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Abstract 

Transplantiition of marrow stroma1 cells (MSC) shows promise as a vehicle for 

gene thempy. However. engraftment efficiency must be improved. To enhance homing 

and hence engraftment. we expressed V W - 4  on MSC to elicit interactions with adhesion 

molecules on marrow stem and stroma1 cells. Electroporation was used to trmsfect 

munne stroma1 cells with VLA-4 u chüin cDNA. Cell surface VLA-4 expression and 

funciional binding to VCAM-Ig were demonstnted by tlow cytometry. Male MSC were 

infused into untreated or irradiated female Balblc recipients with or without CO-infusion 

of marrow cells. Male donor cells were detected by FISH or PCR for Y chromosome 

specific sequences. The highest level of MSC engraftment w3s with transfected MSC CO- 

infused with marrow cells. The data show that stromal ceIl engraftment can be improved 

by almost 50 fold over infusion of unmodified stromal cells alone and suggest that this 

approach may have clinical utili ty. 
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Chapter 1 

INTRODUCTION 

1.1 Hematopoiesis 

Hematopoiesis is a complex process in which pluripotent stem cells differentiüte 

and evolve into committed progenitor cells. They in tum proliferite into mature 

func tional blood cells such as erythrocytes. megakaryoc ytes. monocytes. neutrophi 1s. 

eosinophils. basophils. T- as well as B-lymphocytes. Hematopoiesis takes place within 

the bone rnarrow stromal microenvironment (figure 1 ). 

1.2 Stroma1 cells 

The bone rnarrow siromal microenvironment is a complex network of cells and 

ex trace! lulx matrix. w hich maintains the hematopoietic systrm throughout l i  fe. 

Componen ts of the hematopoietic microenvironment i nclude the ce1 lulür part. stromül 

cells: and the extracellular put. matrix. Stromal cells are characterized by 

nonhemiitopoietic features and include ce Ils of reticular. monocytic. epithelial. 

endothelial. adipocytic. tïbrobliistic. and smooth muscle type. 

Stromal precursor ce1 1s cün differentiate into osteoblasts. chondroblasts. 

adipocytes and fibroblasts in culture under appropriate conditions or üfter implantation 

into appropriate tissues in  vivo (Pereira et al.. 1995). Mter infusion of mürrow stromal 

cells into the hosts. progeny of the cells appears in a variety of tissues. including bone 

(Pereira et al.. 1995). cartilage (Pereira et al.. 1998). h g .  spleen. and thymus (Keating et 

al.. 1996). In addition. sorne studies showed that mrirrow stromal cells can engrrift into 

the central nervous system. The presence of donor-derived astrocytes was observed after 

systemic infusion of whole marrow into immunodeficient rnice (Eglitis et al., 1997). 

However. stromal cells are less likely to differentiate as opposed to hematopoietic cells 

and are considered to be quiescent unless they are induced by certain srowth factors or 

cytokines. 

Components of the entracellular matrin consist of basal lamina. and interstitial 

collagen types. fibronectin and proteoglycans which are al1 identified in the adherent 
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Fig 1. Differentiatîon pathways of hematolymphoid cells. The primary site of early 
hematopoietic differentiation in the adult animal is the rnarrow. which contains 
rniçroenvironments necessxy for the maintenance and differentiation of pluripotent stem 
cells. The differentiation and proliferotion of myeloid and erythroid precursors are dependent 
on stromal elements that reside in marow and, to a lesser extent. in spleen. The origin of 
stromal cells remains to be elucidated (Momson et al.. 1995. and Muller-Sieburg 1989). 



layers of long term bone marrow cultures (LTMC) (Clark & Keating, 1993). 

LTMC has been used to study stem ceIl regulation (Dexter et al., 1977 and Greenberger. 

1984). Extracellular matrix has been s h o w  to be invoived in different biological 

functions such as cell adhesion. binding and presentation of various cytokines and 

regulation of crll growth. 

An essential feature of LTMC is the presence of an adherent Iayer composed of 

mesenchymal cells lacking hematopoietic characteristics. The nature of the stromal cells 

in LTMC has been defined by morphological cnteriü. antibody stüining of the 

cytoskeleton and cell surface markers. and by enzyme reactions (Dexter. 1990). Stroma1 

cells express clüss 1 histocompatibility antigns but not K A - D R .  are collagen IV 

positive. but lack the CD45 cell surface antigen which is a charactenstic of most 

hematopoietic cells. Furthemore. stroma1 reticular cells are alkaline phosphatüse 

positive whereas macrophages are not (Rosendüal M. 199 1 ). Mmow stromal cells 

enriched with Stro- 1. an antibody recognizing a human stromal surfüce antigen. wcre 

found to suppon hematopoiesis in vitro (Simmons and Torok-Strob. 199 1 ). 

Hematopoietic cells can be shown to interact with cellular and extracellular 

matrix components of the microenvironment through direct cell-cell contact interactions 

and the release of growth factors and cytokines. Ce11 adhesion molecules on stromal cells 

could be important for the relense of cytokines as well as for mediating undifferentiated 

bone rnarrow cell binding. In situ studies of bone marrow showed that hematopoietic 

cells are found in close association with strornal cells. sug_oestin_o rhat stromal cells 

nurture hematopoietic cells (Weiss L. 1976). Studies demonstrating that hematopoiesis in 

cultures without this adherent layer declines rapidly (Dexter. 1987) indicate that the 

strornal ce11 layer plays a crucial role in promoting hematopoietic prognitor ce11 

proliferation and differentiation. 

1.3 Stroma1 ce11 transplantation 

Autologous bone marrow trmsplants are perfomed widely for a varîety of 

malignancies and may also provide a convenient means of delivering manipulated cells i n  

gene therapy protocols for a variety of disorders (Gorin et al.. 1989 and Gonn et al.. 



1991). Anklesaria et al (1989) showed that transformed stromal cells from a murine 

mode1 engraft and influence hematopoiesis in vivo. Furthemore, some stromal cell lines 

derived from LTMC transplanred intravenousl y could partiall y cure the 

microenvironmental defect in SI/SI '%~C~ (McCulloch et al., 1965). This su,, ~ ~ e s t s  that 

marrow stromal cells may be capable of engraftment and thus. provide a vehicle for gene 

delivery to correct hematopoietic disorden. Stroma1 cells offer a number of advantages in 

this regard: they are easy to obtain and maintain in culture (Dexter et al.. 1977) are 

amenable to transfection (Keating et al.. 1990) and are transplantable (Wu and Keating. 

1991). However. mechanisms goveming stromal cell engraftment in transplant recipients 

remain to be determined. 

1.4 Hematopoietic stem cells 

Hematopoietic stem cells are a population of cells capable both of self-renewal 

and differentiation into a variety of hematopoietic lineages (Spangrude et al, 1988 and 

Wolpen. 1988). Enrichment techniques for human hematopoietic stem cells have used 

the expression of CD34 present on bone marrow progenitor cells (Saeland et al. 1988 and 

Mayani et al. 1989). 

A stem cell in the bone marrow is thought to be surrounded by a specific 

combination of stroma1 elements. Such a special microenvironment is referred to as a 

niche (Schofield. 1978). As stem ce1 ls di fferentiate into more mature propenitor cells. 

they rnay move from one type of niche to another (Mason et al.. 1989 and Miyake et al.. 

1991). In a niche. the microenvironment is thought to regulate stem ceIl activity by 

providing specific combinations of cytokines and by establishing direct contact with the 

stem cell (Zipori, 1988, Gordon. 1988 and Funk et al.. 1994). Lack of contact leads to 

imbalanced maturation of stem cells (Verfaillie. 1993). For successful long term 

engraftment of bone marrow transplantation recipients. i t  is necessary that at least some 

stem cells reach the specific niches. This process is referred to as homing. Coincidental 

binding to stromal cells may enable them to reach a stem ce11 niche. 



1.5 Homing 

Homing represents a cascade of adhesive interactions between hematopoietic cells 

and bone marrow stroma andfor iis extracellular matrix. Homing is a highly selective 

process that may be mediated through a specitic homing receptor or throuph a method of 

selective capture. retainment, or survival advantage afforded by the marrow (Cheryl 

Hardy, 1995 and Papayannopoulou and Craddock, 1997). The VLA-IIVCAM- 1 adhesion 

pathway plays a significant role in this process. VCAM-1 is recognized as the dominant 

bone marrow endothelial addressin in hematopoietic cell homing. Cytokine-activated 

human endothelial cells express vascular ceIl adhesion molecule- 1 (VCAM- 1 ), w hich 

binds lymphocytes (Mariano et al. 1990). 

Hematopoietic stem cell interactions with elements of the underlying stroma are 

essential for sustained normal hematopoiesis. Adhesion receptors in  the integnn f i m i l  y 

play a role in promoting adhesion of human hematopoietic stem cells to cultured hurnan 

marrow stromal cells. Stem cells are known to home and adhere to stromal cells in vivo 

and in vitro whereas there is no evidence for horninz of stroma. The rnechanisms by 

which stem cells are restrirted within specific areas in the mmow remain undefined 

Oun to (Aizawa and Tavassoli. 1987 and Aizawa and Tavassoli. 1988) and attention has be, 

focus on the role of glycoproteins and integrins in this process (Verfiiillie et al.. 1991 and 

Williams et al.. 1991). Ennched CD34hi progenitor cells express VLA-4 and other 

integrins. Homogeneous marrow stromal cell monolayers capable of supportable 

proliferation of CD34hi cells (Teinido et al. 1994). express VCAM-1 and fibronectin 

which are ligands for VLA-I and VLA-5. It was demonstrated that VCAM- 1 and VLA-4 

represent a ligand-receptor pair that allows attachrnent of lymphocytes to activated 

endothelium. Moreover, a study (Mariano et al, 1990) showed that VLA-I binding to 

VCAM-1 occurs by a mechanism independent of the VLA-4 interaction with 

fibronectin(FN). 

The pnmary human bone mmow stromal monolayer in culture is a complex 

mixture of several different ce11 types including fibroblasts. endothelial cells. and 

macrophages. One approach to determine the contribution of a specific stromal cell 



subtype toward stem ce11 adhesion and maintenance has been to establish homogeneous 

fibroblast-like, stroma1 cell cultures devoid of macrophages from murine rnarrow. 

1.6 u and P chah of VLA molecules 

Integrins are heterodimenc molecules made up of nonconvalently associated u 

and p subunits with a widespread cell distribution and a high degree of conservation 

throughout evolution (Hynes RO, 1957). Subsequent studies involving cross-linking. ceII 

distribution. monoclonal antibody (mAb) recognition, and peptide rnapping have shown 

that there are at least five distinct heterodimers in the VLA protein family (Hemler et al.. 

1985 and Hemler et al.. 1987). From cell distribution studies. it is clear that nearly al1 

tissues and cell types express one or more VLA complexes. and different lineages appear 

to have characteristic VLA profiles. (Hemler et al.. 1983 and Hemler et al.. 1984). The 

u4 subunit can associate with either the Pi or the B7 subunit. Both u4BL and u4V are 

expressed on activated T and B lymphocytes and have been implicated in the 

development and progression of a number of autoimmune diseascs (Yang et al.. 1992. 

Abraham et al.. 1994 and Burkly et al.. 1994). 

1 integrin subfamily predominmtly mediates cell attrichment to the extracellular 

matrix (Hynes RO. 1987 and Ruoslahti E. 1988). The p l  integrin family. also termed 

VLA proteins. includes at least six recepton that specificolly interact with fibronectin. 

collagen. andor Iaminin (Hemler ME. 1990). VLX 1. 2. and 3 rnediate cell binding to 

çollagen. VLA3. 1. and 5 bind fibronectin (FN), and VLAl. 7. and 6 bind laminin 

(Ruoslahti E, 1991). Within the VW family. VW-4 is atypical because it is mostly 

restricted to lyrnphoid and rnyeloid cells (Hemler et al. 1987b). VLA-4 (u4Bl) complex 

is expressed at substantial levels on hematopoietic cells such as normal peripheral B and 

T cells, thymocytes, and monocytes as well as on marrow blast cells and erythroblasts but 

not on stroma1 cells: and plays a role in cell trafficking, activation and development 

through i ts interaction with two alternative ligands. VCAM- L and FN. 



1.7 VCAM-1 molecules 

The ligand for VLA-4. VCAM-1. has been identified on the surface of activated 

endothelial cells of marrow stroma. VLA-4 surface expression on K562 cells following 

transfection of the VLA u4 subunit cDNA resulted in specific cell adhesion to VCAiM-1. 

and anti-VW-4 antibody completely inhibited this VCAM- 1-dependent cell-cell 

attachment (Elices et al., 1990). Bone marrow stromal cells constitute a population of 

different cell types that provide the bone marrow microenvironment with cytokines 

necessary For sustained hematopoiesis and also express membrane ligands for adhesion 

receptors on hematopoietic cells. Integrin receptors play an essential role in  crll-rnatrix 

and cell-ceIl interactions. 

Vascular cell adhesion moleculc-1 (VCAM-1) is a member of the 

immunoglobulin (Ig) superfimily (Osbom et al.. 1989) which interacts wi th ulf! 1 (VLA- 

4) and a437 (Lobb and Hernler. 1994). VCAiM-1 is constitutively or inducibly expressed 

on a variety of ce11 types including endothelial. neural. smooth muscle. dendritic and 

marrow stromal cells and regulates cell activation as well as adhesion (Anwar et al., 1994 

and Romanic and Mridri. 1994). Alternatively. VLA-4 binding to the extra-cellular 

matrix protein FN may control cell adhesion (Hines et al.. 1991) and development 

(Teixido el al.. 1992 and Salomon et al.. 1994). 

VCAM-1 was first identified as an adhesion molecule inducible on endothelial 

cells by inflammatory cytokines such as IL-1. IL4 and TNF-u as adhesion of peripheral 

blood CD34+ cells to human bone marrow endothelial cells was observed only after IL- 1 

prestirnulation of the endothelial cells (Rood et al.. 2000). It was shown ihat IL-1 

stimulation of stromal ce1 1s caused increased VCAM- 1 expression and increased 

attachrnent by CD3Jhi bone rnarrow cells. CD34hi cells utilized VLA-4 to adhere to 

purified VCAM-1 and CD34hi cells rnay also utilize multiple integrin-medirited adhesion 

pathways to locûlize within specialized microenvironment niches created by mmow 

stromal cells (Teixido et al, 1992). 



1.8 Importance of the VLA-4 and VCAM-1 interaction 

Members of the integrin family of ce11 adhesion receptors mediate both cell- 

extracellular matrix and cell-ce11 adhesion and are involved in ceIl migration and 

localization during embryonic development. tissue organization. cell differentiation. 

inflammation. and metastasis (Hemler. 1991, Hynes. 1987. Rouslahti. 1988 and Hemler 

et al., 1990). The integrin. VLA-4 is the adhesion molecule used by CD34hi cells to 

attach to stroma and interacis with VCAM- 1 which is constitutively expressed by bone 

mmow stroma1 cells. For example, the VLNVCAM adhesion pathway has been 

implicated in important physiological processes involving migration and localization of 

immune cells (Elices et al.. 1990 and Ricc et al., 1990) and some tumor cells (Taichman 

et al. 1991). Adhesion of circulating tumor cells to endothelial cells in tlirget blood 

vessels play an important role in the process of metastasis (Papadimitriou et al.. 1999). It 

has also been shown that this adhesion pathway plays a role in mediating adhesion of 

stem cells to bone marrow stroma. which could be cntical for initiation and maintenance 

of hematopoiesis in the bone marrow (Joauin et al., 1993). Interaction between humün 

mast cells and endothelial cells is ülso mediated by VLA-INCA-M-1 pathway (Mierke et 

a1 .. 2000). 

Several studies demonstrated a relationship between expression of VLA-4 and the 

development of metastasis (Holzmann et al.. 1989). Therefore. an abnomal increase in 

the expression of a4 integrins may be one of the molecular mechanisms in advmced 

metastasis of cancer cells. It is reported that VLA-4 plays a cntical role in erythropoiesis, 

and that the interaction between VCAM-1 and VLA-4 contributes to the formation of 

erythroblastic islands (Williams et al.. 1991 and Sadahirri et al., 1995). Thus an alteration 

in VLA-4 expression may even affect hematopoietic ceils in  vivo. 

The u4 integins are one of several families of molecules which control the 

migration of leukocytes into tissues during both in  fiammatory responses and normal 

lymphocyte recirculation (Springer, 1994, Garofalo et al. 1995 and Hamamura et al. 

1996). This role has been clearly demonstrated by the effect of alpha4 specific mAbs in 

animal models of inflammation and autoimmune diseases (Lobb and Hemler. 1994). 

Several of these studies also demonstrated a role for the VLA-4 ligand, VCAM-1. which 



is expressed on cytokine-induced endothelium (Osbom L. 1990). Vascular endothelial 

cells constitute the lining of blood vessels and normally exhibit a low affinity for 

circulating Ieukocytes (Harlan, 1985). The release of cytokines at sites of inflammation, 

and in response to immune reactions. causes their activation and resuits in the increased 

expression of a host of surface antigens (Collins et al.. 1986. Bevilacqua et al., 1987. and 

Leeuwenbery et al.. 1989). This cytokine-induced adhesion molecule, VCAM- 1. which 

binds lymphocytes (Osbom et al. 1989) appears to play an important roie in leukocyte 

recruitment to extravascular tissues and VLA-i 1s its key receptor on circulating 

iymphocytes. VLA-4 recognizes ligmds on activated endothelial ce1 1s (Takada et al. 

1989). contributes to cytotoxic T cell adhesion to B cell taqets (Bedhnarczyk J and 

Mclntyre BW. 1989). participe in the homotypic aggregation of lymphocytes. and may 

be involved in the generation of intracellular signals important for regulation of T cell 

activation (Groux et al., 1989). 

In addition. adhesion of human B cell precursors to mürrow stroma is rnediated by 

VLA-4 to VCAiM-1. This adhesion pathway has been demonstrated to play a role in 

mediating the adhesion of stem cells to bone marrow stroma. which could be critical for 

the initiation and maintenance of hematopoiesis. 

The u4 integrins are required for normal development of both B and T precursor 

cells in bone rnarrow (Arroyo et al. 1996), and long term bone mürrow cultures have 

demonstnted the involvement of VLA-4 in l ymphopoiesis (Miyake et al. 199 1 ). 

undersconhg the importance of VLA-l-mediated adhesion during hernatopoiesis. It is 

well established that VLA-4 on stem and precursor celis as well as on severd leukemic 

cells mediates attachment to the ligands on bone marrow stroma1 cells (Teixido et al. 

1991 and Ryan et al., 1991). This interaction is also important for the differentiation and 

proliferation of hematopoietic progenitor cells. In addition. VLA-4 has been shown to 

mediate T and B lymphocyte attachment to the hepaiin II binding fragment of hurnan 

plasma fibronectin (FN) (Wayner et al., 1989). 

In vitro studies also. have suggested a role for VLA-l in the localization and 

activation of cells. For example. T cell proliferation and programmed ceIl death can be 

regulated through the VLANCAM pathway (Damle et al., 1993; Burkly et ai., 199 1). 



VLA4 supports the adhesion of germinal center B cells to VCAiM-1 follicular dendritic 

cells (Freedman et al., 1990) and inhibits the death of these B cells (Koopman et al.. 

1994). VLA-4 engagement also induces cytokine expression in macrophages and 

eosinophils (Yurochko et al.. 1997). 

However. a high affinity state of' VLA4 molecule is induced by manganese ions 

or certain activating anti-B 1 monoclonal antibodies ( Jakubowski et al.. 1995). This is 

consistent with the published data on the metal ion requirements for u4pl-dependent 

adhesion of cells to VCAM- 1. which show that manganese ion can support increüsed cell 

adhesion to VCAM-k(Masumoto and Hemler, 1993). In addition. divalent cations bind to 

the VLA4 receptor and regulate its function. However. the steps of the adhrsive process 

which they affect are currently undefined. These effects may reflect an induced 

conformation with higher ligand binding affinity that favors ligand binding. and also 

affect post-binding steps. such as cytoskeletal alterations which strengthen adhesion and 

promote ceIl spreading (Hynes. 1992). 

1.9 Studies of VLA/VCAM interaction in vitro 

Hemûtopoietic precursors interxt with stromal cells via members of the integrin 

fÿmily of cell adhesion molecules. These cell to ceIl interactions have been studied. for 

exarnple. by using monoclonal antibodies to block the function of an alpha 4 epitope 

(VLA 4). whic h abrogates lymphopoiesis and suppresses m yelopoiesis in murine LTMC. 

Some myeloid (U937) and lymphoid ceII lines (preB Ramos. Nalm 6: T cell lurkat) 

showed different degrees of adhesion to resting and activated stromal monolayers. and 

each was panly or almost cornpletely inhibited by anti-VLA4 and anti-VCAM-1 

antibodies (Joaquin et al. 1992). The anti-a4 integnn monoclonal anti bodies prevent 

binding of granulocyte-macrophage progeniton to stroma. Antibodies against VLA-4 

prevent expenmental automimune encephalomyelitis, an inflammatory condition of the 

central nervous system with similarities to multiple sclerosis (Yednock et al., 1992). 

Preincubation of human CD34+ progeniton with anti-VLA-l blocking antibodies 

resulted in a profound reduction of human ce11 lodgement in the sheep hernatopoietic 



cornpartmen t after in utero transplantation, wi th a conesponding increase of human cells 

in the penpheral blood circulation (Zanjani et al.. 1999). 

The stromal ligand for the VLA4 integrin is thought to be either an altemately 

spliced f o m  of fibronectin (Guan and Hynes, 1990) or the VCAiM-1 molecule which is 

an endothelial ceIl surface protein on stromal cells (Simmons et al., 1997 and Rosen et 

al., 1992). Hematopoietic cells expressing VLA-4 may interact with VCAM-1 for 

appropriate adhesion with the marrow microenvironment. Furthermore. after 

chemothenpy and I or total body irradiation, the observed extravasation of stem cells into 

peripheral blood might result from an interaction with VCAM-1 on activated venule 

endothelium (Sienna et al., 1989). 

1.10 Regulatory role of VLA-4 in signal transduction 

In many cellular systems. integrins are not only involved in migration and 

homing. but also regulate signaling püthways (Rosales et al.. 1995 and Clark et al.. 1995). 

Structural features of integrins such as the extracellulor I(nsert) domain. metal ion- 

dependent adhesion sites (MIDAS). and the iniracellular XGFFKR and LLviXhDR 

motifs of the u and chains. respectively. have been characterized (Juliano et al.. 1993 

and Clark et al.. 1995). These structural integrin characteristics are important for affinity 

modulation. ligand binding, and the induction of integrin-associami intracellular signals 

(Schwartz et al., 1995 and Juliano et al., 1993). For VLA-4. i t  was shown that chimeras 

of the extracellular domain of u4 and the intracellular domains of either cc2, u4. or 

cü chains functionally mediate binding of VLA-4 to VCAiM-1 and M (Kassner et al., 

1993). 

Several signal transducing molecules. including many PTK. have been shown to 

be involved in integrin signaling (Parsons et al.. 1996) and most data have been obtained 

with focal adhesion kinase pp125F.'K. This PTK is rapidly phosphorylated and activated 

after adhesion of T-lymphoblastic cells to N or VCAM-1 (Nojima et al.. 1995). and 

adhesion of NK cells to FN (Rabinowich et al.. 1995). Increases in phosphorylation were 

partially blocked by anti-VLA-4 or anti-VLA-5 monoclonal anti bodies (Nojima et al.. 

1995). 



In tonsillar B cells, ligation of the a4, c15 and fi1 chûins of V L A l  and VLA-5, 

respectively, or adhesion to FN induce a similar pattern of tyrosine phosphorylated 
q5FAK proteins, one of which is ppl- (Manie et al., 1996). lt indicated that pp175FA" i s 

involved in VLA-4 and VLA-5 mediated adhesion pathways in hematopoietic cells. 
,5F.4K Investigation of the roles of ppl- and other signal transducing molecules and 

transcription factors involved in adhesion and adhesion-associated regulation of 

hematopoietic progenitor cells and stromal cells awaits exploration. 

1.1 1 Rationale 

There are other VLA proteins. each composed of an unique alpha subunit 

noncovalently associated with a common beta subunit, such as VLA-2. 3. 5 or 6. These 

are present on nearly al1 adherent cells. including stromal cells. and have an endogenous 

beta chain but lack the alpha chain to form a cornpiete VLA molecule. The very late 

antigen (VLA-4) integrins likely mediate hematopoietic progenitor cell attachment to 

bone marrow stroma via VLA-4 on stromal ceils and VCAIM-1 on the surfacc of stromal 

cells. This raises the possibility that stromal cells transfected with the VLA alpha chain 

will express the heterodimer with the beta chain and generate a functional ceIl surface 

VLA-4 molecule that can participate in VLA-iNCAM- 1 interxtions (figure 2). Doublet 

cell formation between stromal ceils with VCAM-1 expression and bone mürrow cells 

with endogenous VLA-l expression may provide a means of stromal ceIl homing. The 

strornal-hematopoietic cell doublet may then home by hematopoietic ceIl interaction with 

the marrow microenvironment (figure 3). 

Previous studies indicate that marrow stroma1 cells can be readily transfected by 

electropontion to express tnnsgenes (Keating et al., 1990). Since stromal cells are 

amenable to transfection. it is expected that the alpha chain of the human integrin 

molecule, VLA-4. can be transfected into murine stromal cells which can be used to 

enhance adhesion and engaftment in recipient mice. Human and mouse a4 subunits are 

highly homologous to each other. Funhermore, binding of humadmouse chimeric 

recepton to recombinant VCAM, a ligand for & B I ,  is poor unless VLA-l molecules are 

being induced by the addition of divalent cations. ~ n " .  It has been shown previously 
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that murine VLA-4 can bind to both human and murine recombinant VCAM 

(Romanic and Madri, 1994). 

Transfection of stromal cells with the alpha chain of VLA-4 is proposed ris a 

means to generate a VCAM-lNLA-4 interaction in this experimental model in order to 

enhance the interaction between infused stromal cells and the mmow microenvironment. 

1.12 Hind limb irradiation 

In vivo studies of murine models suggest that stromal ceIl engraftment in the bone 

marrow of unconditioned recipients occurs at a low level. Local irradiation may improve 

residence of donor cells in  certain niches inside the bone rnmow of transplant recipients. 

The mechanism by which irradiated marrow stromal sites preferentially accepts 

donor stromal cells is not yet known. Possible explanations include the induction of 

cellular adhesion molecules. integrins. or extracellular rnatrix proteins on recipient 

stromal cell surfaces that stimulate attachment of circulating cells with complementary 

receptors (Greenberger. 199 1 ). Al tematively. irradiation may simpi y clear a niche to 

provide spüce for the seeding of donor cells. Thcre is evidence that transplanted marrow 

fibroblast progcnitor cell lines can migrate throush the circulation and seed into sites of 

irradiated marrow niches. where they can provide a supponi ve microenvironment for 

hematopoiesis (Anklesaria et al.. 1987). 

Conditioning regimes such as total body irradiation and chemotherapy before 

bone marrow transplantation serve to destroy the host immune system sufficiently ro 

allow permanent engraftment and eliminate the abnormal tumor cells (Anklesaria et al. 

1987). Local irradiation has fewer and less severe side effects and complications 

compared with those associated with total body irradiation. It is possible that local hind 

l i  mb irradiation improves stromal engraftment by clearing and providing niches for 

infused stromal cells to reside in the marrow. To date, little is known about where within 

the bone marrow. and other tissues. transplanted stromal cells e n p f t  even after local or 

total body irradiation. 



1.13 Hypothesis 

Modulation of adhesion molecules on stromal cells improves stromal engraftment 

by en hancing interactions between modi fied stromal cells and ei ther endogenous stroma 

or CO-infused marrow hematopoietic cells. 

1.14 Objectives 

i )  Demonstrate the engraftment potential of bone rnarrow stromal crlls transfected with 

the alpha chain gene of VLA-4 in both conditioned and unconditioned murine transplant 

recipients. 

i i )  Compare the enphment  lcvel of bone marrow stromal ceils in imdiated versus non- 

irradiated hind Iimbs. 

i i i )  Compare the di fference of engraftment potentiül between infusion of strornal cells and 

their syngeneic bone marrow cells versus strornal cells only. 

iv)  Identify location of infused stromal cells as a function of time at'ter trmsplant 

including lung, liver. spleen and brain. 



Chapter 2 

MATERIAL AND METHODS 

Modulation of stromal ce11 engraftment will be attempted in three ways: 1) 

Alp ha4 chain plasmid transfection. 2) Total body irradiation of transplant reci pients and 

3) Co-infusion of bone mmow cells. 

2.1 Mice 

Male and female Balblc mice (Jackson Laboratory, Bar Harbor HE) between 6 

and 8 weeks of age were used for generating long term bone marrow cultures and as 

stromal ceIl transplantation recipients, respective1 y. They were maintained in the animal 

facility of Ontario Cancer Institute. Toronto. Canada. 

2.2 Long term bone marrow culture (LTMC) 

Fetal bovine senirn (FBS) and horse scrum (HS) were purchased from Life 

Technolosjes. Burlington. Ontario. Recombinant human FGF and recombinant human TL- 

I U  were purchased from R & D Systems Inc. LTMC were initiated from Balblc mice and 

were plated in tlasks with media (McCoy medium supplemented with 12.58 fetal calf 

serum. 12.5% horse serum. rhFGF. rhiL-L. 0.8% essentid amino xids. 0.4% non- 

essential arnino acids. 1% glutamine. sodium pyruvate. sodium bicarbonate. vitamins. 

10%l hydrocortisone which were ordered from GiBCO Canada Ltd.. Burlington. 

Ontario.) changes every week. Adherent cells were serially passaged 4 to 6 times in  

LTMC medium until a homogenous stromal ce11 layer free of hematopoietic cells was 

obtained. 

2.3 Characterization of stromal ceHs 

Anti bodies against the following antigens were used for immunohistochemical 

analysis: collagen IV and CD45 Alkaline phosphatase activity was demonstrated by 

cytochemicai staining. Two ceIl lines, L979 and P388D 1 (Amet-ican Type Culture 

Collection. ATCC. Manassas. USA), were used as controls for the following stroma1 ceIl 
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phenotyping experiments carried out at room temperature unless othenvise specified. 

L979 (fibroblast ce11 line) and P388Dl (mouse monocyte-macrophage ce11 line) were 

charactenzed using specific immunohistochemical and cytochemical markers (table 1). 

Marker 1 L929 1 P388Dl 

Table 1 : Phenotyping of fibroblast cell line (L93-9) and mouse monocyte-macrophage 
ceIl line (P388Dl) with immunohistochemical markers: Collngen IV and CD45 and 
cytochemical marker: Alkaline phosphatase. 

2.3.1 Collacen IV expression 

Passaged stroma1 cells. L979 and P388Dl were seeded onto chamber slides at 

least one day prior to staining. Cells were first washed in IxPBS twice for 5 minutes 

each and then fixed with 3% paraformaldehyde in PBS for 15 minutes. Slides were 

penneabilized in 50% ethanol for 6 minutes and washed in PBS for three times and then 

incubated with primary antibody. BioDesign Rabbit anti-mouse collagen IV ordered from 

Phmingen. Mississauga, Ontario, at a 1/40 dilution in 3% B S A  in lnPBS for 1 hour. 

Slides were washed in PBS for three times and incubated with secondary nntibody. FITC- 

labeled .lac kson Goat anti-rabbi t IgG ordered from Pharmingen. Mississauga, Ontario. at 

a 1/100 dilution in 3% BSA in l x  PBS for 1 hour. Slides were washed in PBS three 

times and a mixture of 5pi DAPI. 0 . 5 ~ 1  PI and 1 5 ~ 1  antifade was  added onto each slide. 

1.3.2 Alkaline phosphatase acti vitv 

The entire staining procedure was provided by Sigma Diagnostics Al kaline 

Phosphatase kits for the histochemical semi-quantitative demonstration of alkaline 

phosphatase rictivity in leukocytes. Slides were fixed in ice cold acetone for 10 minutes 

prior to utilizing the diagnostic kit. Slides were then incubated at room temperature in a 

solution con taining naphthol AS-BI phosphate and fres hl y prepared fast blue B B sait 

buffered at pH9.5 with 2-arnino-2-methyl- l,3-propanediol. 



2.3.3 CD 45 expression 

Slides seeded with cells were handled the same way as for collagen IV staining 

before the addition of antibody. Slides were incubated with FITC anti-CDS5 Rat IgG7b 

monoclonal antibody ordered from Pharmingen, Mississauga, Ontario. at a 1 20 dilution 

in 3% BSA in LxPBS for 1 hour. Slides were then washed in PBS three times and lOpl 

of antihde was added ont0 each slide. 

2.4 Preparation of DNA plasmid 

A plasmid containing the alpha 4 chain of VLA molecule was a gift from Dr. 

Martin Hernler. Dana Farber Cancer [nstitute. Boston. USA (figure 5 ) .  Construction of 

plasmids conraining VLA u subunit cDNA, transcribed from the SffV-LTR. and 

selection of stable transfectants have been described in his paper (Elices et al., 1990). 

DNA plasmid from ampicillin resistant colonies was prepared by small and then by large- 

scaled DNA prepûration. Single colony was inoculated and grown at 37°C ovemight. 

Cells were then treated wi th lysozyme solution and sodium hydroxide as detergent. 

Supernatant was collected after centrifugation and precipitated with isopropanol. Peliet 

obtained was then suspended in TE with adding sodium acetate and ethanol. Plasmid was 

then digested with Sa1 1 and Xba 1 purchased from MDC. University of Toronto. 

Toronto. Canada. to identify that the fragment of interest is the correct s i x .  Fragment 

sizes here are 3.8 and 5.9 kb. Salmon sperm control DNA was prepared using a similar 

method by Dr. Xing Hua Wang in Our lab. 
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Fig 5. Map of bacterial plasmid cûrrying the VLA acl chah uanscribcd from thc S W-LTR 



2.5 Electroporation of a4 chain (VLA-4) and salmon sperm DNA into stmmal celis 

Mouse stromal cells were transfected with the supercoiled alpha chah of the 

human integrin molecule VLA-4 plasmid by electroporation. The squarewave 

clectroporator was used to electroponte stromal cells at the following conditions in which 

the optimal one was detennined: 

( 1 )  180V 70rnsec lpulse 

(3) Electroporation setting suggested for adherent fibroblasts (mouse B6 cells): 

300V 99usec 4pulses 

(3) Electroporation setting suggested for rat mammary epithelial adenocarinoma 

(ConBHd6): 40OV 99usec jpulses 

(4) Electroporation setting suggested for mouse fibroblasts (L929): 

650V 99usec Spulses 

Stroma1 cells undenvent electroporation with the BTX T820 ectropor;itor 

following the above electroporation conditions. Supercoiled and purified DNA plasmid 

were used in  this transient expression experiment at a concentration of jOpg/ml. For rach 

trünsfection. two Tl50 flasks of stroma1 cells (approximütely 5-6 x 106 ceells) were first 

detached with 0.25% trypsin and 1mM EDTA in lxPBS and then 20% semm was added 

to inactivate trypsin. Cells were washed twice in PBS and DNA was added into stromal 

cells that had been suspended in  lm1 1xPBS. Cells were incubated on ice for 15 minutes. 

then were transferred to a Jmm gap cuvette and electroporated using the above settings. 

After being electroponted, cells were incubated on ice for 10 minutes before being put 

back into culture. Viability of transfected stromal cells was determined by manual ceIl 

count after staining with trypan blue post-transfection. Transfection of salmon sperm 

DNA into stromal cells for the control experiment was also perfomed as described 

above. 



2.6 Coincubation of alpha 4 chain transfected stromal cells with its antibody 

For group 1 of the control experiments. stromal cells. after being transfected with 

V L A l  plasrnid, were coincubated with lOpg/pI an t i -~4  antibody for 30 minutes at room 

temperature. After the incubation. cells were washed in 1 xPBS twice before injection 

into mice to remove excess antibody bound nonspecifically to the ce11 surface. 

2.7 Flow cytometry 

The transfected stromal ceils were monitored for alpha chain expression in vitro 

before trrinsplantating into mice. The presence of VLA-4 integrins on stromal cells 

before transfection was also assayed. Alpha4 chüin expression on stromal cells rifter 

transfection was measured by tlow cytometry using anti-ülphü 4 antibody at timepoints: 3 

days and 5 days post-transfection. nTC-conjuated rat IgGla nepative control. and FiTC- 

conjugated nt anti-mouse CD49d (Integrin u4 chain) monoclonal antibody were 

purchased from Serotec Ltd. Oxford. England. 

Flow cytometric analysis of ceIl surface markers was conducted to detect cells 

expressing the alpha4 chain of VLA-4. Transfected stromal cells were stained with 

FITC-conjugated rat rinii-mouse CD49d (integrin a 4  chain) monoclonal anti body. 

Transfected cells from the same sample were also labeled with RTC-conjugated rat IgG 

monoclonal immunogloblin isotype standard as control. Expetiments done here showed 

that trypsin treatment could cause altention of the expression level of any ceIl surface 

adhesion molecules. Therefore. cells were detached from tissue culture tlasks with 1 mM 

EDTA and then washed once in l x  PBS followed by two washes in  PGB (PBS containing 

IOmiM glucose, 1% bovine semm albumin). Cells after being resuspended in PGB were 

stained with ml-conjugated anti-alpha4 antibody at a 1/35 dilution at room 

temperature. After 40 minutes of incubation. cells were washed twice in PGB and 

resuspended in the sarne buffer for tlow cytometnc analysis on a FACscan. 



2.8 Imrnunofluorescence Staining of VCAM-Ig conjugates 

A soluble ligand for u4Bl named recombinant VCAM-IgG fusion protein 

(VCAM-Ig) can be used as a means to directly investigate the ligand binding properties of 

VLA-4 molecules on transfected stromal ceIl surface in VLA-SIVCAM- 1 interactions. 

The advantaje of using VCAM-lg is that the ligand binding propenies of u@l can be 

directl y demonstrated by fluorescence analysis and provides a means to directl y assess the 

interaction of u4 integrins with their ligands. 

Recombinant VCAM-Ig fusion protein, which consists of the two N-terminal Ig- 

like domains of human VCAM-1 (containing an u@I binding site) fused to pan of the 

constant region of human IgGl. is a soluble ligand for u4BI (Lobb et al. 1995). tt has 

been shown previously thüt  both human and mouse recombinant VCAM can bind to 

munne VLA4 (Romanic and Madri, 1994). VCAiM- 1 is bivalent, and therefore shows 

increased affinity for uJB 1. 

Although u4 integrins are constitutively expressed on the surface of leukocytes. 

their interaction with ligands depends upon their activation state which is regulated by 

various stimuli. VLA4 occurs in multiple activation States with different üffinities to its 

ligand. VCAiM-1 (Chen et al., 1999). T ceil adhesion to immobilized VCAiM or M is 

augmented by antigen activation. phorbol esters and anti-TcR mAbs. not simply by 

increasing the density of VLA-I (Chan et al., 199 1 and Shimizu et al.. 1990). The 

divalent cation manganese and certain pl-specific mAbs also increase dpl-mediated 

adhesion to immobilized VCAM- 1 and fibronectin. ~ n " .  in panicular. induces optimal 

cell adhesion (Masumoto. and Hemler. 1993) since no binding was found in the absence 

of metai ions (Lobb et al., 1995). 

After transfection with the alpha4 chain of VLA-I. stromal cells were cultured for 

5 days. detached with 1mM EDTA in PBS and then washed thoroughly in 1xPBS. 

Human VCAM-Ig (1psJrnl. 1pg/ml, j@ml and lOpt/rnl), a gift from Dr. Roy Lobb. 

Biogen Inc. Cambridge. was added to four aliquots of 4x10' transfected stromal cells 

suspended in 700pl TBS with 1 mM MnC12 at room temperature. After one hour. cells 

were washed once in TBS-iMnCl2 and resuspended in the same buffer with FITC- 

conjugated goat anti-human IgG at a 1/100 dilution at room temperature. FKC- 



conjugated goat anti-human IgG was purchased from Sigma. Missouri. USA. After 30 

minutes of incubation. cells were washed twice and suspended in OSmllxTBS. 

Fluorescence intensity correlating to binding between VLA-4 on stromal cells and 

VCAM-Ig was measured with a FAScan. 

2.9 In vivo experiments 

Female Balbk mice served as transplant recipients, each receiving a single 

infusion of male stroma1 cells or a CO-infusion wi th female bone marrow cells for (A)  and 

(C). Three groups of mice were used in the in vivo experiments. 

(A)  3x10~ male transfected vs. untransfected stromal cells were CO-infused with 

syngeneic female bone marrow cells intravenously into two groups of four 

unconditioned syngeneic female Biilblc recipient mice via rail vein. 

( B )  3x 10' male transfected vs. untransfected stromal cells were infused intravenousl y 

into two groups of four unconditioned syngeneic fernale Balblc recipient mice via rail 

vein. 

(C) 3x 10" male transfected vs. untransfected stromal cells were CO-infused with 

syngeneic fernale bone marrow cells intravenously into two groups of four lethally- 

irradiated (9Gy totai body irradiation) syngeneic female Balblc recipient mice via tail 

vei n . 

2.10 Control erperiment 

Female Balbk mice were used as transplant recipients, each receiving a 

dose of maie stromal cells and female bone marrow cells without irradiation. 

single 

(1) 3x 106 male stroma1 cells transfected with salmon sperm DNA were infused 

intravenously into three unconditioned synseneic female Balblc recipient mice via tail 

vein. 

(2) 3x10~ male stromal cells transfected with alpha4 chah (VLA-I), then CO-incubated 

with anti-u4 antibody were infused intravenously into ihree unconditioned syngeneic 

female BaIbIc recipient mice via tail vein. 



(3) 3x10~ untransfected male stromal cells were infused intravenously into three 

uncondi tioned syngeneic female Balb/c recipient mice via tail vein. 

(4) 3x10~ male stromal cells transfected with alpha4 chain (VLA-4) were infused 

intrivenously into three unconditioned syngeneic female Balblc recipient mice via tail 

vein. 

2.11 Hind limb irradiation erperiment 

To investigate the effect of local irradiation on the ability of stromal cells to 

engrift to the iocally irradiated hind limbs. unmanipulated and non-trmsformed stromal 

cells were transplanted intravenously into mice whose left hind limbs were irradiated 4 

hours previously. and into non-irradiated mice as controls. 

3x 106 male Balbk stromal cells were infused through the tail vein into four 

female Balblc recipient mice. with their left hind limb imdiated. Two fernale Balblc 

recipient mice undenvent hind limb irradiation but no transplantation whi le another two 

female recipient rnice were transplanted with 3x10hmaie Balbk stroma1 cells without 

irradiation as controls. Conditioned rnice received a single imdiation dosage of 9Gy on 

their left hind limb and then infused with stroma1 cells 4 hours later. 

The irradiation were camed out using a double headed lOOkV X-ray unit at a dose 

of 10 Gy. Each rnouse was confined to a jig consisting of a lucite plate onto which fits a 

small lucite box. The mouse was placed inside the box with its right leg extended 

through an opening on the side. The tail passes through a hole in the back of the box and 

was held in position by taping to the platform. The jig was then placed into a lucite 

radiation chamber containing 2 lead col limators to detïne the radiation field. 

The enpftment level of donor cells in the left and right limbs of recipient mice 

were then compüred to determine i f local irradiation en hances stromal engraftmen t. 



2.12 Detection of presence of male donor stromal cells 

Studies of transplantation biology rely on the detection of donor cells in transplant 

recipients. Al1 recipients were sacrificed at 4 weeks post-transplant. Both femurs and 

tibias of each mouse were used for analysis and comparison of engraftment levels. A 

portion of harvested bone mmow cells were used to generate LTMC so that data on the 

percentages of donor stromal cells was also obtained. Portion of tissues such as liver. 

lung, brain and spleen was used to assay for engraftment levels. The engraftment level of 

donor stromal cells in the bone marrow and localization in  other tissues were deterrnined 

by the polymerase chain reaction (PCR) for Tdy (testis determining Y-region of the 

mouse chromosome) and fluorescence in situ hybridizütion (RSH) for male Y 

chromosome DNA sequence to identify the presence of male stromal cells. PCR was used 

to amplify Y chromosome-specific sequence of the sex-detemining region of donor male 

stromal cells at a very low frequency. A murine Y chromosome-specific probe to identify 

in situ individual transplanted male cells by FISH in cell suspension provided a means to 

quantify levels of engrüftment. 

1.13 PCR 

TDYl. TDY?, SCFl and SCFl were ordered from HSC Biotechnology Service 

Centre. Hospital of Sick Children. Toronto. Canada. dNTPs. Taq polyrnerüse and its 

buffer were purchased from LWC.  University of Toronto. Toronto. Canada. SCFl md 

SCF2 are stem cell factor for PCR interna1 control. Y chromosome sequences lying 

within higher order repeats were amplified by PCR in DNA extracted from bone marrow. 

stromal cells and tissues. PCR analysis of stromal cells obtained from recipient marrow 

by serial passage of LTMC adherent layers (TJ), was also performed. Genomic DNA 

was isoiated from bone marrow cells, stromal cells and tissues by the proteinase K 

digestion and phenol-chloroform extraction methods (Lee et al.. 199 L ). PCR sense 

primer. 5' GAC-TGG-TGA-CAA-T'TG-TCT-AG 3'and anti-sense primer, 5'TAA-MT- 

GCC-ACT-CCT-CTG-TG 3' were located at position 73-93 of the mouse Y-linked 

sequence and spanned position 365-345of the mouse Y-linked sequence respectively. It 

yielded a 192bp product (figure 6). 



1 AGATCTTGATTTTTAGTGTTCAGCCCTACAGAAACATGATATCTTAAACT 

5 1 CTGAAGAAGAGACAAGTTTTGGGACTGGTGACAATTGTCTAGAGAGCATG 
TDY 1 

10 L GAGGGCCATGTCAAGCGCCCCATGAATGCATTTATGGTGTGGTCCCGTGG 

25 1 AGGCCCTTTTTCCXGGAGGCXCAGAGATTGAAGATCCTACACAGAGAGAA 

35 1 GGAGTGGCATTTTACAGCCTGCAGTTGCCTCAACAAAACTGTACXACCTT 
TDY?, 

40 1 CTGCAGTGGGAC.AGGAACCCACATGCC.ATCXC.4TAC.AGGCA.AG.ACTGGAG 

45 1 T.4GAGCTGCAC.KCTGTACTC 
Figure 6. Nucleotide sequence of pan of the SN gene (TL-& gene candidate) on the mouse 
Y chromosome. Primer sequences are underlined: product TDY 1 and TDY? of 293bp. 
Sequence derived from Gubbay et al.. Nature 346( 1990): 245-250. 

2.14 PCR reaction mixture 

The reactions were conducted in a final volume of 5Opl consisting of SpI of 

1.25mM dNTPs. 5 ~ 1  of NKCI reaction buffer (160mM (NH.t)?SOr. 670mM Tris pH8 

and 0.1% Tween ?O), 1pl of MgCI2. 50pM of sense and anti-sense primer. 0 .25~1 of DNA 

Taq polymerase. 20.4pl of dH20 and 1 0 ~ 1  of O. lpg/pI sarnple. The thermal cycle profile 

consists of 40 cycles of 1 min of 9CC for denatunting double strand DNA. 1 min of 

52OC for annealing. 1 min of 72'C for synthesizing and processing. Y chromosome 

sequences of PCR products were then identitïed on 3% ethidium-bromide-stained gels 

following electrophoretic separation at 90 volts on the basis of size. PCR reaction 

products were analyzed by ultraviolet visualization of ethidium-bromide-stained gel. 



2.15 PCR sensitivity test 

10 times dilution: 2pl of O.l8pg/ pl male bone marrow ce11 DNA (stock) was 

diluted in 18p1 of distilled water to produce a 1: 10 dilution. lpl was taken from the 1: 10 

dilution and diluted in 18pI of distilled water separately to produce a 1: 100 dilution. The 

same dilution process was performed until a 1:1000 dilution was obtained. 0.56~1 of 

male DNA stock is O.1pg of male DNA. 0.56~1 of the 1: 10 dilution is O.Olpg of male 

DNA. 0.56~1 of the 1 : 100 dilution is lng of male DNA and so on. 2.89~1 of 0.3 1pgpl 

female bone marrow ce11 DNA (stock) were used to mix with different amount of male 

DNA for the PCR sensitivity test. 

Double dilution: 10p1 of O.18pJpI male bone marrow ceIl DNA (stock) was 

diluted in LOpl of distilled water to produce a 1 2  dilution. 1 0 ~ 1  was taken from the 1 2  

dilution and diluted in LOpl of distilled water separately to produce a 1:1 dilution. This 

was also performed until a 1:16 dilution was obtained. As 0.56~1 of male DNh stock is 

O. 1pg of male DNA. 0 .56~1 of the 1:I dilution is 0.Ojpg of male DNA and 0 .56~1 of the 

1:4 dilution is 0.015pg of male DNA and so on. The same fernale DNA stock was used 

here (table 2). 



10 H dilution 

Male DNA 
concentration 
Dilution 

Volume of 
male DNA 
added 
Volume of 
female DNA 
xided 

Sensitivity 
levçl 
Zx dilution 

Male DNA 
concentration 
Dilution 

Volume of 
male DNA 
added 
Volume of 
témale DNA 
ridded 

Sensitivity 
level 

0.56~1 of 
o. 1 spgpi  
male stock 
3.89pl of 
0.3 lpglpl 
fernale stock 

1 x 

0 6  of 
o. 1 Spg/pl 
male stock 
2.89~1 of 
0.3 lpg/pI 
female stock 

1 : 1 O000 
dilution dilution dilution 
2.59~1 of 2.89~1 of 2.59~1 of 2.59pl of 
0.3 L@pl 0.3 lpg/pl 0.3 lpg/pI 0.3 1pg/p1 
fernale femrile stock fernale stock fernale stock 
stock i 

2 x 4x 1 Sx 1 161 

0.56~1 of 0.56~1 of the 0.56~1 of the 0.56~1 of the 
the 1 2  1:4 dilution 1:s dilution 1:  16 dilution 
dilution 
2.59~1 3 9 p I  of 1 2.89~1 of 2.89pl of 
0.3 1pg/pTf 1 0.3 lpglpl 0.3 lpg/pI 0.3 lpgp l 
fernale fernide stock 1 timalr: stock fernale stock 

0.56~1 of the 
1:32 dilution 

3.S9pl of 
0.3 lpglpl 
fernale stock 

Table 2: 10x dilutions and double dilutions of male mnrrow DNA in female marrow 
DNA for PCR sensitivity test 



2.16 FIuorescence in situ hybridization 

The FISH technique utilized a murine Y chromosome-specific "painting" probe 

which is a biotinylüted paint for male Y chromosome DNA sequences to identify in situ 

individual transplanted male stromal cells within female bone marrow. 

2.17 Preparation of ce11 suspension for FISH 

Fresh bone mmow cells and stromal cells were fixed in 3 additions of 3:1 

methanol: acetic acid with flicking. spinning and removal of fixatives in between after 

being incubated in 0.075M w m  KCl for 10 minutes. Fixed cells were then seeded on 

slides and air dried. The slides were treated with RNase purchased from Boehringer 

Mannheim (100pg/ml in 2 X SSC) ot 37'C for 1 hour and then washed in IX SSC three 

times for 3 minutes each. Slides were treated with formamide at 70°C for 2mins after 

being dehydrated by senal ethanol washings (70%. 90%. 100%) for 5 minutes each. The 

probe ordered from Cambio. United Kingdorn was denatured at 75°C for 5 minutes. The 

slides and probe were then hybridized at 37°C ovemight. Slides were washed in  50% 

formamide 3 times in 2X SSC at 45°C for 5 minutes. then 3X SSC 3 times rit 45°C for 5 

minutes the other day. Non-specific sites were blocked with Block 1(3% BSA + 0.5% 
TweenlO in 4 x SSC). Detection was perfonned by indirect immunofluoresence 

(Anklesuia et al.. 1987). Slides were incubated with 4Opl FlTC-Avidin at 37'C for 

30mînutes and then washed in Tween 20 in 2X SSC at 45°C for 5 minutes. Counterstain 

(Spl DAPY Antifade + 3pl PV Antifade + lpl Antifade) was added on each slide. 



2.18 Statistics 

AI1 results are expressed as the mean I SD of the indiciited determinations. Since 

the design is not completely balanced. the statistical analysis was perfomed using the 

oeneral linear mode1 implemented in SAS. The effects were tested for significance using 
C 

the type iII sums of squares F tests at a level of significance of 0.05. The effects 

considered were: cond (conditioning of transpiant recipients), BM ( bone rnarrow ceil CO- 

infusion), transfec (trmsfection of stromal cells) and the interaction between cond and 

transfec. and BM and transfec. The sarne analysis was performed for nucleated marrow 

cells and stromal cells. 



Chapter 3 

RESULTS 

3.1 Characterization of stromal cells 

3.1.1 Collazen IV staining 

The cytoplasm of stroma1 cells and L979 (positive control) was stained 

fluorescent green whcreas cytoplasm of P38SDl look duIl and yellowish (figure 7). The 

number of positively stained cells for each type is s h o w  in table 3. 

Table 3: Immunohistochemicd staining of fi fth passaged stromül cells. L929 and P388D l 
cells with Collagen IV antibody. 

1 Total no. of çells counted ' No. of positive cella I Freq. Of positive cclls / I I 

Stromal cells and L929 cells (positive control) were found to have d x k  granules 

of alkaline phosphatase staining spreading al1 over their cytoplasm whereas such granules 

were not observed in P388D 1 cells under the iight microscope (figure 8). The number of 

cells with granules is s h o w  in table 4. 

.. 
Stromd cells 967 1 967 

I 
1 100% 

Table 1: Cytochemical staining of fifth passaged stromal cells. L939 and P388Dl cells 
with Al kaline phosphatase. 

Stromal cells 

L929 

P3S8D 1 

TotaI no. of tells counted No. of positive cells Freq. Of positive cells 

575 
i 

52 1 1 93.8% 
1 
6 

76 1 7 19 i 94.5% i 

7 34 O 1 0% i 



3.1.3 CD 15 staininq 

Stromal cells and L929 cells (negative control) stained for CD45 looked du11 and 

yellow whereas P388Dl cells looked bright green under fluorescence microscope (figure 

9). The number of positively stained cells is show in table 5 .  

-- 

Table 3 :  Immunohistochemical staining of fifth püssaged stroma1 cells. L929. P388D 1 
cells with anti-CD45 antibody. 

1 
I I 

1 Total no. of cells countcd 

3.2 PCR sensitivity 

The sensitivity of al1 PCR tests was at least 0.625%. that is 0.625% of male DNA 

c m  be detected in femüle DNX but could be lis high as 0.35% (figure 10). 

No. of positive çclls Frrq. of positive crlls i 
I 



Collagen IV Staining 

Stromal 
Cells 

Fig 7. Indirect irnrnunofluorescence staining with anti-coilagen N monoclonal 
antibody on A. L929 (positive control). B. P388D 1 (negative control). C. 
Stromal cells (positively stained) 



Alkaline Phosphatase Staining 

S tromal 
Cells 

Fig 8. Cytochemical staining with alkaline phosphatase on A. L929(positive control). B. 
P388D 1 (negative control). C. Stroma1 cells (positively stained) 



P388D 

L929 

Stromal Ce 

Fig 9. immunofluorescence staining with anti-CD45-FTIC monoclonal 
antibody on A. P388D I (positive control). B. L929 ( negative control). C. 
Stromal cells (negatively stained) 



1. Ikb Iadder 
2. Blank 
3. Blank 
4. 10% of male DNA in female DNA 
5. 1.1 % of male DNA in fernate DNA 
6. 0.1 1% of male DNA in female DNA 
7. 0.0 1 1 % of male DNA in fernale DNA 
8. 5.26% of male DNA in kmale DNA 
9. 3.70% of male DNA in female DNA 
10. 1.37% of male DNA in female DNA 
I l .  0.69% of male DNA in tèmale DNA 
12.0.35% of male DNA in female DNA 
13.FemaIe DNA 
14Distilled water 

Fig 10. Lanes 4 to 7 shows 1Ox dilution of male DNA from its stock. 0.1Su@ul. in female 
DNA and lanes 8 to 12 shows double dilution of male DNA from its stock, 0.1 SusJul. in  
female DNA which made up a total DNA concentration of lpg in each reaction volume. 



3.3 Interaction between exogenous a4 and endogenous P 1 

Stromal cells are devoid of VLA4 surface expression and have no VCAM-1 

binding capacity but have endogenous p l  subunits. The u4 subunit of VLA was 

transfected into stroma1 cells which then expressed VLA-4 as a result of association 

between exogenous a4 chain and endogenous p l  chain. To evaluate the expression of 

VLA-4 on the surface of stromal cells. we carried out flow cytometric analysis. Stromal 

: VLA-4 cells tnnsfected with u-l plasmid expressed substontial amounts of cell surface 

molecules, u4B 1. as detccted by FACS analysis. 

Since characteristics of stromal cells are similar to that of adherent fibrob 

mammary epithelial adenocarcinoma and mouse fihroblasts. electropontion 

Iasts, rot 

settings 

suggested for these cell types were used. Flow cytometry diagrams of alpha 4 chain 

transfection under these four electroporation settings are s h o w  on figure 11 to 14. 

Perceniliges from histograrns were obtained by subtriicting the untransfected population 

from the transfected one beyond the intersection of two curves. Interpretütion of these 

data are hampered by the well-documented high level of riutofluorescence of mürrow 

stromal cells. Expression percentags of alpha 4 chain on stromal cells on day3 and day5 

under four different electroporation settings are shown on figure 15. Percentages of alpha 

4 chain expression shown above are higher on Jay 5 than on day 3 regardless of the 

settins used. It also shows that the percentages of alpha 4 chiiin expression using the 

conditions mimicking mouse fi broblasts (L929) ivas the highest. This setting wûs chosen 

as the optimal condition for stroma1 cclls (figure L5). This may be due to the phenotypic 

resemblance between stromal cells and mouse fibroblasts. 

The expression level of u4 integrin on düy I was undetectable but increased from 

day 3 to day 5 .  Five days incubation after transfection is required to obtain the maximum 

level of VLA-4 molecule expression. Intervals beyond 5 days did not alter the intensity 

of the FITC-labeled u4 integrin. 



Fig 1 1. u4 chain of VLA expression under different electroporation 
settings detected by flow cytometry shown on dotplot 3 days after 
transfection. Horizontal axes represent fluorescence wirh FITC- 
conjugated anti-u4 monoclonal anti body. 



Fig 12. u4 chain of VLA expression under di fferent electroporation 
settings detected by flow cytornetry shown on histopam 3 days 
after transfection. Horizontal mes represent fluorescence with 
FITC-conjugated anti-u4 monoclonal anti body. 



Fig 13. a4 chain of VLA expression under different electroporation 
settings detected by flow cytometry shown on dotplot 5 days after 
transfection. Horizontal axes represent fluorescence with m C -  
conjugated an t i 4  monoclonal anti body. 



tond u adhaiant fibmbl&ts 

cond u mowe îîbroblasts 

Fig 14. u4 chain of VLA expression under different electroporaiion 
settings detected by tlow cytometry shown on histogram 5 days after 
transfection. Horizontal axes represent fluorescence with FITC- 
conjugated anti-a4 monoclonal anti body. 



V I A  Alpha-4 chain Transfection Experiment 

Electroporation Settings suggested for: Expression ?/O on day 3 Expression ?/o on day 5 
No Transfection OV Omsec O pulse O O 
Trial 180V 70msec 1 pulse 19.04 23.38 
Ad herent Fibroblasts 300V 99usec 4pulses 22.26 29.9 
Rat Mammary Epithelial Adenocarcinorna 400V 99usec Spulses 27.61 36.57 
Mouse Fibroblasts 650V 99usec Spulses 35.55 45.1 2 

Expression Level of Alpha4 Chain on 
Stromal Cells 

pp - - - - - - - - - - - 

O Expression O h  on day 3 CI Expression '/O on day5 

a 
Electroporation Settings 

Fig 15. Summary of u 4 c h i n  expression percentages under different electroporation 
settings. 



3.4 VChM-tg binding assay 

It was next necessary to detennine whether the transfected u4 subunit associates 

with endogenous p l  subunit to fonn a functional VLA-4 molecule capable of binding to 

VCAiM- 1 on recipient stroma. u4 transfected stroma1 cells were tested for their binding 

ability with VCAM-Ig. The interaction between VLA-4 transfected stromal cells and 

soluble VCAM-Ig was assessed by FACS analysis. VCAM-Ig bound to 15.59%. 30.31%. 

43.43% and -17.58% of transfected stromal cells when being used at ipg/ml, 2,ug/ml. 

jpJ/rnl and 1 0pgJml. respectively (figure 16 and 17). Under the following conditions 

( 5 x 1 0 ~  cells in 100p1 TBS. ImM MnCI? for one hour at room temperature). increasing 

concentrations of VCAM-Ig bind to transfected stromal cells in a dose-response manner 

and reüched a plateau at about lOpg/ml VCAM-Ig protein (figure 18). However. VLA-4 

binding with VCAM-Ig was strongly induced in the presence of the divalent cation. ~ n " .  

since VCAM-Ig NLA-l  binding was not detectable in the absence of inducing agents 

even ai 70pg/ml VCAM-Ig. 

A soluble VCAkI-Ig was employed to directly asscss the interiction between 

VLA-4 and its ligand. It was s h o w  that VCAiM-Ig c m  be used for direct ligand binding 

measurements by FACS. 





tmnafscisd wnh 1 Ougrnl Vcnm-lg 

Fig 17. Histogram of binding assay between VLA4 and VCAiM-Ig 
with different protein concentrations: Lpllrnl, 7pilml. jpllrnl and 
10pI/ml in vitro by flow cytometry. Horizontal axes represent 
fluorescence wi th FKC-conjugated goat anti-human antibody. 



VIA Alpha-4 lntegrins Binding Assay with VCAM-lg Fusion Protein 
VCAM-1g Concentration (ug/ml) Binding Percentage of VIA-4 Integrins to VCAM-Ig 

1 1 5.59 
2 30.32 
5 43.43 

10 47.58 

VLA Alpha-4 lntegrin Binding Assay with 
VCAM-Ig Fusion Protein l 

VCAM-tg Concentration (uglml) 

Fig 18. Summary of binding assay between VLA-4 and VCAM-Ig with different proiein 
concentrations in vitro. 



3.5 In vivo experiments: detection of donor cells by PCR 

Group A. Unconditioned female recipients infused with male stromal cells (transfected 

vs. untransfected) and female bone marrow cells. 

Group B. Unconditioned female recipients in fused with male stromai cells (transfected 

vs. untransfected) on1 y. 

Group C. Conditioned female recipients infused with male stromal cells (transfected vs. 

untransfected) and female bone marrow ce1 1s. 

PCR analysis of bone marrow and stromal cells from transplant recipients showed 

the presence of donor cells. The PCR data on bone marrow cells of recipients were 

investigated as follows. For Sroup A. 3 of 4 unconditioned recipient mice infused with 

transfected stroma1 cells and bone marrow cells had PCR positive marrow and al1 4 

unconditioned recipient mice infused with untransfected stromal cells and bone rnarrow 

cells had a negative signal. For group B. a11 4 unconditioned recipient mice infuscd with 

transfected stromal cells wcre negative as were the 4 unconditioned recipient mice 

infused with untrinsfected stromal cells. For group C. 3 of 4 conditioned recipient mice 

infused with transfected stromül cells and bone marrow cells had a positive PCR signal 

and al1 4 conditioned recipient mice infused with untransfected stromal cells and bone 

marrow cells were negative (figure 19 anu 10). However. DNA extracted From lun?. 

liver. brain and spleen of recipient mice in al1 3 groups were negative by PCR for donor 

signal. showing that no male donor celis were present in  the tissue suspensions. The 

absence of donor cells in liver. spleen. lung and brain. 4 weeks post-transplant might be 

due to the presence of a certain bamer that hinders forei_on cells entrante. for instance. the 

blood brain biurier in brain. Only bone marrow ceIl samples in transplant recipients 

giving a donor cell level of 0.69% or higher by RSH were positive with PCR. as this is 

the level of sensitivity of Our assay. 



TDY 
A. 

TDY 

B. 

1. Ikb 
2-5: Bone marrow ce11 sarnples frorn unconditioned mice infused with trrinsfrcted strornril 
celis and bone marrow cells in group A. 
6-9: Bone mrirrow cçll srirnples frorn unconditioned mice infusrd with untransfected 
stromal cells and bone rnarrow cells in group A. 
IO. Femrile DNA 
1 1. 1% of male DNA in fernale DNA 
17.0.69% of male DNA in fernale DNA 
13.0.35% of male DNA in  fernale DNA 
14. Distilled water 
15. lkb 
16-19: Bone rnarrow cell samples frorn unconditioned mice intiised with transfected 
stromal cells in group B. 
20-23: Bone marrow cell samples from unconditioned mice infused with untrrinsfected 
stromal cells in group B. 

Fi; 19. PCR results of individual bone marrow ce11 sarnples in group A 
(transfected vs. untransfected) and group B ( tnnsfected vs. 
untransfected). 



1 .  1kb 
2-5: Bone rnarrow cell samples from conditioned miçe infused with trtinskçted 
stroma1 cells and bone marrow cells in group C. 
6-9: Bonç rnarrow cçll samples frorn conditioned mice infuscd with untransfected 
stroma1 cells and bone marrow cells in group C. 
1 O. Fcmale DNA 
1 1 .  1 % of male DNA in fernale DNA 
12. 0.69% of  male DNA in fernale DNA 
13. 0.35% of male DNA in fernale DNA 
14. Distilled water 

Fig 10. PCR results of individual bone marrow cell samples in group C 
(transfected vs. untransfected). 



3.6 In vivo experiments: detection of donor ceUs by FlSH 

Transplantation of stroma1 cells in the murine mode1 was examined by cou 

the number of positive cells in a total of 1000 cells by FISH for the donor ce11 

expressed in percentage (figure 2 1 and 22). 

int 

1 e 

Fig 2 1 .  Positive control of fluorescence in situ hybridization (FISH) using male 
nucleated marrow cells under tluorescence microscope. Nuclei of male 
marrow cells showed a bright green fluorescent area in each ceIl denoted by the 
Y-chromosome paint. Magnification 1 000X. 



Fig 22. Presence of male donor cells in bone mmow aspirates of female transplant 
recipients by tluorescence in situ hybridization (FISH) under fluorescence 
microscope. Nuclei of male stroma1 cells showed a bright green fluorescent area 
denoted by the Y-chromosome paint whereas female nuclei lacked the positive 
signal. Magnification 1 000X. 



3.6.1 FISH data on nucleated mmow cells 

Experimentd Groups 

Group A 
Unconditioned group infused 
with stroma1 cells and bonç 
mmow cells 

, Group B 

l 
1 1 hIean: 0.13 2 0.09 1 Mean: 0.07 2 0.08 
1 Group C 1 mouse 1 : -5.4 1 mousr 1: 0.3 

Unconditioned group infused 
with stroma1 cells only 

Infused with transfected cells 

Mean: 2.8 & 1.86 
mouse 1 : 0.2 
mouse 2: 0.2 
mouse 3: 0.0 
mouse 4: 0.1 

Table 6 .  Frequency of male donor cells (76) in  nucleated mmow cells of female 
recipients in experimental groups A. B and C. 

Infused with untrrinsfected cells 

Mean: 0.21 0.1 1 
mouse 1 : 0.0 

onditioncd group infused 1 mouse 2: 5 .O 
1 

! mouse 2: 0.3 
with stroma1 cells and bone 

Freq. Of cells of donor origin (Q) 1 Freq. Of cells of donor oripin (%) 

mouse 3: 0.5 

mouse 1: 0.4 
mouse 2: 2.3 
mouse 3: 4.0 

mouse 1 : 0.2 
mouse 2: 0.0 
mouse 3: 0.2 

I C  

mouse 4: 4.5 1 mousr 4: 0.2 

mouse 3: 0.4 
rnouse 4: 0.3 
Mean: 0.3 2 0.04 

marrow cells mouse 4: 4.7 
Mean: 3.62 2.13 



In Situ Hybridization data on BMC 
General Linear h4odels Procedure 

Dependent Variable: PERC 

Source DF 

Mode1 5 
Error 18 
Corrected Total 33 

Source DF 

Cond I 
BMC 1 
Trans fec 1 
Cond*Transfec 1 
BMC*Transfec 1 

Sum of Squares 

C.V. 

Type III SS 

Mean Square F Value Pr > F  

Root MSE 

Mean Square 

PERC LMean 

F Value Pr > F  

Fig 23. F-test of engraftment percentiige data on nucleated marrow cells in groups A. 5 
and C. 

We used F-test instead of ANOVA because it is not kasible to have a founh 

group of conditioned recipients infused only with stroma1 cells because they would not 

survive the lethal irradiation. 

Factors such as conditioning of recipient mice (Cond). transfection of stromal 

cells (Transfec) and co-infusion of bone mmow cells (BMC) are variables that may 

affect stromal cell engraftment. These data indicate that co-infusion of bone rniirrow cells 

and transfection to express VLA-4 strongly enhanced engraftment of stromal cells: P= 

0.028 and 0.009, respective1 y. In contrasi. the delivery of condi tioning did not influence 

outcorne (P= 0.402). Et is of interest to note that the co-infusion of transîècted stroma1 

cells and bone mmow cells gave the hizhest engraftment levels (P= 0.038) [fig. 231. 



Level of Level of ....................... PERC -------------------------- 
Cond Trans fec N Mean STD 
n n 8 O. 1 14 0.098 
n Y 8 1.464 1.576 
Y n 4 0.303 0.039 
Y Y 4 3.643 2.136 
Fig. 24 Mean level of engraftment (%) for conditioned versus unconditioned and 
transfected versus non-transfected groups. 

It is notewonhy iilso. that even in unconditioned transplants of stromal cells in  

group B. the use of genetically modified stromal cells enhances stromal engrartment two 

Fold. Examining unconditioned groups transplanted with transfected versus untransfected 

stromal cells shows a 12 folci increase in engnftrnent ( 1.46 versus 0.1 1%) [Fig. 141. 



LeveI of Level of ----------------------- PERC--- ----------------------- 
BM Trans fec N Mean STD 
n n 4 0.073 0.084 
n Y 4 O. 128 0.090 
Y n 8 0.229 O. 108 
Y y 8 3.22 L 1.903 
Fig 25. Mean level of engraftment (CI,) for BM versus no BM and transfected versus non- 
trans fec ted groups. 

When examinin: groups thnt received marrow cells and transfec ted versus 

untransfected stromal cells. transplants with transfected cells showed a 14 fold increase in 

stroma1 engraftment (3.27 venus 0.23%) [fig. 75 1. 
These data suggest thlit the difference in stromal engraftment between conditioned 

versus unconditioned transplants with co-infusion of marrow and translected stromal cells 

is not stütistically si gni ficant (3.6 versus 1.88: P=0.57). Moreover. the least effective 

conditions for engraftment. untransfected stromal cells infused into an unconditioned 

recipient can be enhanced almost 50 fold by using trinsfected stromül cells CO-infused 

with miirrow cells iifter conditioning. These data suggest that engraftment of VLA-4 

expressing stroma1 cells is enhanced by the presence of bone mürrow cells. possibly by 

the formation of cell complexes that exhibit increased adhesive propenies as a result of 

increased VLA-4 expression on marrow as weil as stromal cells. 

As additional strategy to evaluate stromal engraftment employed the generation of 

stromal cells from the adherent layers derived from LTMC inoculiited with recipient 

marrow cells. This served as a means of enriching for the presence of the stromal cell 

fraction in the marrow in order to enhance the detection of donor stromal celts. 



3.6.2 FISH data on stroma1 cells 

mouse 1: 7.1 
mouse 2: 5.8 
rnouse 3 : 3.3 
mouse 4: 6.1 
Mean: 6.1 2 0.7 L 
rnouse 1 : 2.0 

j 
I 

mouse 2: 1.4 
mouse 3: 2.4 I 

mouse 1: 2.6 1 
Merin: 2.1 2 0.52 
Mouse 1 : 16.9 
Mouse 2: 16.4 
Mduse 3: 14.5 
Mouse 4: 15.9 
Mean: 15.9 _+ 1.01 

Experimental Groups 

Group A 
Unconditioned group 
intiised with stroma1 cells 
and bons mcinow cells 

Table 7. Frequency of male donor cells (8)  in stromal cells of experimentlil groups A. B 
and C. 

Inîüsed with vansfected cells 
Freq. Of cells of donor oriyin (92) 
mouse 1: 7.0 
mouse 2: 10.4 
mouse 3: 10.1 
mouse 4: 12.4 

Group B 
Unconditionsd group 
infused with stromal cells 
only 

Group C 
Conditioned group infused 
with suomal cells and bone 
marrow cells 

Mean: 10.0 2 2.23 
mouse 1: 2.6 
mouse 3: 2.5 
mouse 3: 1 .-i 
mouse 4: 3.0 
Mean: 2.5 2 0.70 
mouse 1: 24.5 
mouse 2: 22.5 
mouse 3: 17.1 
mouse 4: 20.5 
Mean: 2 1.2 2 3.23 



In Situ Hybridization data on Stroma1 Cells 
Generctl Linear Models Procedure 

Dependent Variable: PERC 

Source DF 

Model 5 
Error 18 
Corrected Total 33 

Source DF 

Cond 1 
BMC 1 
Trans fec 1 
Cond*Transfec 1 
BMC*Transfec 1 

Sum of Squares 

C.V. 

Type ïïï SS 

Mean Square 

Root MSE 

Mean Square 

F Value Pr > F  

PERC Mean 

F Value Pr > F  

Fig 26. F-test of cngraftment percentage data on stromal cells in  groups A. B and C. 

These data parallel the results observed by enamining the level of donor stroma1 

cell engraftment with the nucleiited miirrow cells of transplant recipients (fig. 26). The 

results indicate that conditioning is a variable significiintly enhrincing engraftmcnt (P= 

0.0001) in addition to CO-infusion with marrow cells and transiection of stromal cells 

(P=0.000 1 and 0.0042. respecti vel y ). 

1 1 With transfected cells / With untransfected cells 1 
/ Uncondi tioned group 1 9.97% 1 6.10% l 

! 
1 Condi tioned group 1 21.218 1 15.94% 

I 

I 

Table 8. Compares the effect of conditioning on groups that received marrow cells and 
transfected versus untransîëcted stromal cells. 



Since it is not possible to have a conditioned stromal alone group. the comparison 

is then between unconditioned and conditioned recipients that received marrow cells and 

transfected venus untransfected stromal cells. These data show that regardless of the use 

of genetically modified stromal cells. conditioning of recipients enhances strornal 

engraftment 2 fold (21.71 versus 9.97% and 15.94 versus 6.10%) [table 81. 

Uncondi tioned transplant groups with transfected cells shows a 1.6 fold increase in 

stromal engnftment (9.97 venus 6.10%) and conditioned transplant groups wi th 

transfected cells shows a 1.3 fold increase in strornal engraftment (2  1.2 1 versus 15.94%). 

1 / With transfected cells 1 With untransfected cells 
1 1 Group with BMC 1 9.96% 1 6.10% 1 

1 Group wi thout BMC 1 2.15% / 2.10% 
I 
I 

I 1 

Table 9. Compares the effect of co-infusion of mûrrow cells and transfected versus 
untransfected stromal cells on groups with unconditioned recipients. 

Since it is of interest to determine the effect of CO-infusion of marrow cells and 

stromal cells on stromal engraftment. only unconditioned groups were analyzed to keep 

other variables constant. These data indicate the presence of marrow cells enhances 

stromal engraftment 1 fold (9.96 versus 2.45%) in the groups received transfected stromal 

cells and 3 fold (6.10 venus l.lO%)[table 91 in the groups received untransfected stromal 

cells. 

These data sugest  that the difference in donor cell frequency between 

conditioned versus unconditioned transplants with CO-infusion of mmow and transfected 

stromal cells is also not statistically significant even though condiiioning enhanced the 

stromal engnftment by 2 fold (31.2 versus 10.0%; P=0.13). The highest donor cell 

frequency was also with transfected stromal cells CO-infused with rnmow cells into 

lethally irradiated recipients while the lowest frequency was with untnnsfected stromal 

cells done infused into unconditioned recipients (2 1.2 vs 2.1%; P=0.048). 



3.7 Control Experiments: Detection of donor cells by FISH in nucleated marrow 
cells 

Group L (Unconditioned) 
Infused with srilmon spem DNA transfected stromal 
cells and bone mrirrow cells 

Group 2 (Unconditioned) 
fnfused with u4 transkcted stromril cells 
coincubriting with anti-u4 antibody and bonti 
marrow cells 

Freq. Of Cells of donor origin (5%) 
mouse 1: 0.0 
mouse 2: 0.1 
mouse 3: 0.3 P-value of gp 4 vs. gp 1:0.0001 
hlean: 0.1-t O. 14 
mouse 1: 0.3 
mouse 2: 0.3 
mouse3: 0.2 P-value of gp 4 vs. gp 2:0.000 1 
Mean: 0.32 0.05 

Group 3 (Unconditioned) 
Inhsed with untransfected stromril cells and bone 
marrow cells 

1 

Table 10. Frequency of male donor cells (%) in nucleated marrow cells of female 
recipients in groups 1. 2.3 and 4 of control experiments. 

mouse 1 : 0.3 
mouse 2: 0.2 
mouse 3:  0.1 P-value of gp 4 vs. gp 3:0.000 1 
Mean: O.?+ 0.08 

Group 4 ( Uncondi tioncd) 1 mouse 1: 3.7 1 
infused with u4 trrinsfected stroma1 cells and bonr 1 mouse 2: 3.0 1 
mrirrow cells mouse 3: 2.6 P-value of gp 4 vs pp 1.2.3: 0.0001 1 

In order to eliminate the possibility that improvements in engraftment werc 

related to changes in stroma1 ceIl characteristics as a rcsult of the elcctroporation 

procedure i tself and not the speci fic expression OC VLA-4. the following experirnents 

were conducted. Group 3 represents the untransfected çohort. Group 1 mice received 

stromal cells transfected with irrelevant siilmon sperm DNA and represent the 

electroporaiion control. Group 2 anirnals received transfected stromal cells CO-incubated 

l 

with an an&& antibody to determine specificity of generating VLA-4 expressing stroma1 

cells. Results werc compareci to the transplantation of VLA-4 expressing stroma1 cells. 

The results show thüt engraftment was enhanced only in the mice trünsplanted 

with tmnsfected stroma1 cells, indicating that the improvement was mediated by VLA-4 

expression on the stromal population. 

bIcnn: 3.11 0.58 



3.8 Hind limb irradiation experiment 

PCR analysis of bone marrow cells from al1 transplant recipients did not show the 

presence of male donor cells in hind lirnbs nucleated rnarrow cells. Ce11 suspensions 

prepared from lung, liver. brain and spleen of recipient mice also gave negative results 

with PCR. showing that cells of donor origin were absent. Donor cells were not detected 

in the bone marrow aspirates of either irradiated and non-irndiated hind limbs. These 

data indicate that engraftrnent levels were below 0.69%. the level of sensitivity of our 

assay. We conclude that local hind limbs irradiation did not signitïcantly enhance 

stroma1 cells engraftment. 



Chapter 4 

DISCUSSION 

4.1 Overview 

Previous studies from Our and other laboratones suggest that bone marrow- 

derived stromal cells may serve as a useful vehicle for gene therapy. However. in vivo 

studies of munne models suggest that stromal ce11 engraftment in the bone marrow of 

recipients occurs at a very low level. Engraftment of stromal cells into unconditioned 

munne transplant recipients occurred at a frequency of approximately 1% using RSH in 

our lab. 

One of the difficulties in this field is that there is little information on the homin: 

capabilities of bone marrow stromal cells to the marrow cavity. A possible strategy to 

improve engraftment is to irradiate the hind limbs of' mice prior to transplantation. 

Possible rnechanisms that rnay enhance engraftrnent following limb irradiation include 

the induction of ce1 lular adhesion molecules. integins. or extracel luitir matrix proteins on 

recipient stromal ceIl surfaces that stimulate attachment of circulating cells with 

complementary rcceptors (Greenberger. 199 1).  Howrver. lodgement of donor stromal 

cells in the marrow was no different in the marrow of irradiated hind limbs compared 

with unirradiated hind limbs. Although studies by Anklesaria et al.. 1987 showed that 

pre-conditioning helps to create space in the marrow for donor cells to reside. Wen et al.. 

1980 showed that alter irradiation. the bone mmow sinus epithelium is very severely 

damaged. It is possible therefore that the engraftment of stromal cells at irradiated sites is 

severely compromised as a resul t of damage to the sinusoidal microcirculation. 

This enperiment could be extended by including infusions wi th trmsfected 

strornal cells. It is possible that the irradiated bone marrow cavity lacks cells that are able 

to bind to the VCAAM-1 adhesion molecule on norrnd stroma1 cells. In contrast, stromal 

cells expressing VLA-4 may more readily bind to the exposed endogenous stromal cells 

depleted of hematopoietic cells. 

Another approach to improve engrraftment of stromal cells is to enhance the 

interaction between the donor stroma and the host marrow microenvironment. This can 



be done by modulating the adhesion molecule profile of donor stromal cells by 

introducing into the cells the a4 chain of VLA -4 to genente functional VLA-4 molecules. 

This integnn could then provide a neans for circulating stromal cells to adhere to the 

microenvironmental cells in the marrow. ris stem cells, which normally express VLA-C, 

are though t to do. 

We have effectively optimized the conditions for engraftment within the lirnited 

parameters that we tested. The lowest engraftmen t levels obtained by infusing solel y 

untransfected stroma1 cells into unconditioned recipients were enhanced almost 50 fold 

by using transfected strornal cells CO-infused with marrow cells into conditioned 

recipients. Our data also suggest that the difference in stromal engraftment between 

conditioned venus unconditioned transplants with CO-infusion of mürrow and transfected 

stromal cells is not significant (3.6 venus 2.8%: P=0.57). The improvement in 

engraftment compared to the Ieast effective conditions is 40 fold when using stromal and 

marrow cells in unconditioned recipients. the more appropriate model for human studies. 

These data rire encouniging as they indicate that this murine model may be 

applicable to human siudies. The use of an unconditioried transplant protocol avoids the 

rnorbidity and possible mortality associatcd with the conditioning rcquired for human 

stem cell transplant protocols. Intensive therapy prior to bone marrow transplant is 

important in treating malignancies, but less appropriate for other uses such as gene 

therapy. 

The more direct cornparison of tmsfected stromal cells with and without CO- 

infused rnarrow cells into unconditioned recipients shows the signi ficant superiority of 

including a marrow cell infusion: 3.8 vs 0.13%: P= 0.038. a 22 fold enhancement in 

engraftment. it is notewonhy that VLA-4 expression on stromal cells CO-infused with 

bone mmow cells also confen enhancement to engraftment (2.8 vs 0.3%: P=0.035) in 

the unconditioned model as well as in lethally imdiated recipients (3.6 vs 0.3%: P=0.05). 

These data strongly indicate that the engraftment of V L A l  expressing stromal 

cells is enhanced by the presence of marrow cells. The results may be explained by the 

formation of cell complexes that exhibi t increased adhesive properties due to VLA-4 

expression not only on hematopoietic cells but also on stroma1 cells. 



From the experiments conducted. it is not possible to determine the marrow ce11 

type that facilitates the engnftment. However, i t  is possible to speculate that complexes 

involving stromal and stem cells may play a role. If this is the case. one can speculate 

that the VLA-4 expression on both stromal and stem cells may enhance homing to 

endogenous rnarrow stromal (via VCAiM- 1 ) cells in the microenvironment. 

Studies wiih stromal cell layers nther than nucleated marrow cells were 

performed as an additional way to determine the frequency of donor derived stromal cells. 

It is estimated that the frequency of endogenous stromal cells in the nucleated marrow 

ceII population is approximately 1%. A doubling of the population with infused strornd 

cells would only increase the total stromal population to 2%. Therefore. in an effort to 

increase the sensitivity of our detection methods, we looked at the stromal cell population 

only. Consequently. the proportion of donor cells is considerably higher. However. the 

same trends were observed as in studies using the detection of donor cells in marrow 

cells. The proponion of donor cells was 21% in conditioned mice CO-infused with 

transfected stromal cells and rnarrow cells. In contrast. similu experiments with 

untransfected stromal cells give a log lower result (2%. P=0.048). 

Sirnilarly. when conditioned versus unconditioned transplants otherwise as 

indicated above were compared. donor levels were 21% versus 10%. respectively. 

Alihough this is a two fold increase with conditioned transplants. i t  is not statistically 

significant. This result is the siirne (although donor cell frequencies are di fferent) as with 

assaying the nucleated marrow population [31.24 vs 10%: P=0.42 for stromal layers and 

3.6vs 2.8: P=0.57]. The use of stromal layers for analysis validates our experiments with 

the nucleated cell population. 

The apparent l y smaller di fference between means for cultured cells versus 

nucleated marrow cells might be explained by the different proliferative capacity of donor 

stromal cells in vitro and in vivo. Donor strornal cells were selected from LTMC before 

infusion into recipient mice and may have additional capacity to proliferate to a greater 

extent and respond differently when retumed to the in vitro conditions in which they were 

grown when compared with endogenous stroma1 cells obtained directly from the hosts. 

It should be noted that the results with stromal layers obtained from the 



conditioned recipients may not accurately reflect the proportion of endogenous stromal 

cells. This is because conditioned mice were treated with 9Gy and as a result. the 

proliferative ability of the stromal cells irndiated in vivo may have been reduced. These 

cells were expected to divide to the 4th passage as effectively as the stromal cells infused 

after the irradiation. It is possible therefore that the proportion of donor cells is actually 

less that 2 1%. 

This study demonstntes that electroporation is a simple and effective physical 

method to deliver the u4 chain gene of VLA plasmid to stromal cells. Other physical 

methods of DNA transfer have also been studied with stromal cells. For example. bead 

trinsfection involves the incubarion of cells with glûss beads in a DNA solution and gives 

a transient transfection efficiency of 5% in stroma1 cells (Matthews et al.. 1993) whereas 

in our hands electroporation can give optimized transient levels of -15%. Retroviral 

transfer has not been studied in detail with stromal ceils but is difficult to achieve in 

quiescent cells (Li et ai.. 1995) and the generation of new recombinant viruses is a 

potential nsk (Moolten and Cupples. 1992). Nonetheless. funher work companng the 

mene transfer efficiency of different viral and physical methods in stromal cells would be 3 

useful. 

This study shows that we achieved a moderately high transient expression 

efficiency of 45% in stromal cells up to 5 days after electroporition. The results compare 

favorably to other physical methods of DNA transfer. The approüch we have taken is 

well suited to our goal of modifying the homing charactenstics of stroma1 cells because 

the homing process probably takes only minutes before lodgement of the cells occurs in 

the marrow and there is no obvious advantage to confer long-term expression ro the 

infused cells. 

A drawback of the approach however is the low level of sustained transgene 

expression for genes to be used in therapy such as for Factor iX or VITI deficiencies in 

hemophilia. Other methods may be better for this purpose. For example. retroviral 

vector-mediated gene transfer offers the potential for long-term gene expression due to its 

stable chromosornal integration (Chuah et al., 1998). 



4.3 Future direction 

~lthough we have significantly enhanced the engraftment levels of stromal cells. 

Our optimal levels may still be insufficient to provide a clinically useful model. Several 

stntegies can be developed to increase the likelihood of müking this a successful 

approach. First. it may be possible to further enhance stromal ce11 lodgementl 

engraftment. In this context it rnay be interesting to explore other adhesive mechanisms 

such as u5Pl(VLA-j)/fibronectin that may also allow stroma1 cells to home specifically 

to marrow. Given that the VLA-5 molecute is found on stromül fibroblasts (Faid et al., 

1996) and fibronectin is one of the components of the bone marrow extracellular matrix. 

the VLA-Yfibronectin pathway may be another mechanisrn to examine in cnhancing 

stromal engraftment. 

Another possibility would be to increase adhesion molecule expression by 

improving the plasmid vector. Previous studies from our lab indicüte that the human 

immediate early CMV promoter is the most effective promoter in  mürrow stromal cells 

(Keating et al.. 1990). A vector could be constmcted in which the u 4 chah cDNA is 

driven by the hCMV promoter and results compared with the constmct in which u 4 is 

driven by the SFFV-LTR (Elice et al.. 1990). A recent study in fibroblasrs and other cells 

shows that the S W - L T R  is more effective than several cellular promoters and the SV40 

promoter (Flasshove et al.. 2000). 

Given that marrow cells CO-infused with stromal cells significantly enhance 

engraftment. it is possible that this effect could be optimized by enriching for the most 

responsible nucleated hematopoietic cell. This is most l i  kely to be an early precursor ceIl 

that is equivalent to CD3J' cell in hurnüns. Studies could be conducted to extend our 

observations by using high concentrations of murine earirly hematopoietic cells with the 

charxteristics Thy- l', Sca- 1'. Lin- (Momson et al., 1995). 

A greater knowledge of the trafficking of stromal cells once infused may provide 

insights into how to enhance engraftment and also assess localization to tissues other than 

bone mmow. A sensitive imaging approach has been developed that detects small 

numbers of infused cells through the use of whole-body imaging (Sweeney et al., 1999). 

Cells labeled with a light emitting signal such as luciferase and the whole animal 



(preferably a white mouse) is exposed to a low-light imaging system. comprised of an 

intensified charge-coupled device camera fitted with a 50-mm 11.2 Nikkor lens and a 

computer with imaging-analysis capabilities. A software program enables the signals to 

be quantified. This technology can be used to determine whether lodgement or 

proliferiition in the marrow spaces is the critical issue and possibly which needs to be 

improved. It is not known whether the 

vivo. 

Since VLA-4 expressing stromal 

optimal binding to VCAM-Ig in vitro. 

infused stromal cells are able to proliferate in 

cells require the presence of manganese ion for 

CO-incubation of transfected stromal cells with 

manganese chloride to activate the VLA-4 receptors expressed pnor to intravenous 

infusion might further en hance stroma1 engraftment. 

Another approach to improve the model would be to increase the proliferative 

capacity of these cells without causing immortalization or transformation. One 

possibility would be to transfect with the telomerase gene. unlikely to be expressed in 

unmanipulated stromal cells. The high levels of transient expression and low levels of 

stable integation obtained with electroporation would also be an üdvantage here. 

Another approach would be to irnpmve the cultunn_e of thesc cells. It takes 6 

weeks to generate I ' ~  to jth passased stromal cells from a long-term marrow culture 

adherent layer. The addition of fibroblast growth factor increases the growth of stromal 

cells. other cytokines should be explored to improve the growth characteristics further. 

These extensions of Our work would enhance the chance of this approach being 

useful in patients. It is possible that gnetically modified stromal cells may be useful not 

only as gene therapy but in treating microenvironmental defects that are associated with 

chemotherapy (Clark and Keating. 1995). 
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