSCs and their protection against apoptosis92. It has

been found that when angioipoietin-1 expressing mouse osteoblasts localize to the bone

endosteal surface, Tie-2+ putative murine HSCs localize adjacent to the osteoblasts92.

Interestingly, c-kit+, Sca-l+, Lin" (KSL) HSC-enriched populations that express Tie-2

show a reduction of cell division in the presence of angiopoietin-1 in vitro. Additionally,

when bone marrow cells infected with an angiopoeitin-1 expressing retrovirus are

transplanted into irradiated mice, the percentage of Go cells in the KSL population are

significantly higher in recipient bone marrow than in mice receiving transplants of

control bone marrow cells 92. Given the importance of the quiescence of HSCs in the

niche, angiopoeitin-1/Tie-2 signaling may be an important aspect of the HSCs niche.

It has also been determined that there may exist a link between Notch signaling

and osteoblasts. Specifically, when bone marrow from osteoblast-specific transgenic

mice is transplanted into lethally irradiated mice, the mice exhibit improved engraftment

when compared to bone marrow from wildtype mice. In addition, Jagged-1 expression on

osteoblastic cells is significantly upregulated in these transgenic mice and Notch-1 is

activated in enriched HSC populations when compared to cells derived from control

mice63



Regulation by stromal and osteoblast cells in the marrow niche may provide

supportive roles in promoting proliferation, survival, and/or asymmetric self-renewal of

HSCs in vivo. As a result, understanding mechanisms that control any of these may have

important implications in ex vivo expansion of HSCs.

Previous Strategies for Ex Vivo Expansion of HSCs

Thus :far, the rationales considered for expansion efforts have been largely based

on general concepts in hematopoiesis and the bone marrow microenvironment, such as

hematopoietic cytokines and microenvironmental factors, including cell-to-cell

interactions. Nevertheless, investigations into these targeted manipulations have been

unsuccessful in promoting ex vivo expansion of human HSCs. Among the various

unsuccessful strategies to promote ex vivo expansion of HSCs are methods based on

hematopoietic cytokines, homeobox gene regulation, Notch, Wnt, bone morphogenic

protein (BMP), and sonic hedgehog (Shh) regulation. However, instead of promoting

HSC expansion, these factors promote HSC differentiation, survival, and/or self-renewal.

However, autonomous pathways of cell division regulation of HSCs may be the key to

promote symmnetric expansion of HSCs9.

Hematopoietic Cytokines

Due to the complex network of hematopoietic signaling molecules that induce

proliferation at various stages of hematopoietic development, the first attempts to expand

HSCs focused on the use of hematopoietic cytokines and growth factors. Many of these

cytokines are locally produced in the bone marrow microenvironment by stromal cells,

indicating that they may be useful for promoting HSC expansion ex vivo. The rapid

discovery of new hematopoietic growth factors and their receptors enabled researchers to

test their ability to expand HSCs ex vivo. Much of this work was done in the context of

gene therapy strategies, since to achieve efficient onco-retroviral vector integration,

methods were not only required to preserve HSCs, but also to induce self-renewal

divisions and HSC expansion. Through various trials, it was observed that cell

populations harboring human HSCs can be induced to proliferate in cytokine cocktails

including Flt3-ligand (Flt3L), thrombopoietin (TPO), stem cell factor (SCF), interleukin-



3 (IL-3) and interleukin-6 (IL-6)40,39 ,93,94. However, these cocktails have not resulted in ex

vivo expansion of human HSCs, since growth factors permit the extensive expansion of

more mature clonogenic progenitors rather than primitive HSCs39. Although it has been

shown that these hematopoietic cytokines alone do not promote the symmetric expansion

of ex vivo HSCs31 '38, it may be true that specific hematopoietic growth factors or

cytokines promote survival of HSCs while simultaneously promoting lineage

commitment and differentiation, resulting in a highly impure HSC population23'39,95.

Although exhaustive studies of multiple cytokine and growth factor combinations have

not yielded conditions that result in HSC expansion, the extensive proliferation of cells

suggests that these factors may promote HSC survival and lineage-commitment, but not

HSC expansion.

Homeobox genes and HOXB4

Hox genes encode a large family of transcription factors that regulate many early

developmental processes, including body-part patterning along the spinal axis. They have

a highly conserved DNA-binding motif known as the homeodomain. In mammals, there

are four main families of Hox factors. Certain Hox family members are expressed in

primitive HSC-enriched populations96, downregulated in differentiated hematopoietic

cells96, and dysregulated in patients with acute myelogeneous leukemia (AML)97.

Moreover, up- or down-regulation of some Hox genes affects hematopoiesis in specific

lineages"9 . As a result of these observations, Hox genes may be involved in events

leading to HSC specification and/or self-renewal. One particular Hox gene, HoxB4, has

been extensively investigated as a potential regulator of HSC self-renewal. HoxB4 has

been considered an important regulator of primitive hematopoietic cells since it is

expressed in human CD34+ enriched populations but it is rapidly downregulated upon

differentiation96. It was first shown that retroviral expression of HoxB4 significantly

enhanced HSC repopulation in vivo in primary and secondary recipients99. When lethally

irradiated mice were reconstituted with bone marrow cells transduced with a control

vector, HSC numbers only regenerated to only 5%-10% of normal levels. By contrast,

when bone marrow cells transduced with a retroviral vector expressing HoxB4 were

transplanted into lethally irradiated recipient mice, normal numbers of HSCs were



regenerated, suggestive of a role for HoxB4 in promoting HSC self-renewal. Attempts to

increase HSC numbers did not continue after normal numbers of HSCs had been

regenerated, suggesting that the homeostatic controls that regulate HSC pool size were

still effective in HoxB4-overexpressing HSCs. Later studies in HoxB4-deficient mice

exhibited a hematopoietic phenotype that primarily affected the HSC pool and resulted in

reduced proliferative capacity of HSCs without affecting differentiation and lineage

commitment61 ,'00 . Enforced expression of HoxB4 in vivo is a potent stimulus for murine

HSC self-renewal and regenerative capacity after transplantation of irradiated

recipients 98 . These observations suggest that HoxB4 is important in regulating the

survival of HSCs, but not the expansion of primitive HSCs99

Notch

Notch signaling is a highly conserved pathway that controls cell fate choices in

both invertebrates and vertebrates. Notch genes encode four transmembrane receptors

(Notchl-4) that interact with five Notch ligands (Jagged-1 & 2, Delta-like 1, 3, & 4) in

mammals. Both ligands and receptors are single-pass transmembrane glycoproteins.

Notch is presented in the plasma membrane as a heterodimer after cleavage by a furin-

like protease. Upon ligand-banding to the extracellular subunit of Notch, the

transmembrane subunit of Notch undergoes a set of cleavages catalyzed by the ADAM (a

disintegrin and metalloproteinase) family of metalloproteases and y-secretases. The

resulting intracellular domain of Notch (ICN) is released into the cytoplasm and finally

translocated to the nucleus, where it binds directly to its downstream transcription factor,

CSL/RBPJK, transforming CSL/RBPJi from repressor to activator and inducing the

transcription of Notch-dependent target genes such as Hes- 1, Deltex- 1, pT, Meltrin-B, and

Notch receptors'01 -10

HSCs express receptors of the Notch family, which have been shown to inhibit

differentiation in other systems'1 2' 104. The Notch-1 ligand Jagged-1 is expressed by bone

marrow stromal cells, endothelial cells and osteoblasts63,10 5, indicating that potentially

cell-to-cell dependent signaling through Notch might have a role in the regulation of

HSCs. Bone marrow from osteoblast-specific transgenic mice transplanted into lethally

irradiated mice results in improved engraftment. In addition, Jagged-1 expression on



osteoblastic cells is significantly upregulated in these transgenic mice and Notch-i is

activated in enriched HSC populations when compared to cells derived from control

mice 63. Chemically inhibiting signaling through Notch-i blocked this slight increase in

HSCs, suggestive that Notch-i signaling is required for osteoblast-mediated support63 '106

Investigations into the potential role of Notch in the expansion of HSCs have been

achieved by experimental modulation of the Notch-1 signaling pathway. Notch-1 is of

potential significance for HSC regulation due to the observation that Notch-1

homozygous knockout mice show reduced definitive hematopoiesis in the P-Sp/AGM

and fail to generate HSCs'07 . Due to embryonic lethality before day 11.5 for unknown

reasons 1 8, it has not been possible to predict Notch-1 effects in adult Notch-1 knockout

mice. However, in preliminary experiments by constitutively activating Notch-1, it is

possible to establish multipotent hematopoietic cell lines that have long-term engraftment

capacityl09. Constitutive expression of activated Notch-1 using a retroviral vector in

enriched mouse HSC populations resulted in immortalized, cytokine-dependent cell lines

that could reconstitute irradiated mice109. Additionally, when freshly harvested murine

HSC-enriched populations transduced with activated Notch-1 constructs are transplanted

into irradiated recipients, a marked increase in engraftment is observed in the bone

marrow. Furthermore, the observed engraftment is mediated by a relative-block in HSC

differentiation1 04 . Signaling through Notch-1 may inhibit differentiation of HSCs by

sustaining expression of the transcription factor GATA2 (GATA-binding protein 2)110. A

soluble form of Jagged-i can mediate the survival of human HSCs when added to liquid

cultures' 05. These observations suggest that Notch signaling may play an important role

in promoting HSC survival and/or expansion by inhibiting production of differentiating

progeny cells and promoting symmetric self-renewal in vivo104

The potential inhibitory effects of Notch signaling on HSC differentiation are

suggestive that Notch signaling may regulate HSC expansion. The effects of soluble or

cell-membrane expressed Notch ligands on the differentiation, growth, and expansion of

hematopoietic stem and progenitor cells have been investigated in culture with various

cytokines. It has been observed that soluble forms of Notch ligands have positive effects

on human long-term severe combined immunodeficient (SCID) mice repopulating cells

(LT-SRCs). HSC-enriched populations supplemented with Delta-l-Fc or Jagged-1-Fc, in



the presence of a cocktail of growth factors and cytokines, achieved higher engraftment

efficiencies than control cells, when cells were transplanted into irradiated NOD/SCID

mice l °5o l l' l3 . This does not, however, provide definite evidence that ex vivo HSC

expansion has been regulated by Notch. More fitting is the idea that Notch may be

promoting survival and/or self-renewal of HSCs. Notch ligands are commonly observed

to maintain cells in more primitive states as compared to untreated controls 105' 109,111-115 ,

even more indication of Notch's role as a survival factor. One big drawback discovered

so far suggests that Notch-1 regulation may specifically favor lymphoid development

over myeloid development 104 , potentially limiting its future clinical applications. Overall,

these findings reinforce interest both in the Notch pathways and in further

characterization of the HSC microenvironment as a way to identify novel agents for HSC

expansion.

Bone Morphogenic Proteins (BMPs)

Bone morphogenetic proteins (BMPs) are signaling molecules belonging to the

transforming growth factor-3 (TGF-P) superfamily that signal through binding to specific

BMP receptors. BMPs have been considered potential regulators of HSC function based

on critical roles in hematopoietic specification from mesoderm during early embryonic

development 116. Binding to their receptors leads to the nuclear translocation of SMAD

proteins, which then regulates the transcription of specific target genes17. Expression of

BMP receptors and known downstream signal transducers, such as the members of the

SMAD family, have been documented in CD34+/CD38/Lin" human umbilical cord blood

(UCB) cells"' . In Drosophila, overexpression of the BMP homolog decapentaplegic

(dpp) expands the germline stem cell (GSC) niche and it leads to expansion of GSC

number" 9" 12 . In human bone marrow, primitive hematopoietic cells express BMP type I

receptors, and in culture high concentrations of BMP-4 extends the lifetime of their

repopulation capability"'. Tests of several BMPs including BMP-2, BMP-4, and BMP-7

in serum-free cultures of CD34÷/CD38-/Lin' human UCB cells along with multiple

hematopoietic cytokines revealed that in a narrow concentration range, BMP-4 was

unique in its ability to extend the period in which cells with in vivo repopulating potential

could be recovered. However, net expansion and long-term propagation of HSCs ex vivo



by BMP supplementation has not been convincingly demonstrated. For example, BMPs

appear to act on HSCs by primarily controlling the HSC niche size in the bone marrow 06.

These studies suggest that BMP-4, at a minimum, may serve as an important survival

factor for human HSCs and could be an important component for achieving enhanced

HSC expansion ex vivo.

Wnt

The Wnt signaling pathway contributes to numerous developmental decisions in a

variety of cell types and animal models. It is involved in cell fate determination, cell

polarity, tissue patterning, control of cell proliferation, development of neoplasia 21',122

and potentially important for the proliferation of stem cells'23. Wnt proteins are secreted

glycoproteins with a conserved pattern of 23-24 cysteine residues. There are 19 Wnt

family members in the human genome that encode for lipid-modified signaling protein

that function as ligands for the Frizzled family of receptors. Downstream effects of Wnt

signaling occur through different intracellular components, depending on which pathway

is activated. Three pathways have been characterized: the canonical Wnt/p-catenin

pathway, Wnt/Ca2+ pathway, and planar cell polarity 122,124.

In the absence of Wnt-mediated signaling, p-catenin is ubiquitylated and degraded

by the proteosome. Wnt signaling through Frizzled inhibits the degradation of p-catenin,

which results in the accumulated P-catenin forming a complex with T-cell factor

(TCF)/lymphoid-enhancer binding protein (LEF)-family members to regulate the

transcription of downstream genes.

Various Wnt proteins are expressed by human stromal cells in fetal bone

marrow 24 . Co-culture studies with human CD34 + cells and stromal cells expressing Wnt
genes cause a marked expansion of myeloid progenitor cells' 24. Additionally, injection of

Wnt5a into immunodeficient mice repopulated with human hematopoietic cells resulted

in increased reconstitution and more primitive hematopoietic cells in vivo 125, suggestive

that Wnt may play a role in maintaining self-renewal of HSCs. Gene expression profiling

of enriched mouse HSCs confirmed expression of TCF/LEF-family' 26. Retroviral

transduction investigations of HSCs with a vector expressing a constitutively expressing

active p-catenin gene resulted in expanded primitive hematopoietic cells that were



relatively refractory to differentiation. Conversely, inhibition of Wnt signaling in HSCs

blocked their growth and made them ineffective for bone marrow repopulation' 26 . As few

as 125 transduced cells were required to reconstitute irradiated recipient mice, suggestive

of a 5-50-fold expansion in primitive hematopoietic cells in vivol26 . Coincidently,

hematopoietic cells transduced with a P-catenin-expressing vector yielded an up-

regulation of HoxB4 and Notch mRNA, suggestive that the Wnt-dependent effects

observed may have been mediated through these pathways' 126. This observation

implicates Wnt as a potential regulator of HSC self-renewal. When soluble Wnt3a protein

is directly added to enriched mouse bone marrow cells, a six-fold expansion of primitive

hematopoietic cells is observed and similarly when these cells are transplanted into

irradiated mice, a five-fold expansion is observedl 27. However, despite these transient

effects, Wnt ligand supplementation has not proven effective for long-term propagation

of HSCs. The cellular basis for this failing remains unclear. An important consideration

with the manipulation of elements from the Wnt p-catenin signaling pathway is the risk

of carcinogenesis 12 . Consequently, it is possible that prolonged treatment of

hematopoietic cells with molecules activating the Wnt pathway will promote their

neoplastic transformation. More studies focused on the long-term effects of continuous

activation of the Wnt canonical pathway in HSCs will be needed for a sound assessment

of whether this can be a viable approach to producing therapeutic quantities of HSCs.

Sonic Hedgehog (Shh)

The vertebrate hedgehog gene family is represented by at least three members:

Desert hedgehog (Dhh), Indian hedgehog (Ihh) and Sonic hedgehog (Shh). Shh is the

most extensively characterized vertebrate homolog, and it is involved in a wide variety of

embryonic events. It can act as a short-range, contact-dependent factor and as a long-

range, diffusible morphogen'2 9' 130

Human bone marrow cells enriched for primitive hematopoietic cells exhibits

survival of repopulating cells after a 7-day culture period when the medium is

supplemented with Shh. Moreover, the number of repopulating cells is increased

approximately 2-fold in Shh-supplemented medium. Interestingly, the BMP-4 inhibitor,

noggin, blocks the Shh-induced effects, suggesting that Shh acts via downstream BMP



signaling in this system' 31 . However, no long term expansion of HSCs induced by HSCs

has been shown.

Autonomous Pathways of Cell Division Regulation in HSCs

P2 1wafl/cipl/sdil

The cyclin dependent kinase inhibitor (CDKI), p21wafl/cipl/sdil (p2 1) is best known

functionally as a key mediator of p53-dependent checkpoint arrest in response to DNA

damaging agents' 32' 133 (Figure 1.4A). However, recent reports suggest a possible role for

p21 in homeostatic control for hematopoietic stem cell kinetics 134,135. Bone marrow cells

from p21-knockout mice exhibit a greatly reduced ability to reconstitute the

hematopoietic system of lethally irradiated recipient mice. Additionally, flow cytometry

analyses indicate that the HSC compartment of p21- knockout mice have a significantly

reduced fraction of non-cycling cells. It was, therefore, suggested that p21-deficiency

compromised the ability of HSCs to maintain a quiescent state that serves to protect the

animals from toxic injury135 . It is proposed that complete deficiency of p21 leads to

increased HSC proliferation, amplifying the size of the HSC pool under homeostatic

conditions in the mouse 135. Therefore, p21 deficiency leads to the depletion of the HSC

pool, since regulation to maintain HSCs in a quiescent state is defective. Furthermore,

down-regulation of p21 in CD34÷/CD38- human umbilical cord blood cells resulted in an

expanded stem cell number and improved stem cell function in vivo without affecting

differentiation. This observation indicated that controlled modulation of p21 may be

useful to expand HSCs ex vivo136 . Consistent with the proposal that p21 is an important

regulator of adult stem cell kinetics, p21-knockout mice exhibit an early cancer

phenotype, although with a longer latency than p53-knockouts, with 65% of the detected

tumors being hematopoietic in origin 137. As a result, direct regulation of p21 would not be

an effective strategy to expand human HSCs, especially when these expanded cells will

be used for therapeutic applications.

P53

One gene demonstrated to regulate asymmetric cell kinetics in adult stem cells is

the p53 tumor-suppressor gene9,29,30,34,35 . The p53 gene encodes a 53-kDa phospho-



protein with several functions 138. First, p53 is a transcription factor, increasing the rate of

transcription of genes that possess p53 response elements in their regulatory regions.

Examples of such genes include the growth arrest and DNA damage-inducible gadd45

gene, the apoptogenic bax genel39,140, and p21 as described above. Second, p53 inhibits

the transcriptional activation of many genes that do not contain the p53-response element

by binding to the TATA-binding protein32. Furthermore, it is believed that p53 arrests

cells in the G-1 phase of cell cycle in order to allow time for DNA repair resulting from

replication error or DNA damage. In addition, p53 promotes apoptosis to counteract the

accumulation of genetic errors and, therefore, is an important inhibitory protein in the

process leading to neoplastic transformation. Furthermore, transgenic mice lacking the

p53 gene develop cancer by 6 to 9 months of age. These observations attest to the key

role of the p53 tumor suppressor gene in preventing tumor formation 32 and its possible

role in regulating adult stem cell kinetics34' 35

P53 has been implicated as an important gene for the cell-autonomous regulation

of asymmetric cell kinetics in mammalian cells 34,35. Up-regulation of p53 by less than

50% above basal endogenous wild-type p53 levels 35' 141, induces a switch from symmetric

cell kinetics to determined cell kinetics. This observation was made using time-lapse

microscopy tracking divisions of murine embryonic fibroblasts expressing varying levels

of p5330'34'35,141. Cells were characterized as dividing with deterministic asymmetric cell

kinetics by divisions producing one continuously dividing daughter and one viable

daughter arrested in G1/S of the cell cycle'4 1 . Furthermore, restoration of wild-type p53

to basal expression levels in p53-null murine fetal fibroblasts restores determined

asymmetric cell kinetics 30. These observations were independent of cell type as the same

cell kinetic program was observed for cells in pre-senescent cultures of murine fetal and

human lung fibroblasts30,35 . Since the p53 gene is mutated in 60% of human tumors138, it

is believed that p53 regulation plays a major role in adult stem cell-targeted cancer

mechanisms.

Evidence that couples asymmetric cell kinetics and p53-dependency in HSCs is

the observation that mice with a transgenic knock-out of the p53 gene exhibit more

abundant and longer lived cobblestone islands in long-term mouse bone marrow

culture1 42. More notably, populations enriched for HSCs from p53 knockout mice have



greater engraftment potential, when transplanted into lethally irradiated hosts, as

compared to wild-type p53 expressing micel43,144. The p53-dependent ASC kinetic model

for in vitro ASC propagation and expansion predicts increased ASC number in the

absence of normal p53 expression or in the presence of exogenous nucleosides that

promote expansion of guanine ribonucleotide pools, as discussed later (Figure 1.4B).

An important consideration is whether these in vitro findings with respect to p53

are relevant to adult stem cell mechanisms in vivo. In several examined epithelial tissues,

p53 protein expression is detected in basal cells localized in regions thought to harbor

adult stem cells 145'146 . Additionally, several different lines of transgenic p53-knockout

mice have been derived with consistent early development of diverse tumors32,147-149 . This

finding is consistent with well-established ideas that increased symmetric stem cell

divisions induce elevated rates of carcinogenesis 5 °' 15'1 . DNA damage checkpoint arrest

deficiencies have been one of the rationales to account for the remarkable cancer

phenotype of these mice 152. However, consistent with the findings in these p53-knockout

mice is the observation that cells cultured from diverse tissues of p53-knockout animals

no longer senesce in culture 148,152. It is anticipated, then, that p53 is a key regulator of

HSC kinetics (Figure 1.4).

Inosine Monophosphate Dehydrogenase (IMPDH)

Subsequent investigations into the dependence of p53 in determined asymmetric

cell kinetics led to an important piece of the mechanism by which p53 expression

modulates cell kinetic symmetry. Specifically, expression of p53 causes down-regulation

of inosine monophosphate dehydrogenase (IMPDH). Although the responsible molecular

mechanisms have not been elucidated, p53 expression is associated with coordinate

down-regulation of IMPDH mRNA, protein and cellular enzymatic activity33,34. IMPDH

catalyzes the conversion of inosine monophosphate (IMP) to xanthosine monophosphate

(XMP) for guanine nucleotide biosynthesis. This enzymatic reaction is rate-determining

for the formation of the next metabolite in the pathway, guanine monophosphate (GMP),

from which all other cellular guanine nucleotides are derived. One line of evidence for

this mechanism of regulation of IMPDH by p53 is that nucleotide salvage compounds

that promote the formation of the product of the IMPDH mechanism (i.e. xanthine



monophosphate, XMP) prevent the p53-induced switch to asymmetric cell kinetics 33-35

(Figure 1.4B). Furthermore, forced expression of an IMPDH transgene prevents p53-

dependent asymmetric cell kinetics30 ', 53, suggesting that IMPDH is a rate-determining

component of the p53-dependent pathway for asymmetric cell kinetics. This invoked a

role for cellular guanine ribonucleotides in asymmetric cell kinetics control mechanisms.

Initial studies suggested that the critical guanine nucleotide(s) is a ribonucleotide(s) 34'35,

although the exact identity of the acting guanine ribonucleotide(s) and its target(s) have

not been determined (Figure 1.4B).

There are two reported impdh genes (type I and type II) in both mice and

humans' 54. Although the human type I impdh gene exhibits no growth-dependent

regulation, the type II impdh gene exhibits elevated expression in malignancies and other

highly proliferative growth states. The murine type II impdh gene mediates p53-

dependent asymmetric cell kinetics in cultured cell models30 ,33,155. Interestingly, the type

II impdh gene is a member of a recently defined set of genes whose expression is

associated with hematopoietic stem cell-enriched populations156-158,166 . Due to embryonic

lethality, type II impdh transgenic knockout mice have not yielded any additional

information on the possible role of IMPDH in adult stem cell kinetics' 59.

Besides the type II impdh gene association with HSC-enriched populations156-
158,166, there has been no direct correlations between IMPDH and HSCs documented to

date, although several studies indicate a role for IMPDH in hematopoiesis. In one study,

the human myeloid leukemia cell line (HL-60) was induced to mature when specific

inhibitors of IMPDH were administered, leading to decreased levels of guanine

ribonucleotides. This finding is consistent with the concept that the regulation of myeloid

cell maturation may be influenced by intracellular concentrations of guanine

ribonucleotides'6 0. Additionally, inhibition of IMPDH reduces the frequency of

immunoglobulin producing cells, decreasing the levels of secreted immunglobulins and

cytokines' 61. The level of IMPDH has been suggested to determine whether acute

leukemia cells proliferate (when IMPDH activity is high) or differentiate (when IMPDH

levels are low). In humans, IMPDH levels have been found to be higher in B

lymphocytes and in acute leukemia blasts' 62. Accordingly, it can be presumed that

IMPDH plays a critical role in the cell cycle kinetics of hematopoietic cells and, may



therefore be an important factor in HSC expansion since increased IMPDH activity is

observed in hematopoietic malignancies.

Autonomous pathways of cell division regulation in HSCs may be the key factors

in developing strategies to expand HSCs ex vivo. It is evident that p21, p53 and IMPDH

are important regulators in HSC kinetics. On the one hand, p21 regulation may maintain a

quiescent HSC pool, while p53 regulation promotes HSC expansion in vivo, by

decreasing the production of IMPDH. P53 may be promoting increased expression of

p21, thereby maintaining HSC pools, while downstream p53 regulation in the form of

guanine ribonucleotide production may promote HSC kinetics, as needed by the body.

Since malfunctions of p21 and p53 increase the frequency for neoplastic transformations,

regulation of these genes is not a viable therapeutic application. One method that controls

ASC kinetics, independent of direct p53 regulation is the SACK, or suppression of

asymmetric cell kinetics, method26' 28,36,37,40.

Suppression of Asymmetric Cell Kinetics (SACK) Strategy for Ex Vivo Expansion of

Adult Stem Cells

One of the methods by which adult stem cells can regulate their kinetics is

through a p53-dependent pathway that regulates de novo guanine ribonucleotide (rGNP)

production9 (Figure 1.4B). Genes involved in regulating this pathway, namely p53 and

inosine monophosphate dehydrogenase (IMPDH), were discovered in cultured cell

systems that model deterministic asymmetric stem cell kinetics, which is predicted to

occur in vivo30,31,35,38,57' 141. The development of these cultured stem cell models has

allowed the elucidation of the aforementioned genes responsible for the regulation of

adult stem cell kinetics. Specifically, it has been determined that IMPDH is a rate-

limiting mediator of p53-dependent asymmetric cell kinetics. Reduced IMPDH activity in

response to p53 expression is obligatory for p53-dependent asymmetric cell kinetics. This

experimental response is proposed to reflect a physiological response to variation in the

levels of critical guanine ribonucleotides (rGNPs) required for cell regulation33 (Figure

1.4B).

Based on these pathways, a strategy was developed for a cell kinetic method to

potentially manipulate adult stem cell kinetics ex vivo to achieve expansion 29,30 . Since



adult stem cells divide with determined asymmetric self-renewal kinetics to

simultaneously maintain the stem cell pool and to give rise to less primitive differentiated

cells, this provides a major barrier to their ex vivo expansion. Due to the asymmetric self-

renewal kinetics of ASCs, the number of ASCs during ex vivo culture is, at a minimum,

maintained. However, due to the production of progenitor cells by ASCs, the ASC

becomes diluted in the culture by the symmetrically dividing progenitor cells (Figure

1.5). Furthermore, as culture space decreases due to increased progenitor cell production,

a fraction of the cells must be passaged to a new vessel to insure continued propagation

of the culture. As a result though, there is a high likelihood that with every passage,

ASCs will be lost since they represent a small fraction of the culture. Under normal

conditions, dilution and eventual loss of ASCs through ex vivo and passage will result in

the extinction of the culture.

In order to overcome this barrier, it is proposed that regulating the adult stem cell

through intrinsic manipulation of a p53-dependent stem cell kinetic pathway to shift the

adult stem cell to symmetric kinetics facilitates the desired expansion. Under

physiological conditions, p53 regulates the activity of IMPDH and controls the guanine

nucleotide pool in dividing cells. Salvage precursors for cellular IMPDH products

(hypoxanthine, Hx; xanthosine, Xs; xanthine, Xn), convert cells dividing with

asymmetric cell kinetics into cells dividing with symmetric expansion kinetics in

culture9,33 ,'155, without interfering with wildtype p53 function. This regulation is

associated with the p53-dependent metabolic pathway in the de novo synthesis of purines

and is referred to as the suppression of asymmetric cell kinetics (SACK)9,28 .

Specifically, the SACK method has been used to derive adult rat hepatic and

cholangiocyte stem cell strains28,36,37,40 . Non-parenchyma cells taken from a perfused rat

liver were cultured under control (no Xs) and Xs supplementation. Two specific Xs-

derived strains, Lig-8 and Lig-13, exhibit Xs-dependent asymmetric cell kinetics and Xs-

dependent expression of hepatocyte-specific differentiation markers, including a-

fetoprotein (AFP), albumin, al-antitrypsin (AAT), and cholangiocyte-specific

differentiation markers, including cytokeratin 7 (CK7)2 8, respectively. Currently, the

SACK method has been used to explore the expansion of various ASCs, including human

hepatic 63, murine pancreatic '64 and hair follicle' 65 stem cells.



As a step to exploring whether the SACK approach can be applied to the

challenge of expanding human HSCs successfully, CD34+ enriched human mobilized

peripheral blood (MPB) cells were explored under varying culture conditions,

supplemented with purine nucleosides (Figure 1.4). If the SACK method is successful in

promoting symmetric expansion of human HSCs ex vivo, it may be a simple solution to a

longstanding challenge in the HSC field. However, it may be that other factors are needed

for optimal SACK-dependent effects. Additionally, SACK regulation may be a safe,

universal approach to expand other ASCs that exhibit asymmetric self-renewal kinetics

since it relies on natural purine nucleosides that already exist in the cell. Furthermore,

SACK-dependent manipulation of cell kinetics is reversible. Any method that aims to

expand HSCs ex vivo must depend on a process that is reversible in order to revert HSCs

back to their asymmetrically self-renewing state, thereby producing fully differentiated,

functional blood cells. Selective expansion of human HSCs by SACK, or any other

method, would yield increased purity of HSCs resulting in significant improvements in

research to define unique properties of HSCs and to identify exclusive markers that are

expressed on HSCs.



Figure 1.1 I Human Development. During human development, there are two
forms of stem cells: embryonic stem cell (ESC) derived from the inner cell
mass of a blastocyst and adult stem cells (ASCs) derived from various types of
adult tissue. There is interest in stem cells, in general, due to their unique
capability to produce differentiated, functional cells for the duration of a
human's life. In order for ESCs to become specialized, functional cells, they
must go through an ASC phase.

C 2001 Terese Winslow (assisted by Caitlin Duckwall)
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Figure 1.2 I Models for Adult Stem Cell Kinetics (ASCs) in a tissue turnover unit.
Stochastic cell kinetic models invokes that Ai) a pool of quiescent ASCs can produce
Aii) two or Aiii) zero ASCs with zero or two non-stem cell sisters, respectively.
Deterministic cell kinetic model invokes that tissue units are derived by a Bi) small
number of quiescent ASCs that can divide with Bii) determined asymmetric cell
kinetics or Biii) can be regulated to divide with symmetric ASC kinetics for tissue
repair and adult maturation. Depending on tissue types, a transient amplifying cell
(TC) commits to a different fate.



Figure 1.3 I Hematopoiesis Lineage Map. Hematopoiesis comprises the
generation of mature, differentiated blood cells from long-term hematopoietic
stem cells (HSCs). HSCs give rise to the common myeloid progenitor (CMP)
that gives rise to erythrocytes, megakaryocytes, macrophages and various
granulocytes and, in addition, HSCs give rise to the common lymphoid
progenitor (CLP), from which, natural killer cells, T and B cell lymphocytes
arise. Hematopoiesis, from the primitive HSC to the mature myeloid or
lymphoid cell, is a highly regulated process, controlled by growth factors and
cytokines.

© 2001 Terese Winslow (assisted by Lydia Kibiuk)
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Figure 1.4 I Potential Autonomous Pathways of Cell Division Regulation in
HSCs. A) Relationship between IMPDH and mediators of p53-dependent
asymmetric cell kinetics. The left branch of the flow diagram depicts IMPDH in
its role as a rate-determining mediator of p53-dependent growth suppression in the
absence of cellular damage. Reduced IMPDH activity in response to p53
expression is obligatory for p53-dedpendent asymmetric cell kinetics. This reflects
a physiological response to variation in the levels of critical guanine
ribonucleotides (rGNPs) required for cell regulation. B) Suppression of
asymmetric cell kinetics (SACK) is based on a p53-dependent pathway that
regulates guanine ribonucleotide biosynthesis. P53 inhibits the production of
inosine monophosphate dehydrogenase (IMPDH), the rate limiting enzyme in the
conversion of inosine monophosphate (IMP) to xanthosine monophosphate
(XMP), which regulates guanine nucleotide biosynthesis. This pathway can be
modulated, independent of p53 regulation, by regulating salvage pathways
induced by hypoxanthine, xanthosine, and xanthine.
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Figure 1.5 Suppression of Asymmetric Cell Kinetics - A Solution to
Overcoming the Hematopoietic Stem Cell (HSC) Kinetic Barrier. HSCs
divide with asymmetric self-renewal cell kinetics to give rise to 2 daughter cells,
one of which is an HSC and the other is a hematopoietic progenitor cell (HPC)
The HPC divides to give rise to differentiated, functional blood cells. As the
culture continues, the HSC will become diluted with increasing HPC
proliferation and differentiation and, eventually lost with consequent passaging.
One potential solution to overcome this kinetic barrier is to promote suppression
of asymmetric cell kinetics (SACK) that would yield symmetric expansion of
HSCs. In this state, the proliferation and number of HPCs would be suppressed.
In order for this solution to be useful, it must reversible, so that once SACK
regulation is withdrawn, the expanded HSCs can revert back to their
asymmetrically cycling state to give rise to differentiated and functional blood
cells.
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Chapter 2

Ex Vivo Culture and Characterization of SACK Effects on CD34 +

Mobilized Peripheral Blood Cells Supplemented with Conventional
Growth Factor Cocktail

(Phase I)

Rationale

The first attempts to expand HSCs ex vivo by others focused on the use of varied

cocktails of hematopoietic growth factors and cytokines. Many of these cytokines are

produced locally in the bone marrow microenvironment by stromal cells, suggesting that

they may be useful for promoting HSC expansion ex vivo. Through many trials, it was

found that populations harboring human HSCs (i.e. CD34 +) are induced to proliferate in

cytokine cocktails including Flt3 ligand (Flt3L), thrombopoietin (TPO), stem cell factor

(SCF), interleukin-3 (IL-3) and interleukin-6 (IL-6)1-3. However, it has been shown that

these hematopoietic cytokines single-handedly do not promote the symmetric expansion

of ex vivo HSCs4,5 . While it may be true that specific hematopoietic growth factors or

cytokines promote survival of HSCs, they appear more active in promoting lineage

commitment and differentiation than HSC expansion. As a result, ex vivo cultured

hematopoietic cells supplemented with growth factors results in a highly impure HSC

population 3' 6"7, risking eventual loss of HSCs. Figure 2.1 provides a theoretical model of

the outcomes predicted for these different type of cytokine specificity for HSCs and

HPCs. If on the other hand, both HSC and HPC expansion were induced, then the

fraction of HSCs in the population would not change, relative to HPCs in the culture

(Figure 2.1B). Although both HSC and HPC expansion would be advantageous for

therapeutic applications, due to the contamination of HPCs in the culture, in vitro

characterization and detection of HSCs would remain difficult. Moreover, if only HSC

expansion were promoted, then the fraction of HSCs would increase exponentially as a

function of generation time (GT; Figure 2.1C). Although exhaustive studies of multiple

cytokine and growth factor combinations have not yielded conditions that result in HSC-

specific expansion, the extensive proliferation of cells suggests that these factors may

promote HPC proliferation and differentiation, but not HSC expansion.



The first attempts in this research to investigate specific SACK-effects in the

culturing of CD34+ enriched mobilized peripheral blood (MPB) cells were attempted

under medium supplementation with the following growth factor (GF) cocktail: Flt3

ligand, TPO, SCF, IL-3, and IL-6. MPB was used as a source due to its availability and

clinical advantages, including rapid hematological recovery and relative ease in

recovering cells for autologous or allogeneic transplants8 . CD34 + and CD133 + were used

as in vitro metrics of HSCs, since HSCs express both CD34 and CD133. CD34 is a 110

kDa (kiloDalton) heavily glycosylated, single chain transmembrane glycoprotein that is

expressed on hematopoietic stem cells 9. CD133 is a 120 kDa, glycosylated protein

containing five transmembrane domains which recognizes a subset of CD34 + human

HSCs'0o 11. CD133 provides an alternative to CD34 for HSC selection and ex vivo

expansion2. Although both CD34 and CD133 are expressed on HSCs, they are expressed

on both hematopoieticl316 and non-hematopoietic lineage-committed progenitor cells' 7'18

The lack of specificity of CD34 and CD133 for HSCs represents one of the shortcomings

in the HSC field. Despite the specificity, most clinical and experimental protocols

including ex vivo culture, gene therapy, and HSC transplantation are currently designed

for cell populations enriched for CD34 + or CD133 + cells 8,16,19-22.

If SACK regulation promotes symmetric expansion of HSCs, then it would be

expected that there would be a net production of SACK-dependent CD34 + and CD133 +

(as modeled in Figure 2.1C). SACK studies were performed using the following purine

nucleotides (i.e. SACK-agents): hypoxanthine (Hx), xanthine (Xn), xanthosine (Xs), and

XHX (an equal mixture of Xn, Hx, and Xs). XHX was studied in order to determine

whether enhancement of guanine ribonucleotide production would result in SACK-

dependent production of de novo CD34 + and CD133 + cells.



Material & Methods

Experimental Design

Figure 2.2 diagrams the general strategy applied for Phase I studies.

Collection of Human CD34 + Mobilized Peripheral Blood Cells (MPBs)

Human CD34÷ mobilized peripheral blood (MPB) cells were obtained from

Cambrex Biosciences (Walkersville, MD). Briefly, donors are recruited and screened by

Cambrex using IRB approved procedures. The donors are evaluated for good health by

trained medical personnel and administered G-CSF (granulocyte-colony stimulating

factor, Neupogen®) at a medical facility. The dose of Neupogen® was 7.5[jg/kg body

weight/day injected subcutaneously. Neupogen® was administered daily for four

consecutive days, followed by apheresis on day 5. Mobilized peripheral blood (MPB)

mononuclear cells (MNCs) were collected by a single apheresis using a Cobe® SpectraTM

apheresis machine (Gambro BCT, Inc, Lakewood, CO). Mononuclear cells were obtained

through Ficoll-Paque density gradient fractionation (GE Healthcare, Piscataway, NJ) and

immuno-magnetically selected using MACS® (Miltenyi Biotech, Auburn, CA) for

CD34 + cells. CD34 + MPB cells were frozen at a concentration of 106 cells per vial. All

ampules were maintained in liquid nitrogen until used for experiments. Although donors

were tested free of HIV, Hepatitis B and C, cells were treated as potentially infectious,

per supplier's recommendations.

Preparation of Cytokines and Growth Factors

Recombinant human thrombopoietin (TPO), stem cell factor (SCF), fetal liver

tyrosine kinase ligand (Flt3 Ligand), interleukin-3 (IL-3), and interleukin-6 (IL-6) were

all purchased from R&D Systems (Minneapolis, MN). Each individual lyophilized factor

was suspended in 1% human serum albumin in phosphate buffered saline (1% HSA/PBS)

and stored as aliquots for not more than 6 months at -800 C.

Culture of Human CD34 ÷ Mobilized Peripheral Blood Cells (MPBs)

Cell vials taken from liquid nitrogen were thawed per manufacturer's instructions.

Briefly, warm HPGM (Hematopoietic Progenitor Growth Medium; Cambrex



Biosciences, Walkersville, MD) was added drop wise to cells to slowly diffuse out

intracellular dimethylsulfoxide (DMSO). After two rounds of HPGM washes and

centrifugations, post-thaw viability and cell count was determined using trypan blue

exclusion dye on a hemacytometer. At least 10% of the sample volume was counted

using a standard hemacytometer (Hausser Scientific, Horsham, PA) and diluted with the

same volume of trypan blue (0.04% in PBS; Sigma, St Louis, MO). Cell concentrations

were calculated by taking the average from each 1mm 2 areas counted and multiplying it

by the dilution factor and 104. Accordingly, 105 viable cells per ml were plated into each

well of a 24-well plate and cultured in serum-free HPGM supplemented with cytokines

and growth factors (50ng/ml TPO; 25ng/ml SCF; 50ng/ml Flt3 Ligand; 20ng/ml IL-3;

20ng/ml IL-6). Furthermore, cultures were supplemented with SACK-agents xanthine

(Xn, Sigma, St. Louis, MO) hypoxanthine (Hx, , Sigma, St. Louis, MO), xanthosine (Xs,

Sigma, St. Louis, MO) and an equal mixture of Xn, Hx, and Xs (XHX) at varying

concentrations from OtiM to 10[tM. SACK-agents were prepared as 20mM stock

concentrations, suspended in 10mls of 125mM sodium hydroxide (NaOH). SACK-free,

negative controls were dosed with the exact volume of NaOH, as that of each respective

SACK-treated condition.

Flow Cytometry

Cultured and uncultured cells were analyzed for human HSC-associated markers,

CD34 (BD Biosciences, Franklin Lakes, NJ) and CD133 (Miltenyi Biotech, Auburn,

CA). All samples were analyzed using one or two-color flow cytometry with non-specific

mouse IgG proteins (Caltag, Burlingame, CA) as negative controls. For each flow

cytometry evaluation, a minimum of 10s cells were stained and at least 10,000 events

were collected and analyzed. Cells were collected and blocked using FACS (fluorescent

activated cell sorting) Buffer (IX phosphate buffered saline; PBS, 3% fetal bovine serum,

0.1% sodium azide). After centrifugation and decanting of the buffer, 5[tg of each

phycoerythrin (PE)-conjugated antibody was added to cells in 100ýpl FACS Buffer,

followed by incubation for 30 minute at 40 C in the dark. After incubation, FACS buffer

was again added to bind free, unbound antibody in the solution. After another

centrifugation and decanting, the cells were placed in fixative (2% paraformaldehyde,



PFA) to cross-link specifically plasma membrane glycoproteins. After 24 hours

incubation in the dark at 40 C, flow cytometry analysis was performed using a

FACSCaliburTM flow cytometer (Becton, Dickinson and Company, BD, Mountain View,

CA). Data were analyzed using FlowJo software (Tree Star, Inc., San Carlos, CA).

Cell Kinetic Evaluation

All cultured cells were analyzed for cell number and percent viability using a

hemacytometer. At least 10% of the sample volume was counted, diluted 1:1 with the

same volume of trypan blue to account for viable and dead cells. Percent viability was

determined by taking the ratio of the viable cells counted and the total cells counted.

SACK-dependent CD34 + and CD133 + cell production were calculated by taking the

product of the viable cells and the fraction of viable cells that express each respective

marker.

Statistical Analyses

Individual assays (i.e., wells) were averaged across 1-10 experiments. Statistical

evaluations of differences between SACK-dependent and control cultures were

performed using one-group Student t-test (Statview, SAS Institute Cary, NC), or

otherwise noted. Differences were considered statistically significant at p<0.05.

Results

CD34÷ MPB cells were stained for CD34 and CD133 marker expression and

analyzed using flow cytometry for all experiments. A representative FACS profile

exhibits the post-thaw expression of CD34 and CD133 to be -99% (Figure 2.3 blue line)

and -86% (Figure 2.3 red line), respectively, when the cells are gated from the live,

lymphocyte gate (R1; Figure 2.3A). After 5 days of culture in GF cocktail, a

representative flow diagram for control (R2), 1mM Hx (R3), and ImM XHX (R4)

conditions shows that the cells have higher side scatter (SSC; Figure 2.3B-D).

Additionally, cells gated from each respective scatter profile show that 70%-80% of the

cells remain CD34÷ for control (Figure 2.3B), ImM Hx (Figure 2.3C) and ImM XHX

(Figure 2.3D).. However, after 5 days of culture, the fraction of cells expressing CD133



falls to -10% in control conditions (Figure 2.3B, red line), but -20% in lmM Hx and

1mM XHX conditions (Figure 2.3C-D).

In order to investigate the possible effects of SACK-agents in increasing the

number of CD34+ and CD133 + cells produced, Hx, Xn, Xs and XHX were all

investigated at varying concentrations. Representative FACS profiles are shown for

control, 1mM Hx, and ImM XHX conditions (Figure 2.3B-D). With GF cocktail

supplementation, a range of concentrations from ImM - 10mM for Hx were investigated,

along with 1mM concentrations of Xn, Xs, and XHX. CD34+ MPB cells cultured under

these conditions at varying SACK-agent doses exhibited toxicity at the 3mM and 10mM

concentrations of Hx, as percent viability was reduced by 14% and 21%, respectively,

relative to SACK-free controls (Figure 2.4A). However, the ImM concentrations of Hx,

Xn, Xs, and XHX exhibited no toxicity. These same conditions exhibited a 41% and 51%

reduction in viable cells (relative to controls) with 1mM Hx and 1mM XHX ,

respectively (p<0.0001 and p=0.0012, respectively; Figure 2.4B). The observed

reduction is not due to detectable toxicity-induced effects (Figure 2.4A). Additionally,

cells in lmM Xs conditions give rise to a reduction in viable cells. However, the

confidence for this effect is low (p=0.06; Figure 2.4C).

Culture of CD34 + MPB cells in 1mM Hx-supplemented medium, resulted in a

1.5-fold increase in the frequency of cells that express CD133 (p<0.0001; figure 2.4C).

Cells cultured with 1mM XHX exhibit a 1.7-fold increase in the frequency of CD133 +

cells (p=0.04; Figure 2.4C). No statistically significant effects were observed for CD34 +

cells (Figure 2.4C). With respect to the total number of CD34 + and CD133+ cells that are

estimated, no significant changes due to purine supplementation were observed (Figure

2.4D).

Since ImM Hx and ImM XHX cultured cells gave rise to a statistically

significant reduction in viable cells and, simultaneously, yielded an increase in the

fraction of cells that expressed CD133, titrations were performed from a concentration

range of OmM - 2mM Hx, to determine an optimum dose to detect significant SACK-

dependent increases in CD34+ and/or CD133 + cell populations. The range of OmM -

2mM Hx was investigated, since it was evident that 3mM Hx was already at a toxic level

for CD34 + MPB cells (Figure 2.4A). Indeed, this range of concentrations did not show



toxicity (Figure 2.5A). It was evident that there existed a dose-dependent reduction in

viable cells with increasing Hx concentration that was not due to cell death (Figure 2.5B).

Additionally, with increasing Hx concentration, a dose-dependent increase in the fraction

of cells that express CD133 was observed, whereas there was no dependence observed

with respect to CD34 ÷ cells (Figure 2.5C). Yet again, with respect to untreated controls,

no detectable changes in the absolute number of Hx-dependent CD34 ÷ or CD133 ÷ cells

was observed. However, the absolute numbers of CD34 ÷ cells decreased with increasing

Hx concentration (Figure 2.5D).

Discussion

CD34 ÷ MPB cells supplemented with a GF cocktail and cultured for 5 days with

SACK-agents Hx, Xs, Xn, and XHX under varying concentrations results in specific

effects on both cell kinetic parameters and the population fraction of cells expressing

CD34 and CD133. From initial examination, it is evident that after 5 days of culture, the

size and surface granularity of all studied cells increased as determined from the side

scatter and the forward scatter properties, respectively (compare Figure 2.3B-D to Figure

2.3A). Additionally, control cells cultured for 5 days showed a 10- to 15-fold increase in

viable cell number (see Chapter 3, Figure 3.4B). These changes indicate the appearance

of differentiated hematopoietic cells. During this period of culture, for both untreated and

treated (1mM Hx and ImM XHX), frequency of CD34 ÷ cells are reduced to -70%, a

marked reduction from the starting population expressing -99% (Figure 2.3A-D).

However, no Hx- or XHX-effects were observed with respect to the frequency and

absolute number of CD34 + cells.

On the other hand, culturing of untreated CD34÷ MPB cells resulted in a

significant reduction in the frequency of CD133 ÷ cells from -86% to -10% (Figure 2.3A,

B). The presence of Hx and the combination XHX resulted in a similar overall reduction

(Figure 2.3C, D). However, compared to untreated controls, a significant increase of 1.5-

fold and 1.7-fild was observed in the frequency of CD 133 + cell cultured in Hx and XHX-

supplemented conditions, respectively (Figure 2.3C, D; Figure 2.4C; Figure 2.5C).

However, no significant effects were detected in the absolute number of CD133k cells

with Hx and XHX culture (Figure 2.4D; Figure 2.5D).



Although CD34 and CD133 have both been implicated to be expressed on

HSCs 12,23, they exhibit contradicting effects once CD34 + MPB cells are cultured. On the

one hand, the frequency of CD34 + remains high after being cultured, whereas the

frequency of CD133 + cells declines significantly. The observed difference in their

expression is consistent with the fact that they are not exclusively expressed on HSCs,

but are found to be expressed on HPCs, as well 13 '16 . Due to the extensive promotion of

proliferation and differentiation of HPCs induced by hematopoietic growth factors and

cytokines (i.e. GF cocktail) 3, the majority of cells after 5 days of culture are

differentiated progenitor cells. The increase in cell size observed in Figure 2.3 (A vs. B)

is consistent that HPC differentiation has occurred, since hematopoietic cells increase in

size as they differentiate. Although both CD34 and CD133 are not uniquely expressed on

HSCs, it is evident that CD133 is a more specific marker for HSCs than CD34, since the

frequency of cells expressing CD133 declines 4- to 8-fold compared with 1.2- to 1.4-fold

decrease in cells expressing CD34 (Figure 2.3). Consequently, since CD34 and CD133

are expressed at high and low levels, respectively, in cell populations consisting of

differentiating HPCs, it is consistent with the observation that CD133 is a more specific

marker for HSCs than CD3412,15,23,24

1mM concentrations of Hx or the combination, XHX, resulted in a 41% and 51%

respective reduction in viable cells in the population (p<0.0001 and p=0.0012,

respectively; Figure 2.4B). This effect is not due to cell death and loss as a result of

toxicity, since: the ImM Hx and XHX concentrations exhibit no evidence of toxic effects

(Figure 2.4A). In contrast, higher concentrations of Hx at 3mM and 10mM show clear

effects of toxicity (Figure 2.4A). The observed Hx- and XHX-dependent reduction in

viable cell number, suggested that Hx and XHX, specifically, might induce suppression

in the production of hematopoietic progenitor cells (HPCs), by promoting symmetric

expansion of HSCs (which de facto prevents HPC production), or they might

independently suppress HPC proliferation. Supplementation of CD34 + MPB cells with

Hx and XHX resulted in a 1.5-fold and 1.7-fold increase, respectively, in the fraction of

cells expressing CD133 (p<0.0001 & p=0.002, respectively; Figure 2.4C). This observed

Hx- and XHX-dependent increase in the fraction of CD133 + cells suggested that either

simple enrichment of CD133+ cells has taken place due to selective suppression of HPC



proliferation or that HSCs were expanded. As predicted, if SACK promoted symmetric

expansion of HSCs, then the number of hematopoietic progenitor cells would be expected

to decrease as the fraction of CD133 ÷ HSCs increases. No significant effects were

observed in the fraction of cells expressing CD34 in SACK-treated cultures.

Although the SACK-effects observed with CD133 expression could be due to

expansion in CD133÷ HSCs or better enrichment of SACK-dependent CD133÷ cells,

there is another explanation. CD34÷ MPB cells cultured with Hx and XHX may increase

the level of CD133 expression on each cell. However, this justification could be partly

supported by a shift in the CD133 histogram with SACK-supplementation (Figure 2.3).

However, no detectable shift is observed accounting for greater CD133 receptor

expression as a response to SACK culture.

These effects of SACK-agents did not result in a SACK-dependent production of

CD133 ÷ or CD34÷ cells (Figure 2.4D; Figure 2.5D). There could be several reasons for

this outcome. On the one hand, culturing CD34÷ MPB cells for 5 days in a GF cocktail

with Hx- and XHX-supplementation gives rise to extensive proliferation of HPCs. This

effect reduced the sensitivity for detecting changes in CD133 ÷ and CD34 ÷ cell number

related specifically to HSCs, because of the lack of exclusive detection. On the other

hand, the optimal concentration of Hx and XHX may have not been tested. In order to

investigate the latter, Hx was titrated at concentrations ranging from OmM - 2mM. As

determined from trypan blue exclusion, this range of concentrations exhibited no toxicity

(Figure 2.5A). A dose-dependent reduction in the viable cells was observed with

increasing Hx concentrations (Figure 2.5B). As discussed earlier, this observation

suggested that the proliferation of HPCs might be suppressed with increasing Hx

concentration, since this reduction was not due to toxic effects of Hx (Figure 2.5A-B). A

dose-dependent increase in the frequency of CD133÷ cells was observed with increasing

Hx concentration (Figure 2.5C). These observations together suggest that either Hx-

supplementation selectively enriches for CD133 + cells by directly reducing HPC

production or, alternatively, that a population of CD133 ÷ HSCs may be promoted to

symmetrically expand. Again, as in the initial studies (Figure 3.4), these effects with Hx

did not translate into an increased number of CD34÷ or CD133+ cells, as compared to

control cultures (Figure 2.5D).



Conclusion

From these Phase I GF cocktail supplemented experiments, it was evident that Hx

and XHX yielded significant reduction in viable cell number and increased the frequency

of cells that expressed CD133 +. These effects were suggestive of SACK-dependent

effects on a population of CD133 + HSCs. It is also evident that CD34 was not a useful

marker for these analyses, since after 5 days of extensive proliferation, the majority of the

cells still express CD34. Since HSC function is known to be dramatically reduced3 , CD34

was not used in subsequent studies. Although investigations into the optimal

concentrations of Hx did not yield an absolute increase in CD133 + cells, they did confirm

that the lmM concentration is a good concentration to use in future experiments. The

significant cell kinetic and CD133 + cell fraction effects observed with Hx- and XHX-

dependent cultures was difficult to interpret, since the sensitivity for detecting any

changes in CD133 + cells was not ideal, due to extensive proliferation of HPCs under GF

cocktail supplemented conditions. Therefore, studies in Phase II experiments will focus

on increasing the sensitivity for detecting SACK-dependent effects in cultured CD34 +

MPB cells.
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Figure 2.1 1 Theoretical Effects of Cytokines on Different Cell Type
Specificity on Hematopoietic Stem Cell (HSC) Population Fraction. Due to
the heterogeneity in current HSC CD34 + enriched populations, the following
kinetic models propose various cell-specific effects on the theoretical fraction of
HSCs. A) Exclusive induction of hematopoietic progenitor cell (HPC) expansion
results in exponential dilution in the fraction of HSCs in the population. B)
Induced proliferation of both HSCs and HPCs, at equal efficiency, maintains the
relative frequency of HSCs, although HSC numbers increase. Although
potentially advantageous for clinical applications, lack of in vitro specificity to
track HSCs is problematic. C) Exclusive promotion of HSC expansion in an
environment where HPC proliferation is suppressed results in exponential
increase in the theoretical fraction and absolute number of HSCs.



Experimental Design - Phase I
Growth Factor (GF) Cocktail Experiments

GF Cocktail* (5 Days) O OO0 1

+ SACK Agents 1
Hx, Xn, Xs, or XHX Harvest

In vitro Characterization
a) FACS - HSC-Associated Markers (CD34+ & CD133+)
b) Cell Kinetics -4 Cell Number, % Viability

* GF Cocktail consists of SCF, TPO, Fit-3 ligand, IL-3, IL-6

Figure 2.2 I Experimental Design of Phase I, Growth Factor (GF) Cocktail
Supplemented Studies. CD34+ mobilized peripheral blood (MPB) cells were
cultured for 5 days in serum-free HPGM (Hematopoietic Progenitor Growth
Medium) supplemented with 50ng/ml Flt3 ligand, 50 ng/ml TPO, 25 ng/ml SCF,
20 ng/ml IL-3, and 20 ng/ml IL-6. CD34 + MPB cells were cultured
supplemented with hypoxanthine (Hx), xanthine (Xn), xanthosine (Xs) and an
equal mixture of Xn, Hx, Xs (XHX). SACK-free, negative controls were not
supplemented with purines. Cells were cultured for 5 days, harvested and
quantified for CD34+ & CD133+ cell fraction and cell kinetics.
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Figure 2.3 I Representative FACS Profiles of Uncultured (Day 0) and Cultured (Day 5)
CD34 + Mobilized Peripheral Blood (MPB) Cells in GF Cocktail. Fluorescent-activated
cell sorting (FACS) profiles exhibiting expression patterns of IgGl-PE (black; isotype
control), CD133-PE (red) and CD34-PE (blue) gated from the live, lymphocyte-sized fraction
A) R1, for uncultured, day 0 cells, B) R2, day 5 cultured SACK-free controls, c) R3, day 5 Hx
(1mM) cultured cells, and D) R4, day 5 XHX (1mM) culture cells. Scatter profiles represent
side (SSC) vs. forward (FSC) scatter. Histograms represent the fluorescent profiles for
various PE-coniugated antibodies.
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Figure 2.4 I SACK-Dependent Effects on CD34 + Mobilized Peripheral Blood
(MPB) Cells Cultured for 5 Days with GF Cocktail Supplementation. Various
SACK-agents were cultured at varying doses (including hypoxanthine [Hx], xanthosine
[Xs], xanthine [Xn], and an equal mixture of Xs, Hx, and Xs [XHX]), in addition to
SACK-free controls and investigated for SACK-dependent effects on the relative (to
control) A) percent viability , B) total viable cell number, C) CD34+ and CD133+ cell
fraction and D) absolute CD34+ and CD133 + cell number. Error bars = standard
deviation for n individual assays. n = number individual assays, in general, performed in
replicates of 2. Dashed (yellow) line represents the normalized control.

* p<0.0001, ** p=0.0012, *** p=0.002 for student's t-test for differences versus control.
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Figure 2.5 I Titration of Hx Concentration for Cell Kinetics Effects on CD34+

Mobilized Peripheral Blood (MPB) Cells Cultured for 5 Days in GF Cocktail
Supplementation. A titration of hypoxanthine (Hx) in the indicated range was
investigated for Hx-dependent effects on the relative (to control) A) percent viability , B)

viable cells, C) CD34+ and CD133 + cell fraction and D) absolute CD34 + and CD133+ cell
number. Error bars = standard deviation for n individual assays. n = number individual
assays, in general, performed in replicates of 2. Dashed (yellow) line represents the
normalized control.
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Chapter 3

Ex vivo Culture and Characterization of SACK Effects on CD34+

Mobilized Peripheral Blood Cells in Growth Factor Starved Conditions
(Phase II)

Rationale

Hematopoietic growth factors and cytokines (i.e., GF cocktail) promote extensive

proliferation of committed hematopoietic progenitor cells (HPCs). As a result, although it

was possible to detect SACK-dependent effects on cell number and CD133 frequency,

the greater variance in the responses of HPCs made it difficult to evaluate the potential

SACK-effects on HSCs. There are two major reasons for this. First, the markers CD133

and CD34 are not uniquely expressed on HSCs. From Phase I experiments (Chapter 2),

there was evidence that suggests that CD133 was a relatively more specific HSC-

associated marker than CD34. The observation that CD133 might be a more specific

HSC-associated marker than CD34 has been also suggested in literature "6 . Second, as a

result of the low specificity of in vitro markers for HSCs, low sensitivity for detecting

HSCs was observed. In order to increase the in vitro sensitivity for detecting HSCs, the

effect of growth factor starvation on HPC proliferation was evaluated. Previous studies in

this laboratory indicated that some types of ASCs were relatively insensitive to removal

of growth factors required by committed progenitor cells for proliferation. Specifically,

rat hepatocyte and cholangiocyte adult stem cells derived by the SACK method were able

to grow in a reduced growth factor environment'. The reason for their reduced

dependency on growth factors was unclear, but it provided a strategy for selective

repression of HPC proliferation. Additionally, it has been proposed that hematopoietic

progenitor cells in vivo may negatively regulate HSC growth and expansion. Therefore,

the presence of HPCs in a heterogeneous cell population such as CD34 + MPBs may

prohibit HSC expansion ex vivo 8. Consequently, culture of CD34+ MPBs in GF starved

conditions was evaluated as a means to increase sensitivity for detecting SACK-

dependent effects on CD133 + HSCs and simultaneously allowing for greater potential

SACK-dependent HSC expansion as a result of reducing repressive effects of

proliferating HPCs.



Materials & Methods

Experimental Method

CD34' MPBs were thawed and treated as previously described (Material &

Methods, Chapter 2). CD34 ÷ cells were counted using a hemacytometer and the

percentage of viable cells was determined using trypan blue dye exclusion. CD34 + MPB

cells were suspended in batch at a concentration of 105 CD34+ MPBs per milliliter

HPGM. The cells were then split into various conditions for controls and SACK-agents,

Hx and XHX, both at a 1mM concentration. SACK agents were dissolved in 125mM

sodium hydroxide at a stock concentration of 20mM. Control medium received the same

volume of 125mM sodium hydroxide used for each respective SACK condition. CD34 ÷

MPB cells were then seeded at a density of 105 cells per ml per well of a 24 well plate.

Two wells were pooled for each analysis and each condition was evaluated with at least

two replicates. For flow cytometry analysis, at least 10,000 CD34÷ MPB cells were

stained and analyzed for selected markers, as described previously (Material & Methods,

Chapter 2). Cells were cultured at 370 C in a 5% CO 2 humidified incubator for 5 days

unless noted otherwise. At the end of the culture period, cells were harvested by

repeatedly pipeting contents of each well. For each well, viable cell number and percent

viability was determined using hemacytometer counting with trypan blue exclusion dye.

In addition, cells were stained and analyzed for CD34 and CD133, using flow cytometry.

An isotype control antibody was used as a negative control for each marker antibody

analyzed (Figure 3.1).

Propidium Iodide Exclusion Assay

Cultured cells were harvested and stained with 5jtg/ml (final concentration)

propidium iodide for 30 minutes at 370 C. Cells were immediately put on ice and analyzed

for PI fluorescence using a FACSCaliburTM flow cytometer (Becton, Dickinson and

Company, BE), Mountain View, CA). Data were analyzed using FlowJo software (Tree

Star, Inc., San Carlos, CA).



Results

In order to verify that cultured cells can be technically distinguished based on cell

viability, initial flow cytometry analyses were performed staining cells with propidium

iodide (PI), a fluorescent stain for nucleic acids. Cell membrane integrity excludes PI

from staining viable cells; therefore, viable cells exhibit no PI fluorescence. Figure 3.2

exhibits representative flow cytometry analyses of cultured cells stained with PI. Indeed,

PI staining discriminated between live and dead cells. Cells cultured without growth

factors (GF) for 5 days exhibit a distinct population in the flow scatter profile (total cells

and Rl; Figure 3.2A). When the total cell population (no gate) was analyzed for PI

fluorescence, cells positive and negative for PI were observed (Figure 3.2B). However,

when cells only in R1 were analyzed for PI fluorescence, it was evident that R1 gated

cells in the flow scatter profile represented the viable cell population since they were

negative for PI fluorescence (Figure 3.2C). In addition, a correlation for percent viability

as determined from flow cytometry analyses and trypan blue exclusion exhibits strong

association (r2 = 0.95; Figure 3.2D). These results together suggest that viable and non-

viable cells can be distinguished with precision.

CD34' MPB cells cultured without growth factors (GF) for 5 days exhibited an

enrichment of CD133 + cells (Figure 3.3). Uncultured CD34 + MPB cells (Figure 3.3A),

exhibited two distinct CD133 ÷ cell populations. After 5 days of culture, the highest

expressing CD133 + cells had either become CD133- or decreased their expression of

CD133 ÷ (Figure 3.3B-D). When compared to GF cocktail supplemented cultures

(Chapter 2, Figure 2.3), where the fraction of CD133 ÷ cells represented -10%-20% of

day 5 culture, with GF starved conditions, CD133 ÷ cells comprised -40%-70% of the

culture, depending on SACK-culture (Figure 3.3B-D).

CD34÷ MPB cells cultured without GFs exhibited an overall reduction in viable

cell number after 5 days of culture (Figure 3.4A), as predicted. The number of viable

cells found after 5 days of culture was significantly less than that of the starting

population of 105 CD34÷ MPB cells. The viable cell number ranged from 35,000 to

60,000 cells, depending on the SACK culture (Figure 3.4A).

On the other hand, CD34 ÷ MPB cells cultured with GF cocktail supplementation

conditions resulted in an overall 10- to 15-fold increase in viable cells after 5 days of



culture (compare Figure 3.4A to 3.4B at 5 days). Moreover, Hx- and XHX-dependent

cultures exhibited a higher frequency of cells that expressed CD133. Approximately 40%

of control cells expressed CD133, whereas approximately 65% of both Hx- and XHX-

supplemented cells expressed CD133 (Figure 3.4C). When compared to the same SACK

conditions supplemented with GF cocktail, the frequency of cells expressing CD133

declined from 85% to 10%-20% depending on the SACK-supplementation (Figure 3.4D).

However, enrichment of CD133 ÷ cells due to selective loss of HPCs could be ruled out as

an explanation for the increased CD133 ÷ expressing cells in GF starved conditions, since

an overall net production of total cells was observed (Figure 3.4E).

A summary of the results obtained by culturing CD34 ÷ MPB cells in a growth

factor starved condition revealed that Hx and XHX promoted 1.9-fold (p<0.0001) and

2.1-fold (p=0.0054) respective increase in percent viability, compared to the control

SACK-free conditions (Figure 3.5A). This effect translated into a 1.6-fold (p<0.0001)

and 1.7-fold (p=0.0058) increase in viable cells in Hx- and XHX-supplemented

conditions, respectively, compared to SACK-free conditions (Figure 3.5B). Moreover,

Hx- and XHX-cultured cells exhibited a 1.4-fold (p<0.0001) and 1.6-fold (p=0.0001)

increase in the frequency of cells that express CD133, respectively, compared to control

cultures (Figure 3.5C). Finally, for the first time, the culture of CD34 ÷ MPB cells in Hx-

and XHX-supplemented cultures resulted in a 2.3- (p<0.0001) and 2.8-fold (p=0.0044)

increase in the number of CD133 ÷ cells as compared to control SACK-free conditions

(Figure 3.5D).

In an attempt to enhance the Hx- and XHX-dependent effects on CD133÷ cell

production, CD34 ÷ MPB cells were cultured for longer time periods, specifically 8 and

14 days. Culturing CD34÷ MPB cells for 8 days in Hx- and XHX-supplemented medium

resulted in 3.4-fold (p=0.006) and 6.4-fold (p=0.0269) increase in the number of Hx- and

XHX-dependent CD133 ÷ cells, respectively, compared to control unsupplemented

cultures (Figure 3.6A). Although cells cultured for 8 days exhibited greater fold CD133÷

cells, day 8 cultures didn't result in more CD133k cells than day 5 cultures (Figure 3.6B).

A potential reason for less CD133 ÷ cells at day 8 compared to day 5 could be lack of

viability in cultures. In fact, CD34÷ MPB cells cultured for more than 8 days resulted in

low viability and low cell numbers (data not shown).



Discussion

In order to increase sensitivity for detecting SACK-dependent effects on the

production CD133 + cells, CD34+ MPB cells were cultured in GF starved conditions for 5,

8, and 14 days. This approach may promote selective expansion of HSCs if they, like

other reported ASCs, have a low GF requirement for SACK-induced proliferation7. In

addition, the suppression of HPC growth caused by their GF-dependency may reduce

HPC produced factors that repress HSC division. Cells cultured for 14 days in GF starved

conditions exhibited prohibitive viability (data not shown). However, CD34+ MPB cells

cultured for 5 and 8 days exhibited specific SACK-dependent effects. After 5 days of

culture, both Hx and XHX promoted increased cell viability relative to control conditions

(Figure 3.5A), translating into a significant increase in viable cells produced with Hx-

and XHX-supplementation (Figure 3.5B). These observations suggested that a subset of

CD34 + MPB cells that are SACK-responsive may be resistant to growth factor starvation.

In an environment where the growth and survival of GF-dependent cells are prevented,

Hx and XHX may promote the symmetric expansion of cells that are relatively

insensitive to GF starvation. In addition, consistent with these observations is the

possibility that Hx and XHX could be promoting survival of CD133+ cells as well.

This result seems unlikely to be due to simple enrichment of SACK-dependent,

GF-insensitive cells. This is not a plausible explanation since overall production of total

cells (viable and non-viable cells) was observed (Figure 3.3E). Moreover, in GF starved

conditions, in general, a greater fraction of viable cells are CD133 + (compare Figure 3.3D

to 3.3C). Specifically, 40%-65% of viable cells cultured in GF starved conditions

expressed CD133 (Figure 3.3C), whereas only 10%-20% of viable cells cultured in GF

cocktail supplemented conditions expressed CD133 (Figure 3.3D). In addition, cells

cultured in Hx- and XHX- cultures exhibited a 1.4-fold (p<0.0001) and 1.6-fold

(p=0.0001) respective increase in the fraction of viable cells that express CD133 (Figure

3.5D). This observation suggested that the population of viable cells that are resistant to

growth factor starvation include CD133 + cells and the frequency of these cells was

increased in Hx- and XHX-supplemented conditions. The Hx- and XHX-dependent

increase in the frequency of CD133 + cells is consistent with the proposal that HSCs may

be enriched under GF starved conditions and with Hx- and XHX- supplementation, this



CD133 + population has increased (Figure 3.5C). The amplification translated into a 2.3-

fold (p<0.0001) and 2.8-fold (p=0.0044) increase in the production of Hx- and XHX-

responsive CD133 + cells, respectively (Figure 3.5D). These results together suggest, for

the first time, that Hx and XHX promoted ex vivo symmetric expansion of CD133 + cells.

In order to increase the yield of SACK-dependent CD133 + cells produced after 5

days, CD34 + MPBs cells were cultured in GF starved conditions for 8 days. Indeed, a

longer culture duration corresponded to a 3.4-fold (p=0.006) and 6.4-fold (p=0.0269)

increase in the absolute number of Hx- and XHX-dependent CD133 + cells, respectively,

compared to control conditions (Figure 3.6A). The fold effects observed for the number

of CD133 + cells for 8 days is not statistically different from day 5 cultured cells (data not

shown). In addition, a net decrease in the number of CD133+ cells is detected when

compared to day 5 cultures (Figure 3.6B). There could be several reasons for this

observation. First, CD133 + committed HPCs may remain in day 5 cultures yielding

increased detection of CD133 + cells. However, this is not plausible since survival of

committed HPCs is repressed significantly between 48 and 120 hours (see Chapter 4,

Figure 4.2). Therefore, it would be unlikely that HPCs could survive for more than 5

days. A second basis for this observation is loss of cell survival factors leading to cell

loss. In fact, attempts to increase SACK-dependent CD133 + cells by culturing for 14 days

led to an excessive loss of viability. This suggests that although the SACK-dependent

CD133 + cells may be GF resistant, they may still depend on one or more of the cocktail

GFs for their survival.



Conclusion

Culturing CD34 + MPB cells for 5 and 8 days in GF starved conditions represses

the proliferation of cells that are highly dependent on growth factors for their survival and

proliferation. These cells are most likely committed hematopoietic progenitor cells since

they are known to be highly mitogenic. A large fraction of the cells that remain after 5

and 8 days of culture in GF starved conditions express CD133 + and expand in response to

Hx- and XHX-supplementation. These observations indeed confirmed that suppressing

proliferation of HPCs yields greater sensitivity for detecting SACK-dependent effects on

CD 133 cell expression. Additionally, expansion in Hx- and XHX-dependent CD 133 + cell

may have been intensified due to negative inhibition of CD133 + HSCs by HPCs.

However, it is difficult to conclude this without more specific investigations. Yet, it is

clearly evident that Hx- and XHX-dependent CD133 + cells are missing critical survival

factors for optimal growth and survival since the number of viable CD 133 + cells detected

decreased after 8 days culture (compared to 5 days culture) and culture of these cells

beyond 8 days was not observed.



Experimental Design - Phase II
Growth Factor Starved Experiments

GF Starved (5 Days)-7I--
+ SACK Agents

Hx, XHX SHarvest
In vitro Characterization

a) FACS -4 CD133+ (HSC-Associated Marker)
b) Cell Kinetics
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Figure 3.1 1 Experimental Design of Phase II Growth Factor (GF) Starved
Studies. CD34 + mobilized peripheral blood (MPB) cells were cultured for 5 days in
serum-free HPGM (Hematopoietic Progenitor Growth Medium). CD34 ÷ MPB cells
were supplemented with hypoxanthine (Hx), xanthine (Xn), xanthosine (Xs) and an
equal mixture of Xn, Hx, Xs (XHX). Cells were cultured for 5 days, or noted
otherwise, harvested and quantified for CD133 + cell fraction and cell kinetics.



FGC-A 0 1000 2000 3000 4000
FOg-A

0.1 0.2 0.3 0.4 0.5 0.6 0.7

% Viablity (Flow Cytornetry)

IN

; 0.5

04

S03

0.2

01

00
00

Figure 3.2 1 Use of Propidium Iodide (PI) Exclusion to Confirm
Live Cell Detection by Bivariate Scatter Profile. CD34 ÷ MPB
cells were cultured for 5 days. A) A side vs. forward scatter profile of
Hx-cultured cells represents cells with varying scatter profiles. B)
Total population profiles exhibit cells that are positive and negative
for PI. C) RI gated cells represent cell that are negative for PI. D) A
regression correlation is exhibited for the percent viability of cultured
CD34 + MPB cells (day 5) evaluated with trypan blue exclusion and
flow cytometry.
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Figure 3.3 1 Representative FACS Profiles of Uncultured (Day 0) and Cultured (Day 5)
CD34+ Mobilized Peripheral Blood (MPB) Cells in Growth Factor (GF) Starved
Conditions. FACS profiles exhibiting expression patterns of IgGI-PE (black; isotype control)
and CD133-PE (red) gated from the live, lymphocyte-sized fraction A) RI, for uncultured, day
0 cells, B) R2, day 5 cultured SACK-free controls, c) R3, day 5 Hx (1mM) cultured cells, and
D) R4, day 5 XHX (lmM) culture cells. Scatter profiles represent side (SSC) vs. forward (FSC)
scatter. Histograms represent the fluorescent profiles for various PE-conjugated antibodies.
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Figure 3.4 1 Cell Kinetic & CD133 Effects of GF Starvation on CD34+ Mobilized
Peripheral Blood (MPB) Cells, as compared to GF Cocktail Supplemented
Studies. Viable cell number for Hx, XHX and SACK-free controls were determined
after 5 days culture in A) GF starved and B) GF cocktail supplemented conditions.
The respective fraction CD133 expression for Hx, XHX, and controls were
determined after 5 days culture in C) GF starved and D) GF cocktail supplemented
conditions. E) Total cell production was determined for GF starved cultured in
control, Hx and XHX conditions. Error bars = standard deviation for n individual
assays. n = number individual assays, in general, performed in replicates of 2.
Dashed (yellow) line represents the normalized control.
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Figure 3.5 I Hx- and XHX-Dependent Effects on CD34 ÷ Mobilized Peripheral Blood
(MPB) Cells Cultured for 5 Days in GF Starved Conditions. CD34÷ MPB cells were
cultured with Hx- and XHX-supplementation with controls and investigated for SACK-
dependent effects relative to control. A) Percent viability B) viable cell number C) CD133 +

cell fraction D) Absolute CD133 + cell number. Derivations of p-values are determined from
Student t-test for one group. Error bars = standard deviation for n individual assays. n =
number individual assays, in general, performed in replicates of 2. Dashed (yellow) line
represents the normalized control.
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Figure 3.6 j Hx- and XHX-Dependent Effects on CD34 +

Mobilized Peripheral Blood (MPB) Cells Cultured for 8
Days in GF Starved Conditions. A) CD34 ÷ MPB cells were
cultured without (control) or with Hx- or XHX-supplementation
for 8 days and investigated for SACK-dependent effects relative
to control for absolute CD133 + cell number. B) Absolute
CD133 + cells from Day 5- and 8-cultures without (control) or
with Hx- or XHX-supplementation in GF starved conditions.
Derivations of p-value are determined from (One-Group)
Student t-test. Error bars = standard deviation for n individual
assays. n = number individual assays, in general, performed in
replicates of 2. Dashed (yellow) line represents the normalized
control.
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Chapter 4

Ex Vivo Culture and Characterization of SACK Effects on CD34 +

Mobilized Peripheral Blood Cells After Growth Factor Starvation &
HSC Survival Factor Addition

(Phase III)

Rationale

Specific survival factors were investigated in order to promote survival of SACK-

dependent CD133 ÷ cells, without promoting growth and survival of committed

hematopoietic progenitor cells (HPCs). It was determined from Phase II studies (Chapter

3) that GF starved conditions yielded net Hx- or XHX-dependent CD133 + cell production

relative to SACK-free control conditions after 5 and 8 days of culture. However, culture

beyond 8 days resulted in prohibitive cell death. In order to overcome this limitation,

attempts were made to balance inhibition of HPC growth by GF starvation with

promotion of survival of SACK-dependent CD133 + cells with specific survival factors

(SFs).

Materials & Methods

Experimental Method

Figure 4.1 diagrams the experimental approach for survival recovery analyses.

CD34 ÷ MPBs were thawed and treated as previously described (Material & Methods,

Chapter 2). CD34 ÷ cells were cultured for varying time periods without GFs (GF

starvation) and then specific survival and growth factors were added to the culture for the

remaining culture time. For flow cytometry analysis, at least 10,000 CD34 ÷ MPB cells

were stained and analyzed for various markers, as described previously (Chapter 2,

Materials & Methods).

Wnt & Notch Delta-like ligand 4 (DLL4)

Recombinant mouse Wnt-3a (R&D Systems, Minneapolis, MN) was dissolved in a 1%

solution of bovine serum albumin in phosphate buffered saline (1% BSA/PBS) and added

directly to cell cultures to a concentration of 25ng/ml. Recombinant human Notch DLL4

was provided by Dr. Max Wicha (University of Michigan School of Medicine, Ann



Harbor, MI) dissolved in a 1% solution of human serum albumin in PBS (1% HSA/PBS).

DLL4 was added directly to cell cultures at a concentration of 1 pM. Each recombinant

protein was aliquoted and stored at -800 C for not more than 6 months.

Cell Cycle Analysis

Cell cycle analysis was performed on both uncultured and cultured CD34+ MPB

cells, in order to quantify the fraction of cells dividing in cultures. Cultured cells were

sorted for viable cells based on scatter using a FACSAriaTM flow cytometer (Becton,

Dickinson and Company, Mountain View, CA). After cell sorting, viability was

determined using a trypan blue and hemacytometer (See Chapter 2 Materials &

Methods). Viable cells were re-suspended in approximately 500pl of ice-cold PBS and

mixed. Then cold (-20' C) ethanol was added, drop by drop, while vortexing to prevent

clumping and were fixed overnight at 40 C. The next day, fixed cells were centrifuged to

remove the ethanol. After removal of ethanol, the cell pellets was washed with FACS

Buffer and re-centrifuged. After centrifugation and re-suspension in 200pl of FACS

Buffer, propidium iodide (PI) and RNase A was added to a final concentration of

50Rg/ml. The cells were incubated at 370 C for 30 minutes. Samples were protected from

light and stored at 40 C until flow cytometry analysis.

Results

In order to investigate the length of time to culture CD34 + MPB cells without GFs

before survival factor addition, CD34 + MPB cells were cultured without GFs for different

periods of time. On days 0, 1, 3, and 5, cell samples from SACK-supplemented and

control cultures were collected to determine percent viability and viable cell number

(Figure 4.2). After one day of culture, the percent viability dropped from 95% to 40%-

70% (Figure 4.2A), but corresponded to modest effects on viable cell number, with the

exception of HX-supplemented cultures (Figure 4.2B). However, by day 3, the percent of

viable cells dropped to 10%-30%, corresponding to a 50%-80% reduction in viable cells.

It is noteworthy that Hx- and XHX-supplemented cultures exhibited better survival in

most cases, being greatest after one day of GF starvation (Figure 4.2B). In order to

maximize the loss of SACK-independent cells while preserving SACK-dependent cells, a



time point between 24-72 hours was chosen. Specifically, 44 hours was designated for

future analyses to allow sufficient time for repression of HPC number before subsequent

enhancement of SACK-dependent cell survival with the addition of specific survival

factors (Figure 4.2).

In order to determine which, if any, of the main components of the GF cocktail

promoted SACK-dependent CD133+ cell survival, CD34+ MPB cells were cultured for 44

hours without GFs, followed by addition of TPO, SCF, or Flt3 ligand alone and as the

complete GF cocktail (Figure 4.3). These all enhanced Hx-dependent viability and viable

cell number (Figure 4.3A, B). However, only TPO and Flt3 ligand did so without also

promoting growth in SACK-free control conditions (Figure 4.3B, compare to control

data). TPO and Flt3 ligand alone promoted a significant Hx-dependent increase in the

frequency of CD133+ cells (Figure 4.3C). The GF cocktail supplemented cells exhibited

the least fold (1.3-fold) increase in the frequency of Hx-dependent CD133 + cells (Figure

4.3C), at a similar magnitude as that of GF starved controls (1.3-fold; Figure 4.3C). TPO

and Flt3 ligand gave rise to the greatest fold increase in Hx-dependent CD133 + cell

frequency (1.9; p=0.01 and 2.5; p=0.02, respectively), as compared to the control GF

starved conditions (1.3; Figure 4.3C). These effects translated into an overall

enhancement in the production of Hx-dependent CD133+ cells. However, only TPO and

Flt3 ligand enhanced Hx-dependent CD133 + cell production without promoting CD133+

cell production in SACK-free controls supplemented with each respective survival factor

(Figure 4.3D). TPO and Flt3 ligand promoted 3.8-fold (p=0.29) and 5.5-fold (p=0.04)

increase in Hx-dependent CD133 + cells (Figure 4.3D), respectively. However, only Flt3

ligand promoted Hx-dependent CD133+ cells production at a statistically significant level

(p=0.04; Figure 4.3D).

Despite the level of statistical significance obtained for Hx-dependent CD133+

cell production, after 44 hours of GF starvation with subsequent Flt3 ligand addition for

the remaining 5 days culture time in initial studies (Figure 4.3), variability in these

experiments was problematic. Specific factors were investigated to determine the source

of the observed variability. One factor considered was Flt3 ligand might be rapidly

utilized and depleted from culture medium by cells. However, studies replenishing Flt3

ligand at 24 hour intervals after initial 44 hour GF starvation exhibited no effect on Hx-



dependent CD133+ cell production (data not shown). The opposite effect might have also

been true. The Flt3 ligand concentration used might have been at too high a

concentration. This was proposed since at saturating levels, Flt3 ligand might act as a

mitogen, rather than a survival factor. However, decreasing the Flt3 ligand concentration

from 50ng/ml to 12.5ng/ml did not improve Hx-dependent CD133 + cell production (data

not shown). Technical factors such as the stability of cryopreserved human hematopoietic

stem cell enriched populations and changes in temperature during shipping that might

alter the post-thaw Hx-dependence of CD34+ MPB cells were evaluated. CD34+ MPB

cells from the same donor, but shipped at various times were compared and found to have

no significant effect on Hx-dependent CD133 + cell production. Another possible factor

was that the optimal SACK-agent concentration might change under conditions of

survival factor recovery. Therefore, a titration was performed for Hx from OmM - 2mM.

Varying the concentration of Hx did not yield improved Hx-dependent CD133 + cell

production with Flt3 ligand addition at 44 hours. Because the Flt3 ligand carrier solution

contained human serum albumin (HSA), it was evaluated for independent SACK effects.

Human serum albumin might have had bound purine nucleotides. An investigation found

that HSA alone did not promote increased numbers of CD133+ cells and it was not the

source of the observed variability (data not shown). The serum-free conditioned based

medium, HPGM, was also investigated as the source of variable SACK-dependent

CD133+ cell production. Another conditioned medium, Stemline II (Sigma, St. Louis,

MO), was used instead of HPGM. Likewise, Stemline II medium did not enhance

detection of SACK-dependent CD133 + cells (data not shown).

When Flt3 ligand was added to cultures at 24 hour intervals, varying the time of

GF starvation and Flt3 ligand survival effects, a source of variability was noted (Figure

4.4A). In these experiments, only XHX-supplemented conditions were evaluated. In each

of two independent experiments, XHX induced an increase in CD133 + cells for all

intervals of Flt3 ligand addition, including no Flt3 ligand addition for the entire 5 day

period (Figure 4.4). Consistent with earlier GF starvation studies, longer periods of GF

starvation resulted in progressive reduction in the number of CD133 + cells in both control

and XHX-supplemented cultures. In one experiment, the optimal XHX effect occurred

when Flt3 ligand was added after 72 hours of GF starvation (Figure 4.4B, D). In an



independent second experiment, it occurred at 48 hours (Figure 4.4C, E). These two

experiments exemplified the experiment-to-experiment variability previously observed

and indicated that one important source was the length of GF starvation before addition

of SFs.

In order to reduce this variability, other survival factors were investigated. In

particular, Notch Delta-like ligand (DLL4) was investigated as a putative survival factor

to enhance SACK-dependent CD133 + cell survival with fewer effects on HPCs. When

Notch DLL4 was added to CD34 + MPB cells at day 0 of GF starvation (Figure 4.5A),

CD34 + MPB cells cultured for 5 days exhibited comparable percent viability and viable

cell number to GF starved conditions (Figure 4.5B, C). Moreover, the frequency of cells

that express CD133 + exhibited a significant XHX-dependent effect (Figure 4.5D), which

translated into a significant XHX-dependent absolute number of CD133 + cells (Figure

4.5E). Although Flt3 ligand maintained greater viability and survival when added to

CD34 + cell at day 0 compared to Notch DLL4 (data not shown), there was a greater

XHX-dependent effect on the fraction and absolute number of CD133 + cells (Figure 4.5

C, D; DLL4 compared to Flt3 ligand at 0 hours of GF starvation).

Discussion

In order to increase survival of SACK-induced CD133 + cells and at the same time

suppress the growth of HPCs, CD34 + MPB cells were cultured without GFs for 44 hours,

with subsequent addition of specific factors known to promote survival and proliferation

of CD34 + cells (Figure 4.1). After 72 hours of GF starvation, there was a significant loss

in viable cells suggesting that a majority of HPCs that were heavily dependent on GFs for

their survival and proliferation were inhibited (Figure 4.2). A 44 hour GF starvation

period was chosen in order to minimize irreversible effects on SACK-expanded CD133 +

cells, proposed to include HSCs. With subsequent addition of TPO, SCF, and Flt3 ligand

or the GF cocktail, only Flt3 ligand and TPO specifically promoted survival of Hx-

dependent CD133 + cells (Figure 4.3B). Moreover, the majority of the viable Hx-

dependent cells cultured in TPO and Flt3 ligand were CD133 + (Figure 4.3C). On the

other hand, cells cultured with GF cocktail supplementation showed a 60%-80%

reduction in CD133 + cells, likely due to dilution of CD133 + cells by the production of



CD133- hematopoietic cells. However, although TPO, SCF, Flt3 ligand alone and the GF

cocktail gave rise to enhanced Hx-dependent CD133+ cells, only TPO and Flt3 ligand did

so without promoting SACK-free CD133 + cell production (Figure 4.3D). Flt3 ligand gave

rise to the higher degree of Hx-dependent CD133 + cell production at a statistically

significant level (p=0.04). These findings suggest that Flt3 ligand acts as a survival factor

for Hx-dependent CD133+ cells.

Flt 3 ligand is a type III tyrosine kinase receptor expressed mainly by primitive

hematopoietic cells'". Flt3 ligand has little direct effect on committed progenitor cell

proliferation, but in a combination with other cytokine and growth factors it synergizes to

enhance proliferation of CD34 + cell populations4 ,5. These observations are consistent

with the hypothesis that Flt3 ligand acts as a HSC survival factor. On the other hand, GF

cocktail promotes proliferation and differentiation of CD34+ hematopoietic cells. These

data raise the possibility that SACK-free control cultured cells with GF cocktail

supplementation may promote asymmetric self-renewal of HSCs, thereby producing

HPCs that are dilute CD133+ cells and HSCs.

Although GF starvation for 44 hours, and subsequent Flt3 ligand addition,

resulted in significant SACK-dependent CD133 + cell production (Figure 4.3), this

procedure proved to yield highly variable results. A number of factors were investigated,

including Flt3 ligand depletion by CD34+ MPB cells and, conversely, excessive Flt3

ligand; donor cell variability; non-optimal Hx concentration; potential SACK effects by

human serum albumin; and non-optimal base medium. None of these factors were found

to significantly impact the variability in SACK-dependent CD133 + cells. The time of GF

starvation and Flt3 ligand addition was identified as an important source of variability in

SACK-dependent CD133÷ cell production (Figure 4.4). In two independent experiments

where GF starvation and Flt3 ligand addition time were varied (Figure 4.4A), two

different times of optimal SACK-dependent CD133 + cell production were observed

(Figure 4.4 B vs. C, D vs. E). Therefore, it appears that GF-starved CD34+ MPB cells

differ in SACK response, depending on when a SF is restored. If not enough time is

allotted for HPC repression, then while the growth of the majority of HPCs may be

contained, the addition of Flt3 ligand may promote the growth of the remaining viable

HPCs. Flt3 ligand is not a specific survival factor for HSCs. Flt3 ligand knockout mice



show defects in primitive hematopoietic cells, as well as natural killer and dendritic

cells6'7. As a result, if there are any viable HPCs, then they will be promoted to proliferate

by Flt3 ligand, leading to a variable SACK response, if as postulated, these agents

primarily affect the cell kinetics pattern of rare HSCs.

Since there is an overall reduction in viable cells with this culture method, the

argument can be made that SACK-dependent culture simply maintains the survival

(Figure 4.6A), but does not promote the proliferation of a sub-population of CD34 ÷ MPB

cells that are SACK-induced. There are two lines of evidence that suggest that Hx or

XHX promote proliferation of cultured CD34÷ MPB cells. First, cells cultured without

GFs and rescued with Flt3 ligand exhibit an overall production of total cells (viable and

non-viable; Figure 4.6B). This suggests that cell proliferation has taken place with this

culture method. Second, cell cycle analysis on cultured viable cells shows an increase in

cycling S-phase fraction. Culturing cells with this method increases the fraction of

cycling cells when compared to uncultured cells (S=0.99%; Figure 4.6C). Specifically,

cells cultured in Hx or XHX exhibit 4.7% and 5.6% of cells in S-phase of the cell cycle

(Figure 4.6E, F). This corresponds to a 1.9-fold and 2.3-fold increase in cycling cells in

Hx- and XHX-cultures, respectively, compared to cells cultured without Hx or XHX

(Figure 4.6D). Taken together, these results suggest that CD34 ÷ MPB cells cultured

without GFs and rescued with Flt3 ligand promotes proliferation of cells. In addition,

SACK-induced culture increases the cycling fraction of cultured cells.

A more HSC-specific survival factor was needed that would, ideally, have two

specific properties: it would not promote proliferation of contaminating HPCs while

simultaneously promoting survival of HSCs. Wnt and Notch Delta-like ligand 4 were

both investigated as putative HSC survival factors (see Chapter 1). Wnt did not exhibit

any significant survival effects on SACK-dependent CD133÷ cells. When Notch DLL4

was added to cells from the start of GF starvation, it resulted in a 1.9-fold SACK-

dependent increase in CD133 ÷ cell production after 5 days of culture (Figure 4.5F). This

result was comparable to the highest SACK-dependent effects observed with addition of

Flt3 ligand between 48-72 hours of GF starvation (Figure 4.5F). However, DLL4

supplementation, unlike Flt3 ligand, obviates the need for restoring SFs after a GF

starvation period, because it has minimal effects on the production of SACK-free



CD133 + cells. DLL4 yields reduced viable cells than Flt3 ligand (added at day 0; Figure

4.5B, C), indicating that DLL4 resulted in greater enrichment for SACK-dependent

CD133 ÷ cells than Flt3 ligand. Therefore, DLL4 may be a more specific CD133+ cell

survival factor than Flt3 ligand. Although the viable cell numbers are remarkably low in

DLL4 supplemented cultures, more of the viable cells are SACK-dependent, suggestive

that DLL4 may be more specific to maintaining survival of HSCs, as previously

suggested '"'. Flt3 ligand may act as a general hematopoietic cell survival factor,

maintaining survival of HSCs, in addition to promoting survival of HPCs and other cells.

In fact, Flt3 ligand has also been shown to maintain survival and promote proliferation of

dendritic cells".'

Conclusion

These in vitro studies identify a novel, previously undescribed type of human CD133 +

hematopoietic cell defined by its response to purine nucleoside precursors. A summary of

their properties include that they:

1) are found in mobilized peripheral blood

2) initially express CD34 ÷, since they are CD34 selected

3) express CD133 ÷

4) have reduced requirements for growth factors, but are not indispensable

5) have increased survival and growth by Flt3 ligand and Delta-like ligand 4 (DLL4)

6) have increased survival and proliferation by SACK-agents.

The SACK-dependent CD133÷ cells derived with this method are proposed to represent

asymmetrically self-renewing HSCs shifted to symmetric self-renewal with increased

numbers and reduced production of committed HPC progeny.
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Figure 4.1 I Experimental Design of Phase III Survival Factor
Approach to SACK Expansion of Human HSCs. CD34' mobilized
peripheral blood (MPB) cells were cultured for varied time (X hours) in
serum-free HPGM (Hematopoietic Progenitor Growth Medium) without
GFs. Thereafter, specific factors were added to promote survival of
SACK-dependent CD133 + cells. Cells were cultured for a total of 5 days,
harvested and characterized for CD133 + expression and cell kinetics.
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Figure 4.2 I Time Course for Suppression of SACK-
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Figure 4.4 I Evaluation of the Effect of Time of GF Starvation and Flt3
Ligand Addition on XHX-Dependent CD133 + Cell Production. CD34 + MPB

cells were cultured, supplemented with or without XHX. At every 24 hour

interval, Flt3 ligand was added to GF starved cultures for a total of 5 days culture.

A) Diagram of Flt3 ligand addition scheme. In two independent experiments, after

5 days of culture, cells were harvested and analyzed for B & C) absolute CD133 +

cell production in two independent experiments. D & E) Respective fold increase

in CD133 + cell number in response to XHX-supplementation. Error bars =

standard deviation for duplicate assays. Each respective data point represents
duplicate (n=2) assays. Dashed (yellow) line represents the normalized control.
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Chapter 5

In vive Characterization of SACK Effects on CD34 + Mobilized
Peripheral Blood Cells in Non-Obese Diabetic/Severe Combined

Immunodeficient Mice
(Phase V)

Rationale

Several in vivo xenogeneic transplant models have been developed utilizing

immunodeficient mice and fetal sheep as hosts for study of human hematopoietic stem

cells (HSCs)1-3. A major limitation in these models is the low level of human cell

chimerism that is obtained in the animals. Nevertheless, these models have been used to

compare in vivo repopulation potential of human hematopoietic cell populations

manipulated ex vivo.

The transplantation assay available in mice has been instrumental in defining and

characterizing- the most primitive elements of the mouse hematopoietic system4 . A similar

in vivo approach has become available for human hematopoiesis. Numerous groups have

transplanted primitive human hematopoietic cells into different mouse mutants in an

attempt to develop a reproducible transplantation assay2'4. In particular, intravenous

injection of human hematopoietic precursors into sublethally irradiated severe combined

immunodeficient (SCID) and non-obese diabetic/SCID (NOD/SCID) mice provides

engraftment of primitive human hematopoietic cells that proliferate and differentiate to

multiple lineages in bone marrow (BM) and spleen5-7. The transplanted human cells

home to the marrow microenvironment and engraft the ablated murine BM, where they

proliferate and differentiate to produce LTC-IC (long-term culture-initiating cells), CFC

(colony forming cells), and immature and mature myeloid, erythroid and lymphoid cells.

The engrafting human cells have been defined as SCID-repopulating cells (SRC) 8,9.

The NOD/SCID human HSC repopulation assay is widely utilized and has proven

extremely useful in verifying that transplanted cells maintain their functional ability to

self-renew and produce differentiated human hematopoietic cells. The NOD/SCID

transgenic model is a suitable model, since these animals have multiple defects in innate

and adaptive immunity that minimizes host immune responses against transplanted cells.

However, although proven to be effective models for determining in vivo properties of



transplanted cells, these models are not ideal. For instance, NOD/SCID mice have low

sensitivity. So, a high number of cells needs to be transplanted in order to observe

engraftment lo'0 . One potential reason for this limitation is that although the mice are

impaired in dendritic (antigen presenting cell) function, T cells and immunoglobulin, the

animals have a low level of natural killer cell activitylo. Another drawback is that in order

to have adequate statistical power, many animals must be transplanted.

In order to evaluate the in vivo properties of SACK-dependent CD133 + cells, both

uncultured and cultured human CD34+ mobilized peripheral blood (MPB) cells were

transplanted into non-obese diabetic/severe combined immunodeficient mice

(NOD/SCID). Transplantation of cells into NOD/SCID mice allowed for the evaluation

of the engraftment potential of cells and their capacity to give rise to multilineage

committed cells of both the myeloid and lymphoid lineages. In addition, this assay

allowed for the concomitant evaluation for the significance of the SACK-dependent

production of CD133 ÷ cells.

Materials & Methods

SACK Cultures

CD34÷ MPB cells were cultured for 44 hours without growth factors, followed by

Flt3 ligand addition for 5 days of total culture time. (At the time of NOD/SCID

investigations, findings with Notch DLL4 had not been determined. NOD/SCID studies

are underway to evaluate in vivo engraftment potential of cells in DLL4-supplemented

cultures). Twenty-four hours prior to transplantation, mice were sublethally irradiated. At

the time of culture initiation, uncultured cells were transplanted into NOD/SCID mice as

positive controls. In order to follow effects in terms of total engraftment activity,

transplantations were designed based on culture well equivalents (CWE) instead of fixing

cell number. The CWE approach avoids misinterpreting changes in HSC fraction as

changes in HSC number. After 5 days of culture, cells were harvested from control (i.e.

SACK-free, 0), Hx- and XHX-supplemented cultures and transplanted at varying doses

(i.e. CWE). After at least 8 weeks, mice were euthanized by C02-asphyxiation, and bone

marrow, peripheral blood and spleen were all harvested for each mouse. Cells were



stained with fluorescent antibodies against specific cell surface antigens and analyzed by

flow cytometry (Figure 5.1).

Cell Transplantation in NOD/SCID mouse model

NOD/LtSz scid/scid (NOD/SCID) mice were supplied by Jackson Laboratories

(Bar Harbor, ME) and maintained in the Massachusetts Institute of Technology (MIT)

Division of Comparative Medicine (DCM) animal facilities under institutional

regulations. All animals were handled under sterile conditions and maintained in

microisolator cages. One week prior to transplantation, mice were put on an antibiotic

regiment (Septra in sterilized drinking water) for the remainder of the study. Pre-

transplantation, mice were given a total body irradiation at 6 to 8 weeks of age with 300

cGy from a l:7Cs source. Twenty-four hours post irradiation, mice were given a single

retro-orbital injection of: (1) uncultured human CD34÷ cells; (2) cells harvested from

SACK supplemented or control cultures; or (3) sterile PBS to assess background host

HSC regeneration levels. Transplanted cells were injected in 300gtl of sterile PBS. For

each described injection, 5-10 mice were used. Mice were euthanized by C0 2-

asphyxiation at least 8 weeks post-transplantation to assess the number and types of

human cells detected in murine bone marrow (BM) harvested from femurs and tibias, in

addition to peripheral blood and spleen.

Flow Cytometry Detection of Human Cells in Murine Bone Marrow, Peripheral

Blood, and Spleen

Bone marrow cells were flushed from the femurs and tibias of each mouse using a

1.0ml syringe and 26-gauge needle. Cells were flushed using Fischer Medium (Quality

Biological, Gaithersburg, MD), 5% fetal bovine serum (FBS; JRH Biosciences, Lenexa,

KS) and 1% penicillin/streptomycin (P/S, Invitrogen, Carlsbad, CA). Cells from

peripheral blood and spleen were obtained, respectively, through cardiac puncture and

mechanical dissociation. To prepare cells for flow cytometry analysis, contaminating red

blood cells were lysed using 8.3% ammonium chloride, with the remaining cells washed

in FACS Buffer. The cells were then re-suspended at 5x10 5 cells and washed with FACS

buffer to block non-specific binding sites. After centrifugation, cells were stained with



5gjg monoclonal antibodies specific for human CD45, CD33, CD38, CD19, CD34 (all

from BD Biosciences, Franklin Lakes, NJ), and CD133 (Miltenyi Biotech, Auburn, CA)

directly labeled with fluorescein isothiocyanate (FITC), R-phycoerythrin (PE), or

allophycoerythrin (APC) for 30 minutes at 40C. Cells for each sample were also stained

in parallel with isotype control antibodies (Caltag, Burlingame, CA) and unstained

samples for FACS compensation. At least 50,000 cells were analyzed from flow

cytometry analyses using a FACSCaliburTM flow cytometer (Becton, Dickinson and

Company, Mountain View, CA). Successful engraftment by human hematopoietic

cultures was defined as the presence of at least 0.1% of human CD45÷ and 0.01% CD33

and CD38 positive cells.

Results

Uncultured CD34÷ MPB cells transplanted into NOD/SCID mice resulted in

human cell engraftment in the bone marrow, as demonstrated by anti-human CD45

detection by flow cytometry (Figure 5.2). Bone marrow lymphoid and myeloid cells are

exhibited as expressing low and high scatter profiles, respectively (R1; Figure 5.2A).

Gated R1 cells express a population of cells that are distinctly CD45÷ (R2; Figure 5.2B).

Gated cells from RI and R2, exhibit a specific population of cells that express CD33

(Figure 5.2C) and CD38 (Figure 5.2D). Cells that express CD45, CD33, and CD38 in

mice engrafted at a 5 CWE dose are not detected in mock transplanted mice (Figure 5.2E-

H).

Three independent experiments were performed evaluating CD34 ÷ MPB cells

cultured for 44 hours without GFs, with subsequent Flt3 ligand addition for the remaining

5 days. In the first experiment, 2 out of 2 mice transplanted with uncultured CD34÷ MPB

cells engrafted at 5 CWEs (1.5% and 1.5%; data not shown). No engraftment was

observed for mock transplanted (0/4) or uncultured cells transplanted at 0.5 CWEs (0/1).

Mice transplanted with cultured control (0; 0/4), Hx- (0/1) or XHX-supplemented (0/3)

cells exhibited no engraftment at 2 CWEs (data not shown).

In a second study, 1 out of 6 mice (mouse L4) transplanted with 2 CWEs of

XHX-supplemented cells exhibited significant expression of CD45 (0.19%; Figure 5.3A),
whereas 3 out of 4 mice (H1-H3) transplanted with uncultured CD34 ÷ MPB cells at 5
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CWEs exhibited significant CD45 engraftment (0.14%, 0.20%, 0.22%; Figure 5.3A).

Additionally, mouse L4 exhibited distinct myeloid (CD33) and lymphoid (CD38)

engraftment, as did the control mice H1-H3 (Figure 5.3B). However, mouse L4 exhibited

a 2.3-fold (p=0.05) greater frequency of human lymphoid cells than uncultured CD34÷

MPB cells at 5 CWEs (0.04% ± 0.02%), even though a 2.7-fold reduction in myeloid

(CD33) expression is detected in mouse L4, compared to mice H1-H3 (Figure 5.3B).

Uncultured CD34÷ MPB cells transplanted into NOD/SCID mice at 0.5 CWEs did not

exhibit engraftment in 2 out of 2 mice, as was also the case with cultured SACK-free (0;

0/4) and Hx cultured cells (0/5; Figure 5.3A, B of any animals). No significant

engraftment was observed in the spleen and peripheral blood of any animals (data not

shown).

In a third independent study, 1 out of 4 XHX-transplanted mice (AG1) at 2 CWEs

resulted in significant CD45+ engraftment (10.6%). In addition, 4 out of 5 Hx-

transplanted mice (F1, F2, F4, F5) resulted in significant CD45+ engraftment (0.11%,

3.9%, 0.11%, and 0.31%, respectively; Figure 5.3C). On the other hand, only 1 out of 4

SACK-free (0) transplanted mice (AE4) resulted in significant CD45+ engraftment

(3.1%; Figure 5.3C). Control mice transplanted at 5, 2, and 0.5 CWEs of CD34 + MPB

cells resulted in 2 out of 2 mice (AB1=28.0% & AB2=10.7%), 4 out of 4 mice (AD1-

AD4, 18.1%, 4.5%, 6.9%, and 20.7%, respectively), and 1 out of 2 (AC2=0.55%) mice

that engrafted with significant CD45+ human cell expression, respectively (Figure 5.3C).

All mice that exhibited significant CD45+ human cell engraftment demonstrated

significant expression of both CD33 and CD38 positive cells (Figure 5.3D). Most notably

was mouse AG1, transplanted with XHX-cultured CD34÷ MPB cells, which exhibited

2.6-fold (p=0.01) greater CD33+/CD38 + cell engraftment at 2 CWEs, as compared with

uncultured CD34 + MPB cells transplanted at 5 CWEs (1.5% + 0.04; Figure 5.3D).

In the second experiment, significant human CD45+ cell expression was observed

in the spleen and peripheral blood of transplanted mice (Figure 5.4A, B, respectively).

XHX-transplanted mice displayed 0.64%, 0.33% and 4.1% human CD45+ cell

engraftment (AG1, AG2, and AG3, respectively) in the spleen (Figure 5.4A) of 2 CWE

transplanted NOD/SCID mice. Of these mice, only AG2 exhibited significant human

CD45+ cell engraftment (0.76%) in the peripheral blood (Figure 5.4B). Furthermore,
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NOD/SCID mice transplanted with Hx-supplemented cells (2 CWE) demonstrated

0.17%, 0.91%, 0.23%, and 0.55% human CD45+ cell engraftment (AF, AF2, AF4, and

AF5, respectively; Figure 5.4A) in the spleen. Of these mice, only mouse AF2 and AF5

displayed significant CD45+ engraftment (0.89% and 0.31%, respectively; Figure 5.4B)

in the peripheral blood. Mice transplanted with culture controls (i.e. SACK-free, 0) at 2

CWEs showed evidence of engraftment in mouse AE3 and AE4 (0.52% and 0.81%,

respectively, Figure 5.4A) in the spleen. In the peripheral blood, mouse AE1, AE2, and

AE4 exhibited significant engraftment (1.8%, 0.81%, and 0.19%, respectively; Figure

5.4B). All eight mice transplanted at varying doses of uncultured CD34 + MPB cells

exhibited evidence of engraftment in the spleen (Figure 5.4A). In the spleen, mice

transplanted at 5 CWEs exhibited 3.2% and 2.0% engraftment, whereas mice transplanted

at 0.5 CWEs displayed 0.1% and 0.2% engraftment (Figure 5.4A). Additionally, mice

transplanted at 2 CWEs engrafted with 1.2%, 0.87%, 0.30%, and 0.98% engraftment in

the spleen (Figure 5.4A). In the peripheral blood, 7 out of 8 uncultured, control animals

engrafted. At 5 CWEs, mice AB1 and AB2 exhibited 1.4% and 2.5%, respectively

(Figure 5.4B), whereas for mice transplanted at 0.5 CWEs, only AC2 demonstrated

significant engraftment (1.3%; Figure 5.4B). Mice transplanted with uncultured CD34+

MPB cells at 2 CWEs displayed 1.8%, 0.13%, 0.38%, and 3.2% engraftment in the

peripheral blood (Figure 5.4B).

NOD/SCID transplantation studies were also performed using cultured cells in GF

starved conditions for 8 days supplemented with Hx or XHX, along with SACK-free

controls (0). In two independent studies, no mice exhibited CD45+ engraftment, except

positive control mice (Figure 5.5). Mice transplanted with uncultured CD34 + MPB cells

at 5 CWEs demonstrated 22.0%, 36.6%, 40.1%, and 14.3% engraftment (Figure 5.5).

Table 5.1 summarizes in vivo transplantation of NOD/SCID mice with cultured and

uncultured CD34 + MPB cells at varying doses from examined conditions.

Discussion

In vivo injection of CD34 + MPB cells allows for the evaluation of the engraftment

and multilineage differentiation capacity of transplanted hematopoietic stem cells.

Specifically, direct comparisons based on the dose of cells transplanted and number of
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engrafted (i.e. greater than 0.1% CD45+ expression) animals allows for the rough

approximation of the relative number of HSCs in compared cell populations, or more

specifically, SCID-repopulating cells (SRC) 12,13. These determinations are based on the

assumption that one HSC (or SRC) can yield long-term multilineage engraftment in an

animal. This model necessitates the application of Poisson statistics. When uncultured

CD34+ MPB cells are transplanted into NOD/SCID mice at varying doses (i.e. culture

well equivalents, CWE), distinct engraftment is observed (Figure 5.2). At 5 CWEs of

CD34+ MPB cells, 11 out of 12 total (-92%) transplanted mice exhibit CD45+

engraftment in bone marrow. In addition, all 11 engrafted mice display multilineage

engraftment (Figure 5.3B, D; Table 5.1). Decreasing the transplantation dose 10-fold,

from 5 CWEs to 0.5 CWEs, results in significant reduction in engraftment (1 out of 7,

-14%; Table 5.1). 100% of mice transplanted with CD34+ MPB cells at 2 CWEs result

in engraftment (4 out of 4; Figure 5.3C & Table 5.1). This corresponds to an SRC

frequency of approximately 1 SRC in 1.3 CWEs (i.e. 1 SRC in 76,900 CD34+ MPB

cells) in uncultured CD34+ MPB cells (Figure 5.6). All animals that engrafted, as

demonstrated by significant CD45+ expression, resulted in multilineage engraftment

(Figure 5.3B, C; Table 5.1). Engrafted cells exhibit distinct expression for CD33 and

CD38. CD33 is an early myeloid progenitor cell marker that is also expressed on

monocytes and granulocytes' 4 '15, whereas, CD38 is an early B and T cell marker' 6 . When

both CD33 and CD38 are expressed on one cell, it suggests that the cell is a myeloid and

lymphoid unspecified cell, otherwise referred to as a multipotent progenitor cell (MPC).

MPCs are produced solely from self-renewal of HSCs since MPCs are not capable of

self-renewal 17"' . Therefore, detection of MPCs in transplanted mice is consistent with the

presence of HSCs in CD34 + enriched MPB cell populations (Figure 5.3D).

CD34 + MPB cells cultured without GFs for 44 hours, with subsequent Flt3 ligand

addition, also give rise to significant engraftment, albeit at an overall reduced efficiency.

Mice transplanted at 2 CWEs with SACK-free (0) cultured CD34 + MPB cells result in

only 1 out of 13 (8%) mice showing evidence of engraftment in the bone marrow (Figure

5.3; Table 5.1). The sole mouse that exhibited human CD45 engraftment (AE4=3.1%)

displayed 0.95% CD33+/CD38 + multilineage engraftment (Figure 5.3D). In the spleen, 2

out of 13 (15%) mice exhibit human engraftment, while in the peripheral blood, 3 out of
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13 (23%) animals demonstrate engraftment (Figure 5.4, Table 5.1). Due to the varied

observed engraftment in peripheral blood and spleen from experiment-to-experiment,

bone marrow was used as the standard for engraftment determinations.

Transplantation of SACK-supplemented cultured cells exhibits increased

engraftment compared to SACK-free cultured cells. XHX-cultured cells engraft in 2 out

of 13 mice (1.5%). Therefore, XHX-cultured cells results in 1.9-fold greater efficiency

than SACK-free cultured cells. This result suggests that culturing of CD34÷ MPB cells in

XHX-supplemented culture results in an increase in SRCs. Specifically, one XHX-

transplanted mouse (L4; at 2 CWEs) engrafted (0.19%) at comparable levels to

uncultured controls at 5 CWEs (0.14%, 0.2%, and 0.22%; Figure 5.3A; Table 5.1). In

addition, mouse L4 exhibited 2.3-fold improved lymphoid engraftment compared to

uncultured CD34 ÷ MPB cells at 5 CWEs, although myeloid expression is reduced in

mouse L4, not unlike mouse H2 (Figure 5.3B). XHX-transplanted mice also demonstrate

engraftment in the spleen (3 out of 13 mice) and peripheral blood (1 out of 13; Figure 5.4;

Table 5.1).

Transplantation of Hx-supplemented cultured cells results in the best engraftment

efficiency of any of the cultured conditions. Specifically, 4 out of 11 (36%) total mice

transplanted with cells from Hx-cultures engraft with significant CD45÷ human

expression (p:=0.14 by Fisher's Exact Test compared to mice transplanted with SACK-

free cultured cells; Figure 5.3, Table 5.1), corresponding to a 4.5-fold increase in

engraftment efficiency, compared to SACK-free cultured cells. This result suggests that

an expansion in SRCs has been achieved with Hx-supplemented culture. Again, all mice

that express CD45 in their bone marrow, also express CD33 and CD38 (0.06% - 0.84%;

Figure 5.3D). Furthermore, 36% of mice transplanted with Hx-supplemented cells exhibit

engraftment in the spleen (4/11) and 18% in the peripheral blood (2/11; Figure 5.4; Table

5.1).

Although the overall efficiency of engraftment was significantly reduced by

culturing CD34 ÷ MPB cells, there were significant effects of Hx- and XHX-cultured

cells. Specifically, XHX-transplanted cells demonstrated a 2.3-fold and 2.6-fold increase

in the lymphoid and multilineage engraftment, as compared with 5 CWE uncultured

controls (Figure 5.3B, D). This suggests that XHX-cultured cells may promote greater
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self-renewal of HSCs, therefore giving rise to greater numbers of MPCs. The presence of

MPCs strongly suggests the existence of self-renewing HSCs, since MPCs are not

predicted to survive in the mice for 8 weeks, given that MPCs do not self-renew.

Alternatively, XHX may promote symmetric expansion of HSCs ex vivo, therefore giving

rise to greater numbers of MPCs in vivo. Additionally, Hx- and XHX-transplanted mice

demonstrated increased efficiency in SRC engraftment, compared to SACK-free cultured

cells (Figure 5.3, Table 5.1). Overall, 6 out of 24 (25%) SACK-transplanted animals give

rise to human CD45 and multilineage (CD33/CD38) engraftment in the bone marrow, as

compared to the 1 out of 13 (8%) animals transplanted with SACK-free cultured CD34 +

MPB cells (Figure 5.3, Table 5.1). This suggests that although the culture scheme may

be reducing the overall number of SRCs, SACK-dependent culture contains a greater

number of these cells, either by promoting HSC survival or expansion. Because total cell

number does increase in culture (Chapter 4; Figure 4.6B) with SACK agents, a

component of' the increase can be attributed to expansion of cells with SRC activity (i.e.

HSCs).

Flt3 ligand may be acting as a survival factor for SRCs, as previously suggested.

This is evident since mice transplanted with GF starved cells for 8 days give rise to no

engraftment, independent of SACK-supplementation (n=16; Figure 5.5). Along with Flt3

ligand supplemented transplantations, this observation suggests that long-term GF

starvation significantly reduces the efficiency of SRC engraftment in NOD/SCID mice.

Although a reduced efficiency in engraftment is observed with mice transplanted with

cells supplemented with Flt3 ligand, engraftment is still possible, suggestive that GF

starvation for 44 hours and Flt3 ligand does, indeed, maintain the survival of a fraction of

cells that possess the potential to engraft into NOD/SCID mice and give rise to

myelolymphoid lineage cells.

Although a 1.9-fold and 4.5-fold engraftment efficiency was observed with mice

transplanted with XHX- and Hx-supplemented cells, respectively (relative to SACK-free

cultured cells), when compared to mice transplanted with uncultured cells, it is clear that

ex vivo culture of CD34 + MPBs without GFs, followed by Flt3 ligand reduces the number

of SRCs that engraft mice. However, transplantation of Hx-cultured cells into

NOD/SCID mice at 2 CWEs yields equivalent SRC activity as 0.75 CWE of uncultured
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CD34 + MPB cells (Figure 5.6). Since the proliferation of committed HPCs is repressed

by GF starvation culture for 44 hours, cultured cells are predicted to be at least 1.5-fold

enriched for HSCs (or SRCs). This is determined by taking the ratio of the number of

uncultured cells transplanted at 0.75 CWE (75,000) to the number of Hx-cultured cells

transplanted at 2 CWE (50,000). Although repression of HPCs was a necessary procedure

to detect net expansion of SACK-dependent CD133 + cells ex vivo, it is not the ideal

culture procedure for determining SRC activity in in vivo NOD/SCID investigations.

There are several reasons for this statement. First, GF starvation significantly reduces the

number of committed HPCs in culture and, therefore, reduces the total number of cells

that are transplanted into NOD/SCID mice. This is may be an important consideration

since the marrow seeding efficiency of intravenously transplanted human cells that

successfully home to the bone marrow microenvironment is less than 10%19,20. Therefore,

a significant reduction in viable cells will naturally reduce the engraftment efficiency of

transplanted cells. Second, although HPCs may be problematic for detecting SACK-

dependent effects on cultured CD34 ÷ MPB cells in vitro, the presence of HPCs for in vivo

engraftment may be important. Not only might it increase the probability that a SRC will

successfully reach the marrow microenvironment, but it might also have potential

positive effects in promoting engraftment in NOD/SCID mice. For instance, HPCs may

decrease the short-term morbidity and mortality of NOD/SCID mice, since the HPCs will

give rise to immediate differentiated myeloid and lymphoid cells, reducing irradiation-

induced anemia, although it is not clear whether human cells have functional capacity in

the mouse. HPCs or other cell types (i.e. stromal cells) may also be important for

conditioning the bone marrow microenvironment for successful HSC homing and

residence in the niche6'19. This effect may also relate to the fact that other investigators

have been successful in engrafting NOD/SCID mice transplanted with GF cocktail

induced cells 21-23. Therefore, ongoing studies aim to investigate engraftment efficiency in

mice transplanted with GF cocktail cultured CD34 + MPB cells, supplemented with Hx

and XHX. Additionally, although Flt3 ligand demonstrated survival effects in cultured

CD34 ÷ MPB cells, Delta-like ligand 4 (DLL4) may promote greater engraftment

efficiency by specifically promoting SRC survival. So a combination of DLL4, GF
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cocktail, and Hx or XHX may be the necessary components to maintain HSC survival,

support HPC proliferation, and promote symmetric expansion of HSCs, respectively.

Conclusion

CD34+ MPB cells cultured for 44 hours without GFs, followed by Flt3 ligand

addition results in overall reduction in engraftment efficiency, when transplanted into

NOD/SCID mice, compared to uncultured cells. However, culture with Flt3 ligand

maintains the survival of SRCs (HSCs), when compared to cells that were cultured and

transplanted into NOD/SCID mice without GFs. Culture of CD34÷ MPB cells in Hx- and

XHX-supplemented conditions results in 4.5-fold and 1.9-fold increase in engraftment

efficiency, respectively. This SACK-dependent effect on cultured CD34 ÷ MPB cells,

while repressing proliferation of HPCs, suggests that Hx- and XHX-supplemented

cultures have increased SRC activity. In order to increase the overall efficiency of

cultured cells, future in vivo transplantation investigations of SACK-induced expansion

of HSCs need to be evaluated in conditions that promote proliferation of HPCs (i.e. GF

cocktail) resulting in increased conditioning for HSC homing and residence in the bone

marrow microenvironment.
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Phase IV - In vivo Transplantation of Cells from SACK-
Supplemented Cultures into NOD/SCID Mice

Cell Culture Scheme

4- GF-Free -4- +Flt3 ligand --
CD34+ MPBs e.......uuuuuumum..* * 4 Transplantation

+Hx
+XHX

Day 0 -44 hours Day 5

Mice Transplantation Scheme
Day -7 -) Antibiotic regiment initiated
Day -1 - NODISCID mice sublethally irradiated with 300 cGy y-radiation
Day 0 - NOD/SCID mice transplanted with cells retro-orbitally
- Day 60 NODISCID mice sacrificed (BM, Blood, and Spleen harvested)

Figure 5.1 1 Experimental Design for In Vivo Transplantation of
Cultured CD34 + MPB Cells. CD34+ MPB cells were cultured without GFs
for 44 hours, with subsequent Flt3 ligand addition for a total of 5 days
culture time. Cells were harvested and transplanted into non-obese
diabetic/severe combined immunodeficient (NOD/SCID) mice.
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Figure 5.2 1 Representative Flow Cytometry Bivariate Plots for Bone Marrow Cells
from NOD/SCID Mice Transplanted with Uncultured CD34 ÷ MPB Cells. Bone
marrow cells from NOD/SCID mice were evaluated for expression of the indicated cell

surface antigens. A-D) Cells from mouse transplanted with 5 cell well equivalents (5x10 5)
of uncultured CD34÷ MPB cells. E-H) Cells from a mock transplanted control mouse. Live
cells in the R1 gate were evaluated for CD45÷ cells in R2. In independent 3-color analyses,
CD45+ cells in R2 were evaluated for either CD33/CD19 expression (C & G) or

CD34/CD38 expression (D & H).
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Figure 5.3 I In Vivo Engraftment in the Bone Marrow of NOD/SCID Mice
Transplanted with Cultured (Day 5 GF Starved and Flt3 Ligand Addition)
and Uncultured CD34 ÷ MPB Cells. Two independent experiments are shown
for each mouse for A & C) CD45+ expression and B & D) each respective
multilineage engraftment for CD33 (myeloid) and CD38 (lymphoid) expression.
Mice were transplanted with uncultured control cells (0, 5, 0.5, and 2 CWEs), in
addition to SACK-free (0), Hx and XHX cultured cells at 2 CWEs. Transplanted
mice were considered engrafted by human CD34+ MPB cells if expression was
above 0.1% for CD45+ and 0.01% for CD33+/CD38 + expression (dotted yellow
lines).
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Figure 5.4 1 In Vivo Engraftment in the Spleen and Peripheral Blood of
NOD/SCID Mice Transplanted with Cultured (Day 5 GF Starved and Flt3
Ligand Addition) and Uncultured CD34 + MPB Cells. CD45 engraftment
results in the A) spleen and B) peripheral blood of transplanted NOD/SCID mice.
Mice were transplanted with uncultured control cells (0, 5, 0.5, and 2 CWEs cell
dose), in addition to SACK-free (0), Hx- and XHX-supplemented cells at 2
CWEs. Transplanted mice were considered engrafted by human CD34+ MPB cells
if CD45 expression was above 0.1% (dotted yellow lines).
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Figure 5.5 1 In Vivo Engraftment in the Bone Marrow of NOD/SCID
Mice Transplanted with Cultured (Day 8 GF Starved) and
Uncultured CD34 + MPB Cells. Two independent investigations for
CD45 engraftment by cultured day 8 GF starved cells in SACK-free (0),
Hx- and XHX-supplemented media (2 CWE) in the bone marrow of
transplanted mice. In addition, mice were transplanted with uncultured
control cells (0 and 5 CWEs). Transplanted mice were considered
engrafted by human CD34 + MPB cells if CD45 expression was above
0.1% (dotted yellow lines).
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UNCULTURED CULTURED
CWE Bone Marrow XHX

0 0111 (0%) -

0.5 1/7(14%) -.-- -

2 4/4(100%) 1/13(8%) 4/11 (36%) 2/13(15%)
5 11/12 (92%) ---..

UNCULTURED CULTURED
CWE •dleen XHX

0 0/11 (0%)
0.5 2/7 (29%)
2 4/4(100%) 2/13 (15%) 4/11 (36%) 3/13 (23%)
5 2/12(17%) -- --. --

UNCULTURED CULTURED

M Peripheral Blood HXHX
0 0/11 (0%)

0.5 1/7 (14%) --- --..

2 4/4 (100%) 3/13 (23%) 2/11 (18%) 1/13 (8%)
5 2/12 (17%)

Table 5.1 I Summary of In Vivo Engraftment of Transplanted
NOD/SCID Mice in the Bone Marrow (BM), Spleen and Peripheral
Blood. A summary for all experiments are shown for CD45+

expression. The percent engraftment of uncultured control CD34 + MPB
cells at 0, 0.5, 2, and 5 CWEs is shown, as well as cultured CD34 + MPB
cells in SACK-free (0), Hx and XHX supplemented cells at 2 CWEs for
bone marrow, spleen and peripheral blood. SACK-effects on cultured
cells were investigated for GF starved, followed by Flt3 ligand addition
conditions. Transplanted mice were considered engrafted by human
CD34+ MPB cells if CD45 expression was above 0.1%.
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Figure 5.6 1 In Vivo Engraftment in the Bone Marrow of
NOD/SCID Mice Transplanted with Uncultured CD34 + MPB
Cells. Percent of mice engraftment (i.e. engraftment efficiency) is
illustrated as a function of culture well equivalents (CWE). Bone
marrow cells that express CD45/CD33/CD38 were considered as
engrafted. Dotted line exhibits a linear relationship between
engraftment efficiency and CWE. White (solid) line represent the
CWE of uncultured CD34 + MPB cells corresponding to 36%
engraftment efficiency, as observed in mice transplanted with Hx-
supplemented cells. Blue (solid) line corresponds to 63% engraftment
for Poisson statistics. Error bars = standard deviation for n=5
independent animal studies.
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Abstract

The stable expression of reporter genes in adult stem cells (ASC) has important

applications in stem cell biology. The ability to integrate a non-cytotoxic, fluorescent

reporter gene into the genome of ASCs with the capability to track the marked ASCs and

their progeny is particularly desirable for in vivo repopulation studies. The use of

fluorescent proteins has greatly aided the investigations of protein and cell function on

short time-scales (hours). In contrast, the obtainment of stably expressing cell strains with

low variability in expression for use in studies of longer time-scales (months) is often

problematic. This difficulty is due, in part, to the cytotoxicity of the most commonly used

fluorescent protein, green fluorescent protein (GFP), most importantly in adult stem cells.

To avoid GFP-specific toxicity effects and, therefore, obtain stable, long-term expressing

fluorescent adult stem cells, we evaluated cyan fluorescent protein (CFP) and yellow

fluorescent protein (YFP), in addition to GFP, as cell markers. For these studies, we used

adult rat hepatic stem cells expanded in our laboratory. Although we were unable to

establish stable GFP-expressing strains, we did obtain stable fluorescent clones (up to

140 doublings) expressing either CFP or YFP. When fluorescently marked ASCs were

induced to produce differentiated progeny cells, stable fluorescence expression was

observed. This property is essential for future studies to track fluorescently marked ASCs

and their differentiated progeny for in vivo repopulation studies.
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Introduction

Fluorescent proteins have become widely used as viable markers for positively

identifying and tracking expressing cells in many in vitro and in vivo studies. The most

widely used, green fluorescent protein (GFP), cloned from Aequorea victoria, does not

require substrates or cofactors and can be used in a variety of species '2.Among its

various uses as a marker, GFP has been used for transient studies of cell apoptosis3,

cytoskeletal dynamics4 , and inhibitory gene expression5 . Since no cofactors are needed

for the native GFP protein to develop fluorescence, it has been possible to use it as a

marker in many different organisms. For instance, transgenic Drosophila melanogaster6,

zebrafish 7'8, mice9-12 and rats13'14 have been successfully produced using wild-type GFP.

Although successful in obtaining stable GFP-expressing transgenic animals, attempts to

develop in vitro cell lines stably expressing GFP have been largely unsuccessful 2,3' 15-18.

Currently in adult stem cell (ASC) research, there is a critical need for methods to

verify ASCs in vitro and track their progeny in in vivo repopulation studies. Since

markers that uniquely identify ASCs are unknown, the accepted method to confirm the

'stemness' of a cell population is by transplantation of cells into animals after injury to

targeted tissues. If ASCs are present at significant levels in the transplanted cell

population, the animal survives with repair of the damaged tissue. However, in these

experiments, there is uncertainty as to whether the tissue has been repaired by the

transplanted cells, by activated resident host ASCs, or by host cells recruited from

another tissue source altogether. To overcome these uncertainties, methods to identify the

transplanted cells and their descendents have been favored. Ideally, these methods need

to identify donor cell progeny independent of subsequent differentiation status.

Though attractive as an in vivo tracking tool in ASC repopulation assays, GFP has

several drawbacks. One shortcoming of GFP is that it can induce cell death. Intense

excitation of the protein in vitro for extended periods can generate free radicals that are

quite toxic to cells 15. The inability to obtain constitutively expressing GFP cell strains

may also be related to DNA methylation effects. In the presence of an irreversible

inhibitor of methyl transferase, C3A human hepatoblastoma cells transfected with GFP

showed a significantly greater retention of GFP expression and exhibited higher levels of

GFP production 19. As a result, GFP has been more successfully used extensively as a
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viable marker for mostly short time-scale experiments (hours), whereas attempts to

establish long-term (months) GFP-expressing cell strains have been mostly

unsuccessful 2' 3,15-18. The reported efficiency of establishing stable, constitutively

expressing cell lines is extremely low 8.

GFP-expressing transgenic mice are readily available9- 12 and are a possible source

for GFP-labeled cells. These mice are uniformly green with the exceptions of hair and red

blood cells. However, there are still barriers to their use as a source of fluorescently

marked ASCs. One major drawback is that, for many tissues, methods do not exist for

efficient isolation of ASCs. Additionally, GFP-transgenic mice do not offer a solution for

tracking ASCs derived from other species for which transgenic technology has not been

developed.

Due to similar difficulties in developing adult stem cells with constitutive GFP

expression, we evaluated two variants of GFP, cyan fluorescent protein (CFP) and yellow

fluorescent protein (YFP) that have different excitation-emission profiles and, therefore,

may have less toxicity associated with their free radical by-products. An early screen of

A. victoria mutants produced CFP which has an emission spectrum below that of GFP

due to a Tyr66 - Trp66 substitution 2 ,' 21. Similarly, YFP has been rationally designed on

the basis of the GFP crystal structure to red-shift the absorbance and emission spectra

with respect to GFP. Based on these differences, we evaluated whether CFP and YFP

might allow fbr stable, long-term fluorescence in adult hepatic stem cells derived in our

laboratory. We were able to establish stable, long-term expressing ASC strains. When

these fluorescently marked ASCs were induced to produce differentiated progeny cells,

stable expression of fluorescence was maintained. Our findings indicate that CFP and

YFP are more suitable markers for ASC studies in vitro and predict that they will be

better markers for in vivo studies, as well.

Materials & Methods

Cells

Previously derived 22 adult rat hepatic stem cell strain, Lig-8, was maintained in

Dulbecco's Modified Eagle Medium (DMEM; Life Technologies, Carlsbad, CA, USA)

supplemented with 10% dialyzed fetal bovine serum (DFBS, JRH Biosciences, Lenexa,
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KS), 1% Penicillin/Streptomycin (Life Technologies, Carlsbad, CA, USA), and 400pM

xanthosine (Xs; Sigma-Aldrich, St. Louis, Missouri, USA) in a 370 C humidified

incubator with a 5% CO2 atmosphere.

Plasmids

Amplified plasmids for transfection were isolated by Qiagen (Valencia, CA,

USA) column fractionation as specified by the supplier and further purified by cesium

chloride equilibrium density gradient centrifugation. Transfections were performed using

5 p.g of pEGFP-N3 vector plasmid (Clontech Laboratories, Palo Alto, CA, USA) under

the control of a cytomegalovirus (CMV) promoter. In addition, the pEGFP-N3 vector

contains a neomycin resistance gene insert under the control of the simian virus-40

(SV40) promoter conferring resistance to the antibiotic GenetecinTM (Life Technologies,

Carlsbad, CA, USA). The CFP and YFP derivatives of pEGFP-N3 were prepared by

digestion and complete removal of the EGFP insert using BamH1 and Notl

endonucleases (New England Biolabs, Beverly, MA, USA). The respective CFP or YFP

insert was ligated into the vector after gel purification.

Transfection

Lig-8 cells were seeded at 1/10 th confluency in a 75-cm 2 flask (Coming, Coming,

NY, USA) one day prior to transfection. Lig-8 cells were then independently transfected

with the CFP, YFP or GFP expression plasmids using Cytofectene (BioRad Laboratories,

Hercules, CA, USA), per manufacturer's suggested instructions. Approximately 1.5 x 106

cells (1/5th confluency in 75-cm 2 flask) were transfected for 16-20 hours and then given

two phosphate buffer saline (PBS) washes, followed by supplementation with regular

growth medium. The transfected cells were cultured for an additional 42-48 hours. After

this time period, the transfected cells were replated at 1/6th density in parallel in 10-cm2

plates (Coming, Coming, NY, USA). After overnight culture, the culture medium was

replaced with medium supplemented to 0.5 mg/ml GenetecinTM to select for stably

transfected cell clones.
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Clonal Cell Viability

Propidium iodide (PI; Sigma, St. Louis, MO, USA) was added directly to media

and cells at 5 ptg/ml to determine viability of clonal cells at 14 days of culture. A Nikon

super high pressure mercury lamp was used to image PI cells using a Nikon

epifluorescent microscope.

Derivation of Fluorescent Protein-Expressing Clones

After 14 days in culture, transfected cells from each 10-cm2 plate were trypsinized

and each transferred into a 75-cm 2 flask with selection medium maintained thereafter.

After two days, the transfected cells were re-seeded at 1000 cells each into five individual

10-cm 2 dishes. Resistant colony formation was assessed after 10-14 days of culture in

selection medium, with medium changes every 3 days. After this time, colonies were

counted and scored as non-expressing (B1; 0% of cells in the colony were expressing

fluorescent protein), semi-expressing (B2; estimated 25-75% of cells in the colony were

expressing fluorescent protein) or fully-expressing (B3; = 100% of the cells in the colony

were expressing fluorescent protein). Several isolated colonies were selected within

cloning cylinders (Bellco Glass, Vineland, NJ, USA), harvested by trypsinization,

transferred to 25-cm 2 flasks (Coming, Coming, NY, USA), and allowed to expand for

10-14 days, until the flask was >90% confluent. At that point, cells from the 25-cm 2

flasks were trypsinized and transferred into a 75-cm2 flasks. Within 3-4 days, the flasks

were 90% confluent. After trypsinization, -80% of the cells in cultures of expanded

clones were frozen in liquid nitrogen 22 for early passage stocks. The remaining cells were

maintained in culture and passaged for at least 24 weeks (estimated 140 population

doublings). Three of the CFP-expressing clonal strains, B1-X, B2-X and B3-X, were

subsequently evaluated for this study.

Flow Cytometry and Fluorescence Microscopy

A FACStar PlusTM flow cytometer (Becton, Dickinson and Company, Franklin

Lakes, NJ, USA) was used to quantify the fraction of fluorescent cells in populations.

The FACStar Plus was equipped with two coherent Innova 90 lasers for visible and

ultraviolet argon lines. Data acquisition and analyses were performed with Cell Quest
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software (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) and Summit

analyses software (Cytomation, Inc, Fort Collins, CO), respectively. The non-transfected

parent Lig-8 ASC strain was used as a negative control for all analyses to account for

background cell auto-fluorescence. Cell populations were analyzed using both flow

cytometry and epifluorescence microscopy using a Nikon TE300 microscope system with

DAPI/GFP/CFP/YFP filters. A Hamamatsu digital camera and OpenLab imaging system

were used for digital imaging.

Differentiation Induction

Cells were treated for 9 days with 20 ng/ml epidermal growth factor (EGF) and

0.5 ng/ml transforming growth factor P (TGF-P) (Life Technologies, Carlsbad, CA,

USA), in the same culture medium, except that the DFBS was reduced to 1%. The details

of the differentiation induction protocol will be reported elsewhere23

Results

Using CFP, YFP or GFP as independent fluorescent protein markers, we

transfected respective expression plasmids into a previously described rat hepatic ASC

strain, Lig-82 2. Asymmetric self-renewal associated with asymmetric cell kinetics is the

defining feature of ASCs22,24. Lig-8 cells were derived based on their asymmetric cell

kinetics24. Lig-8 cells asymmetrically self renew, cycle with asymmetric cell kinetics, and

produce differentiated progeny with mature hepatocyte properties22' 25 . The differentiated

progeny cells express transcription factors and protein antigens that are specific for

hepatocyte development and maturation, respectively. Hepatocyte-specific phenotypes

include binucleation, albumin secretion, and expression of inducible cytochrome

P450s22,25 . Consistent with their ASC character, Lig-8 cells divide and produce one

daughter that responds to TGF-3 (transforming growth factor- P) induced differentiation,

whereas the other, stem cell daughter is insensitive23. The same asymmetric self-renewal

property was observed when hepatocytic maturation of differentiating progeny was

induced in three-dimensional hydrogels25. Based on well-defined ASC properties, Lig-8

cells were ideal for evaluation of effects of GFP, CFP, and YFP in ASCs.
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We found that transfections with the GFP gene construct yielded transfected

colonies 50-fold less efficiently than transfections with the analogous CFP- or YFP-gene

constructs (Table 6.1). In addition, the GFP-transfected cultures gave rise to no long-term

cell strains, whereas both CFP- and YFP- transfected clones had 100% clonability (Table

6.1). Furthermore, it was determined that cells that were transiently-expressing GFP

appeared to be undergoing cell death, as GFP-expressing cells were simultaneously

positive for propidium iodide (PI) (Figure 6.1). PI is impermeable to intact membranes

but readily penetrates the membranes of non-viable cells and binds to DNA or RNA,

causing orange fluorescence. The cells eventually rounded up and detached from the

culture dish, 'while still expressing GFP and PI (Figure 6.1). Expanded CFP and YFP

clones expressed the respective fluorescent proteins stably for at least 24 weeks in culture

(- 140 doublings; e.g., CFP in Figure 6.2). Clones that were successfully derived

exhibited a range of CFP- or YFP- expressing cell fractions. As a result, these clones

were characterized as non-expressing (B 1; 0% of cells in the colony express fluorescent

protein, data not shown), semi-expressing (B2; at least 25-75% of cells in the colony

expressed fluorescent protein, but not all [Figure 6.3 a-f]); or fully-expressing (B3;

approximately 100% of the cells in the colony expressed fluorescent protein [Figure 6.3

g-l]). Although cell strains were derived from both CFP and YFP expressing colonies,

only CFP cell strains were further evaluated.

Although, as colonies, the CFP-expressing cell strains exhibited the fluorescent

properties described, with further propagation in culture, the fluorescence for one of the

transfected clones decreased (B2-X in Figure 6.2). Moreover, cells derived from an

initially non-expressing B1 colony began to express CFP (Figure 6.2; B1-X) at levels

comparable to continuously, fully-expressing B3 clones (Figure 6.2; B3-X) during clonal

propagation. Qualitatively, the B2-X and B3-X CFP-expressing clones maintained their

initially observed fluorescent properties. Although there was some variation in expression

seen in the early stages of clonal analysis, expression stabilized with propagation and low

variability was observed for at least 24 weeks (estimated 140 population doublings). B2-

X exhibited the greatest fluctuation in fluorescence expression (Figure 6.2), but did not

change in its basic character.
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Stable fluorescent protein expression did not alter the essential properties of the

parent adult hepatic stem cell strain, Lig-8 (data not shown). We have found that, because

of their asymmetric self-renewal property, the parent Lig-8 hepatic ASCs are resistant to

complete differentiation by TGF-p, EGF and serum deprivation23 . Under conditions of

TGF-3, the cells produce differentiated progeny cells by asymmetric cell divisions that

allow them to retain their undifferentiated ASC state23. To evaluate CFP expression in

differentiated progeny cells, the three CFP expressing fluorescent ASC strains (B1-X,

B2-X and B3-X) were examined after culture under EGF/TGF-P-induced differentiation

conditions. All strains exhibited similar morphological and cell kinetic properties

observed for the non-transfected parental Lig-8 strain (data not shown). As observed in

Figure 6.4, the B3-X cell clone under normal conditions yielded a uniform culture (a-c),

whereas under differentiation conditions, the culture yielded a heterogeneous collection

of varying morphological cell types. Specifically, there were production of cells that had

relatively larger morphology (Figure 6.4, d-f; arrows), with respect to the culture under

normal conditions.

The level of CFP expression after induction of differentiated progeny did not vary

significantly relative to the normal (undifferentiated) conditions for the B1-X clones

which became positive during its expansion (Figure 6.2). However, although exhibiting

stable fluorescence expression under differentiating conditions, B1-X and B3-X cells

displayed a statistically significant increase [60% (p<0.0091) and 91% (p<0.0018),

respectively) in median fluorescence under differentiating conditions (60% and 91%,

respectively). However, the B2-X and B3-X clones showed small (15% and 9%,

respectively) but statistically significant (p<0.027 and p<0.019, respectively) reductions

in fluorescent cell fractions (Figure 6.5). Thus, although the three cell strains were

derived from three independent clones and displayed differing fluorescent cell fractions

(Figure 6.3), their fluorescence fraction did not vary by more than 15% when

differentiated progeny cells were produced (Table 6.2). The estimated fraction of

differentiated progeny in these experiments is > 80%23, indicating that a majority of

differentiated cells retain a high level of fluorescence.
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Discussion

This report is a first study to look at GFP-, CFP-, and YFP-transgenes in side-by-

side experiments in the same ASC strain. We evaluated the use of these transgenes for the

derivation of stable, long-term fluorescence-expressing adult hepatic stem cell clones. We

were able to attain transient GFP-expressing clones, but due to either the toxicity and/or

methylation associated with GFP, were unable to propagate these clones as stable, long-

term GFP-expressing hepatic ASC strains (Table 6.1). Given the failure to even establish

clones from colonies with extinguished GFP fluorescence, cytotoxicity seems to be the

primary problem.

GFP gene transfections gave rise to transient expressing cells for up to 72-96

hours post-transfection (Figure 6.1 a-b, d-e, g-h). As the culture continued, intact,

adherent cells positive for GFP-expression began to round up, detach and lose viability,

indicated by propidium iodide (PI) (Figure 6.1 c, f, i). Eventually, every adherent, GFP-

expressing cell rounded up, became suspended, and was positive for PI (Figure 6.1, j-l).

Although these experiments were done with three varying GFP plasmid constructs, the

most success was obtained at 72-96 hours post-transfection. Needless to say, all attempts

yielded no stable, GFP-expressing cell lines. These observations, cumulatively, suggest

that the GFP protein is toxic to the cells, as a strong, inverse correlation is observed

between GFP expression and cell viability.

Other studies 15,16 have obtained similar results using various GFP plasmids. One

group in particular' 5 examined several variants of GFP plasmids resulting in many of the

GFP-expressing cells contracting, rounding-up and dying, which was confirmed by

decreasing luciferase activity and increasing CPP32-activity, a cysteine protease that

plays a direct role in the proteolytic digestion of cellular proteins responsible for

progression to, apoptosis.

Our work with GFP confirms that the GFP protein product has toxic side-effects

in at least one type of ASC, whereas the CFP and YFP protein, translated from the same

plasmid vector construct is well tolerated by these cells. This conclusion can also explain

the transfection efficiency and clonability data derived in our analyses. Table 6.1

summarizes the relative transfection efficiency and clonal expansion outcomes for the

various fluorescent proteins studied in our work. Since transfection efficiency is an
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indicator of success for the transfer and integration of genes into cells, it is possible that

due to GFP-related toxicity, both CFP- and YFP-genes transfect the adult hepatic stem

cells approximately 47- and 45-fold better, respectively, than the analogous GFP gene.

Cloning efficiency (clonability) data further confirms the difficulties observed with

stable, long-term transduction with GFP; since 100% of CFP- and YFP- clones gave rise

to cell strains, whereas none of the GFP-derived colonies gave rise to stable clones (Table

6.1). This is further evidence that due to GFP-dependent toxicity, GFP cannot be utilized

as a stable fluorescent reporter in these adult hepatic stem cells.

In contrast, the acquisition of both CFP- and YFP-expressing hepatic ASC

derivatives (Figure 6.3) was straightforward. Due to initial variability in fluorescence

expression fraction, several clones were selected that represented the population's range

of expression frequency. The designated ranges of expression were non-expressing (B 1),

semi-expressing (B2) or fully-expressing (B3; Figure 6.2 & Figure 6.3). The differing

frequencies of expression might be due to early random extinction events in the growth of

single cell clones or due to the action of specific CFP and YFP inhibitors. When CFP-

expressing clones were further propagated to develop strains, one non-expressing B1

clone began to express CFP at high-levels (Clone B -X; Figure 6.2; Table 6.2). This may

have occurred due to the loss of initial CFP inhibition in the clonal cell or because of a

very low rate of stable gene expression. Additionally, due to the short time period in

which this phenotypical change occurred (i.e., within 6 population doublings), the

explanation of rare fluorescent contaminants can be ruled out. It is unlikely that a few

fluorescent cells would have adequate time to proliferate sufficiently to give rise to a

predominantly fluorescent culture in such a short period of time. Although it is

reasonable that this fluctuation in fluorescence expression could have occurred in initially

non-GFP-expressing clones, it is unlikely since this was not observed in numerous trials

and clones. Additionally, if cells began to express GFP, it is unlikely that the cells would

have survived, as suggested from our transiently-derived GFP clones.

The remaining CFP-expressing cell clones, B2-X and B3-X, maintained their

initial fluorescence properties throughout their examined 24 week time period in culture

(Figure 6.2). All three cell clones retained a high level of fluorescent expression at 24

weeks of culture (approximately 140 population doublings), even though clone B1-X
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initially showed decreasing expression (Figure 6.2). Not surprisingly, the semi-expressing

B2-X cell strain exhibited greater variation in its CFP-expression, since this culture

contains the greatest mixture of fluorescent- and non-fluorescent expressing cells (Figure

6.3).

Our success in deriving stable, fluorescence-expressing cell strains with CFP or

YFP, and failure with GFP may be due to differences in the emission spectra between the

proteins. It is possible that free-radicals are not formed in the case of CFP and YFP; but

if they are generated, they may exist in lower amounts compared to GFP for the same

amount of excitation energy. Another possible explanation is that the radicals formed in

the case of CFP and YFP are imbedded in the protein, preventing reactivity with other

vital cellular nucleophiles (e.g. DNA, proteins). Additionally, CFP- and YFP-radicals

may be more efficiently quenched and, therefore, deactivated by other molecules in the

cell. Even so, it seems paradoxical that it is possible to derive stable transgenic GFP-

expressing animals9-12 but not stable expressing cultured cells. However, cells in culture

may have insufficient compounds that quench free radicals. In vivo, organ systems like

the liver may supply a sufficient quantity of such compounds (e.g. quinones, glutathione)

to counter effects of GFP-dependent free radical formation. However, there is evidence

that over-expression of GFP in transgenic mice can cause dilated cardiomyopathy 26 and

may compromise developmental competence of embryos27

When the CFP-expressing cell strains (B -X, B2-X and B3-X) were placed under

differentiation conditions after 120 doublings, either no or only modest reductions in

fluorescence cell fractions were observed relative to normal culture conditions (Figure

6.5; Table 6.2). However, although exhibiting stable fluorescence expression under

differentiating conditions, B1-X and B3-X cells displayed a statistically significant

increase [60% (p<0.0091) and 91% (p<0.0018), respectively) in median fluorescence

under differentiating conditions (60% and 91%, respectively). This increase in

fluorescence may be directly related to an increase in the median cell size of the

population, since it has been observed that as Lig-8 cells differentiate, they produce large

hepatocytes23 (Figure 6.4, d-f; arrows). Nonetheless, this stability in fluorescence is

important, since it suggests that CFP is expressed independent of the differentiation state

of progeny cells. Stable fluorescence expression in our in vitro differentiation studies is a
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valid predictor of stable expression in in vivo differentiation, since TGF-f3 is a ubiquitous

differentiation growth factor, especially in the liver28. The high stability in fluorescence

expression under both normal and differentiating conditions can ideally be used in

transplantation studies to evaluate the in vivo repopulation properties of these cells.

The importance of this report is underscored by recent reports concluding

statistically significant amplification of hematopoietic stem cells by forced expression of

specific genes. For instance, the gene transfer of the HOXB4 gene into human

hematopoietic stem cells (HSCs) was reported to result in an overall approximately 2-fold

increase in total and CD34 + cells, normalized to a transfer of a control EGFP gene

construct 29. This 2-fold increase and eventual significant overall increase in in vivo

repopulation efficiency caused by HOXB4 regulation could be interpreted as the result of

increased cell death in EGFP-controls due to fluorescent toxicity and not due to the

expansion of HSCs using HOXB4 regulation, as suggested. Similarly, in another report

using recombinant HIV transactivating (TAT)-HOXB4 protein30 , TAT-GFP was used as

a control for the in vivo expansion and pluripotency of HSCs. It was concluded that TAT-

GFP was ineffective in supporting HSC expansion, whereas TAT-HOXB4 resulted in a

net expansion of 20-fold over control values. Again, this data may be interpreted as

resulting from the toxicity-dependent effects of the GFP gene, used as the control for

gene transfer.

Availability of stable, long-term marked ASCs has important applications in

advancing the ASC biology field. Currently, there are no tissue-specific ASC markers

that would allow for easy characterization and validation. One example is the expansion

of HSCs in culture, currently a major obstacle in the field. Although markers have been

found that promote enrichment of ASCs from specific tissues 31,32, these are not sufficient

for determining the 'stemness' in any general sense. Currently, the main method that is

used to establish the 'stemness' of an ASC population is transplantation of cells into

animals and determination of whether the cells can regenerate damaged tissues. However,

our group is currently working to develop in vitro functional identifiers22 24

In some tissue models, determining repopulation efficiency is simpler than in

others. For bone marrow repopulation studies, the output metric is reconstitution of viable

recipient animals after donor cell transplant. Few ASC studies have this ideal feature of
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functional reconstitution. Most of these studies depend on in vivo cell histology to

indicate effective tissue repopulation. Studies of this sort have led to debates regarding

issues of ASC( plasticity33 . If a faithful cell marker is not tracked in transplanted ASCs,

then uncertainty arises; since it is not clear whether the transplanted cells or host cells are

responsible for results. In some tissue models, such as the liver, where the tissue has the

capacity for active proliferation, tracking of transplanted cells is even more crucial. The

described method will allow for the development of stable, long-term fluorescence-

expressing ASCs in culture will greatly assist in resolving current controversial issues,

including ASC plasticity in animal repopulation assays.

Notwithstanding the current controversy regarding ASC plasticity and cell

fusion33-35, our findings with GFP call for re-evaluation of conclusions based on the

transduction of GFP-transgenes into manipulated ASC populations. Additionally, our

findings establish important quality control concepts for developing and implementing

methods and tools for future ASC therapeutics that employ gene transfer. Our experience

highlights the importance of careful in vitro characterization of genetically marked cell

populations before transplant.
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Table 6.1 1 Relative transfection efficiency of fluorescent gene
markers and cloning efficiency of selected transfected cell colonies.
Transfection efficiency is defined as the average number of colonies/
number of cells transfected/Cg DNA. Cloning efficiency (clonability) is
defined as the number of cell lines derived/number of clones picked.



133

Table 6.2 I Quantitative comparison of the CFP-fluorescent cell
fractions of cultures under undifferentiated and differentiated
conditions. Flow cytometry quantification of the R2 region of flow
histograms (as shown in Figure 6.5) for three fluorescent cell clones
(same as Figure 6.2). Data are the average % fluorescent cells at 24
weeks in cultures ± standard deviation (SD). Cells were analyzed under
normal culture conditions (undifferentiated) and under conditions that
increase differentiated progeny (differentiation), as described in the
text.
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Figure 6.1 j Transient, short-term expression of GFP fluorescence expression
of the hepatic adult stem cell strain, Lig-8 due to GFP cytotoxicity. Adult
hepatic stem cell strain, Lig-8, was transfected with the pEGFP-N3 expression
vector. Shown are images of 6 independent colonies transiently expressing Lig-8
GFP cell colonies 72-96 hours post-transfection Shown are the phase (a, d, g, j, m,
p), GFP-fluorescent (b, e, h, k, n, q) and propidium iodide (PI) fluorescent (c, f, i,
1, o, r) images of 6 GFP-expressing colonies. Arrows indicate cells double-positive
for GFP and PI. Scale bar is equivalent to 100 pm.
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Figure 6.2 I Stable, long-term expression of CFP fluorescence in stably
transfected adult stem cell clones. Three cell clones expanded from CFP
transfected colonies, B1-X, B2-X and B3-X (as described in text), were
propagated and serially analyzed for CFP expression. At the indicated number of
population doublings, the percentage of fluorescence-expressing cells was
determined by flow cytometry for each specified clone. The cells have been
passaged for a maximum of 140 population doublings.
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Figure 6.3 1 Fluorescent protein (CFP or YFP)-expressing colonies from adult
hepatic stem cells. Adult hepatic stem cell strain, Lig-8, was transfected with
either a CFP or YFP expression vector. Shown are colonies with approximately
20-75% of the cells expressing (B2) and colonies with essentially 100% of the
cells expressing (B3). Shown are the phase (a, d, g, j), fluorescent (b, e, h, k) and
merged (c, f, i, 1) images of CFP- and YFP- expressing colonies. Scale bar is
equivalent to 100 pnm.
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Figure 6.4 I Qualitative comparison of the B3-X CFP-fluorescent cell
strain of cultures under undifferentiated and differentiated conditions.
B3-X cells were cultured under normal (control) (a-c) and differentiated (d-f;
20 ng/ml epidermal growth factor (EGF) and 0.5 ng/ml transforming growth
factor 3 (TGF-P), in the same culture medium, except that the DFBS was
reduced to 1%). culture conditions for 9 days. Shown are phase (a, d),
fluorescent (b, e) and merged (c, f) images. Arrows indicate differentiated
cells. Scale bar is equivalent to 100 Rtm.
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Figure 6.5 I CFP-fluorescence expression of the hepatic
adult stem cell (ASC) clone, B3-X, (see also Figure 6.2) is
stable after induction of differentiation. Flow cytometry
analysis was performed on the non-transfected parent hepatic
ASC strain, Lig-8 (a) , and CFP-fluorescent B3-X hepatic ASC
cultures, both under undifferentiated(b) and differentiated (c)
conditions. Histograms plot the relative numbers of cells as a
function of the log-relative CFP fluorescence. The background
fluorescence, as defined by non-transfected Lig-8 cells is
depicted as the RI region, and the positive fluorescence is
denoted by the R2 region (also see Table 6.2).
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Chapter 7

Conclusions

Fundamental challenges in the hematopoietic stem cell (HSC) field are impeding

the full clinical potential that HSCs possess. Technical barriers include lack of markers

expressed exclusively on HSCs, resulting in a lack of specificity in detecting HSCs ex

vivo; and biological barriers consist of low numbers of HSCs in vivo, challenges in

mimicking the HSC microenvironment ex vivo, and the overlooked HSC kinetics barrier:

self-renewal through asymmetric cell kinetics (ACKs). Taken together, these obstacles

yield problems in developing strategies to promote the ex vivo expansion of HSCs. The

main hypothesis for this thesis research was that, in order to expand HSCs ex vivo, the

fundamental property of all adult stem cells (ASCs), like HSCs, must be overcome:

asymmetric cell kinetics. By understanding the critical challenges in the HSC field, this

research focused on investigation of a suppression of cell kinetics (SACK) method as a

means to promote ex vivo expansion of human HSCs.

Previous attempts to expand HSCs ex vivo focused on varying cocktails of

hematopoietic growth factors (GFs) and cytokines in order to effectively increase HSC

numbers. However, this approach, at best, preserved HSC survival, while simultaneously

promoting extensive proliferation of hematopoietic progenitor cells (HPCs).

Investigations of SACK under these culture conditions resulted in a 1.5-fold reduction in

total cell number and 1.6-fold increase in the fraction of the population expressing

CD133. This suggested, as proposed, that SACK agents affect the cell kinetics of HSCs

in HSC-enriched cell populations. However, no overall increase in SACK-dependent

CD133 + cell number was observed. This finding might have indicated lack of sensitivity

in detecting SACK-dependent changes in CD133 + HSCs. Consequently, the SACK

method was investigated in conditions that allowed for increased sensitivity in detecting

SACK-dependent increases in CD133 + HSCs. This was accomplished by culturing

CD34 + MPB cells in a GF-starved environment. There was a basis to consider that HSCs

were insensitive to GF depletion. On the other hand, HPCs were completely dependent

on GFs. Therefore, this consideration allowed for a unique opportunity to selectively

enrich for HSCs in culture. For the first time, a 2.5-fold SACK-dependent increase in
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CD133 + HSCs was observed, relative to controls. This result suggested that by repressing

HPC survival and proliferation, an increase in sensitivity for detecting SACK-dependent

effects on CDI133 + HSCs could be accomplished. It could also have been the case that

repression of HPCs allowed for increased HSC expansion. However, attempts to increase

SACK-dependent CD133 + HSC expansion were limited due to poor cell survival, under

GF-starved conditions. Accordingly, increased sensitivity in detecting and preserving

survival of HSCs was accomplished by balancing the repression of HPC survival and

proliferation (by GF starvation) while enhancing survival and expansion of HSCs (with

the addition of specific HSC survival factors). From these studies, Flt3 ligand acted as a

survival factor (SF) to maintain survival of HSCs, without inducing extensive

proliferation of HPCs. Under such conditions, up to a 5.5-fold SACK-dependent increase

in CD133 + cells was observed. Therefore, by understanding fundamental obstacles to

HSC production, the suppression of asymmetric cell kinetic method promoted a

detectable increase in CD133 + cells, predicted to include HSCs.

It could be argued that the SACK-dependent effects observed were not due to

HSC expansion, but rather due to SACK-dependent preservation of HSCs. There are

several lines of evidence that suggest that HSC expansion occurred. First, in previous

studies with ASCs (liver), SACK agents directly promoted shifts to symmetric cell

kinetics. This property suggests that SACK effects cell kinetics, not cell survival. Second,

an overall increase in total cells was observed. If only HSC preservation was taking

place, this would not be expected. Finally, the fraction of cells in the S-phase of the cell

cycle after 5 days of culture increases 2- to 4-fold compared to uncultured cells,

depending on SACK-supplementation. This increase in cycling S-phase cells suggests

that cells are proliferating under ex vivo cultured conditions. These three lines of evidence

suggest that the SACK-effects observed were due to HSC expansion, not HSC

preservation.

In order to exhibit the capacity for self-renewal and the potential to give rise to

multilineage differentiation of SACK-dependent cells, both uncultured and cultured

CD34 + MPB cells were transplanted into sublethally irradiated non-obese diabetic severe

combined immunodeficient (NOD/SCID) mice. SACK-cultured cells from conditions

that repress HPC survival and proliferation, while preserving HSC survival and
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expansion showed a 4.5-fold increase in engraftment efficiency, as compared to SACK-

free cultured cells. This result suggested that by regulating cell kinetics, SACK resulted

in increased HSC numbers. This is likely a consequence of promoting shifts in HSCs to

symmetric cell kinetics. This is a compelling result as it suggests that SACK-dependent

culture expands HSCs ex vivo.

However, when compared to uncultured cells at the same culture well equivalence

(CWE) dose, an overall 65%-85% reduction in engraftment efficiency was observed.

This finding suggested that, although ex vivo expansion of CD133 + HSCs under

conditions that repress HPC survival and proliferation while preserving HSC survival

results in increased sensitivity in detecting HSCs ex vivo, it is not the ideal culture

condition for increasing engraftment efficiency in in vivo transplantations. This finding

also raises the possibility that the presence of HPCs may contribute to engraftment

potential. HPCs may promote successful HSC homing into the marrow

microenvironment from the circulation or may increase the likelihood of the injected cells

reaching their final destination. Future experiments will focus on optimizing the in vivo

engraftment efficiency of SACK-expanded HSCs.

The clinical impact of ex vivo expanded HSCs includes enabling umbilical cord

blood (UCB) therapy, the realization of the potential of repairing dysregulated genes with

gene therapy, and engineering the ex vivo production of mature blood cells. The clinical

implications of ex vivo expanded HSCs are increasing the engraftment efficiency of

patients (as a result of low HSCs in transplanted grafts) and decreasing graft-vs.-host-

disease (GvHD) related mortality of allogeneic transplants. UCB stem cells represent a

unique population of HSCs that can be successfully transplanted into allogeneic patients

with low risk of GvHD. However, to realize their full clinical potential, the low numbers

of HSCs in UCB must be expanded. A 3-fold ex vivo expansion of human HSCs is

sufficient to meet current needs in HSC transplants'. Gene therapy also depends on

expanding HSCs, since in order to incorporate repaired genes into dysregulated HSCs
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genome, HSCs must proliferate without differentiating (i.e. expansion). Expanded HSCs

could also be used to engineer the production of mature blood cells for therapeutic

purposes. The work presented in this thesis dissertation promises to enable the full

clinical potential of HSCs.
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