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SUMMARY

In the adult, haemopoiesis is restricted to the extravascular compartment of the

bone marrow (BM) where prirrritive haemopoietic stem cells (HSC) and their clonogenic

progeny develop in intimate contiguity with a heterogeneous population of stromal cells

that comprise the haemopoietic microenvironment (HM). Although the importance of

cellula¡ interactions between primitive haemopoietic progenitor cells (HPC) and marrow

stromal cells is well established, precise definition of the nature of many of these

interactions at the molecular level is lacking and remains an objective that is of

fundamental importance to ou¡ understanding of the regulation of haemopoiesis. Current

data suggest that a wide variety of cell surface molecules (CSMs) representing several

adhesion molecule superfamilies including integrins, selectins, sialomucins and the

immunoglobulin gene superfamily are involved in supporting cell-cell and celltxtracellular

matrix (ECM) interactions.

The data presented in this thesis is in large part directed toward the molecular

cha¡acterisation of CSMs that mediate interactions between human HPC and cells of the

BM stroma. More specifically, it focuses on (i) The role of selectins in the regulation of

haemopoiesis; (ü) The identification and molecular characterisation of novel structures

expressed at the surface of primitive human HPC and cultured BM stromal cells utilising

a newly developed retroviral expression cloning strategy; (iii) The molecular

characterisation of the antigen identified by the mAb HCC-1 which delineates a subset of

the CD34+ cell population that exhibit multipotentiality and in aitro stern cell attributes,

and; (iv) The molecular doning of a novel mucin-like transmembrane glycoprotein termed

MGC-24v which is expressed by both candidate HSC and elements of the bone marrow

stroma.

P-, E- and L- selectin represent a family of three structurally related integral

membrane glycoproteins that regulate leukocyte adhesion to platelets and/or endothelium

during inflammation by means of selective protein-carbohydrate interactions mediated by



the lectin-like domain at the N-terminus of each family member. Data presented in

Chapter 3 demonstrate that, in addition to the well documented role as a CAM for

mature leukocytes, P-selectin also supports the adhesion of candidate human

haemopoietic stem cells and of their lineage-restricted clonogenic cell progeny (CFU-GM,

BFU-E). Moreover, purified platelet-derived or cell-associated P-selectin bound all

precrrsors of committed myeloid progenitors (pre-CFU), as assayed by their ability to

sustain haemopoiesis in both conventional stroma containing and stroma-free, cytokine-

dependent systems. Binding of CD34+ cells to P-selectin was temperature independent

and shear-resistant, occurred only in the presence of divalent cations, was protease

sensitive and was completely blocked by anti-P-selectin antibody. Neuraminidase

treatrrent of CD34+ cells completely abrogated their binding to P-selectin implying a

prominent role for sialic acid in the structure and function of the P-selectin ligand on

haemopoietic progenitors.

During the cou¡se of this study, a mucin-like glycoprotein counter-receptor for P-

selectin termed P-selectin Glycoprotein Ligand (PSGL-1) was molecularly cloned from the

promyelocytic leukaemia cell line HL60. Several lines of evidence demonstrate that PSGL-

1. is expressed by CD34+ HPC and represents the sole ligand for P-selectin on these cells,

including; (i) BM-derived CD34+ cells contain PSGL-I mRNA and express PSGL-L

protein as shown by RT-PCR and flow cytometric analysis, respectively, and; (ii)

Adhesion of CD34+ cells to P-selectin is abolished by treatment with either an anti-

PSGL-1 antibody or the highly-specific protease, mocarhagin.

The consequences of adhesion to P-selectin on the growth and development of

FIPC was also examined. Notably, adhesion to P-selectin was associated with a >90%

inhibition of both nudeated cell number and colony formation, suggesting that ligation of

PSGL-], on CD34+ cells, results in the transmission ol as yet undefined signals via the

PSGL-L cytoplasmic domain. This therefore represents the first report establishing a role

for P-selectin as an adhesion molecule for human CD34+ HPC. Moreover, despite the

evidence for additional protein structures which may serve as P-selectin ligands on

matu¡e myeloid cells, the results presented herein strongly suggest that PSGL-1 is the sole

vr



P-selectin ligand expressed by committed and primitive human haemopoietic progenitor

cells. Finally, these studies imply a key role for PSGL-I as a signalling molecule on

primitive HPC, however, additional work is required to elucidate the nature of this

signalling function.

Human L-selectin (CD62L) represents the homologue of the 90 kD murine

peripheral ly-ph node homing receptor, originally identified by the monoclonal antibody

(Mab) MEL-14. Although initially described as a lymphocyte homing receptor, it was

subsequently shown to be constitutively expressed on most other peripheral blood

leukocytes including neutrophils and monocytes, and shown to be involved in leukocyte

traffic in the systenric microcirculation. The data presented here demonstrates that in

addition to mature leukocytes, L-selectin is also expressed by haemopoietic progenitor

cells. Myeloid progenitor cells (CFU-GM) were restricted to a population of CD34+ cells

which exhibited high level L-selectin expression (CD34+CD62LBRIGHT), whilst erythroid

progenitors (BFU-E) were present almost entirely in the fraction which displayed low

levels of L-selectin expression (CD34+CD62LDM). Moreover, hierarchically more primitive

progenitor cells with the capacity to initiate and sustain haemopoiesis lz aitro, were

present exclusively in CD34+ cells which expressed L-selectin at low levels

(cD34+CD62LDIM).

In addition, data presented herein demonstrates that L-selectin-specific adhesion

of CD34+ cells to BM stromal cells can be manifestly enhanced by prior exposure of

cuttu¡ed BM stromal cells to TNFcr. Preliminary data suggests that this inducible ligand

for L-selectin is untikely to be the recently cloned glycosylation dependent cell adhesion

molecule.l (GIyCAM-1.), however further studies are required to identify and ctraracterise

the natu¡e of this CSM.

To identify additional molecules that participate in the regulation of

haemopoiesis, a panel of mAbs reactive with tissues of haemopoietic origin were

generated. The mAbs were selected due to their demonstrable effects in the regulation of

haemopoiesis (refer to Chapter 6) or their unique reactivity profile with tissues of the
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haemopoietic system (refer to Chapter 5). To determine the nature of the molecules

identified by these mAbs, a molecular cloning approach was employed. cDNA expression

doning using retroviral vectors provides a means of stably introducing genes into target

cells at efficiencies which surpass those achieved by transfection. FurtheÍnore, retroviral

vectors allow for the introduction and expression of complex cDNA libraries in a wide

range of cell types, including cells of haemopoietic origin. Chapter 4 details the

development of a novel method for rapidly isolating genes encoding CSMs from a human

bone marrow stromal cell cDNA library constructed in the retroviral vector, pRUFneo.

Furthermore, a highly efficient selection strategy utilising monoclonal antibodies (mAbs)

and antibody-coated magnetic beads was developed and used to isolate six cDNAs

encoding previously defined CSMs, including B1 integrin and Endoglin. Following the

validation of such an approach, this technique was subsequently employed to isolate

cDNA clones corresponding to surface (glyco)proteins expressed at the HBMSC and HSC

swface recognised by mAbs of undefined specificity. The results obtained constitute the

final two chapters of this thesis, and are briefly summarised below.

Monoclonal antibodies to CSM expressed on subsets of bone marrow cells have

proven useful as ma¡kers of haemopoietic cell function. BM cells can be sorted according

to the binding of mAbs and the haemopoietic functions of the resulting populations

compared. For example, the fioding that all BM progenitor cells are contained within the

subset which is bound by monoclonal antibodies to the CD34 molecule, has greatly

facilitated their isolation and study and has shown them to comprise a hierarchy of

closely related, yet functionally heterogeneous cell populations. Antibodies which further

subset the CD34+ cell population are of special interest since they can provide a means to

describe and isolate functional subsets found within the CD34+ progenitor population at

low frequency. Chapter 5 deals with a novel mAb reagent HCC-1, which exhibits limited

reactivity with both peripheral blood and BM-derived cells. More significantly, HCC1.

delineates a subset of the CD34+ cell population which functionally exhibit multilineage

engraftment potential in the chimeric SCID-hu mouse model. The cloning of a cDNA
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encoding the CSM recognised by this monoclonal antibody was achieved following

screening of a human BM stromal cell cDNA library and found to correspond to the CD59

molecule. CD59 is a 18-20 kD phosphoinositol glycan-linked membrane protein which

protects ce1ls against autologous complement attack. Previously published work relating

to this molecule have demonstrated uniform expression of this molecule by most

nudeated cells of the haemopoietic system, including all the bone marrow-derived CD34+

cells. In contrast however, the HCC-l-defined epitope of CD59 was found to be

differentially expressed among CD34+ progenitors with the highest level present on a

subset which is highly en¡iched for pluripotent stem cells. Studies to elucidate the physical

basis for this differential expression of the HCC-1 epitope on CD59 molecules support

the hypothesis that the binding of the HCC-1 mAb is physically obstructed as a result qf

the association of CD59 with an un¡elated 80 kD (glyco)protein (gp80) whose expression

through haemopoietic cell development appears to be differentiation-related. Further

studies are required to define the nature of this molecule.

Mucin-like molecules represent an emerging family of glycoprotein molecules of the

haemopoietic system, including CD34, CD43 (leukosialin, sialophorin), CD4SRA, CD68,

CD96 (Tactile), GIyCAM-1, PSGL-I, and MAdCAM-L. An adhesive function for mucins

can be inferred f¡om the recent molecular cloning of glycoprotein counter-receptors for

members of the selectin family. Chapter 6 describes the isolation of a cDNA clone that

encodes a novel mucin-like, transmembrane glycoprotein termed MGC-24v, expressed by

both haemopoietic progenitor cells and elements of the bone marrow stroma. MGC-24v

was identified using the abovementioned expression cloning strategy and2 novel mAb

reagents referred to as 9EL0 and 105.45. Both antibodies detected MGC-24v protein

expression by subpopulations of the CD34+ cells which include the majority of

donogenic myeloid (CFU-GM) and erythroid (BFU-E) progenitors and the hierarchically

more primitive precursors (pre-CFU). Biochemical and functional characterisation of

MGC-24v, revealed that this protein exists as a homodimeric molecule of L60 kD and can

augment the adhesion of CD34+ cells to bone marrow stroma. Finally, like PSGL-L,
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signals through MGC-24v resulted in the suppression of in aitro haernopoiesis, a feature

that appears cofnmon to mucin-like molecules.
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CHAPTER 1-

INTRODUCTION



1.1. TI{E HAEMOPOIETIC SYSTEM.

1.1.1. An Overview.

In adult mammals, the continuous formation of new blood cells, a process known

as haemopolesis; (from the Greek-haima meaning blood, and poiesis, meaning production)

occurs within the bone marrow (BM).This complex and dynamic developmental process

is ultimately dependent upon the existence of a rare population of cells termed

haemopoietic stem cells (HSC) (Williams and Nathan, L991). These cells are characterised

by their proliferative potential and capacity to give rise to each of the differentiated cell

types found in the peripheral blood and tissues. In the human and murine BM, the HSC

pool is estimated to represent between 0.0L and 0.05% of the nucleated cells present

within the BM (Harrison et a\,1988; Morrison et a\,1995a;1995b).

Under steady state conditions, the majority of primitive haemopoietic stem and

progenitor cells (HPC) reside within the BM where they and their progeny develop in

intinate contiguity with a phenotypically, and probably functionally, heterogeneous

population oÍ stromal cells (Dexter, 1979; Weiss, 1976; Lichtman, 1,981.; Bentley, 1981';

1982a; 7981b; Tavassoli and Friedenstein, 1983; Simmons ef al, 7987; Allen et al, 1990;

Simmons and Torok-Storb, 199La;1991b). The various cellular elements of the stroma,

together with their associated biosynthetic products including extrøcellular møtrix (ECM)

components and høemopoietic growth factors (HGF) constitute t}:te haemopoietic

microenaironment (HM) of the BM (Trentin , 1970; Tavassoli, L975; l/lolf et ø1, 1968; Woll

7979; Dexter, 7979).

The picture that is emerging suggests that the localisation of haemopoiesis to the

BM involves developmentally regulated adhesive interactions between primitive

haemopoietic cells and this complex stromal cell milieu (Dexter, 1977; Tavassoli and

Hardy, 1990; Clark et ø1, L992; Long, 1992). Despite intensive study, precise definition of

the nature of many of these interactions at a molecular level is lacking and remains an

objective which is of fundamental importance to our understanding of the regulation of

haemopoiesis. Nevertheless, at least two families of molecules have been implicated in the
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maintenance of haemopoiesis, namely (i) HGFs and their corresponding receptors, and (ii)

cell adhesion molecules (CAMs) and their cognate ligands.

The data presented in this thesis is in large part directed toward the examination

of the nature of the molecules that participate in adhesive interactions between human

FIPC and cells of the BM stroma. The introduction section which follows, represents a

brief overview of the literature regarding (i) the development and organisation of the

haemopoietic system, (ii) the stromal tissue of the BM, (iii) the role of HGFs, and (iv) the

adhesive interactions involved in the regulation of haemopoiesis.

1.1.2 The Haemopoietic System : A Cellular Hierarchy.

The haemopoietic system is visualised as a cellular hierarchy consisting of

sequential cell populations which are classified on the basis of differences in their

capacity for self-renewal and differentiation. As illustrated in Figure 1.1,., the

haemopoietic system can be dassified into three such sequential cell populations: the stem

cells, the committed (or lineage-restricted) progenitor cells and maturing (morphologically

recognisable) cells (Lewis and Trobaugh,1964). The stem cell compartment at the apex of

the system gives rise both to stem cells þy self-renewal) and to a series of progenitor cells

that gmerate up to eight different specialised lineages (Watt et aL,1987a). Once a stem cell

is "triggered" to proliferate, each cell division is accompanied by a progressive loss of

proliferative capacity and restriction of differentiation options. Thus, in normal steady

state haemopoiesis the size of the stem cell compartment is maintained at a constant level

by the balance between stem cell production by self-renewal and stem cell loss by

differentiation.

The probability of stem cell self-renewal at the single cell level is thought to be a

random or stochastic process. Consequently, it is not possible to predict whether an

individual stem cell will self-renew or differentiate (Till et a\,1964; Ogawa,1993)' In aitro

studies involving replating of multipotential progenitors are consistent with a stochastic

model of stem cell renewal and differentiation (Humphries et al, L98'1.; Nakahata and

Ogawa, 1982).It follows that the probability of self-renewal, "p" of stem cells must be

2



Figure 1.1.. Development Of Haemopoietic Cells: A Cellular Hierarchy.

Haemopoietic cells can be separated into three broad hierarchical compartments including (i) stem, (ii) progenitor and

(iii) mature effector cells. Once a stem cell is "triggered" to proliferate, each cell division is accompanied by a progressive loss

of proliferative capacity and restriction of differentiation options.
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increased to more than 0.5 in order to obtain a net increase in stem cell number (Vogel eú

a\,7968; Nakahata and Ogawa, L982). An important but unanswered question is whether

"p" is fixed or is subject to extrinsic regulation. The control of stem cell proliferation is, at

least in part, effected by the locality of the stem cells themselves. In the steady state, the

majority of stem cells are dormant in the cell cycle, a resting state, termed Go, by Lajtha

(7979). Therefore, the self-renewal process is associated both with the triggering of cell

division of quiescent stem cells and with renewed dormanry in the cell cycle.

Committed progenitor cells represent intermediate stages between the HSC and the

morphologically recognisable haemopoietic cell compartment. As their name implies, these

cells exhibit a more restricted developmental potential with comnlitment to one or few

lineages. The process of commitment of HSC to a particular lineage is a poorly understood

process at the molecular and cellular level. At one extreme, commitment,like self-renewal,

is also regarded as a stochastic process (Ogawa, 1993), whereas others have viewed

comnritment as a rigidly predetermined event accompanied by a sequential loss of lineage

potentials (Nicola and Johnson, 1982). Two deterministic models have been proposed to

account for the mechanisms of stem cell commitment and include the "haemopoietic

inductive microenvironment (H.I.M.)" model (Trentin, 1,970) and the "stem cell

competition model" (Van Zant and Goldwasser, L979). The H.I.M. model proposes the

existence within the haemopoietic organs of specialised anatomical niches that selectively

direct the differentiation of uncommitted progenitors, whilst the stem cell competition

model proposes that stem cell commitment is regulated by humoral factors such as

erythropoietin and colony-stimulating factors.

The committed progenitor cell compartment in turn gives rise to the mature cell

compartment comprising the bulk of morphologically recognisable cells found in the

peripheral blood (PB) and tissues, which are in many cases short-lived. These cells

include, erythrocytes, platelets, neutrophils, eosinophils, basophils, mast cells,

monocytes/macrophages, osteoclasts, Langerhans'cells, Kupffer cells, dendritic cells and

natu¡al killer cells (Lewis and Trobaugh,1964; Johnson and MetcaIf.,1977; Nakahata and

Ogawa, 1982) (refer to Figure 1..2.).
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Figure 7.2. 
^ 

Model Of The Differentiation Pathways Of Haemopoietic Stem Cells: The Generation Of Morphologically Recognisable

Cells.

The primary site of early haemopoietic differentiation in the adult mammal is the bone marrow, which provides the appropriate

microenvironment for the continued maintenance and differentiation of pluripotent haemopoietic stem cells. The stem cell compartment at the

apex of the system gives rise both to stem cells (by self-renewal) and to a series of multipotent progenitor cells that give rise to lineage-restricted

monopotent precursors that in turn differentiate into mature, morphologically recognisable cells. The lymphoid precursors are believed to

diverge from the myeloid/erythroid precursors early in the differentiation process. Although a matter of contention, it is postulated that mature

B and T lymphocytes originate from a corunon lymphoid precursor. Furthermore, both T and B lymphocyte differentiation is dependent upon

stromal elements found in the bone marrow, thymus and spleen. Restricted myeloid and erythroid precursors are defined primarily through

their ability to form colonies in in aitro culture (ie. CFU-GM, CFU-G, CFU-M, BFU-E, CFU-E, CFU-Eo) uPon stimulation with haemopoietic

growth factors.
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The hiera¡chical organisation of the haemopoietic system provides at least two

important advantages for regulation. Firstly, the occurrence of a highly regulation-sensitive

population (the committed progenitors) between the stem and maturing cell

compartments, acts to buffer the stem cell population against depletion through excessive

demands. Secondly, the inherent heterogeneity of the committed progenitor compartment

provides multiple sites for the action of a variety of different regulators including

cytokines and other HGF. Since the bulk of proliferation within the haemopoietic system

occurs within the committed progenitor and maturing cell compartments, the haemopoietic

system as a whole is able to respond rapidly, and in a highly precise manner to the

particular demands imposed upon it.

1.2. THE HAEMOPOIETIC STEM CELL COMPARTMENT.

1.2.1. Haemopoietic Stem Cells: Studies In Rodents'

The notion of a corrunon ancestral precursor or stem cell was invoked to

compensate for the continual loss of mature, morphologically recognisable cells such as

granuloc¡es and erythrocytes (Siegers et at, L979). To replace these effete cells, the rate of

turnover in an adult human is estimated to be approximately 1 trillion cells per day,

including 200 billion erythrocytes (Erslev, L983) and 70 billion neutrophilic leukocytes

(Dancey et ø1, \976). Although this system operates under tight homeostatic controls, it

retains the flexibility to respond rapidly to a variety of perturbations by increasing the

production of one or more mature cell types. Studies in rodents have provided researchers

with a greater understanding of the regulation of this dynamic Process'

In the early 1950's, it was recognised that animals given lethal doses of ionising

radiation suffered BM failure which could be reversed by transplantation with

unirrad,iated, histocompatible BM cells (Lorenz,1951). The subsequent work of Till and

Mcculloch (L961) represented the first quantitative experiments on BM restoration, using

liniting numbers of BM cells to rescue lethally irradiated mice. In a series of seminal

experiments, it was recognised that the BM contained highly proliferative progenitor cells

capable of generating individual macroscopic nodules in the spleen (and BM) of the
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irradiated hosts 7 to 14 days post-injection (Till and McCulloch,196l; Wu ef aI, 1967;

Watt et ø1, 1987a). Numerous studies examining this phenomenon demonstrated that

these colonies were derived from a single transplanted cell (Becker et ø1,\963;Wuet ø1,

Ig6n, termed colony forming units of the spleen (or CFU-S) and contained cells of

multiple haemopoietic lineages including erythroid, megakaryocytic and myeloid

precursors (till and McCulloch,7961'; Becker et al, \963, Wu et a\,1967).

Cells from individual Czu-S were subsequently shown to be capable of initiating

further spleen colonies, not only when infused into secondary recipient mice, but also in

multiple lethally irradiated mice following serial transfer of the Progeny of the incipient

Czu-S (Juraskova and Tkadlecek, 1965; Siminovitch ef ø1,1963; reviewed in Dexter and

Spooncer, 1987).In conjunction with the observation that the same cell type had the

capacity to repopulate the lymphoid system (Wu eú al, 1968; Lala and Johnson, 1978), lt

was proposed that the late CFU-S (day 12 to 14) represented a population of

radioprotective cells, capable of multilineage differentiation and self-renewal, and thus for

many years was equated with the pluri-potential HSC. Subsequent studies however, have

demonstrated heterogeneity within the CFU-S compartment with respect to colony size,

time of appearance (day 8 or day L2 to L4) and composition (Magli, 1982; Jones,1990).

Furthermore, serial transplantation of spleen colonies led to the formation of smaller

secondary spleen colonies in which fewer lineages were rePresented, and the continued

capacity to generate colonies was exhausted within three or four serial transplantations

(Morrison et aI,1995a; L995b).

Recent work has demonstrated that, while both long-term and transiently

reconstituting multipotent progenitors appear highly enriched for late Czu-S activity, the

majority of day 12 CFU-S are transient progenitors (Morrison and Weissman, 7994; Yart

der Loo et a\,1994). The most primitive, long-term reconstituting HSC are perceived to

have "preCzu-S" activity (Hodgson and Bradley, L979;YarrZant,1984; Ploemacher and

Brons, 1988; Spangrude and Johnson, L990) and are therefore too primitive to form a

spleen colony within L2 and L4 days,but do give rise to progenitors that can do so.
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Various methods which distinguish donor from host cells have confirmed the early

work of Wu and collegues (1967), demonstrating the existence of rare stem cells within

normal BM, with the capacity for immense proliferation and multilineage differentiation

(Fleischman and Mintz, 1984; Spangrude et al, 1988; Spangrude, 1989; Lemischka ef ø1,

198ó). A particularly valuable approach, utilising recombinant retroviruses to "tag" HSC,

has made it possible to uniquely mark putative HSC and simultaneously follow multiple

progenitor clones based on unambiguous retroviral integration sites (Lemischka et aL,1986;

Snodgrass & Keller, 1987, Dick et al, 1985; Williams et al, 1984; Eglitis et al, 1985).

Utilising this approach, Fraser and collegues have demonstrated that a single stem cell

capable of self-renewal in aitro, maintained the capacity for reconstitution of the

lymphoid and myeloid compartments of lethally irradiated mice (Fraser et ø1,1990).

Perhaps the most direct evidence for the existence of HSC capable of long term

reconstitution of the myeloid and lymphoid compartments has come from studies which

involve the physical isolation of candidate stem cells (reviewed in Visser and van

Bekkum, 1990). A number of laboratories have reported the isolation of subsets of early

murine haemopoietic cells by means of fluorescence activated cell sorting (FACS), based

on monodonal antibody (mAb) staining of specific cell surface molecules and/ or specific

dye staining (Hoechst 33342 and rhodamine 123) (Visser and de Vries, 1988; McAlister ef

aI, L990; Li and Johnson, 7992; Bertoncello et aI, 1.985; 1997). Spangrude and colleagues

(1988) demonstrated that a minor subpopulation of murine BM cells which exhibited a

phenotype of Thy-1t-o, lineage marker negative and stem cell antigen-l+ (ThY-LLo Lin-

Scal+) had the capacity to reconstitute the lymphoid and myeloid compartments in

lethally irradiated mice (Spangrude et ø1,1988). Subsequent studies demonstrated that as

few as 30 cells, sorted on the basis of this Thy-Fo Lin- ScaL+ phenotype in combination

with the low retention of the fluorescent supravital dye rhodamine l'23 were able to

completely repopulate the myeloid and lymphoid compartments of irradiated recipients

for many months post-transptant (Li and Johnson, 1992; Szilvassy et al, L989;Woll et al,

1993; Uchida and Weissman, 1992).
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1.22- Identification Of Candidate Human Haemopoietic Stem Cells.

Since the long term reconstitution of the haemopoietic system of a lethally

irradiated recipient represents the only truly valid means of assaying HSC activity, the

identification and quantitation of candidate HSC in human haemopoietic tissues has been

hampered by the lack of an equivalent assay system. Despite this, there is a general

consensus that human HSC reside within a population of BM-derived haemopoietic cells

which express on their cell surface, the CD34 antigen (Sutherland and Keating, L992). The

CD34 antigen is a highly glycosylated, integral membrane glycophosphoprotein with an

apparent molecular weight ranging from 110 to L20 kD. It is expressed on small-vessel

endothelial cells (Fina et al, L990; Beschornet et ø1,1985), embryonic fibroblasts (Brown ef

ø1,1997a) and at low levels by BM stromal precursors (Simrnons and Torok-Storb, I997a;

Huang and Terstappen, 7992). Significantly, this molecule is also expressed on

approximately 1 to 3"/" of normal human BM-derived haemopoietic cells (Civin et ø1,1984;

Katz et ø1, 1985; Andrews et ø1, !986; Watt et al, 1987b; Fina et al, 7990; Lansdorp et al,

\g9O), whilst less than 0.5% of the peripheral blood cells exhibit labelling with antibodies

to this nrolecule (Krause et aI,1996).

Although the CD34+ cell population from normal human BM is enriched in

morphologic blast cells (in contrast to the CD34- cell fraction), it is now aPParent that

these cells are heterogeneous in composition and ftnctional properties (Civin et ø1,1984;

K¿u, et al,7985; Andrews et ø1,1986). Flow cytometric analysis of the CD34+ subfraction

has revealed ¡¡¡o distinct populations which differ in their relative levels of surface CD34

expression (Andrews et aI, L986; Krause et al, 1994, Civin et ø1, \987; Andrews et aI,

1989). Utilising in aitro assay systems (please refer to Section L.2.4.), the population of

cells exhibiting the highest level of CD34 expression (CD34sRIcHr), contained the majority

of the immature haemopoietic progenitor cells and was en¡iched for progenitor cells

capable of generating colonies in semi-solid medium, including colony-forming units-

granulocyte/macrophage (CFU-GM), blast forming units-erythroid (BFU-E), CFU-

erythroid (CFU-E), CFU-megakaryocyte (CFU-Meg), and even more highly enriched for

the developmentally earlier, multipotential CFU-granulocyte/erythroid /macrophage/
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megakaryoryte (CFU-GEMM) (Civin et a|,1989; Bernstein et al, L991a), CFU-blast (Leary

and Ogawa, 1987) and long-term culture initiating cells (LTC-IC) (Krause et al, L994;

Civin et al, 1989; Bernstein et ø1, 199La).

Very early lymphoid progenitors are also CD34+. For example, B-lymphoid-

committed progenitors and thymic T-cell precursors marked by the expression of lineage-

specific antigens (CD7 and CDL9 /CD1,0 for T and B lymphoid precursor, respectively)

and terminal deoÐ¡nudeotidyl transferase activity (involved in immunoglobulin and T cell

receptor gene reanangement) express the CD34 antigen. In contrast, the developmentally

later CD20+ B cells are CD34- (Pontvert-Delucq et ø1, 1993; Peault et al, 1991; Galy et al,

1993). Taken together, this implies that the CD34 antigen is expressed at high levels on

the earliest haemopoietic cells and decreases to undetectable levels as a function of

differentiation (Figure 1.3.).

The most compelling evidence that human HSC reside within the CD34 antigen-

positive subfraction of human BM has come ftom in aiao transplantation studies. A

number of investigators have demonstrated that CD34+ cells can provide long-term

lympho-haemopoietic reconstitution in lethally irradiated baboons and rhesus monkeys.

Transplantation with cells that lack the CD34 antigen however, leads to graft failure and

transplant-recipient death (Wagermaker ef aI, 1990; Berenson et ø1, 1988). In addition,

successful autotransplantation of CD34+ cells after intensive and supralethal cyto-

reductive therapy in patients with solid tumours suggests that this population of cells is

able to confer long-term reconstitution of haemopoiesis in humans (Berenson et ø1,199L).

Although these studies imply that human HSC are contained within the CD34+

population, definitive evidence awaits the long-term outcomes of clinical BM transplant

trials utilising CD34+ cell allografts (Krause et aI, L996). In this setting, if the transplanted

allogeneic CD34+ population (as opposed to host stem cells) provide durable, long-term

donor multilineage lympho-haemopoiesis in humans, this will imply that these cells are

capable both of self-renewal and multilineage differentiation, and thus satisfy the most

stringent definition of the stem cell (Krause, 1996).
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Figure 1.3. CD34 Antigen Expression Is Lost As A Function Of Differentiation.

CD34 antigen is expressed at high levels on the earliest haemopoietic cells

(CD34nntcur). The level of expression decreases to undetectable levels as a function of

differentiation. Concomitantly, maturing cells acquire the expression of activation-(eg.

HLA-DR, CD38) and lineage- (eg.CD13, CD33, CD1O, CD4, CD8) related antigens.
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In lieu of a suitable experimental transplantation model (equivalent to the murine

transplant model), a number of surrogate in aiuo and in aitro assay systems have been

developed to assess the haemopoietic potential of CD34+ cells and various

subpopulations thereof .

L.2.3.InVioo A.ssays For The Assessment Of Candidate Human Stem Cells.

A number of systems reliant on xenogeneic reconstitution have proven useful

surrogate in uiuo models for the study of human haemopoiesis (reviewed in Srour et al,

7992). Human drimaeras in immunodeficient mice like the bg/nude/vrd (bnx) mouse have

been used successfully as recipients of human BM (Srour et a\,1992). Although reliant

upon the infusion of exogenous human HGF, human macrophage, granulocytic cell, and

erythroid cell development has been observed in transplanted mice (Kamel-Reid and Dick,

1988). More recently, a number of investigators (McCune ef ø1, 1988; Namikawa e/ ø1,

7990), have developed the severe combined immunodeficient-human (SCID-hu) mouse

model in which human haemopoietic organs were engrafted into the SCID mice (reviewed

in Hendrickson, 1993). HlA-mismatched haemopoietic progenitors from human foetal

liver, thymus and ly-ph node were then used to engraft these SCID-hu mice, to examine

the transplantation potential of these cells. The HPC were monitored based on the clearly

definable donor-type cells over time and the ability to transfer progenitor activity to

human foetal bone or thymus in secondary SCID-hu recipients (Peault et aI, L991'; Chen ef

øt,1994). Using the SCID-hu model, a number of investigators have demonstrated that

both myeloid and lymphoid reconstitution potential is restricted to the CD34+ population

and subsets thereof (Peault et al, L99l; Chen et ø1,1994; GaLy et ø1, L994).

An alternative, yet equally powerful approach has been developed by Zanjarri and

collegues. Zanjani et al (1991) successfully demonstrated in utero transfer of human HSC

to pre-immune foetal sheep during early gestation. Sustained chimeric haemopoiesis or

long term marrow repopulation (LTMR) was observed in sheep that received either cells

from adult human BM (Srour, L992) or foetal liver (Zanjani, 1992) exhibiting a CD34+

HLA-DR- surface phenotype. Moreover, human HSC could be retrieved from sheep BM
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more than 3 years following engraftment and used to engraft secondary recipients

(Zanjani,l994).In a like maffier, a rare population of cells (refer to Figure 1..4.) derived

from adult BM exhibiting a surface phenotype of CD34+ Thy-l+ Lin- were also able to

give rise to long-term human haemopoiesis when transplanted into foetal sheep (Uchida eú

aI,1994). Another significant finding from the sheep-human model, was the absence of

any dinically manifest graft-versus-host disease after transplantation with xenogeneic

grafu from immunocompetent donors (Zanjani et ø1,1992). The use of xenogeneic models

of human HSC engraftment provide the ability to study LTMR with subfractions of

CD34+ cells, enriched by various cell-surface marker combinations, and complement the

various in aitro assay systems described below.

l.L4.In Vitro Ãssays For The Assessment Of Candidate Human Stem Cells.

A variety oÍ in aitro assay systems have been developed to quantitate primitive

human progenitors and to investigate their stem cell potential. At this juncflrre, it should

be recognised that essentially all of the human in uitro assays for HPC are derived from

similar methods established using murine cells. These include clonogenic assays performed

in semi-solid media, such as the CFU-blast a¡d high proliferative potential colony forming

cell (FIPP{FC) assay (Leary and Ogawa, 1987; Bradley and Hodgson, 1979; McNiece ef

al, 7989), the long-term culture initiating cell (LTC-IC) assay (Dexter et a|,1977; Moore ¿f

aI, 7979; Gordon et aI, 1987b) and the pre-CFU-assay (Iscove et ø1, 1989; Smith et al, 1991;

1993; Metcall 1984). The latter assays represent indirect methods for detecting primitive

haemopoietic cells by their ability to generate committed progenitor cells, as measured by

the clonogenic assay. The donogenic assay system provides a means to directþ quantitate

hr¡man progenitor cells ln aitro.Tlne morphologically-recognisable colonies which include

the monopotent BFU-E, Czu-E, CFU-Meg, the bipotent CFU-GM, and the multipotential

CFU-GEMM, represent dones of cells produced by a single progenitor cell.

Haemopoietic progenitor cells can be cultured in liquid or semi-solid systems, in

the absence of supporting stroma. Various combinations of cytokines (please refer to

Section 1.3.) are used in such cultures to promote the proliferation or maintenance of
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Figure L.4. The CD34+ Haemopoietic Stem Cell Compartment Is Heterogeneous In Composition.

Numerous studies have revealed that BM progenitor cells are contained within the subset which is bound by monoclonal antibodies to

the CD34 antigen (Civin et al, 1984; Ogawa, 7993; Katz et al, 1985; Andrews et at, 7986). This population however is not uniform, but is

comprised of a hierarchy of closely related, yet functionally heterogeneous cell types (Sutherland et ø1,1989; Smith et ø1, \99'l',Brandt et aI,

L990; Wagermaker, 1990; Berenson, 1988; L991).

In recent years, a number of promising reagents, including mAbs to the Thy-1 molecule (CDw90; Baum et a\,1992; Craig et a|,1993;

Williams and Gagnon, L982) have enabled the definition of a subset of CD34+ cells, representing <0.5"/" of BM mononuclear cells, which are

highly enriched for pluripotent stem cells (Craig et ø1,1993; Baum et ø1,1992; Simmons et a\,1994; reviewed in Ogawa et ø1,1991).

Furthermore, putative stem cells can be segregated on the basis of lack of expression of the CD38 molecule. The CD34+CD38-

subpopulation represent approximately t/5,000 BM mononuclear cells. These cells are quiescent as determined both by flow cytometric

analysis using acridine orange (or rhodamine retention, refer to text) and by their resistance to S-fluorouracil (5-FU) and 4-hydroxyPeroxy-

cyclophosphomide (4-HC). preliminary data (Haylock and Simmons, personal communication), indicate that approximately 1'/5 to L/8

CD34+CD3g-Thy-1+Rh123DULL cells is an LTC-IC (refer to text) as assayed at week 5 of the culture, according to the conditions of Sutherland

et øt (19g9). Moreover, the CD34+CD38-Thy-1+Rh123ou[ population contains cells with the potential to give rise to any one of a variety of

haemopoietic lineages, including erythroid cells, neutrophils, monorytes, megakaryocytes, mast cells and dendritic cells.
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progenitor ceils (reviewed in Ogawa, 1993). To date, no combination of cytokines has yet

been identified that promotes a significant expansion or long-term maintenance of

multipotent progenitors in such cultures. Only myeloid and erythroid differentiation are

usually observed, although a mearìs of achieving limited B-lineage differentiation has been

reported (Hirayama, 1992).

The blast<olony (CFU-blast) assay devised by Ogawa and collegues identifies a

population of late-appearing colonies consisting largely of undifferentiated blast cells that

have a high replating ability. Moreover, these cells exhibit the capacity to give rise to both

differentiated and undifferentiated colonies in the presence of IL-3, IL-6, IL-L or a

combination of these factors (Leary and Ogawa,1987; Moreb et a|,1989; Moreb, 1990). A

modification of this system was used by Terstappen to show that blast colonies derived

from CD34+CD38- þut not CD34+CD38+) were capable of extensive generation of new

colonies after serial replating of the first-generation colonies (Terstappen et a\,199\).

The HPP-CFC assay was originally described in the murine system (Bradley and

Hodgson, 1979) and later modified to support the growth of human HPP-CFC by

McNiece et aI (7989). The HPP-CFC assay/ like the CFU-Blast assay (refer below),

identifies a rare population of cells within normal marrow (-2 per 105 mononuclear cells)

that are CD34+HLA-DR-Rh123DULL, and represents an in uitro progenitor phenotype

correlated with enrichment of multipotent progenitors (Bradley and Hodgson, 1979;

McNiece et ø1, L989; McNiece et aI, 1990).

Gordon et øI (1985), identified a population of early haemopoietic cells (blast-

colony forming cells; BI-CFC) characterised by an ability to specifically adhere to pre-

formed marrow stroma within two hours. These adherent cells had stem cell features,

including an ability to form undifferentiated blast cell colonies, and generated

multipotential and lineage-committed colony forming cells. Further studies revealed that

the cell type specifically adhering to the stroma was CD34+HLA-DR-Lin- and exhibited a

capacity for long-term in aitro rcpopulation (Verfaillie et al, L990).

The long-term BM culture (LTBMC), assays cells with the ability to initiate and

sustain haemopoiesis in a standard Dexter-type stroma cell-dependent system (please
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refer to Section L.5.3. for detailed discussion). The long-term culture-initiating cells (LTC-

IC) responsible for the sustained in aitro haemopoiesis observed have been phenotypically

defined as cells which exhibit a blast-like morphology (Sutherland et al, 1989a), and lack

expression of the transferrin receptor (CD71) (Sutherland et al, I989b; Lansdorp and

Dragowska , !992), major histocompatability complex class II, HLA-DR (Sutherland et ø1,

l919a; Moore et al, 7980; Keating et aI, L984; Brandt et al, L990), various mature lineage

markers expressed by both myeloid and lymphoid cells (Baum et ø1, t992), CD33

(Andrews et ø1, 1989; Bernstein et aI, 1991a; Simmons and Seed, 1988) and the high

molecular weight isoform of the human leukocyte antigen (CD45RA) (Lansdorp et ø1,

1990; Lansdorp and Dragowska,1992). Further studies have demonstrated that LTC-IC

express low levels of the phosphoinositol glycan-linked molecule Thy-l (Baum et a\,7992;

Craig et a\,1993), and high tevels of the proto-oncogene, c-kit (Simmons ¿ú aI, 1994a;

Ud.omsakdi et aI, 1992; Briddell ¿f al, 1992). In addition, LTC-IC have been further

defined as quiescent cells as determined by the low retention of the supravital fluorescent

dye, Rh123 which accumulates in the mitochondrial membranes, with the subsequent

fluorescmce activity proportional to the metabolic activity and cell cycle status (Craig ef

al,1993; Udomsakdi et al, L992). Further affirmation of quiescence has come from studies

which show that LTC-IC have limited sensitivity to 4-hydroxyPeroxy-cyclophosphomide

(+HC), a rytotoxic compound effecting actively cycling cells (Winton and Colenda,

1989).

Haylock et aI (1992) have recently developed a stromal cell free, cytokine-

dependent suspension culture system for primitive human haemopoietic progenitors

(Haytock et al, L992) based conceptually on the studies with murine haemopoietic

progmitors originally described by Iscove et al (L989). This culture system termed the pre-

colony forming unit (pre-CFU) assay, measures the recruitment, proliferation and

development of primitive haemopoietic progenitors into lineage restricted haemopoietic

progenitors in response to cytokines. The pre-CFU assay was based on the finding that

preq¡sors to myeloid progenitors (CFU-GM) that did not grow in semi-solid clonogenic

assays in response to defined factors, preferentially differentiated into CFU-GM following
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treatment in suspension phase with a combination of IL-L and IL-3. Assay of CFU-GM

present after various periods of time following initiation of pre-CFU suspension culture

thus provides a surrogate measure of pre-CFU in the input population of haemopoietic

cells. A subfraction of CD34+ cells that lack detectable levels of the surface markers for T-

cell, B<ell, natural-killer cells and the myeloid lineage (CD34+ lin-) were found to yield

comparable CFU-GM numbers when compared with 4-HC-resistant CD34+ cells,

suggesting that these cells are closely related developmentally to long-term marrow

repopulating cells (Haylock et ø1,1995).

The results from the various in aitro assay systems indicate that the primitive HPC

(and perhaps HSC), can be discriminated from the lineage-committed progenitors by the

expression or absence of a cohort of cell surface molecules. Taken together, these data

suggest that a composite phenotype for the human HSC could be; CD34+ CD38-

Rh123DULL Thy-1ro CD77- CD4SRA- c-kit+ HLA-DR- (Haylock et al, 1995). Conversely,

committed progenitor cells would be CD34+, express one or a number of the lineage (eg.,

cD33, CD10, CD19, CDz, CD7) or activation (eg., HLA-DR, CD38) antigens, and be

proliferating cells, as demonstrated by their sensitivity to agents such as 4-HC and 5-

fluorouracil (s-FIl) and high retention of the supravital dye, Rh123. Furthermore, prirnitive

haemopoietic cells can be discriminated from committed progenitor cells in their

requirement for multiple HGF to stimulate proliferation. Committed progenitors in

contrast, require only single or a few HGF for maximal stimulation (Moore, MAS., L99L;

McNiece et a\,1991; Bernstein et al,I99La;1991b; Lowry et al,199L; Muench et a\,1992;

Broxmeyer et aI, 1991). Figure 1.5. summarises both the stage-related phenotypic

characteristics associated with stem cell differentiation and the inter-relationship of the

various in aiþo and in aiaobioassays discussed above.

1.3. GROWTH FACTORS IN HAEMOPOIESIS.

1.3.1. Haemopoietic Growth Factors.

Haemopoietic growth factors (HGF) comprise a family of glycosylated

polypeptides that were initially described as "unidentified factors" produced by feeder
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Figure 1.5. Schematic Diagram Illustrating The Inter-relationship Of The Currently

Available In Viao And Iz Vitro Bioassays.

The hierarchical organisation of the stem and progenitor cell compartments are

shown in relationship to the proliferative potential and cell-cycle status in normal

haemopoiesis. The stage-related phenotypic characteristics which are routinely used for

haemopoietic stem cell isolation are also indicated (Adapted from Moore,1991).
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cells or present in crude, connective tissue cell-conditioned media that stimulated the

proliferation of leucocyte precursor cells (Bradley and MetcaIl, 1966; Ichikawa et ø1, L966;

Whetton, 1990).

While self-renewal and differentiation of haemopoietic stem and progenitor cells

may be a stochastic process, survival and proliferation is thought to be regulated by

HGFs. For example, haemopoietic stem and progenitor cells require HGFs to form and

sustain colonies in short-term semi-solid cultures (refer to Section 1'2.4.), and recent

studies have demonstrated that cytokines prevent cells from apoptotic cell death

(reviewed in Koury, 1992; and Dexter and Spooncer,1987). Furthermore, myelopoiesis is

able to be sustained for several weeks in the absence of an adherent stromal layer if

pri-rritive haemopoietic progenitor cells are placed into liquid culture in the continuous

presence of multiple HGFs.

To date, L7 interleukins (IL), three colony stimulating factors (CSF), erythropoietin

(EPO), stem cell factor (SCF), megakaryocyte growth and development factor (MGDF)

and flt 3 ligand (FL), have been molecularly cloned and implicated in the regulation of

haemopoiesis and lymphopoiesis (Metcalf and Nicola, L985; Clark and Kamen, 1987;

Zsebo et ø1, 1990; Lyman et al, 1993; Hannum et al, 1994). Unlike "classical" hormones,

HGFs are inducible products of a variety of cell types, including BM stromal elements

(refer to Section L.7.2.), T lymphocytes, endothelial cells, fibroblasts and macrophages

(Dexter, L990; DiPersio, L990), that exert pleiotropic, additive or synergistic effects on

haemopoietic stem and progenitor cells and enhance the functional activities of mature

effector cells (Nicola, 1989; Moore, 1990). The cellular specificity and action of the

various HGFs is mediated through high affinity receptors expressed on the haemopoietic

cell su¡face, of which many have been characterised at the molecular level (Moore, L990)"

While beyond the scope of this review to consider the role of each HGF in detail, Table

1.1. summarises the well-defined HGFs (and their corresponding receptor(s)) which

exhibit a role in haemopoiesis. Moreover, a synopsis of the biotogical activities of each of

these glycoproteins is presented in Table L.2.
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Table 1.1. Growth Factors And Their Receptors.

Source Receptor MW (kD) ExPressed BY Subunit Other
CharacteristicsLigand MW (kD) Chromosome

location (human) S

IL-1

tL-2 23

IL-3 14-28

IL-4

IL-5

IL-6

t7 -25 8q

T Lymphocytes p55, P75 55
75

14-17 2q T Lymphocyte
Stroma
Eoithelial Cells
BLvmohocvte
Mohoéytes7 Macrophages
Stroma

B Lymphocyte
T Lymphocyte
Naiurâl Kifler Cells

Basoohils
B Lymphocytes
T Lvmohocvtes
MoâoËytes7 Macropha ges

B Lymphocytes
T Lvrnohocvtes
Eoíinóphilé

IJbiquitous IL-1RI

IL-lRII

IL-3-Ra,
GM-CSF-RB

IL-4R

IL-5-Rc,
GM-CSF-Rp

IL-6-Ra,
gp 130

IL-2R

87 - 100

68-80

No

No

No4q

5q 130
130

With IL-S-Rq,
and GM-CSF-R

p55 and p75 dimerise

cr and p chains
dimerise

18 5q

40 5q

2l -26 7p

T Lvmohocvtes
BaJoohils '
MasÉCells
Neuronal Cells
BM Stromal Cells?

T Lymphoc¡es,
Ma3t Cells,
Basophils

T Lvmphocvtes
Maát Öelb'

T/B Lymphocytes
Monocytes
mostMesenchymal
Cells

Thymus/Spleen
Stromal Cells

r40 No

With IL-3-Rg,
and GM-CSF-R

Receptors are heavilY
glycósylated

7 cr and p chains
dimerise130

80
130

gp 130 shared

with LIF-Rcr &
IL-11R

LIF-Rcr and gp 130
dimerise and bind
Oncostatin M as
well as LIF

50-75 7 160 kD receptor
maybeahomo-
dimer

tL-7



Table 1.L. Growth Factors And Their Receptors (continued)

Ligand MW (kD) Source Receptor MW (kD) ExPressed BY Subunit Other
Characteristics

Chromosome
location (human)

IL-8 8-9 4q

IL-10 30 - 35 1q

Monocytes
Fibroblasts
Stromal Cells,
Macrophages,
T Lymphocytes

T/B Lymphocytes,
Macrophages
Keratinocytes

Fibroblasts
BM Stromal Cells

B Lymphocytes
Macrophages

IL-8R 58

IL-11R
gp130

IL-12R 110

NoT
N

??? ?

IL-ll 20 -23 ? 130
130

B Lynphocytes
Megakaryocytes

gp 130 shared
with LIF-Ra &
IL-6-Rc

No IL-12 shares homology
with IL-6 & G-CSFtL-r2 heterodimeric ?

CK of 70 kD
comprised of
a35&40

Activated CD4 and CD8
T cells
CD56* Natural Killer Cells

subunits

58 22q 130
130

Megakaryocytes
Heoatocvtes
Enäothelial Cells
Myocytes
Osteosarcoma
Monocytes /Macrophages
Embryónal StemCells

Monocytes / Macrophages

Eosinoohils
Stromal Cells
Megakaryocytes

gp 130 shared
with IL-6-Ra &
IL-11R

LIF-Rcr and gp 130
dimerise and bind
Oncostatin M as
well as LIF

LIF-Ro,
gp 130LIF

M-CSF
(csF-L)

40-90 1p

EPO 18-32 7q

Noc-fms 150

EPO-R 55

Cytoplasmic region
has tyrosine kinase
domáins; on chromo-

?

some 5q

Homodimerisation
occurs, receptor on
ctromosome 19p



Table L.1. Growth Factors And Their Receptors (continued)

Receptor MW (kD) ExPressed BY Subunit Other
CharacteristicsLigand MW (kD) Ch¡omosome

location (human)
Source

SCF

TNF-a t7

46-
membr¿ne
bound
30- secreted

25-60
(35)

12q Ubiquitous c-kit

TNF R-a
TNF R-p

GM-CSF-Rct,

GM-CSF-Rp

Shari

With IL-3-Rg,

and IL-S-Rcr

Cytoplasmic region
has tyrosrne klnase
domáirs; as member
of the c-frrs, PDGF-R
subclass; on chromo-
some4

Each receptor binds to
both TNF-c and
TI.IF-p

N-terminal half of the
MGCF protein shares
homoloþwith EPO

receotor resembles the
,-.rbBz, c-kit, c-fms,
PDGF and VEGF
proteins

o and p chains
dimerise

745 No

No

No

6p

3p

75
55

MGDF
(TPO)

Adult liver, kidney, c-mpl
spleen and brain.

T Lymphocytes
BM Stroma?

flt3lflk2 TKR 132 - 1s8

1 1 0-120 PB, BM and CB CDM+ Cells
Megakaryocytes
Platelets

flt 3 ligand 40-80

(FL)

6-CSF 18 - 2s 77q

6M-CSF 14 - 3s 5q

BM Stromal Cells
Macroohaees
Endotñelia'l Cells
Neutroohils
T LympÏoc¡es

BM Stromal Cells

19q13 3

G-CSF-R 150

Endothelial Cells

Restricted to BM CD34+ Cells No

Neutrophils None

80-85
130

For descriptions of abbreviations, refer lo Abbreaiøflon section. (Adapted from Bagby,7994)



Table 1.2. Biological Activities Of Haemopoietic Factors.

Factor Biological Activity

IL-1

lL-2

IL-3

IL-4

IL-s

IL-6

Induces expression of GM-CSF, G-CSF, IL-6 and IL-1 in stromal cells; induces proliferation of pre-activated T cells; promotes the

transendothelial passage of neutrophils; synergises with IL-3 in stimulating prolileration in primitive haemopoietic progenitor cells;

modulates EGF-Rãxpreãsion; induceJ IL-2-R number and binding activity and induces maturation of pre-B cells.

Stimulates proliferation and activation of T lymphocytes, B lymphocytes, and_ NK cells; induces expression of IL-1 in monocytes and

macrophages; co-induces (with IL-1) expression of interieron-y in r ce[si co-stimulates B cell differentiation and induces non-MHC-restricted

cytotoxic T-cell (CTL) activitY.

Stimulates CFU-GEMM and CFU-S growth; stimulates proliferation of HPP-CFC, BFU-E, B lymphocytes, T lymphocytes (synergistically

with IL-2) and growth of myeloid leukaemic cells; induces macrophages to express M-CSF; stimulates growth of mast cells and pre-B cell

lines.

B cells; co-induces immunoglobulin secretion and

eceptor expression in T cells; inhibits induction of
C-CSE genes in monocytes; induces expression of
U-E and CFU-E growth (in association with EPO)

and enhances CFU-GM growth (with G-CSF and GM-CSF); stimulates expression of MHC Class II antigens on B cells and monocytes'

Activates cytotoxic T lymphocytes; co-induces immunoglobulin secretion, stimulates eosinophil production and activation in aitro and in

aiao.

3 in stimulating CFU-GEMM and CFU-Meg colony growth; Promotes
in aiao.



Table 1,.2. Biological Activities Of Haemopoietic Factors (Continuedl.

Biological Activity

Co-stimulates T cells (in association with mitogens); enhances growth of allospecific CTLs; induces cytokine secretion by monocytes and

macrophages, and induces clonal growth of pre-B cells'

lnduces neutrophil chemotaxis.

lnduces proliferation of B lymphocytes and mast cells; inhibits cytokine production by monocytes; inhibits Tlymphocyte proliferation and

IL-2 proåucdon; inhibits Il-S-mediáted antibody secretion; ,yn"rgir"r with rGF-p and IL-4 to inhibit macrophage cytotoxicity'

Synergises with other cytokines to stimulate haemopoiesis; functions as adipogenesis inhibitory factor'

stimulates the activation of T lymphocytes and natural killer (NK) cells; induces the production of IFN-y release from TH-1 cells'

Enhances efficiency of CFU-S infection by retroviral shuttle vectors; i duces differentiation of certain murine and human leukaemic cells;

inhibits differentiation of embryonal 
"urtiflo*u 

cells; stimulates bone resorption; enhances growth of megakaryocytes in oiao; augments

proliferation of pluripotent human progenitor cells.

I¡rduces monocytes/macrophages growth (murine cells) and differentiation þoth murine and human cells); induces phagocytic and secretory

function in monocytes and macrophages.

Markedly enhances clonal growth of GFU-GEMM, BFU-E, and pre-B cells when combined with direct growth factors, IL-3, EPO, or rL-7;

enhances growth of mast celIs; non-haemopoietic targets include melanocytes, reproductive system, gut and embryonic brain'

Factor

lL-7

IL-8

IL-10

IL.11

lL-12

LIF

M.CSF

SCF

EPO stimulates clonal growth of CFU-E and a subset of BFU-E; induces globin synthesis in erythroid cells; stimulates murine megakaryocyte

colony growth, but has no apparent thrombopoietic activity in oiuo



Factor

Table 1.2. Biological Activities Of Haemopoietic Factors (Continued).

Biological Activity

G-CSF Stimulates clonal growth of CFU-GM and production of neutrophils in aiaoi stimulates neutrophil maturation of certain leukaemic cells;

activates phagocytic function of mature neuirophils; stimulates quiescent pluripotent progenitor cells to enter G1-S phase; induces migration

and proliferation of vascular endothelial cells in aitro; stirnulates growth of some cancer cells.

Stimulates growth of CFU-GM and production of monocytes, eosinophils and neutrophils irz ttiuo, stimulates growth of CFU-GEMM, BFU-E,

and CFU-Meg; primes (pre-activates) phagocytic and chemotactic function of monocytes and granulocytes; stimulates growth of certain

leukaemic cells; ind.rces expressiot oilt-í, TNF-a, and M-CSF by monocytes and IL-1 production by neutrophils; stimulates functional

activation of eosinophils; co:stimulates T-cell growth with IL-2; stimulates growth of some cancer cells; induces migration and proliferation
of vascular endothelial cells.

FL alone does not support the growth of any type of colony growth, but potentiates myeloid (but not erythroid) colony forming cell

proliferation in aitro, inãtuaing hlgh proliferative potential colony forming cells (HPP-CFCs), colony-forming units- blast (CFU-BI) and long

term culture initiating cells (LTC-IC) in the Presence of IL-3 and GM-CSF.

Stimulates both the growth and differentiation of megakaryocytes. C MGDF include, SCF which results in an

increased numbers oJ hrr*un megakaryocyte colonieJ in aitro; Murin rmation is synergistically enhanced with
MGDF in combination with EPO, SCF, IL-3 or lL-77. In zriuo administ a 3-4 fold increase in the de noao platelet

synthesis without effect on red or white cell cor:nts.

GM-CSF

flt3ligand
(FL)

MGDF OPO)

TNF-cr Induces expression of GM-CSF, G-CSF, IL-6 and IL-1 in fibroblasts and endothelial cells; enhances mitogen-induced GM-CSF expression in T
cells; induðes release of GM-CSF and M-CSF in aiao, and inhibits the replication of viruses synergistically with interferons; inhibits growth
of haemopoietic progenitor cells, lymphocytes, and certain leukaemic cell lines; induces expression of adhesion molecules in myeloid and

stromal cells (including endothelial cells) and induces expression of IL-8.

For descriptions of abbreviations, refer to Abbreoiøfion section.
(Adapted from Bagby, 1994)



While some factors are primarily stimulatory or inhibitory, most have complex

functions in haemopoietic proliferation. This is well exemplifiedby lL-4, which has been

shown to exhibit both stimulatory and inhibitory activities on haemopoietic proliferation

(Peschel et aI, 1987; Rennick et ø1, I987a). Likewise, from Table '1..2., it is evident that the

regulatory pattern attributed to HGFs is one of redundancy and pleiotropy; more than one

factor controls cells in one lineage and most factors act on multiple lineages (refer to Figure

1.6.). For example, the generation of granulocytes can be stimulated by IL-3, GM-CSF, G-

CSF, IL-6, and even M-CSF in high doses (Metcalf, 1993). Speculative reasons for the

redundancy include the necessity for sequential action of various regulators, or the

necessity for synergy at the suboptimal concentrations of single HGFs encounteredinuiao.

Although there is minimal amino acid sequence homology between HGFs, it is manifest

from X-ray crystallographic analysis of growth hormone (Ultsch et al, 1991), GM-CSF

(Diederichs et ø1,199L) and IL-4 (Powers et al, 1992) that several may exhibit a similar

threedimensional protein structure, involving four cr-helices, two of which are presumed

to contribute to receptor binding (Nicola, 1989).

There a¡e a nurrber of modes in which HGFs can be presented to cells expressing

the corresponding receptors, and they include; (i) a number of HGFs, including M-CSF (or

CSF-1) (Rettenmier et al, 1987), FL (Lyman et ø1, 1993; }{annum ef ø1, 1994), TGFa

(Massagué, 1990) and SCF (Bernstein et al, 1968), can be associated with the stromal cell

su¡face via membrane-insertion domains (reviewed in Massagué and Pandiella, 1993); (t1)

HGFs may be produced by nearby cells and interact with juxtaposed cells; (iii) HGFs may

be associated with BM derived sulphated glycosaminoglycans (GAG). For example,

heparan sulphate proteoglycan demonstrates the ability to bind IL-3, GM-CSF and bFGF

and present them in a biologically active form to the haemopoietic stem and progenitor

cells (Robefts et al, I988a; Gordon et al, "J.987a; Massagué, 1991); (iv) HGFs including

MGDF (reviewed in Hunt, 1995) and EPO (Stephenson et aI, L971) may be produced by

rlistant cells which, like traditional hormones, are transported to sites of action via the

peripheral circulation. Interestingly, HGFs like M-CSF and SCF may be presented in all

these ways.
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Figure 1.6. Haemopoietic Growth Factors And Their Effect On Target Cells.

This diagram illustrates the hierachical relationship between pluripotent and

multipotent myeloid and lymphoid progenitor cells and haemopoietic growth factors

(UCfs). Haemopoietic stem and progenitor cells at various stages of development (as

characterised by their expression of lineage-related antigens) are resPonsive to

combinations or individual HGFs.

Growth factors: IL, interleukin-L to 11; GM-CSF, granulocyte/macrophage colony

stimulating factot; G-CSF, granulocyte-colony stimulating factor; M-CSF, macrophage

colony stimulating factor; CSF-1 (eqivalent to M-CSF [macrophage-colony stimulating

factor]), colony-stimulating factor-l,; SCF, stem cell factor; MGDF, megakaryocyte growth

and differentiation factor; EPO, erythropoietin; FL, flt3ligand'

Progenitor cells: BFU-E, blast forrning unit-erythroid; CFU-E, colony forming unit-

erythroid; BFU-Meg, blast forming unit-megakaryocyte; CFU-Meg, colony forming unit-

megakaryocyte; CFU-GM, colony forming unit-granulocyte / macrophages; CFU-G, colony

forming unit-granulocyte; CFU-M, colony forming unit-macrophages; CFU-Eo, colony

forming unit-eosinophils; CFU-Baso, colony forming unit-basophil/mast; TdT, terminal

deoxyribonucleotidyl transferase. (Adapted from Bagby, L99 4).
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1.4. TI{E DEVELOPMENT OF THE HAEMOPOIETIC SYSTEM.

1.4.1The Origin Of Haemopoietic Stem Cells.

The mechanisms underlying the initiation of haemopoiesis during embryogenesis

are essentially unknown. Despite this, it is well recognised that vertebrate haemopoietic

cells are derived from the splanchnic mesoderm (Rich, 1992; Dieterlen-Lievte, L975;

Dieterlen-Lievre and Martin, L981; Dieterlen-Lievre et ø1,1994)' In rodents, the mesoderm

is formed 7 ð,ays postcoitum in the region of the primitive streak and between day 7 and

7.5 of gestation, cells from the mesoderm loosen and begin to migrate along the amniotic

wall and visceral endoderm. These migrating cells are responsible for the first visceral

blood. islands or hemangioblasts, which are later connected by blood vessels forming the

primitive circulatory system (Ridr ef al,1992)-

The first morphologically identifiable cells formed are erythropoietin (EPO)-

insensitive erythroblasts, although it is speculated that primitive macroPhages may also

be present in part of the yolk sac blood islands (Rich, L992). The observation that cells

from the extraembryonic environment of the yolk sac migrate to the ernbryo body gave rise

to the suggestion that the yolk sac is the site of de noao stem cell formation and

responsible for seeding and all other haemopoietic tissues (Moore and Owen,L967a;

Moore and Metcal1,L970). A number of studies have demonstrated that yolk sac

progenitors are capable of multilineage progenitor activity in aiao (Moore and Owen,

L967b; Moore and Metcaß,1970) and that cells from 8.5 day old embryos were able to

respond to erythropoietin and other haemopoietic factors to produce lineage-restricted

colonies in cultu¡e (Rich, 1992). To investigate if the observed progenitor activity in the

yolk sac was derived from the self-renewing multipotent progenitors or from more

committed progenitors, Weissman and colleagues (1978) injected marked, day 9 donor

yolk sac cells into the yolk sac cavities of recipient mice and observed the localisation of

donor cells to the blood islands. Moreover, myeloid, erythroid and lymphoid progenitors

located in the BM of recipient mice were derived from marked-donor yolk sac cells'

Similarly, in humans haemopoiesis is initiated in the yolk-sac between days 1'5 and 1'8
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post-fertilisation, and although it continues for the first six weeks of gestation, it ceases at

week 10 of the 38 week gestation period (reviewed in Tavassoli, \991, and refer to Figure

1.7.).

In addition to the presence of putative HSC in the yolk sac, Godin et øl (1993) and

Medvinsky et aI (L993) simultaneously reported the progenitor activity in the mouse Para-

aortic mesoderm. Progenitor cells capable of long-term malrow repopulation (LTMR) of

adult recipients were observed in the paraortic mesoderm at L0 days post-coitus (Muller

et ø1,1994). Furthermore, the notion that multipotent progenitors arise simultaneously in

the para-aortic mesoderm and in the yolk sac has been further strengthened by the recent

work of Godin and colleagues (1995), who established that clones isolated from both the

murine yolk sac and para-aortic (splachnopleural) mesoderm at day 8.5 post-coitus are

capable of giving rise to B and various myeloid lineages in culture.

1.4.2 The Development Of Foetal And Adult Haemopoiesis.

Beyond the yolk-sac, progenitor cells sequentially migrate, via the blood stream, to

seed the foetal liver and para-aorta (and rodent spleen), which become transient sites of

haemopoiesis. Hepatic haemopoiesis (Petti et aI, L985; Houssaint and Hallet, L988) is

detectable in the mouse by day 10 and in humans by week 6 of gestation (Paul et a|,1969)

and is associated with a gradual decline in yolk sac haemopoiesis. Like the yolk-sac,

extravascular erythropoiesis appears to predominate, however some granulopoiesis has

been noted.

In the mouse, the spleen is initiated in the task of haemopoiesis L5 days post-

coitus, and continues to be active throughout the gestation period. Haemopoietic

development is observed in the splenic cords with the last stages of maturation taking

place in the splenic sinuses. Although mostly erythropoietic in nature, the rodent spleen

retains haemopoietic activity throughout adult life, whilst the human spleen ceases to be

haemopoietic at birth (Tavassoli, 1997, refer to Figure L'7.).

The site of haemopoiesis is finally transferred to the BM, where it assumes the role

as the major site of generation of lineage committed and mature cells throughout the life of
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Figure 1.7. Dynamic Progression Of Organ-Specific Haemopoiesis During Human Development.

Timetable of succession of haemopoietic organs as a function of gestational age. Early haemopoiesis occurs in the yolk

sac, however by 2.5 months of gestation the most active sites are the liver and spleen. The bone marrow, in which a

convergence of haemopoietic activity can be found as early as the fourth month, becomes the dominant site of haemopoietic

activity by the seventh month and beyond. Despite this, some foci of haemopoiesis in the liver are commonly present at birth.
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the ad.ult mammal (reviewed in Tavassoli, 1rggl). By days 17-18 in the mouse and week

20 of. gestation in the human, the development of the BM, is associated with the

penetration of avascular cartilage by perichondrial mesenchymal cells and their associated

blood vessels which leads to calcification of cartilage. The vascular mesenchyme then

forms a reticula¡ meshwork (and rudimentary bone) upon which haemopoietic cells can

seed and proliferate. The developmental association between the HSC and the non-

haemopoietic, fixed tissue mesenchymal elements in the medullary cavity of the BM

(collectively referred to as stromal cells (stroma; from the Greek-meaning mattress or bed))

a¡e of central importance in the regulation of haemopoiesis, and are dealt with in greater

detail below.

1.5. MARROW BIOLOGY AND HAEMOPOIETIC STEM CELLS.

1.5.1. The Bone Marrow Microenvironment.

Haemopoietic precursors have been identified in a number of tissues, however the

BM is the only site in normal adult mammals in which myelopoiesis, erythropoiesis and

lymphopoiesis proceed simultaneously (Rosse, 1976). Histological examination has

revealed that these processes occur within the many cavities of both murine and human

bones. The majority of haemopoietic activity is localised to the ossified cancellous tissues

at the ends of the human "long" bones and within the shaft cavities of murine "long" bones

(Lichtrran, LSBI; Clark et at,1992). Morphologically recognisable haemopoietic cells are

found in the spaces between the marrow draining sinus network of supporting cells and

ECM, localising the developing haemopoietic cells into specialised structures or

haemopoietic mic¡oenvironments (FWl).

While the precise mechanisms for control of haemopoietic function remain to be

elucidated, there is abundant evidence supporting the existence of the HM (reviewed in

Metcalf and Moore, 1971; Trentin, 1975; L978; Tavassoli, 1975; Price and McCulloch,

L978; WoLf , 1979; Cline and Golde , 1979; Lichtman, L98L; Dextet, 1982¡ Tavassoli and

Friedenstein, 1983). Studies in rodents and humans have demonstrated that for

haemopoiesis to become established in recipients of allogeneic and autologous HSC
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transplants, HSC were required to 'home'to the BM via the peripheral circulation (Till and

McCulloch, 1967; Robertson, L979). Moreover, when BM from a donor animal was

implanted into an ectopic site (such as renal, hepatic and muscular tissue) a stromal organ

developed in the recipient animal prior to the establishment of haemopoiesis (Tavassoli,

1968; Tavassoli and Crosby, L970). The ectopic organs were shown to be of donor

stromal cell origin whilst the haemopoietic progenitor cells which seeded the stroma were

derived from the circulation of the host animal (Maniatis, L971; Tavassoli, 1975;

Tavassoli and Khademi, L980). Other studies have demonstrated that in response to

mechanical excavation, radiation or cytotoxic agents, the stromal milieu must first

regenerate, prior to the resumption of haemopoiesis (Tavassoli, L974; Knopse et al, 1966;

Fried, 1976; 1977; Appelbaum, 1980; Ershler, 1980; McManus, L984; Werts et al, 1980;

Piersma et a\,1983; Perkins and Fleischman, 1988; Patt and Maloney, 1975;}y''arshrall et aI,

1984).

Although such studies provide evidence of fixed microenvironments within the BM

which endow upon it a unique capacity to support haemopoiesis, they do not reveal the

role played by the HM. For example, does the HM play a permissive role by merely

providing a privileged site for haemopoiesis to occur, or does it fulfil an "instructive"

function by determining proliferation and lineage commitment within the haemopoietic

system? Two opposing models have been proposed which encompass these notions,

nanrely the "haemopoiesis engendered randomly" or H.E.R. model of Till et øl (1964) and

the "haemopoietic inductive microenvironment" or H.I.M. concept of Trentin and

colleagues (Woll L979).

The H.E.R. theory (Till ef al, 1964), asserts a stochastic model based on chance

interactions between pluripotent cells and unspecified regulatory mechanisms that govern

the probability of differentiation along a particular pathway. It states that the "decision"

to self-renewal or differentiate, is a random event that occurs at the level of the individual

haemopoietic stem cell. In contrast, the H.I.M. concept (Curry and Trentin, L967)

proposes the existence within the haemopoietic organs of specialised regions comprised of

various mesenchymal stromal elements, assorted ECM glycoproteins, and haemopoietic
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growth factors. These H.I.M.'s are thought to selectively "induce one of several possible

genetically programmed responses for commitment of a pluripotent stem cell into

erythroid, neutrophilic, eosinophilic or megakaryocyte lines of differentiation" (Wolf,

t979).In other words, this model suggests that the stromal cells do not simply supply a

supportive framework in which haemopoietic cells lodge and respond to externally

derived influences, but have a determinative role in haemopoiesis (Trentin, 1,970; Allen

and Dexter, 1984, Torok-Storb, L988)'

Aside from the controversies surrounding the mode of action of the HM (H.I.M.

'vs'¡I.E.R. models) there is little doubt that the HM of the BM influences the pattern of

differentiation within the haemopoietic system. Furthermore, in light of recent data

(rliscussed in Section I.7.1.), protagonists of the H.E.R. model have modified their theory

to include the role played by the stromal elements of the BM and soluble/membrane-

associated regulatory molecules in determining the probability of certain developmental

events (Allen et aI,1990). Therefore, the notion of stromal-mediated haemopoiesis is now

a widely accepted phenomenon amongst experimental haematologists, although the

mechanisms responsible for this dynamic developmental process remain unclear due to

the heterogeneity and inherent complexity of the stromal tissue, as discussed below (Allen

et ø1, \990; Wolf, 1968).

1.5.2 The Shomal Elements Of The Bone Marrow Microenvironment: InVioo Studies.

Electron microscopic studies of the structure of the human BM microenvironment

have been hampered by the extensive intrusion of trabecular bone and fat cells. As such,

the majority of the studies examining the ultrastructure of mammalian BM have been

carried out on rodent BM which is largely devoid of trabecular bone. Attempts to classify

the various cell populations within the BM on the basis of morphology, association with

ECM components, immunochemical studies of antigenic and enzyme comPonents and

their association with morphologically recognisable HPC (Westen and Bainton, L979;

Weiss, 1976)have resulted in a cornucopia of descriptive names, as detailed below.
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Preparations of murine femur or red marrow from large mammals have revealed a

network of loosely woven connective tissue comprised of heterogeneous mesenchymal

elements laden with haemopoietic cell clusters and consisting of a large vascular supply

made up of thinly walled sinuses (refer to Figure L.8.). The unicellular layer or endosteum

that covers the surface of the bone, including the trabecular regions, is comprised of

mdosteal cells which have the capacity for differentiation into osteogenic-progenitor cells

(Weiss, L976). This is evidenced by studies which indirectly demonstrate the presence of

osteoblasts in BM aspirates, by the formation of bone in diffusion chambers (Owen, 1985)

and when implanted into ectopic sites in animals (Friedensteln, 1976; Friedenstein et ø1,

1966;798n.

Essentially all of the haemopoietic activity takes place in the extravascular spaces

betr¡veen the marrow sinuses where developing blood cells must pass through the sinus

wall to enter the ci¡culation (Weiss, 1970;1976; Lichtman, 1981). Endothelial cells form a

complete covering of the inner surface of the sinuses. Morphologically, these cells aPPear

broad a¡rd flat with irregular cytoplasmic edges, which can overlap with other endothelial

cells forrring a barrier between the circulation and the HM (Weiss, 196L; Watanabe,

1966).In addition to lining the large vessels, endothelial cells (in association with smooth

muscle cells and pericytes) also line the BM arterioles, and are perceived to play roles in

regulating the passage of maturing blood cells into the marrow sinuses and in the 'homing'

of transplanted HSC to the HM (Weiss et ø1,1978;Tavassoli and Hardy, 1990; Issekutz,

1991).

Reticula¡ cells (BM fibroblasts) are the predominant cells of the BM stroma and

possess a large irregular morphology, with long cytoplasmic Processes innovating the

haemopoietic spaces and forming a spongelike network akin to the reticular network of

splenic cords. These cells secrete the structural ECM of reticular fibres which support the

haemopoietic tissue (Weiss, 1965; Bessis, 1973). The ECM is composed mainly of

glycosaminoglycans (GAGs) attached to proteoglycans, fibronectin and collagen types I

and Itr (Bentley, L981; L982a; L982b). Reticular cells which line the abluminal surface of

the sinus endothelia (littoral cells), are referred to as adventitial reticular cells (Allen eú al,
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Figure 1.8. Schematic Representation Of The ln Vioo BM Microenvironment.

Morphologically recognisable haemopoietic cells are found in intimate association

with phenotypically heterogeneous, non-haemopoietic mesenchymal elements collectively

referred to as BM stromal cells. The cytoplasmic processes of the reticular cells (BM

fibroblasts) innovate the extravascular space, forming a scaffolding on which

haemopoietic stem and progenitor cells are arranged. Adipocytes (fat cells) represent

adventitial reticular cells that have accumulated fat in their cytoplasmic vacuoles.

Macrophages occur throughout the marrow, and are generally closely associated with

developing haemopoietic cells. The nutrient requirements of the BM are provided by the

BM vasculature that permeates the haemopoietic microenvironment. The venous sinuses

are lined with endothelial cells which are in turn covered on the adventitial side by an

incomplete sheath of reticular cells. Although a direct role for the vasculature in

haemopoietic production has not been demonstrated, it may rePresent the final

"gateway" to the entry of newly generated blood cells into the circulation. (Adapted from

Allen et a|,7993).
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1990). The cytoplasmic processes of these cells cover the outer wall of the sinus forming

an adventitial sheath (Weiss, 1.96L; Weiss and Chen, 1.975; Allen et aL,1990). The reticular

cells are found in intimate association with myeloid progenitor cells, implicating a possible

role in myeloid development and in particular with granulopoiesis. In addition, it has been

proposed that the adventitial reticular cells regulate the migration of blood cells into the

circulation by varying their cover over the sinuses (Weiss, L970).

The lipid-laden adipocytes found in the HM are thought to be derived from lipid-

accumulation by adventitial reticular cells (Tavassoli, 1976, Allen et al, L990).

Morphologically, these cells are smaller in size and have a different fat content to

adipocytes in the nonhaemopoietic areas of the marrow (yellow marrow) (Tavassoli eú ø1,

1978). The BM adipocytes appear to increase in numbers in areas of decreasing

haemopoietic activity and may provide energy stores for haemopoiesis and/or serve as a

mechanism to block the passage of blood cells into the sinuses (Tavassoli et a\,1974).

Moreover, these cells do not undergo lipolysis in response to acute starvation as do

adipocytes in other fat sites (Bathija et.aL,1988).

The BM macrophages although haemopoietic in origin, are often found in

association with haemopoietic clusters and at the sinuses where the adventitial reticular

cells reside (Weiss, 7976). Macrophages have a stellate morphology with extended

cytoplasmic protrusions and are morphologically distinct from reticular cells due to the

presence of large amounts of primary and secondary lysosomes and phagocytized

materials. In addition, macrophages stain positive for acid phosphatase and non-specific

esterase, whilst reticular cells stain positive for alkaline phosphatase (Westen and

Bainton, 1979; Yoffey, 1980; Dexter et al, 7984). The macrophages present in the HM are

associated with both developing erythrocytes and granulocytes, and are thought to

contribute to the maturation of these cells (Weiss, L976).

Due to the apparent diversity of stromal elements and the complex nature of the

BM organ, it has been difficult to ascertain the role played by the individual cellular

components of the HM. The development of the long-term BM cultu¡e (LTBMC) technique

and the generation of numerous stromal cell lines, has provided some insight into the role
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of stromal cells in the regulation of haemopoiesis (Dexter et a\,1977; Whitlock and Witte,

1e82).

1.5.3. The Long-Term Bone Marrow Culture (LTBMC) System.

Sustained in aitro haemopoiesis for weeks or months can be attained in culture

systems in which primitive HSC and their progeny are maintained in intimate association

with an adherent layer of marrow-derived stromal cells. Stromal precursor cells (SPC)

from fresh BM aspirates, cultured under appropriate conditions form a complex adherent

layer able to support the differentiation and proliferation of HSC for several months.

The LTBMC system was first developed by Dexter and co-workers to support

murine progenitor cell (CFU-S) replication (Dexter et ø1,1977), and subsequently adapted

to sustain long term haemopoiesis with marrow from other species, including man (Moore

et al,1979;1980; Gordon et al, 1987b; Suda and Dexter, 1981). Moreover, stromal cell

cultu¡es have been established that permit either myelopoiesis (Dexter et ø1,1984) or

pernrit murine long-term in aitro lymphopoiesis (Whitlock and Witte, 1982). Stromal cell

cultu¡es are capable of supporting the differentiation and sometimes limited self-renewal

of haemopoietic progenitors (reviewed in Deryugina and Müller-Sieburg, 1993) and

represent the most physiological means of in aitro culture of HSC. The LTBMC system

enables the assessment of cells with the ability to initiate and sustain haemopoiesis, with

the progress of haemopoietic activity monitored by measuring the numbers of clonogenic

precursors (CFU-GM) that are released into the culture supernatant (refer to Section

L.2.4.).

A number of studies have implied the necessity of marrow-derived adherent cells

for the maintenance of haemopoiesis in long-term culfures. For example, when attachment

of cells was inhibited, sustained haemopoiesis was not observed (Dexter et ø1, 1977).

Moreover, studies by Reimann and Burger (L979) and Van Den Heuvel (1991) have

demonskated that prolonged haemopoiesis in this culture system appears to be critically

dependent on the type of adherent cell population. Adherent stromal layers derived from

sources other than bone marrow (eg. spleen, kidney, skin) did not support the
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maintenance of haemopoiesis for more than one week (Reimann and Burget,1979), and

adult stroma had a greater capacity to support HSC when compared to stroma derived

from neonatal spleen and foetal liver. Furthermore, primitive haemopoietic progenitor cells

were shown to adhere only to stroma derived from adult BM and not to stroma derived

from foetal BM and foetal liver (Riley and Gordon, t987).

The stromal cells and matrix components of LTBMC are similar when compared to

the structure of the in aiao HM, and thus provides an ideal model for studying the

interactions between HSC and stromal cells (Wilkins and Jones, 1995). The sections that

follow deat with the cellular composition and possible origin of the cells which comprise

the adherent layer in LTBMC, and the cellular characteristics and possible functions of

stromal cells/cell lines derived from these adherent cells'

1.5.4. Phenotypic Characteristics Of Bone Marrow Stromal Cells: In Vitto Studies.

The stromal cells present in the adherent layers of LTBMC are thought to be the ltt

oitro equivalent to the stromal cells of the in aiao BM HM (Der¡rgina and Muller-Sieburg,

1993). The adherent layers of human LTBMC consist mainly of BM fibroblasts (60-70%),

endothelial cells (1.0-20%), macrophages (1.0-20%), adipocytes (5-10%) and an

extracellular matrix comprised of cellular proteins including fibronectin,laminin, collagen

types I, III and IV and glycosaminoglycans (GAGs) (Strobel, 1986). In addition, smooth

muscle cells and osteoblast-like cells have also been detected in the adherent layers of

human LTBMC (Charbord et al,1985; Eriksen and Kassern, L992) and not surprisingly,

simila¡ cell types have been noted in murine LTBMCs (Dexter, 1984a).

Fibroblasts represent the most abundant stromal cell type found in LTBMC and

a¡e cha¡acterised as alkaline phosphatase positive, non-phagocytic cells which secrete

various ECM components, including collagen types I and/or III and fibronectin. These

large epithelioid-like cells or 'blanket cells" are thought to be the in uitro equivalent to the

adventitial reticular cells. Significantly, a subpopulation of these cells are capable of lipid

accumulation and adipocyte differentiation. The aPPearance of mature fat cells, several
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weeks after the establishment of the stromal layer, is associated with haemopoietically

active cultures (Allen et a\,1990).

Endothelial cells have been shown to secrete ECM components including laminin

and collagen tFpe IV (Bentley, 1981). Morphologically, endothelial cells are large cells with

thinly spread cytoplasm and appear to overlay haemopoietic cells in a way analogous to

the blanket cells' (Hasthorpe, L992). Endothelial cells are detected in the stroma of

LTBMC by their expression of the Factor Vltr-antigen and by their production of collagen

rype IV and laminin (Zuckerman and Wicha, 7983; Zuckerman et ø1, 1985). The

representation of endothelial cells in LTBMC is difficult to assess over time due to the

cessation of Factor Vltr-antigen expression in culture (Pedersen, L980; Liesveld, L989).

The regulation of haemopoiesis by stromal cells is thought to involve many

complex interactions between HSC, stromal cells and the products of stromal cells

(cytokines, adhesion molecules, and ECM components; discussed below), however the

exact roles of the different stromal cell types remains unclear. It is not known whether a

particular stromal cell type, for instance the 'blanket cells', fibroblasts or endothelial cells,

control HSC self-renewal, proliferation and differentiation. The development of

phenotypically distinct stromal cell lines from primary cultures was expected to resolve

the question as to the function of the different stromal cell types, however to date,

investigators have been unable to categorically determine which stromal cell type can

maintain the HSC pool in uitro. At best, some murine stromal cell lines which demonstrate

a preadipocyte phenotype have been shown to support both myelopoiesis and

lymphopoiesis in z¡ifro, whilst the inverse is true for cell lines exhibiting a macrophage-like

or fibroblastic stromal cell phenotype (Zipon, 1985; Kodama, L986; Hunt, L987). Despite

their paucity, these data would suggest that an adventitial reticular-like cell may be

responsible for maintaining the primitive stem cell population.

The heterogeneity and turnover of marrow stromal tissue has been attributed to the

either (i) the proliferative potential and therefore self-maintaining capacity of each of the

stromal populations within the BM or (ii) a minor population of stromal precursor cells

(SPC) with the capacity to give rise to each of the recognised stromal elements. As
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detailed below, current data would suggest that a multipotent SPC (analogous to the

HSC) capable of vast cellular differentiation is responsible for the numerous mesenchymal

elements found within the marrow stromal tissue.

1.6. STROMAL PROGENITOR CELLS.

1.6.1. Bone Manow Stromal Precursor Cells (SPC).

Putative BM SPC have been identified in a number of species, including humans,

by their ability to generate colonies of cells morphologically resembling fibroblasts when

single cell suspensions of BM are explanted at appropriate densities in liquid culture. The

donogenic stromal progenitor cells responsible for colony growth under these conditions

are referred to as fibroblast colony-forming cells (CFU-F) (Friedenstein et al, t970; Castro-

Malaspina et ø1, 1980; Wang and Wolf, 1990; Wang et ø1, 1990; Van der Sluijs ef øl;

1990).). This population of SPC were originally identified in rodent BM by Friedenstein

and colleagues. Results obtained using a variety of different techniques collectively

support the condusion that each colony is derived from a single cell (Friedenstein eú ø1,

1970; Castro-Malaspina et aI, 1980; Perkins and Fleischman, 1990). In humans, BM-

derived CFU-F are alkaline phosphatase positive, synthesise collagen types I and trI and

are negative for Factor VIII antigen, indicating a reticular cell phenotype.

Cha¡acteristic of early progenitor cells (compare with HSC above), CFU-F in uiuo

a¡e almost entirely in a non-cycling state as demonstrated by 3ff-tny-idine labelling in

rodmts and by means of the in titro thymidine suicide technique in adult human BM

(Keiliss-Borok eú al, 1971; Castro-Malaspina et ø1, 1980; 19S1). Czu-F colonies derived

from the BM of virtually all species examined, induding humans, are heterogeneous in size

and morphology prompting the suggestion that they emanate from clonogenic progenitors

at various stages of differentiation (Owen, 1985). A proportion of the fibroblastic colonies

formed are large in size and demonstrate extensive replating potential after passaging

(Friedenstein, \976; Simmons and Gronthos, 1.991,). The high proliferative potential of

some clonogenic cells observed in these studies, led Friedenstein to propose that within

the CFU-F compartment are SPC with the characteristics of stem cells. Consistent with
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this notion, ectopic transplantation of individual fibroblastic clones grown in aituo fuom

mouse BM beneath the renal capsule of syngeneic hosts demonstrated that a minor

proportion (approximately L5%) produced a BM organ containing the full spectrum of

stromal cell types listed above, including bone cells. A further 15% produced bone tissue

only while the remainder formed only soft connective tissue or failed to give. rise to any

tissue (Friedenstein, L980). Other investigators have shown the induction of adipogenesis

in a proportion of BM-derived CFU-F when cultured in the presence of glucocorticoids

such as hydrocortisone (Bennett et al, 199"J., Gronthos and Simmons, personal

communication). Approfmately 40"/" of CFU-F clones of both fibroblastic and adipocytic

colonies were further induced to form an osteogenic tissue when transplanted in aiuo using

diffusion chambers (Bennett et a\,199\).

Based on these studies, Owen and Friedenstein proposed the "stromal stem cell"

hypothesis, in which by analogy with the organisation of the haemopoietic system, there

exists a hierarchy of cellular differentiation supported at its apex by a small compartment

of self-renewing, multipotential stromal stem cells (Owen, L985; Owen and Friedenstein

1983) (Figure 1.9.). Thus, SPC which yielded BM organs were hypothesised to be stromal

stem cells while those CFU-F which gave rise to only bone or soft connective tissue were

proposed to be SPC of more restricted developmental potential (committed stromal

progenitors). It must be emphasised that while these data provide strong circumstantial

evidence for the existence of stromal stem cells, definitive proof of this hypothesis will

require more rigorous studies involving, for example, the transplantation of uniquely

(retrovirally) marked SPC.

1.62 The Ontogeny Of Stromal Progenitor Cells.

Stromal cells, like haemopoietic cells, are derived from the mesenchyme during

ontogeny (reviewed in Deryugina and Müller-Sieburg, L993), however the lineage

relationship of stromal and haemopoietic cells in the adult mammal remains a

controversial issue. Current data suggest that SPC comprise a lineage distinct from

haemopoietic cells, and as such, are frequently defined as non-haemopoietic cells. To
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Figure 1.9. Development Of Stromal Cells: A Cellular Hierarchy.

Hypothesised hierarchy of stromal stem cell differentiation. This model proposes the existence within the bone marrow

of a developmental hierarchy of stromal cells analogous to that described for the haemopoietic system, in which the

differentiated cell types arise from separate progenitors which are in turn derived from multipotent self replicating stromal

stem cells.

Putative stromal progenitor cells (SPC) have been identified in the bone marrow of a number of species (including

humans) by their abitity to form colonies of cells morphologically resembling fibroblasts when single cell suspensions of bone

marrow mononuclear cells are explanted at appropriate densities in liquid culture (refer to text). The clonogenic progenitor

responsible for colony formation under these conditions is referred to as a fibroblast colony forming unit (CFU-F). (Adapted

from Owen, 1985).
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support this notion, a number of studies have demonstrated phenotypic differences

between haemopoietic and stromal cells. For example, Van Vlasselaer and colleagues

(1994), have recently isolated from the BM of mice 5 days following S-FU treatment, a

population of primitive osteogenic progenitors identified by fluorescence-activated cell

sorring (FACS) as lin-/Sca-1+/WGABRIGHT. Although this is a phenotype ostensibly

simila¡ to that previously reported for murine HSC, the authors were able to distinguish

the two populations based on differences in their light scatter characteristics and by the

absence on stromal precursors of haemopoietic surface markers such as Thyl'.2 and c-kit

(Van Vlasselaer eú ø1,1994).

Similarly, Terstappen and colleagues have conducted an analysis of the cell surface

phenotype of SPC in human foetal BM tissue (Huang and TerstaPPen, 1992). Notably,

SPC were shown to express the CD34 antigen at high level but were distinguished from

the br¡lk of haemopoietic progenitors by their lack of CD38 and HLA-DR. Based on FACS

studies it was ftr¡ther claimed that within this CD34+ CD38- HLA-DR- subpopulation

were so-called "common stem cells" with the potential to develop into both haemopoietic

and stromal cell progeny (Huang and Terstappen, 1,gg2). This conclusion was

subsequently retracted by the authors based on further analysis of this heterogenous

population, which demonstrated that haemopoietic progenitors were contained within a

CD50+ (ICAM-3) subset of the CD34+ CD38- HLA-DR- cells while SPC were restricted

to a CD50- subset (Waller et al,1995).

Simmons and Torok-Storb (199t), have recentþ described a monoclonal antibody,

STRG1 which identifies essentially all assayable CFU-F in aspirates of adult human BM

(Simmons and Torok-Storb, 199La). Although the STRO-L+ BM mononuclear cell

population was heterogeneous in nature, cells selected on the basis of a STRO-L+

glycophorin A- phenotype, gave rise to only stromal cells (and not haemopoietic cells)

when cultured in uitro.In light of these studies, the controversial issue of a coûunon

mesenchymal stem cell appears to favour the view that BM stromal cells and

haemopoietic cells have a separate ontogeny, although definitive proof of this hypothesis

will require more meticulous testing.
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1.6.3. Phenotypic Characterisation Of SPC.

Numerous cell surface molecules, identified by either mAbs or lectins, have enabled

investigators to isolate candidate human SPC. Consistent with the above cited

observations of Terstappen et øI (1992) in foetal human BM, antibodies to CD34 were

recently shown to bind to CFU-F in adult BM (Simmons and Torok-Storb, I991b).

Flowever, u¡like the high level of CD34 antigen expression characteristic of foetal BM

SPC, adult BM SPC express CD34 at considerably lower levels (at least L0-fold less) than

that exhibited by haemopoietic progenitors in the same samPle. In addition, not all CFU-F

were recovered in the CD34+ fraction, which might reflect either inefficient capture of SPC

as a result of low CD34 antigen density, or heterogeneity of CD34 expression within the

SPC compartment (Simmons and Torok-Storb, 1991b). As such, the selection of SPC

based on the use of a CD34 antibody does not appear to be the method of choice.

In contrast, the novel mAb STRO-1 which identifies essentially all assayable CFU-

F in adult human BM aspirates, demonstrates no detectable binding to haemopoietic

progenitors (CFU4M, BFU-E, BFU-Meg, CFU-GEMM) nor to their precursors (pre-CFU)

(Sim6ons and Torok-Storb 7991,a; Gronthos and Simmons, unpublished observations)

and thus facilitates a clea¡ separation between SPC and haemopoietic progenitors in adult

BM. Moreover the antigen(s) identified by STRO-I is expressed at particularly high copy

number by CFU-F (Gronthos and Simmons, 1994) which may in part account for the

efficienry of CFU-F isolation with STRO-L.

As the STRO-L+ cell population is only partially enriched for CFU-F, additional

purification steps are required in order to isolate homogeneous populations of SPC. By

means of 2- or 3<olour FACS, Simmons and Gronthos (Simmons ¿f ø1, 1994; Gronthos

and Simmons, 1995) have demonstrated that a number of cell surface antigens including

the endopeptidases CD10 and CD13, and the adhesion molecules Thy-L (CDw90) and

VCAM-I (CD106), enable the isolation of CFU-F at incidences in the range of 1' per L0-20

cells, which represents up to a L,000-fold enrichment over starting SPC numbers in

unfractionated BM. Moreover, this phenotype is in accord with the recent data of
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Terstappen and colleagues regarding the antigenic profile of human foetal BM SPC (Waller

et ø1, L995).

The STRO-I+ cells have also been shown to develop into an adherent skomal layer

with an increased capacity to support haemopoiesis when compared to stroma derived

from BMMNC (Simmons and Torok-Storb, 1991a;1991b). Morphologically, the stromal

layers formed from STRO-1.+ cells consist mainly of fibroblasts, adipocytes and smooth

muscle cells but lack macrophages and endothelial cells. As there is a gradual decrease in

the expression of the STRO-L antigen on cultured stromal cells over time, Simmons and

Torok-Storb (1991a) have suggested that the STRO-I antibody identifies a differentiation

antigen which decreases in expression as the SPC proliferate and mature into

morphologically distinct cells.

Differences between the surface phenotypes of HSC and SPC therefore provide a

means to identify and puriþ human BM SPC with the capacity to develop into an array

of phenotypically distinct stromal cell types. The growth and expansion of SPC in aitro

will enable investigators to explore the mechanisms of stromal-haemopoietic interactions

and the role of specific stromal cell types in the regulation of haemopoiesis.

1.7. MECHANISMS OF STROMAL CELL REGULATION OF HAEMOPOIESIS.

1.7.1. Stromal CelL Haemopoietic Cell Interactions.

As discussed in Section 1..3., the survival of primitive HSC, lineage-restricted

progenitor cells and many mature leukocytes, rapidly declines in the absence of exogenous

HGFs (Metcalf, l9m. However, the levels of progenitor populations can be maintained or

increased in vitro when haemopoietic cells are cultured in association with BM-derived

stromal cells. This is exemplified in mu¡ine LTBMCs, where the survival of the multipotent

progenitors (putative HSC) capable of giving rise to both the myeloid and lymphoid

pathways a¡e maintained in the presence of an adherent stromal layer (Dexter et al, L977;

Dexter, 1982; Iohnson and Dorshkind,1986).

In these LTBMCs, the majority of the stem and progenitor cell activity was found

in physical association with the adherent (stromal) layer (Dexter,1982i Coulombel et al,
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1983; Dorshkind and Phillip s, 1982; Mauch et ø1, 1980), and despite the recent data of

Verfaillie (1993), the preponderance of evidence suggests that the survival and

d.ifferentiation of haemopoietic cells requires intimate interactions between the stromal

cells and the developing haemopoietic cells. For example, a number of investigators have

observed that separation of the progenitor cells from the stromal cells in a diffusion

chamber or a thin agar layer results in reduced myelopoiesis and lymphopoiesis and a

decline in the number of primitive cells present in the cultures (Bentley, 1981; Kierney and

Dorshkind, 1987). Kodama et al (1986) also noted an enhanced CFU-S support

capability, when direct contact between MC3TI-G2 /PA6 preadipocytes and

haemopoietic cells was permitted (Kodama et al, 7986). The early stages of B-cell

prod.uction were also shown to be dependent upon a close association with stromal cells

(Kierney and Dorshkind, L987).

Although the precise mechanisms which underlie this requirement are largely

unlcnowrt, a number of suggestions have been made based on recent data. For example, the

addition of exogenous HGF to either murine or human LTBMCs results in neither a

sustained. enhancement nor diminution of haemopoietic progenitor cell numbers (Coutinho

et aI, L990, Clark et al, L992). Furthermore, conditioned medium harvested from LTBMCs

was itself unable to sustain the CFU-S levels in suspension cultu¡e, which led Shadduck

and colleagues (1983) to suggest that soluble HGFs required for haemopoietic cell

maintenance, are not released in appreciable amounts (Shadduck et a|,1983)' Flowever,

an alternative and more plausible explanations for both of these observations are

suggested by later experiments which demonstrate that; (Ð BM stromal cells constitutively

express numerous soluble HGFs which can be sequestered and "compartmentalised" by

components of the ECM (Roberts ef a\,1988a; Gordon et a\,1987a), and (ii) a number of

HGFs are associated with the stromal cell surface via membrane-insertion domains

(Rettenntier et al, 1987; Lyrrrarr et ø1,1993; Massagté, 1990; Zsebo et ø1, 1'990; Flanagan

and Leder,1990; reviewed in Massagué and Pandiella, 1993).

7.7.2.8CM Proteins And HGF Production By stromal cells ln vitro.
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BM stromal cell-derived HGFs play an important role in regulating the growth and

development of haemopoietic stem and progenitor cells. Stromal cells constitutively

produce a wealth of HGFs, including granuloryte-macrophage-CSF (GM-CSF), M-CSF, G-

CSF, stem cell factor (SCF), leukaemia inhibitory factor (LIF), Interleukin-lp (IL-lP),IL-6,

IL-7,IL-ï,IL-l1 and transforming growth factor beta (TGFp) (Namen et a\,1988;Paul et

al, 1997; Watson and Mckenna, 1992; Guba et ø1, 1992). Furthermore, stromal cell lines

can respond to external stimuli by changing their pattern of HGF production. For example,

a variety of agents including IL-L1, tumour necrosis factor alpha (TNFg), bacterial

lipopolysaccharides, IL-6, IL-7, and epidermal growth factor (EGF) induce cells to

produce elevated levels of.IL-6,IL-lp, GM-CSF, and G-CSF (Gimble et al,1989;Sudo et ø1,

1989; Rennick et ø1, L987b; Abboud and Pinzani, 7991.; Slack et al, 1990; Ya g et al, 1988;

Wang et al, 1991; Umezawa et ø1, 1992; Thalmeier et ø1, 1996). Although most of the

studies to date have failed to detect the expression of the pluripotent CSF, IL-3 (known to

stirrulate a wide range of progenitor cells including primitive HSC (Sonoda, L988)), one

study using the potymerase chain reaction did detect IL-3 mRNA expression in irradiated

LTBMCs induced with pokeweed mitogen (Kittler et a\,7992).

As alluded to earlier, stromal cell-derived ECM proteins are comprised of a

heterogeneous array of molecules including proteoglycans, fibronectin, laminin, and

collagen. Many of the molecules in the ECM can interact with each other via

glycosaminoglycan (GAG) side chains and GAG binding sites, forming a mesh that

embeds stromal and haemopoietic cells (Long, t992; Coulombel et aI, 1988). The most

abundant ECM component is collagen, and multiple types have been described.It appears

that most collagen types are produced in primary cultures, and studies with stromal cell

lines have detected various patterns of collagen secretion. Fibronectin and laminin are also

produced by the stroma (Long, 1992; Zuckerman and Wicha, L983). The most complex of

the ECM molecules are the proteoglycans. These consist of a protein core to which various

GAGs a¡e covalently tinked. Of the numerous GAGs identified, several have been reported

in the Dexter tlpe cultures (Wight et al, L986). Furthermore, it has been demonstrated that

heparan sulphate proteoglycan, a major constituent of BM derived sulphated GAG, has

32



the ability to bind growth factors IL-3, GM-CSF and bFGF and present them in a

biologicatly active form to the haemopoietic stem and progenitor cells (Roberts et al,

1988a; Gordon et al, 1987a; Vlodavsky et a\,1991,; Spooncer ef al, 1983; refer to Figure

1.10.).

1.7.3. Membrane-Associated HGFs: Stem Cell Factor.

A number of HGFs are associated with the stromal cell surface via membrane-

insertion domains, as exemplified by M-CSF (or CSF-L) (Rettenmier et aI, 1987), FL

(Lyman et al, 1993; Hannum et ø1, 1994) and the archetypal HGF encoded by the Steel

locus (St) in mice (reviewed in Massagué and Pandiella, 1993)'

The molecular cloning of SCF and its receptor c-Kit (CD11.7), resolved a long

standing question regarding the nature of mutations in mice exhibiting defects in

haemopoiesis, melanogenesis, and the reproductive system (Godin et al, 799L and

reviewed by Galli et at,1994). Mutations at the steel (Sl) and dominant white spotting (I4tr)

loci in mice affect the development of haemopoietic stem cells, primordial germ cells and

melanoblasts (Godin et aI, 1991). The product of the W locus is c-klf (Qiu ef al, 1988;

Chabot et al, L988; Alexander et al, L991) whilst the Sl gene encodes the ligand for this

receptor, a peptide growth factor variously referred to as stem cell factor (SCF), mast cell

growth factor (MGF) or c-kif ligand (KL) (Zsebo et ø1, L990; Flanagan and Leder, L990;

reviewed in Bernstein et a\,1991b). The c-klf gene is a proto-oncogene encoding a tyrosine

kinase with homology to cell surface growth factor receptors, especially the CSF-1

receptor and the platelet-derived growth factor (PDGF) receptor (Qiu eú al, 1988; Yarden

et ø1, L987). Recent experiments have demonstrated that its ligand SCF, provides a

proliferative and differentiation stimulus for HPC and their progeny, including mast cell

and granulocytic colonies (Williams et a\,1990; Zsebo et ø1, L990).

Experimental evidence shows that the nature of the defects from either the Sl or the

W loci a¡e different, although they result in a demonstrably similar phenotype. The W

mutation results in a defect in the haemopoietic precursor cells, whilst mutations in the 5l

locus lead to abnormalities in the microenvironment (Dexter and Moore,1977; Kaneko ¿f
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Figure 1.10. Model For The Regulation Of Haemopoiesis By Growth Factors And

Extracellular Matrix Proteins (ECM).

Schematic diagram of the presumed heparan-sulphate-mediated presentation of

haemopoietic growth factors (HGFs) by cellular elements of the BM stroma. In this model,

HGFs produced by BM stromal cells are expressed on the stromal cell surface by binding

to elements of the ECM (in this case, the heparan-sulphate chains (HS) of transmembrane

proteoglycans). Transmembrane-signalling in HSC is initiated following the interaction of

integral membrane growth factor receptors on HSC and HS-bound HGFs presented by the

stroma. This paracrine mechanism is also thought to provide a mechanism for restricting

HGFs to specific microenvironments within the BM. (Adapted from Gallagher and Dexter,

1990; Gordon, L991.).
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aI, LggL). Connected to this finding, a role has been reported for the c-kif receptorligand

complex in providing a homing mechanism during stem cell migration and, later in

development, in HSC proliferation, differentiation and survival (Keshet et aI, 1991)' For

mast cells, the c-kif receptor acts as an adhesion molecule and directs their binding to COS

cells transfected with a SCF cDNA (Flanagan et al, L99L). Moreover, NIH and BALB/c

3T3 fibroblasts were shown to stimulate the proliferation of co-cultured mast cells from

wild type mice (Flanagan and Leder, L990), whereas fibroblasts established from the

embryos of SI/Sld mice failed to support growth of mast cells (Fujita et aL,1989).

The amino acid sequence of the SCF from 3T3 cells (and human cells) suggests it is

synthesised as an integral transmembrane protein which is further processed by

proteolytic cleavage to form a soluble product which is secreted (Huang et ø1, L990).The

SId mutation encodes a truncated c-klf ligand,lacking in transmembrane and cytoplasmic

domains (Brannan et aI,1991). Northern blot analysis shows normal levels of mRNA in

SId marrow and studies using recombinant SCF expressed in yeast suggest that the soluble

form of SCF of SId rnice is as active as the wild type soluble form in a mast cell

proliferation assay (Brannan et at,1991). Therefore, to account for the phenotype of the

Sld, mutation it is now believed that interaction between the membrane form of SCF and

the c-krf receptor not only provides a proliferative signal (classical HGF action) to HSC,

but also serves as an adhesion molecule localising haemopoietic cells to the BM stromal

cell surface (Flanagan et aI, L991). Thus, molecules which mediate the adhesion of

progenitor cells to the BM stroma may not only be instrumental in the restricting HSC and

their progenitors to the BM, but may also be critical in regulating the self-renewal and

d,ifferentiation processes. These cellular adhesion mechanisms are reviewed below.

1.8. CELLULAR ADHESION MECHANISMS INVOLVED IN THE LOCALISATION

AND REGULATION OF HAEMOPOIESIS.

1.8.1. Cellular Interactions In Haemopoiesis: A Multiplici$ Of Mechanisms.

The cellular interactions that regulate haemopoiesis are regarded to be many and

varied. This is to be anticipated when one considers the hierarchical nature of the
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haemopoietic system (please refer to Section I.1..2.), the number of cell lineages generated

and the diversity of tissue environments associated with their development and

matu¡ation @M, thymus, secondary lymphoid organs).

In all likelihood the molecules which mediate these interactions may function in a

stage and/or lineage-specific manner as occurs, for example in the regulation of T-cell

development (Springer, 1990; Dunon and Imhof , L993). Thus, a variety of molecular

species are probably involved in supporting a range of interactions throughout

haemopoiesis. Current data support this hypothesis which, in many respects, parallels the

diversity of adhesive interactions involved in regulation of the immune system (reviewed

in Springer ,7990), particularly those involved between endothelial cells and leukocytes at

sites of inflammation (reviewed in Carlos and Harlan, 1994).

In recent years there has been a considerable increase in our understanding of the

mechanisms that regulate cell adhesion in multicellular organisms. A broad range of cell

su¡face moieties have been identified that function as cell adhesion molecules (CAMs) for

diverse ligands including integral membrane glycoproteins and ECM components

(Springer, 1990; Albelda and Buck, 1990; Haynes et ø1, L989; Bevilacqua and Nelson,

L993). Several distinct superfamilies of CAMs have been identified including the

immunoglobulin gene superfamily, integrins, selectins, sialomucins, cadherins and the

CD1é family (please refer to Table L.3.), many of which are expressed by haemopoietic

cells. Studies to investigate the function and contribution of particular CAMs to

interactions of FIPC with the stromal HM are complicated by the diversity of potential

ligands for many of these CAMs which are exhibited by marrow stromal tissue (Table

1.4.). This is further compounded by an additional category of interactions which involve

HGF-receptor mediated adhesion of HPC to stromal cell-derived HGF presented either as

integral membrane proteins (Flanagan et aI, L99l; Retenmier et a\,1987) or bound to ECM

molecules (Roberts et al, 1988a). This multiplicity of potential adhesive mechanisms

presents a major technical and conceptual challenge to the identification of those CAM-

ligand pairs which are essential for localisation and regulation of haemopoiesis in the BM.
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Table 1.3. Cell Adhesion Molecule Superfamilies.

ICAM, Intercellular Adhesion Molecule; LFA, Leukocyte Funtion Antigen; MHC,

Major Histocompatability Antigen; VCAM-1., Vascular Cell Adhesion Molecule-L;

PECAM-L, Platelet-Endothelial Cell Adhesion Molecule; N-CAM, Neural-Cell Adhesion

Molecule; N-Cadherin, Neural-Cadherin; E-Cadherin, Epithelial-Cadherin; P-Cadherin,

Placental-Cadherin; L-selectin, Leukocyte Selectin; E-selectin, Endothelial Selectin; P-

selectin, Platelet Selectin; GIyCAM-1,, Glycosylated Cell Adhesion Molecule-1;

MAdCAM-1, Mucosal Addressin Cell Adhesion Molecule-l; PSGL-I, P-Selectin

Glycoprotein Ligand-1.



Tabte 1.3. Cell Adhesion Molecule Superfamilies.

Immunoglobulin Superfamily Of Adhesion Receptors

rcAM-l (CDs4)

ICAM-2

ICAM-3

PECAM-1 (CD31)

VCAM-1

LFA-2 (CD2)

LFA-3 (CD58)

CD3lTCell Receptor

CD4

CD8

Thy-1

MHCClassI&ll
N.CAM

c-kit

Cation-Dependent CAMS

N-Cadherin E-Cadherin P-Cadherin

Integrins

Numerous: 8 p-chains & 1,5 a-chains in

multiple combinations

Selectins

L-Selectin (CD62L) E-Selectin (CD62E) P-Selectin (CD62P)

Sialomucins

CD34

CD43

GIyCAM-1

MAdCAM-1

PSGL-1

Miscellaneous

CD44 Syndecan CD36



Table 1.4. ECM, Glycoproteins And CAMs Expressed On Bone Marrow Stromal Cells

ECM Components GAGs/Proteoglycans CAMS

Collagen I

Collagen lll
Collagen IV

Collagen V

Collagen Vl

Fibronectin

Vitronectin

Laminin

Thrombospondin

Haemonectin

Chondroitin Sulphate

Heparan Sulphate

CD44

Hyaluronate

Thy-1

rcAM-1 (CDs4)

N-CAM (CD56)

vcAM-1 (CD106)

LFA-3 (CD58)

Based on data from Zuckerman and Wicha (1983), Long and Dixit (1990), Campbell et al

Ogg0), Gordon (1988), Gallagher (1989), Simmons et aI (1992), Kincade et øl (1989),

Teixido et øl (1992).



Nevertheless, some likely candidates are beginning to emerge and these are reviewed

below.

1.9. THE SELECTIN FAMILY.

1.9.1. An Overview.

As formerly discussed, mammalian haemopoiesis is restricted to the extravascular

compartment of the BM which is separated from the vascular compartment by a single

layer of endothelial cells which form specialised vessels termed sinusoids (Weiss, L976;

Lichtman, 1981). Thus in order to enter or egress from the haemopoietic compartment,

stem cells must fust recognise, or be recognised by, the luminal surface of the endothelium.

Molecules which mediate adhesion of haemopoietic stem cells to vascular endothelial cells

a¡e therefore likely to play a pivotal role. The selectin family of molecules and specialised

carbohydrates displayed by the sialomucin family represent potential receptor ligand

pairs which a¡e critically involved in this process.

The selectins are th¡ee structurally related glycoproteins designated by the prefixes

E (endothelial), P (platelet) and L (leukocyte) (Bevilacqua and Nelson, L993; Lasky,

1992), that participate in leukocyte adhesion to vascular endothelium and platelets

(Siegelman and Weissman, L989; Bowen et al, 1989; Siegelman et al, 1989; Lasky et al,

1989). E-selectin (CD62E) and P-selectin (CD62P) are expressed by endothelial cells, and

L-selectin (CD62L) is expressed on leukocytes. As illustrated in Figure L.l,L., the selectins

share a number of common structural featu¡es including the presence of an amino (NHt-

terminal Ca2*-dependent (C-type) lectin binding domain, an epidermal growth factor

(EGF)-like region, a variable number of short consensus repeats (SCR) homòlogous to

those found in various complement-regulatory proteins, a membrane-anchoring motif, and

a short cytoplasmic region (Bevilacqua and Nelson, 1993). The selectins share an overall

identity of 4O% to 60"/" at the nucleotide and protein level respectively and moreover, the

lectin and EGF domains share 60"/" to 70Y" identity (Lasky,1992). The genes for the

selectin family are closely linked (within a 200 kb region) on long arm of the human and

murine cfuomosome 1. (q21-24) (Watson et a|,1990; Collins et aI,199L) and are located in
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Figure 1.11. Conservation Of Domain Structure Of The Selectin Family Of Adhesion

Molecules.

The extracellular portion of each selectin contains an amino terminal domain of

Il7-120 amino acids which are homologous to a variety of Ca2*-dependent animal

lectins. This is followed by an adjacent epidermal growth factorlike (EGF) domain oÍ 34-

40 amino acids, and a variable number of 62 amino acids, short complement regulatory-

like motifs (SRC). L -, E- and P-selectin harbour 2, 6 and 9 SCR domains, respectively

(numbered circles). A variant form of P-selectin (-CRR7) which arises by alternative

splicing of mRNA, is devoid of complement repeat region 7. This region is followed by a

transmembrane sequence and a short cytoplasmic domain at the carboxyl terminus of

each selectin molecule. A second variant form of P-selectin which lacks the membrane-

anchoring motif (soluble P-selectin) has also been described.

E-selectin is expressed following stimulation of endothelial cells (ECs) with pro-

inflammatory cytokines such as IL-L and TNFcr. P-selectin is constitutively expressed by

ECs and platelets and is stored in intracellular vesicles (refer to text for details).

Following stimulation with agents such as histamine and thrombin, P-selectin is mobilised

to the cell surface. L-selectin is expressed on the surface of neutrophils, monocytes,

eosinophils and a subset of lymphocytes. Stimulation of lymphocytes leads to the

shedding of L-selectin from the cell surface.
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a region harbouring genes for other complement-binding proteins (C4 binding protein and

decay accelerating factor) and coagulation Factor V, suggesting that the selectin family

may have arisen by gene duplication (Watson et a\,1990).

1.9.2. The Selectin Family: Molecular Cloning And Structural Characterisation.

Human L-selectin (refer to Table 1.5., for alternate nomenclature) represents the

homologue of the 90 kD murine peripheral lymph node homing receptor, originally

identified by the monoclonal antibody (mAb) MEL-14 (Gallatin et al, \983). Monoclonal

Ab MEL-14 was found to block lymphocyte adhesion to high endothelial venules of

It^ph nodes in oitro and blocked lymphocyte homing to lymph nodes in aiao. Although

initially described as a lymphocyte horning receptor, it was subsequently shown to be

constitutively expressed on most other peripheral blood leukocytes including neutrophils

and monocytes, and shown to be involved in leukocyte traffic in the systemic

microcirculation (Lewisohn et al, 1987).

The molecular cloning of human L-selectin unveiled the presence of a number of

conserved structural motifs shared by both P- and E-selectins (Tedder et aI, 1989;

Camerini et ø1, 1989; Siegelman and Weissman, 1989; Bowen et ø1, 1989). Translation of

the sequence revealed that the L-selectin complementary DNA (cDNA) encoded a core

protein of 37 kD which contained two SCR of the complement-regulatory protein domains

(Figure 1.11.). Additionally, eight consensus sites for potential N-linked glycosylation

were identified. However, no serine- or threonine-rich regions were identified, consistent

with the lack of O-liked sugars (Siegelman and Weissman, L989). The molecular weight of

L-selectin differs among lymphocytes (-75 kD), neutrophils (-95 to L05 kD), and

monocytes (-110 kD) and this variability is thought to result from cell-specific post-

translational glycosylation among these subsets of leukocytes. Sequence analysis also

revealed that L-selectin contained 22 cysteine residues, 1.9 of which are in the SCR and

EGF domains, suggesting a significant role for disulfide bond formation in providing

appropriate spatial conformation for the lectin region that is the proposed site of ligand

binding.
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Table 1.5. The Selectin Family: Nomenclature And Expression.

Alternate
Nomenclature

Expression Patterns Surface Expression

L-selectin (CD62L)
nLHR, LeuS
TQ-1, gp90MEL
Lecam-L, Leccam-L
LAM-1

Lymphocytes
Monocytes
Neutrophils
Haemopoietic Progenitor
Cells

-Constitutive surface
expression.
-Conformational changes
-Shed following cellular
activation.

P-selectin (CD62P)
PADGEM
GMP-140

Platelets
Endothelium
Bone Marrow Endothelial
Cells

-Thrombin, Histamine &
others.
-From storage granules
(minutes).
-Cytokine inducible (hours)
RNA, protein synthesis

E-selectin (CD62E)
ELAM-1 Endothelium

Bone Marrow Endothelial
Cells

-Cytokine inducible (hours)
de noao RNA, protein
synthesis required.

ELAM-I, endothelial-leukoryte adhesion molecule 1; GMP-140, granule membrane protein

140; PADGEM, platelet activation-dependent granule external membrane protein.

(Adapted from Bevilacqua and Nelson, 7993.)



Furthermore, mapping of L-selectin domains by mAbs has established that the

NH2-terminal nine arnino acids are critical for ligand binding (Kishimoto et al, 1990;

Kansas et ø1,11991-). The EGF and SCR units of L-selectin aPPear to also be important in

maintaining the spatial conformation of L-selectin as mAbs that interact with these

domains affect binding in the lectin domain (jutila et aI, 1992; Siegelman et aI, 1990;

Watson et aI, L99L)-

A differentially spliced form of human L-selectin that lacks the transmembrane

anchoring motif and is putatively attached to the cellular membrane by a phosphotidyl-

inositol (P! lipid linkage has been reported by Camerini et al (1989). Analysis of exon

structu¡e of the murine (Dowbenko et a\,1991) and the human (Ord ef al, t990) homing

receptor genes, and treatment of MEL-1.4 positive cells with phosphatidylinositol (PI):

phospholipase C however, has led Lasky (Lasky, L995) to contend that this isoform is

due to a cloning artefact. Despite this, there is adequate evidence that L-selectin is shed

upon activation of leukocytes, but this is likely to be attributable to proteolytic cleavage

near the membrane insertion and not the loss of the reputed Pl-lipid linked isoform

(Kishimoto et al, 1990;Jung and Dailey, 1990). Soluble circulating L-selectin has been

measured in the plasma of normal individuals and found to be as high as 1.6 IL9/d

(Carlos and Harlan,lgg4). Furthermore, plasma-derived soluble L-selectin was able to

partially inhibit leucocyte adhesion to cytokine-stimulated endothelium (Schleiffenbaum ¿f

al, 7992), suggesting that circulating L-selectin retains (at least in part) an active

conformatiory and may serve an anti-adhesive function in the regulation of leukocyte

adhesion to endothelium during inflammation (Lasky, 1992)'

P-selectin (refer to Table 1.5., for alternate nomenclature) represents an adhesion

protein initially characterised by investigators concerned with the biochemical events

associated with platelet activation (Bevilacqua and Nelson, 1993). The production of

mAbs against the surface of thrombin-activated platelets resulted in the isolation of a L40

kD transmembrane glycoprotein specifically expressed on the surface of activated but not

resting platelets. Immunochemical analysis revealed that this molecule variously termed

platelet activation-dependent granule-external membrane protein (PADGEM, Hsu-Lin ¿f
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al,lgSg) or granule membrane protein-L40 (GMP-140, McEver and Martin, L989) was

associated with the cr-granules in resting platelets (Stenberg et ø1, L985; Betman et ø1,

7986), and rapidly (within minutes) redistributed to the external plasma membrane uPon

activation with a variety of agonists including thrombin, histamine and calcium ionophore

A2gI87. Subsequently, P-selectin was shown to be present also in storage granules of

endothelial cells known as Weibel-Palade bodies (McEver et al, L989; Bonfanti et aI, L989).

Following stimulation with thrombin or other inflammatory mediators, the endothelial

form of P-selectin is also rapidly translocated to the cell surface following fusion of the

storage granules with the plasma membrane (McEver et ø1,1989; Bonfanti et a\,1989).

The molecular cloning and translation of the sequence, engendered P-selectin with a

core protein with a predicted molecular weight of 86 kD, nine SCR of the complement-

regulatory protein domains and no O-linked sugars in the mature protein (Johnston ef ø1,

I9B9a;1989b). Twelve potential Nlinked glycosylation sites were identified, and if fully

exploited render a glycoprotein of 1r22kD. The majority of the cysteine residues (5a of 65)

are present within the nine SCR of the complement regulatory-like region (six cysteinyl

residues per module) and are responsible for the disulfide bridge organisation in P-

selectin. Finally, human P-selectin has a cytoplasmic domain of 3S-amino acid residues

which includes serine and threonine residues which are phosphorylated following platelet

activation (Crovello et ø1,1993; Fujimoto et al, 1993).

Two additional, variant isoforms of P-selectin that arise by alternative splicing of

6RNA have been described (Johnston et a\,1990; please refer to Figure 1.11.). In variant

-CRR7, there is deletion of the seventh SCR. Recent work has demonstrated that the

number of these complement binding motifs is species specific and as such, suggests a less

critical role for the absolute number of these motifs (Lasky, 1995).In the soluble variant,

the membrane-anchoring motif is deleted, consistent with a potential secretory form of

this adhesion molecule. Concordant with this possibility, soluble P-selectin has been

detected in the plasma of normal individuals at levels ranging from 1.50 to 300 ng/nl,

however it is still to be determined whether this represents the secreted form rather than

protein shed from platelets or endothelial cells (Carlos and Harlan, L994; Lasky, 1995).
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At this plasma concentration, it has been estimated that 20-40% of the binding sites for P-

selectin on neutrophils would be saturated, raising the possibility that soluble plasma P-

selectin may inhibit leukocyte adhesion to P-selectin expressed by tissues (Dunlop ef ø1,

1992).

Like L- and P-selectin, the discovery of E-selectin (refer to Table L.5., for alternate

nomenclature) involved a mAb-based strategy that identified a L10-115 kD cellular

activation antigen that was induced on cultured human umbilical vein endothelium

following the stimulation by IL-L or TNFa (Pober et aI, L986) and on endothelial cells at

sites of inflammation in aiao (Cotran et ø1, L986). E-selectin was concomitantly shown to

mediate adhesion of neutrophils and monocytes to activated endothelium (Bevilacqua ef

aI,1985). Consistent with L- and P-selectin, the molecular cloning of E-selectin revealed

the presence of a C-type lectin binding domain, an EGF-like domain, and six complement-

regulatory protein motifs (Bevilacqua et aI,1989; Hession ¿f ø1, L990; Polte ¿f al, L990;

refer to Figure 1.11.). Furthermore, following sequence analysis, it was apparent that the

core protein of E-selectin had a predicted molecular weight of 64 kD with 11 potential N-

linked glycosylation sites contributing to almost half of the apparent mass of the molecule.

Finally, human E-selectin has a cytoplasmic domain of 32 amino acids which contains a

number of tyrosine residues speculated to be involved in the internalisation of E-selectin.

As with P-selectin, the absolute number of complement binding motifs in E-selectin

is species-specific and as such is of little consequence to ligand binding capacity (Lasky,

1995). However, an overall sequence homology of approximately 65% within the lectin

and EGF-tike domains between all three selectins is consistent with their importance in

carbohydrate recognition and ligand binding. Mapping of the E-selectin domains with

mAbs has demonstrated that the NH2-terminal nine amino acids of the lectin domain and

an epitope within the EGFlike region are critical for ligand binding (Pigott et al,L99t;Erbe

et al,l992). A study by Erbe et øt (1992) employing site specific mutagenic analysis and

three-dimensional modelling of the lectin domain revealed that three spatially linked,

positively charged residues (arginine (R)eT,lysine (K¡ttt and lysine (K¡tta¡ are critical for

sialylated Lewis X recognition (please refer to Section 1.9.5.) and furthermore K111 and
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K113 are conserved in all three selectins cloned to date. Since all three selectins (Butcher,

1991, Moor e et a\,1991; Polley et al, 1991; True et al, 1990; Tyrrell et al, 1991) require sialic

acid for adhesion, the conservation of these two residues is consistent with a direct role

for these residues in sialic acid recognition, putatively via salt-bridge or hydrogen bond

formation (Erbe et al, L992)'

1.9.3. The Selectin Family: Distribution And Patterns Of Expression.

Although it is abundantly clear that the selectins are closely related in structure

and function, their patterns of expression are quite disparate. As alluded to earlier, P-

selectin is constitutively synthesised by both platelets and endothelial cells and

subsequently targeted to cytoplasmic secretory/storage granules by means of a sorting

signal present in the cytoplasmic domain (Koedam et al, 1992; Disdier et al, 1992). A'

variety of mediators, including thrombin (Hsu-Lín et ø1, 1984; Stenberg et al, 1985),

histamine, and other mediators released following mast cell activation (Hattotí et al.,

1989a, Kubes and Kanwar,1994, Thorlacius et a|,1994), complement C5b-9 complex or

CSa fragment (Hattorí et al, Lg89b, Foreman et a\,1994), and peroxides (Patel et al,199L)

have been shown to elicit a rapid mobilisation of the intracellular pools of P-selectin to the

cell surface where it can subsequently mediate adhesion to leucocytes (Bonfantt et al,

1989; McEver et ø1, L989; Hattori et al, 1989a; 1989b). The expression of P-selectin at the

cell su¡face is often shortlived, declining considerably within minutes due to shedding of

the molecule as described in Section 1.9.2. Furthennore, Handa et al (199L) demonstrated

that mobilisation of P-selectin to the platelet membrane was inhibited with N,N-dimethyl

and N,N-trimethyl derivatives of sphingosine and other selected inhibitors of protein

kinase C-dependent phosphorylation (Handa et al, 1991), suggesting that

phosphorytation of the cytoplasmic serine and threonine was required for translocation of

P-selectin to the plasma membrane (Handa et al, L99L).

The expression of E-selectin appears to be largely restricted to activated

endothelial cells. As alluded to earlier (Section 1.9.2.), stimulation of cultured endothelium

with endotoxin (LPS) or inflammatory cytokines, including IL-1 and TNFc results in the
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upregulation and expression of E-selectin at the plasma membrane (Bevilacqua et a|,1989;

Bevilacqua et a\,1987). This expression of E-selectin is reliant on den ouo RNA and protein

synthesis, peaks at 4-6 hours post-stimulation and declines to constitutive/basal levels

by 2a to 48 hours. Independently, both Doukas, Pober (1990) and Leeuwenberg et al

(1990) recognised that although unable to induce E-selectin expression, treatment of

endothelial cells with Interferon gamma (IFN1) prolonged its expression following

induction with IL-L. Concordant with this observation, examination of the 5' sequence of

the regulatory elements of the E-selectin gene revealed the Presence of elements necessary

for rytokine inducible expression, including sequences consistent with NF-rB and AP-1

binding sites (Collins ef al, 1991; Becker-Andre et al, L992; Montgomery et al, 1991;

Whelan et ø1,l99I).

Unlike both P- and E-selectin, only L-selectin expression on the cell surface is

constitutive and there is no evidence for accumulation in granules or intracellular vesicles.

As previously discussed, membrane associated L-selectin is shed following activation

gung et ø1, L988; Kishimoto et a\,1989; Berg and James, 1990) and its activity therefore

appears to be controlled by regulation of its loss from the cell su¡face.

1.9.4. Counter Receptors For Selectins.

As detailed in Section L.9.2., L-selectin was historically characterised as the

murine homing receptor that mediated lymphocyte binding to high endothelial venules

(¡1EV) in peripheral lymph nodes (Gallatin et al,1983). In early work, Rosen, Stoolman

and collegues examined leukocyte binding to HEVs of frozen sections of lymphoid tissue

using the Stamper-Woodruff assay (Stamper and Woodruff, 1,986). These investigators

demonstrated that the binding of lymphocytes to HEV could be blocked by a number of

monomeric, anionically charged sugars, such as mannose-6-phosphate (Stoolman and

Rosen, 1983). Later studies demonstrated that more complex carbohydrates, such as a

specific subset of polyvalent, anionic sugars such as fucoidin, and yeast cell wall

polyphosphomannan ester (PPME) were significantly more effective at abrogating

adhesion of lymphocytes to HEV (Rosen et ø1,1985). Further evidence for a role of
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carbohydrate recognition in these adhesive events came from studies of the effects of the

enãrme sialidase (neuraminidase) on lymphocyte-HEV binding. Removal of the sialic acid

(an acidic/anionic carbohydrate) found on the non-reducing ends of many cell-surface

glycoconjugates resulted in a demonstrable reduction in lymphocyte adhesion to HEV of

peripheral ly-ph nodes. These data were thus consistent with the possibility that

Iymphocytes utilised protein-anionic carbohydrate (carbohydrate moiety) interactions to

adhere to the endothelium of peripheral lymph nodes (Lasky, 1995).

This proposal was validated by the molecular cloning of L-selectin that showed a

NH¡ter:nrinal C-type carbohydrate binding or lectin domain (Tedder et a\,1989; Camerini

et aI, 1989; Siegelman and Weissman, 1.989; Bowen et al, L989; Siegelman et ø1, t989;

Lasky et aI,1989). The presence of lectin-like domains in both E- and P- selectin suggested

that leukocyte binding to these receptors would also involve recognition of carbohydrates.

Various antibody studies supported this hypothesis, as mAbs directed against the lectin

domain of these molecules abolished cell adhesion (Bowen et a|,7990;Erbe et ø1,1992).In

addition, it was established that cell adhesion mediated by these proteins was completely

dependent upon calcium, a finding consistent with previous data demonstrating that

carbohydrate recognition by the type C lectins was calcium dependent.

As lectin{arbohydrate interactions are characterised by a lower affinity than most

well described protein-protein binding interactions (such as antibody-antigen, growth

factor-growth factor receptor), it has been essential to characterise lectins according to

their binding specificities and to establish their binding affinities (Bevilacqua and Nelson,

1993). To this end,.work in recent years from several laboratories has led to an increase in

ou¡ understanding of the minimal carbohydrate ligands recognised by the three selectin

receptors. Additionally, several proteins have been shown to participate in selectin

binding and these are reviewedbelow.

1.9.5. Carbohydrate Ligands For The Selectin Family Of Adhesion Molecules.

During 1990 and 199L, several groups found that antibodies directed against a

previously described fucosylated tetrasaccharide antigen, sialyl Lewis X (SLex:
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NeuNaco2-3Galp1-a(Fuc1-3)GtcNac; NeuNac: sialic acid, Gal: galactose, Fuc: fucose and

GlcNac: N acetyl glucosamine) (CD15s, Figure 1.12. (A)), expressed on neutrophils,

monocytes (WaÞ et ø1, L990; Munro et a|,1992), natural killer (NK) cells (Ohmofi et al,

1989; Pinola et a|,1994) and ex aiao activated peripheral blood T and B lymphocytes,

were able to block cell adhesion mediated by both E- and P-selectin (Hollenbaugh et ø1,

1993; Bajorath ¿f aI, 1994; Norgard et ø1, 1993; Graves et al, L994; Drickamer , L992; WaIz

et aI, 1990; Phillips et ø1, L990; Polley et aI, 1991). More recently, Tyrell et al (L991)

demonstrated that both the sialic acid and the fucose linkages were critical for efficient

recognition by E-selectin (Tyrell et ø1, 1991.; Nelson et al, L993) which was consistent with

previous data indicating that sialic acid was an absolute requirement for L- and P-

selectin mediated adhesion.

A subset of skin-homing lymphocytes which express the cutaneous lymphocyte

antigen (CLA) recognised by the HECA-452 mAb (Berg et al, L991a; 1991b) have also

been demonstrated to bind to E-selectin (Picker et ø1, 1997a; I99Lb; Berg et al, 7991a) and

although the Cl-A-positive cells do not express SLex, they do exhibit the Lewis X antigen

(Lex, Figure 1.12. (A)) after treatment with neuraminidase (Berg et a\,199La). Thus, the

cutaneous lymphoryte antigen appears to be a sialylated, fucosylated structure closely

related to SLex.

E-selectin also recognises an isomeric carbohydrate structure related to SLex,

termed sialyl Lewis A (SLea: NeuNaco2-3GalÞ1-3(Fuc1-4)GlcNac (Figure 1.12. (B))

(Ty."tl et a|,1991.;Berg et ø1, L991b). The HECA-452 mAb recognising CLA binds to SLea

as well as SLex (Berg et al, L99Ib). Consistent with the ability of both oligosaccharides to

mediate selectin-carbohydrate recognition (Lasky, L995), two-dimensional nuclear

magnetic resonance (NMR) studies indicate that these closely related structures can adopt

related conformations in solution with both the carbohydrate of the sialic acid and the

fucose adopting the same directional stoichiometry (Lasky, 1995).

Initial studies demonstrated that P-selectin recognised the Lex trisaccharide

(CD15), Gatpl-4(Fucl-3)GlcNac (Larsen et al, L990), although the sialylated

tetrasaccharide, SLex, was subsequently demonstrated to be a higher affinity ligand
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Figure 1.12. Oligosaccharide Ligands Of The Selectins.

The structural isomers sialyl Lewis-x (SLex, Panel A) and sialyl Lewis-a (SLea, Panel B) both contain terminal sialic

acid (Neu5Ac) linked cr2-3 to galactose (Gal), in turn linked to an N-acetylglucosamine (GlcNAc). Both structures contain a

fucose coupled to the GlcNAc. SLex and SLea differ in the linkages of galactose and fucose (Fuc) to the GlcNAc. The related

carbohydrate structures, sulfo Lewisx, sulfo Lewisa, Lewisx and Lewisa are also shown. The indicated structures are typically

found as terminal residues of larger oligosaccharides on glycoproteins and glycolipids. (Adapted from Bevilacqua and Nelson,

1993; Nelson et ø1,1995).
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(Handa et al,I997a; Polley et a\,199"J,; Zhou et a\,1991.; Foxall et al, 1992). Like E-selectin,

P-selectin also binds to SLea (Handa et al, 1991a), however SLex and SLea fail to

compete for binding to activated platelets, suggesting that P-selectin may use other

structural modifications (Handa et aI, l99ta). In this regard, P-selectin was also

demonstrated to bind to sulphated glycolipids (Handa et al, \99Lb, Aruffo et al, L991;

Todderud et aI, L992; Needham and Schnaar, 1,993) and certain sulphated

polysaccharides such as an uncharacterised fraction of heparin (Skinner et aI,1989).

L-selectin is involved in leukocyte adherence to nonlymphoid microvasculature as

well as to peripheral lymph node HEV (Lewisohn et a\,1987). Like E- and P-selectin,

mu¡ine L-selectin has been shown to bind to SLex (and SLea) (Berg et al, L99Z;FoxalT et aI,

1992; Græn et aI, 1992). Although mAbs to SLex react minimally with nonlymphoid

endothelium in viao or in aitro, a SLex antigen was recently found to be expressed on

human HEV, suggesting that it may serve as a ligand for L-selectin (Munro et al, \992;

Sawada et a\,7993). In the murine system, L-selectin ligands in HEV are sialylated and

fucosylated like SLex, but also contain sulfate residues which are absolutely required for

the high avidity recognition by the lectin domain of L-selectin (Imai et al, 1993).

Biochemical analysis of the degraded sulfated oligosaccharides, revealed that the two

uniquely modified, sulfated forms of the SLex carbohydrate, and had the putative

structu¡es of NeuNaco2-3(SO+-6)GalF1-aGucL-3)GlcNac and NeuNaccr2-3GalB1-a(Fucl.-

3XSO¿{)GlcNac (refer to Figure 1.12. (A)). L-selectin and P-selectin (but not E-selectin)

also recognise sulphatides (Handa et aI, L991,; Aruffo et a\,1991; Todderud ¿ú ø1, t992;

Needham and Schnaat, 1993; Skinner et aI, 1989,Imai et aI, 1993¡ 1.990) and sulphated-

polysaccharides such as fucoidan and heparin (Handa et al, 199L; Skinner et al, 1989).

Recently, heparin-like ligands for L-selectin were identified in cultured nonlymphoid

mdothelial cells, and these structures are candidates for selectin ligands in the systemic

microvasculatu¡e (Norgard-Sumnicht et ø1, L993; Carlos and Harlan' 1994).

The complex nature of the carbohydrate ligands for the selectin family suggests

that a diverse group of glycosylating enzymes are required for the generation of these

oligosaccharides. As fucose and sialic acid are integral elements of these oligosaccharides,
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research has focused on the enzymes that enamour the lactosaminoglycan backbone with

these components. To date, three sialyl transferase and a number of candidate

fucosyltransferase enzymes have been cloned at the molecular level, however none have

been atkibuted with the function of producing selectin ligands (Kitigawa and Paulson,

Igg4). More recently however, Sasaki and collegues (1994) have molecularly cloned an

enã¡me, Fuc-TVII whose characteristics fulfil the requirements of a fucosylating erìzyme

involved in myeloid SLex production (Sasaki et al, L994, Lasky, 1995). These

cha¡acteristics include: restricted expression in neutrophils; production of a SLex

carbohydrate that is recognised by a number of anti-Slex antibodies; and an ability to

confer a number of cell types with the capacity to bind to E-selectin. Despite this, the

cha¡acteristics of the enzyme(s) involved in the sulfate modification critical for L-selectin

binding have yet to be ascertained (Lasky, 1995).

1.9.6. Protein Ligands For The Selectin Family Of Adhesion Molecules: The

Emergence Of The Mucin-like Molecule Family.

As alluded to in Section 1.9.5., the lectin-carbohydrate binding critical to selectin

med.iated adhesion is of low affinity (Bevilacqua and Nelson, 1993), and of insufficient

avidity to i¡uu¡e adequate adhesion of leukocytes under the high shear forces encountered

in the blood vessel. Coincident with the studies on oligosaccharide ligands of the selectins

however, was the realisation that certain integral membrane proteins could also

participate in these adhesive interactions by presenting specific carbohydrate moieties to

the lectin domains and thus contribute to higher affinity binding of selectins to cellular

ligands (Lasky, 1rg92). The glycoprotein ligands which contribute to selectin binding are

discussed below.

The initial breakth¡ough in elucidating the mechanisms by which selectins increased

their avid,ities for carbohydrate moieties came from the study of endothelial ligands

recognised by L*electin in the murine system. Lasky and colleagues (L992) identified two

glycoproteins, a predominant species band of 50 kD and a minor band of 90 kD when

3sslabeued proteins from peripheral lymph node organ culture were precipitated using a
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L-selectin-IgG chimeric protein (Lasky et aI,1992). Initial studies of the 50 kD sulphated

glycoprotein indicated that a majority of the carbohydrate side chains associated with

this molecule were O-linked and appeared to be heterogeneous in size (Imai et ø1,1991';

I¡,16i et al, L993). Additionally, studies using organ cultures also revealed that the 50 kD

sulphated glycoprotein (sgp50) was rapidly shed from the endothelium (Imai et a\,199'1.;

Brustein et ø1,7992).

The nature of the 50 kD glycoprotein was subsequently clarified by molecular

cloning. Amino acid sequence data enabled the generation of oligonucleotide primers

which were used to screen a cDNA library prepared from murine lymph nodes (Lasky ef

at,1992). Translation of the derived cDNA sequence, predicted a mature protein of.132

amino acids with a core protein molecular weight of approximately L4 kD. Moreover, the

protein was comprised of approximately 30% serine and threonine amino acids (putative

sites of Glinked glycosylation) clustered into two domains. These distinct regions of O-

linked glycosylation are considered to provide a scaffold for the presentation of the

potyvatent carbohydrates previously demonstrated to be involved in ligand binding (refer

to Section 1.9.5.). The presence of only one consensus region for Nlinked glycosylation

suggested that7}"/" of the mass was attributed by O-linked carbohydrates. Because of the

apparent dependmce on glycosylation, this L-selectin ligand was designated the name

glycosylation-dependent cell adhesion molecule-l (or GIyCAM-1). In addition, the

sequence of GIyCAM-L is similar to other heavily glycosylated proteins such as CD34 and

MUC-1. and, like PSGL-L (see below), represents a new member of an ever-expanding

family of sialomucins which have roles in adhesion (Shimizu and Shaw, L993).

Interestingly, analysis of the structure of GIyCAM-1 revealed the absence of a recognisable

transmembrane domain, suggesting that GIyCAM-1 may function primarily as a

circulating soluble molecule (Lasky, L995; Brustein eú ø1, L992 and refer to Figure 1.13.).

Similarly, a differentially glycosylated, non-L-selectin binding form of this mucin was also

produced by mammary epithelial cells during lactation and was isolated from the whey

fraction of milk (Dowbenko et ø1,1993).
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Figure 1.13. Glycoprotein Ligands For The Selectin Family: A Prominent Role For The Sialomucin Family Of Adhesion

Proteins.

A schematic representation of the five molectiles currently identified as ligands for the selectin family. Four of the ligands are

mucin-like molecules (sialomucins) and, although exhibiting limited homology at the cDNA level, these molecules all share the

conunon characteristic of being highly glycosylated glycoproteins containing predominantþ O-linked carbohydrate side chains

linked to serine and threonine residues. The protein backbone is postulated to present clustered arrays of carbohydrates to the

lectin domains of the selectins.

Although able to bind L-selectin with high affinity, murine GIyCAM-1 represents a soluble molecule present in both blood

and the whey fraction of milk during lactation. Similarly, the vascular isoform of murine CD34 has been shown to bind to

tymphocyte L-selectin when this mucin is expressed on the high endothelial venules (HEVs) of peripheral lymph nodes. CD34 is

also expressed at all vascular sites in adults and embryos and on all haemopoietic progenitor cells in the BM, although the function

of this molecule at these non-lymphoid cells remains to be determined. The recently cloned mucosal addressin, MAdCAM-L,

represents a hybrid adhesion protein that contains immunoglobulin-like domains and a mucin-like domain. In addition to

functioning as the principle ligand for integrin a+þ2, MAdCAM-1 is also able to support the adhesion of leukocytes expressing L-

selectin.

PSGL-I is a mucin-like molecule found on the surface of myeloid cells and activated lymphocytes that present

carbohydrates to both P- and E-selectin. Murine ESL-L, urùike the mucin-like molecules described, represents a L50 kD variant of

the chicken cysteine-rich fibroblast growth factor receptor which mediates E-selectin-specific cell adhesion of murine

polymorphonuclear neutrophils. E-selectin binding to this glycoprotein (which contains 5 sites of N-linked gþosylation) is sensitive

to neuraminidase pretreatment and is fucosylation and calcium-dependent. (Adapted from Lasky, L995; Nelson et ø1,1995; Tedder

et ø1, 1995).
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Additional studies have identified the higher molecular weight sulphated

glycoprotein (sgp90) to be identical to murine sialomucin, CD34. The structure of CD34 is

similar to GIyCAM-1 in that it contains a large NHz- terminal serine and threonine -rich

O-linked domain that is highly glycosylated (Brown et al, 199La). Unlike GIyCAM-1

however, CD34 contained a definable transmembrane domain and therefore is more likely

to function as an endothelial membrane-immobilised L-selectin ligand for leukocytes under

conditions of flow (refer to Figure 1.13.). In contrast to GIyCAM-L, whose expression is

limited to the HEV of peripheral ly-ph nodes and to lactating mammary epithelial cells,

CD34 is ubiquitously expressed at a variety of endothelial sites (Baumhueter et a\,1994)'

As described in sectionI.2.2., CD34 is expressed by vascular endothelium and tissues of

haemopoietic origin including haemopoietic progenitor cells and stromal cells, and its

glycosylation appears to be tissue-specific (Baumhueter et al,1993). In contrast to CD34

expressed by HEV, haemopoietic cell-associated CD34 does not Possess the unique

sulphated oligosaccharide recognised by L-selectin (Baumhueter et al, L994) and to date,

no studies have documented an equivalent function of human cD34.

Berg and co-workers (1993), have recently demonstrated that a newly cloned

ligand for the integrin a¿þ2, termed mucosal associated addressin (MAdCAM-1, please

refer to Figure 1.13.) was able to support the adhesion of leukocytes expressing L-selectin.

Although this member of the immunoglobulin (Ig) superfamily contained immunoglobulin-

like d.omains (which mediate integrin recognition), it also harboured a small serine- and

th¡eoninerich region equivalent to those observed in mucins. Moreover, mesenteric ly-ph

node{.erived MAdCAM-1was recently demonstrated to contain sulphated carbohydrate

side chains that were recognisable by L-selectin and the anti-peripheral lymph node

addressin mAb, MECA 79. MAdCAM-1 therefore, may rePresent a low-affinity,

physiological ligand for L-selectin under reduced flow conditions (Lasky, 1995).

Treatment of the human myeloid cell line HL60 with various proteases resulted in

the abrogation of P-selectin-dependent adhesion, suggesting that a glycoprotein scaffold

presented Sld-related carbohydrate ligands to P-selectin in a unique conformation

(Larsen et a\,1992). Furthermore, pretreatment of human neutrophils or myeloid cell lines
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with a unique protease (O-sialoglycoprotease) that selectively removes highly O-linked

glycan (mucin) molecules, resulted in the inhibition of P-selectin binding and was

consistent with the ligand belonging to the mucin family (Steininger et a\,1992; Norgard ef

aI,1993). Although treatment of myeloid cell lines, such as HL60 cells, with this protease

completely abrogated P-selectin binding to these cells, it did not dramatically alter the

expression of SLex at the cell surface. This was consistent with the notion that most of the

SLex on the cell surface was not associated with a glycoprotein ligand and is therefore

unable to mediate high-affinity binding to P-selectin (Picker et ø1, 1991b). This result

therefore implied that the presentation of the carbohydrate in the appropriate

conformation by the glycoprotein scaffold is responsible for mediating high-affinity

binding of P-selectin (Lasky, 7995), whilst SLex not associated with an integral membrane

protein is only able to mediate low affinity binding.

Whilst a number of putative ligands for P-selectin have been suggested (Picker et al,

199Ib; Lenter et al, \994, Norgard et al, 1993; Moore et al, 199L; Moore et al, L992), insight

into the mechanism of high-affinity adhesion was gained following the molecular cloning

of a P-selectin ligand, designated P-selectin Glycoprotein Ligand (PSGL-l; refer to Figure

1.13.) (Sako et aI, 1993). This mucin-like molecule was isolated following the co-

transfection of both a specific fucosyltransferase (a(1,,3/1,4) fucosyltransferase) and a

cDNA library prepared from the human promyelocytic leukaemic cell line HL60. A

resultant 220 kD glycoprotein expressed in COS cells was able to confer specific adhesion

to both P-selectin (and E-selectin) that was abrogated by EDTA or by functional-blocking

selectin-specific mAbs. Analysis of PSGL-I by SDS-PAGE revealed that following

reduction, a single band of 1L0 kD was obtained, suggesting that PSGL-I exists as a

disulphide-linked dimer.

Sako ¿f aI (7995) and Pouyani et al (1995) concomitantþ reported that in addition

to the SLex presented on O-linked glycans, the determinant that is critical for high afhnty

binding to P-selectin contains a non-carbohydrate component. Contained within the

amino-terminal 19 amino acid residues, the anionic polypeptide segment harboured at

least one tyrosine sulfation consensus sequence (Sako et a\,7995). Moreover, synthesis of
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PSGL-1 in the presence of sulfation inhibitors (sodium chlorate), rendered binding to P-

selectin of low affinity. This was confirmed by mutational analysis, where the tyrosine

residues were substituted with phenylalanine residues resulting in the complete abrogation

of binding to P-selectin (Pouyani and Seed, 1995).

In addition to PSGL-I, an alternate P-selectin-specific leukocyte ligand has been

isolated from mouse neutrophils and HL60 cells (Lenter et a\,1994). To date, it appears

to be a disulphidelinked dimeric molecule (160 kD non-reduced and 80 kD reduced)

which exhibits EDTA- and sialidase-sensitive adhesion to P-selectin. Moreover, two

additional glycoprotein ligands of 230 and 130 kD have been described, that exhibit

promiscuous adhesion to both E- and P-selectin and display sensitivity to O-

sialoglycosidase but not N-glycosidase (Lenter et a\,1994)'

Notwithstanding PSGL-L, glycoprotein ligands for E-selectin remain essentially

uncha¡acterised at the molecular level. Early work by Larsen et al (1992), demonstrated

that the binding of P-selectin was sensitive to a broad aftay of proteases, while the

bind.ing of E-selectin was protease resistant. Despite this, however, several leucocyte cell

surface molecules, modified by SLex/Lex (or related structures) decorations, have been

reported to bind to E-selectin, including a member of the selectin family, namely L-selectin

(Picker et aI,1991; Kishimoto et a|,1991). Additionally, the p2 integrins (Kotovuofi et ø1,

1993) and the highly glycosylated phosphoprotein CD66 þelonging to the CEA family of

adhesion molecules), known to mediate homotypic adhesion (Watt et a|,1991), have been

reported to bind to E-selectin (Kuijpers et al,1992). Other studies have shown that the

human myeloid ligand for E-selectin is resistant to proteases (Larsen et al, L992) and to

Gsialogþoprotease (Steininger et a\,1992), suggesting that the ligand for E-selectin is not

a mucin-like glycoprotein.

In contrasl using an E-selectin-IgG chimeric fusion protein as a probe, Levinovitz et

aI (1993) and Lenter and collegues (1994), independently identified a protein ligand with

the molecular weight of L50 and 130 kD under reducing and non-reducing conditions

respectivel|, on murine neutrophils and the promyelocytic leukaemic HL60 cell line. E-

selectin binding to this glycoprotein was calcium-dependent and sensitive to
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neuramfuridase pretreatment of the cell lysate, characteristics of E-selectin-dependent

leukocyte adhesion (Levinovitz et al, 1993).In addition, adhesion to E-selectin also was

reduced by pretreatment of leukocytes with N-glycosidase, but not O-sialoglycosidase.

The subsequent molecular cloning of this L50 kD, N-linked glycoprotein, revealed

that the murine E-selectin ligand (ESL-l; Figure 1-.L3.), was a variant of the chicken

cysteine-rich fibroblast growth factor receptor (Steegmaier et al, 1995). Although

dependent upon the co-transfection with the a1->3/4 fucosyltransferase, CHO cells

expressing ESL-I were able to mediate E-selectin-specific cell adhesion. A human

homologue of this molecule remains to be defined.

1.9.7. Adhesion Of Haemopoietic Progenitor Cells Mediated By Lectin-Carbohydrate

Recognition: A Role For The Selectin Family In Haemopoiesis

Although the selectin family of molecules are clearly of importance in the function

of mature leukorytes at the sites of inflam.mation, their role in human haemopoiesis has

yet to be examined in depth. Reports in the literature which have investigated the

potential involvement of the selectin family in the interaction of human FIPC with the BM

uricroenvironsrmt are few in number, however what is known is discussed below.

In the murine system, Tavassoli and colleagues (Tavassoli and Hardy, 1990;

Aizawa and Tavassoli, 1987) have suggested that protein-carbohydrate interactions

represent the molecular basis for the homing of stem cells to haemopoietic tissues.

Furthermore, Miyake et al (1990a) have demonstrated that expostue of murine long term

BM cultures (LTBMC) to the anti-murine L-selectin mAb MEL-14 resulted in agglutination

of non-adherent cells and slowed rates of mature myeloid cell formation.

L-selectin is expressed on mature myeloid cells (neutrophils, eosinophils and

monocytes) and most lymphocytes, mediating the adhesion of leukocytes to endothelium

at sites of inflammation and homing of lymphocytes to peripheral lymph nodes

(Bevilacqua and Nelson, L993; Gallattn et a\,1983; Tedder et aI, 1990). Studies by Kansas

et al (1990), have demonstrated expression of L-selectin on haemopoietic cells which

exhibit a primitive morphology. Consistent with this, Griffin and colleagues (1990) have
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repofted GM-CSF-regulated expression of L-selectin by neutrophils, monocytes and most

significantly, their precursors.

Previous studies have documented expression of both P- and E-selectin by a

proportion of BM endothelial cells (Beckstead et aI, 1986; Schweitzer et al, L995; Dercksen

et a\,1994), although, to date no studies have engendered P- and E-selectin with roles in

haemopoiesis. The existence of a soluble form of P-selectin (Gamble et al, L990) (with a

possible anti-adhesive function) may however provide a novel mechanism for release of

cells, including immature progenitors, from the marrow under both steady-state

physiological conditions and during enforced mobilisation as occurs following

administration of cytokines or high dose chemotherapy (Sheridan et ø1, L992; To et al,

1e9o).

1.10. THE INTEGRIN GENE SUPERFAMILY.

1.10.1. An Overview.

Integrins are a large family of CAMs with well documented roles in a variety of

cellular functions including cell migration and tissue organisation during embryonic

development, cell differentiation, inflammation and metastasis (see reviews by Hynes,

\987;7992; Hemler, L990; Ruoslahti, 1991; Arnaout, 1990). Their distribution is universal,

and at least one member of the integrin family has been found on every tissue or cell

studied (Albelda and Buck, 1990). Integrins mediate both cell-cell and cell-ECM

interactions and are so-named because of their ability to integrate the intracellular

cytoskeleton with the ECM. Structurally, integrins are heterodimeric transmembrane cell

su¡face proteins consisting of noncovalently associated cr and p subunits (Hynes, 1992).

Moreover, they represent a phylogenetically conserved family of integral membrane

glycoproteins, and studies have revealed that progenitor integrins were present before the

divergence of invertebrates and vertebrates (Larson and Springer, 1990). Related øp

heterodimers have been reported in Drosophila (Wilcox and Leptin, 1985), Xenopus

(DeSimone and Hynes, 1988) and chicken (Tamkun et a|,1986) and immunologically cross
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reacting proteins have been described in nematodes and fungi (Marcantonio and Hynes,

1e88).

As transmembrane receptors, the function of integrins was originally thought to be

to integrate signals from the external environment with the intracellular skeleton, or

"outside-in" signalling (Hynes, 1987; Williams ¿f ø1, 1994). It has been subsequently

demonstrated, using T-cell triggering through the CD3 complex, that the affinity of

integrins for ligand could be increased, and thus these molecules are also able to

participate in "inside-out" signalling (Dustin and Springer,1989; Ginsberg et ø1, L992).The

mechanisms of regulation of integrin activity are unclear, but investigations have

discovered the involvement of RNA splicing, post-translational modifications,

phosphorylation and control from the membrane lipid environment (Kirchhofer et al,

7991). External influences from growth factors and agonists (ADP, thrombin and phorbol

esters) have the ability to up- (or down-) regulate integrin expression and activate their

binding capacity (Kirchhofer et aI, 1991; Levesque ef al, 1995). Divalent cations are

required by all members of the integrin family for ligand binding (Anderson and Springer,

1987) and in their absence, the integrins are not active'

To date, as many as 2L distinct heterodimers formed by non-covalent association

between L5 a subunits and 8 different p subunits, each with distinct ligand-binding

properties have been characterised (Hynes, 1992; Hemler, L990; Smylh et ø1, \993;

Dianzani and Malavasi, 1995). Compounding the diversity of adhesive interactions

mediated by integrins, most, if not all integrins, can assume multiple functional states

(Hynes, 1992). Thq integrins are subdivided on the basis of p-chain composition (refer to

Figure L.14.), although it is important to note that some cr-chains (particularly the cry

chain of the classic vitronectin receptor (cr"p¡)) can associate with Þt, ÞS, Þ0, and Þa

subunits with a concomitant change in ligand specificity (Hynes, 1992).

7,.lÌ.2.The Integrin Family: Molecular Cloning And Structural Characterisation.

The a subunits and B subunits of the integrins are believed to be synthesised as

distinct precursors that are co-translationally glycosylated (Miller and Springer,1987;
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Figure 1.14. Integrin Pairing And Ligand Specificity.

Integrin heterodimers are formed by non-covalent association of unique o chains

with one, or more p chains. Composition of subunit pairs determines ligand specificity.

The p4, þ5, þ7 and p8 integrins have not yet been shown to be expressed by haemopoietic

cells and have been omitted for simplicity.

Ligands: Col, collagens; Lam, laminin; Fn, fibronectin; VCAM-I, vascular cell

adhesion molecule-L; Fg, fibrinogen; vWF, von Willebrand Factor; Tsp, thrombospondin;

Osp, osteopontin; Bsp, bone sialoprotein; ICAM-I, intercellular adhesion molecule-L;

ICAM-2, intercellular adhesion molecule-2; ICAM-3, intercellular adhesion molecule-3;

iC3b, complement factor 3b.
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Sastre et ø1, L986). Association of the cr and p subunit precursors occurs in the Golgi

apparatus (Ho and Springer, L983) and the assembled receptors are then transported to

the cell su¡face or to intracellular stores (Todd et ø1,1984; Miller, 1987).Integrins generally

contain a large extracellular domain formed by the o (-1000 residues, L20-180 kD) and p

(-750 residues, 90-1L0 kD) subunits, a transmembrane segment from each subunit, and

two short cytoplasmic C-terminal domains, with the exception of p4, whose cytoplasmic

domain exceeds 1000 residues (Hogervorst eú aI,1990; Suzuki and Naitoh,1990, Tamura

et al,t99O). An archetypal integrin is schematically represented in Figure 1.L5.

Integrin a chains have several common structural characteristics (Kishimoto and

Anderson, 1992;}Jynes,1992; Albelda and Buck, 1990), including up to 7 tandem repeats

of approximately 60 amino acids that share homology with EF-hand structures of the

calciun-binding proteins of calmodulin and troponin. It is widely held that 3 to 4 of these

regions contribute to a divalent cation-binding domain (Albelda and Buck, 1990; Springer,

L990a;1990b). Divalent cation specificity nevertheless differs among the various a chains

with a¡p2 CD11a/CD18) and o2p1 (very late activation antigen-2 (VLA-2)) requiring

magnesiurn, whilst a5p1 (VLA-S) requires calcium to function (Hogg, 1991).

A second structural motif of approximately 180 amino acids which shares

homology with domains found in von Willebrand factor, cartilage matrix protein and

complement factor B is inserted between the divalent cation tandem repeats in several

integrins induding a1p1 (VLA-l), azÞt (VLA-2), arÊz (CDLl.a or LFA-l), ovpz (CDllb

or Mac-l) and a¡B2 (p150,95), and is responsible for conferring ligand specificities for

these integrins. For example, the VLA-1 binding site for collagen and laminin (Ketn et al,

Igg4), the VLA-2 binding site for collagen (Kamata et ø1,1994), the Mac-1 binding site for

ic3b (Ueda et aI, Lgg4), and the LFA-1 binding site for ICAM-I (Randi andHogg, L994)

are all located in the I-domain. The a subunits which do not contain the I-domain are

generally post-translationally cleaved to render a short transmembrane domain that is

disulphide bonded to a large extracellular motif (Dianzani and Malavasi, L995).

Integrin p chains also exhibit characteristic features (Albelda and Buck, 1990),

inclúding the presence of tandem repeats of four cysteine-rich regions conserved among
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Figure 1.L5. Diagrammatic Representation Of The Structure Of A Typical Integrin.

Integrins are composed of two non-covalently associated subunits designated a

and B. Both subunits are integral membrane glycoproteins. The extracellular domains

contain the ligand binding region. The cr subunit contains areas thought to bind calcium

(Caz*r. The B subunit contains four cysteine-rich repeats (C). The large loop in the amino

terminus of the extracellular domain of the p subunit is stabilised by intrachain disulphide

bonding (S-S). The cytoplasmic domains of both subunits are relatively small and contain

regions capable of binding cytoskeletal elements that link the integrins to the cytoskeleton.
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the va¡ious B chains and proposed to be essential for tertiary structure (refer to Figure

1.15.). Approximately 100 amino acids from the amino-terminus are additional conserved

units that a¡e critical for maintenance of the a/p heterodimer. The introduction of point

mutations in either of these regions leads to the absence of expression of the P2 leukocyte

integrins (Arnaout, 1990). The cytoplasmic domain of the p subunit, in concert with the cr-

subunit, is also necessary for avidity modulation.

An invariant featu¡e of integrin function is the demonstrable interaction of the

cytoplasmic tail of both o and B chains with elements of the cytoskeleton. More

specifically, the p chain interacts with talin and s-actin, whilst the a chain cytoplasmic

domain is thought to be criticat in signalling and interactions with unknown elements of

the cytoskeleton. For example, tmncation of the cytoplasmic domain of both B1 and B2

integrins results in the loss of adhesive function (Hayashi et a|,1990; Hibbs et al,L99L).In

contrast, removal of the cytoplasmic domain of p7 results in the increase in the adhesive

function of the cr¿Fz integrin (Crowe et al,1994), suggesting that receptor avidity is in part

conferred by the positive and negative regulatory motifs present within the cytoplasmic

domain of the p chain.

1.10.3. Adhesion Of Haemopoietic Progenitor Cells Mediated By Integrin

Heterodimers: A Role For The Integrin Family In Haemopoiesis.

To date, the majority of published studies have primarily examined the expression

of the Fuþzmd F¡ integrins in human BM (Simmons et a|,7992;Teindo et ø1,1992; Soligo

et ø1, 7990; Rosemblatt et aI, 7991; Saeland et al, L992; Liesveld et aI, 1993; Kerct et ø1,

1993), and therefore the following review will be restricted to these three families.

The Fr integrins share CD29 as their conunon B subunit (Hemler, 1990), and this

widely distributed family of integrins contains a series of cellular receptors for

extracellula¡ matrix proteins induding fibronectin, collagen,laminin and vitronectin. The

p1 integrin subfamily consists of the very late acting (VLA) antigens that appear on

lymphocytes several days after mitogen stimulation (Hemler et al, L987a) and are reported

to have roles in haemopoiesis (Williams et ø1,7991; Miyake et ø1,199'J..a, L991b;Yanai et al,
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1994).Investigations into integrin expression in the BM have shown that VLA-2 and

VLA-6 are expressed on megakaryocytes and platelets, while human LTBMC show 35-

4O% expression of both VLA-L and VLA-3 on adherent cells, including fibroblasts and

mdothelial cells (Soligo et al, L990). VLA-4 is widely distributed on most haemopoietic

cells and binds to both the CS-1 region of fibronectin (Gismondi et ø1, L99L; Rosemblatt ¿f

aI,I99L) and also at a site distinct from that which mediates CS-1 binding to VCAM-1

(Elices et ø1, 1990). It has been shown that murine BM-derived stroma supports

haemopoiesis ln aitro, and that the CFU-S which adhere to the stroma do so via VLA-

4/CS-L interactions (Williams et al, L991) and VLA-4/YCAM-I interactions (Miyake ef

aI, 1997b). Antibodies to VLA-4 inhibit lymphopoiesis and retard myelopoiesis in

LTBMC (Miyake et ø1, L99La, 1991b). Typical localisation for VLA-4 is at sites of

intercellular contact, which provides further evidence for its involvement in interactions of

haemopoietic stem cells during maturation (Soligo et ø1,1990). There is also good evidence

that a4p1 (CD49i/CD29) is expressed by human LTC-IC (Simmons et al, L992) and this

will be dealt with in greater detail below (Section 1.10.4')

LFA-I, Mac-1 and p150/95 all belong to the B2 or LEU-CAM subfamily, as they

sha¡e ü" Þz subunit (Larson et a\,1989; Albelda and Buck, 1990). These three p2 integrins

a¡e also known as the leukocyte integrins because their expression is restricted to white

blood cells. Leukoryte function associated antigen-L (LFA-l) and Mac-1 both utilise the

same ligand, ICAM-1 (Dustin and Springer, 1989; Diamond et al,199L) in addition to

other ligands. LFA-1 also binds to ICAM-2 (Seth ef ø1, 1991.; Nortamo et al,1991; de

Fougerolles et al,I99L), and Mac-L has many other ligands including ic3b, coagulation

factor X, fibrinogen and endotoxin (Albelda and Buck, 1990). Little is known about the

thi¡d member of this group, pt50/95, other than it too binds iC3b and has some role in

the adhesion of monocytes and granulocytes to the endothelium (Stacker and Springer,

1991). The importance of leukocyte integrins is manifested in the congenital leukocyte

adhesion deficiency (LAD) fFpe I disorder, in which patients present with recurring

infections (often fatal in childhood unless corrected by BM transplantation) as a result of

mutations in the common p2 subunit (Kishimoto et al, 1987). Neutrophils from these
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patients fail to orient and migrate in response to chemoattractants and are unable to bind

to and cross the endothelium at sites of infection (Kishimoto et a\,1987).

Of the 92 (CD18) integrin family, only a¡B2 (CDlla/CD18) is detectable on

CD34+ cells (approximately 80%) (Tiexido et al, 1992; Saeland et al, 1992; Liesveld ef al,

199L). LTCIC however, are restricted to the CDL1.a /CD1,8- subpopulation (Gunji et al,

L992). The B3 subfamily, the cytoadhesins, consists of the platelet glycoprotein IIblIIIa

complex (crft/Þs) and the vitronectin receptor (sulF¡). Binding of both of these receptors

is inhibited by RGD-containing peptides (reviewed in Albelda and Buck, 1990). The

platelet glycoprotein trb/IIIa binds fibrinogen via an RGD recognition sequence. It exists in

a non-functional state and requires agonist-activation of platelets for the fibrinogen to

bind. Agonists such as RGD peptide bind and cause conformational changes in am/Êg.

These changes are associated with activation (the acquisition of fibrinogen binding

function) and platelet aggregation (Du et al, 7991). On the surface of unstimulated

platelets, ailu/þs is randomly dispersed and recognises only immobilised fibrinogen.

When the platelets are activated however, ala./þs becomes a receptor for several soluble

adhesion proteins including soluble fibrinogen, von Willebrand factor, fibronectin and

vitronectin (Phillips et ø1, 199L).

Other p subunits include th" 9p, F¿ and 0s. In mouse the pp subunit associates with

a chain homologous to the human cr,4 subunit, to produce the murine homing protein

LPAM-1. Like VLA-4, LPAM-1 is expressed on most unstimulated lymphocytes, and the

intact heterodimer can be immunoprecipitated with anti-VLA-4 antibodies (}Jenler et ø1,

I987b). The presence of Ca2* ions is required for LPAM-1 both to maintain structural

integrity and to function in the rnigration of lymphocytes to lymph nodes and Peyers

patches. The alpha subunit cr¡4 is able to associate with both Þp to give the distinct

integrin LPAM-I, and p1 to form the murine equivalent of YLA- , LPAM-2 (Holzmann

and Weissman,1,989).

With regard to the primitive HPC compartment, Þs (CD61) integrin is present on a

minor proportion of CD34+ cells (approximately 10%) which are thought to include

megakaryocyte precursors (Liesveld ¿ú a\,7993; Bender et a|,1992). The expression of B3
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by more primitive HPC with the capacity to initiate and sustain haemopoiesis in long-

term marrow culture (so-called long-term culture initiating cells, LTCIC) (Sutherland et al,

1989a;1989b) however, has not been determined.

1.10.4.Integrin cr4p1: Distinct Roles In Cell-Cell And Cell-ECM Adhesion.

Integrin claBl is expressed by a wide variety of circulating lymphoid and myeloid

cells (Albelda and Buck, 1990; Hemler, L990) and functions as a receptor for two distinct

ligands. The first, vascular cell adhesion molecule-l (VCAM-I), a member of the

immunoglobulin gene superfamily (please refer to Section 1.L1.), is an integral membrane

glycoprotein which was first identified as an inducible CAM on human endothelial cells

by Bevilacqua and colleagues (Rice ef al, 1990). The second ligand for oaBl is fibronectin

(FN) (Wayner et al, 7989), a major component of the ECM synthesised by BM stromal

cells ln uiuo and in aitro (refer to Section 1.13.). Three distinct binding sites for cr4B1 have

been identified on the FN molecule (Wayner et aI,1989; Mould and Humph¡ies, 1991). The

sites on cr,4pl involved in interaction with FN are distinct from those which bind to

VCAM-I (Elices et ø1,1990). a¿Þr therefore mediates both cell-cell and cell-ECM adhesion.

The pioneering work of Miyake, Kincade and colleagues first demonstrated the

importance of aapl in regulating haemopoiesis in aitro. Addition of an anti-c4 subunit

monoclonal antibody (mAb) to murine LTBMC was found to completely abrogate

lymphopoiesis and to retard myelopoiesis (Miyake et aI, 1991.a; 1991b).It is not clear

from these data however, whether inhibition of cellular adhesion is responsible for the

observed suppression or whether some antibody-mediated growth modulatory effect in

LTBMC may also be involved. Recent data suggest an equally important role for aapl

integrin in human haemopoietic cell interactions. Between 46-90% of CD34+ BM cells are

reported to co-express o4p1 (Simmons et ø1,1992; Teixido et ø1, L992; Saeland et al, L992;

Liesveld et al, 1993; Kerst et ø1, 1993) which include the majority of lineage restricted

clonogenic progenitors, CFU-GM and BFU-E (Simmons et al, \992; Kerst et a\,1993) and

B-cell precursors (Ryan et aI, 1991). In addition, Simmons et al (1992) have shown that

LTC-IC express o4p1 and that anti-CD{gd antibody partially inhibits their adhesion to
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marrow stromal cells ltt ulúro (Simmons eú al,1992). VCAM-1 is constitutively expressed

by human BM stromal cells in aitro (Simmons et ø1, L992; Ryan et al, 199\) and in uiao

(Gronthos and Simmons; unpublished observations) and its expression can be up-

regulated by inflammatory mediators such as IL-l,IL-4 and TNFcr resulting in concordant

increases in CD34+ cell adhesion (Simmons et a\,1992). Antibody to VCAM-L partially

inhibits the adhesion of LTC-IC, myeloid and erythroid progenitors, and normal and

leukaemic B-lymphoid precursors to cytokine-induced marrow stromal cells (Simmons ef

a\,1992; Ryan et a\,1991). Thus, in addition to roles in physiological processes involving

migration and localisation of immune cells (Cybulsky and Gimbrone, 1991; Rjce et al,

1991), the oapl/VCAM-I counter receptors also mediate adhesion of primitive HPC to

BM stromal cells.

While there is accordance between different groups concerning the role of VCAM-I

in this setting, conflicting observations have been made regarding the role of FN, the

alternative ligand for cr4p1. A number of groups have reported insignificant binding of

HPC to FN (Kerst et al, 1993; Liesveld et al, 1991), while others have demonstrated

adhesion of murine (Williams et ø1,1997) and human HPC (including LTC-IC) to intact

FN or proteolytic fragments thereof (Tiexido et ø1,1992; Verfaillie et a|,1991). Recent work

by Hemler and colleagues (Masumoto and Hemler, 1993) may, at least in part, resolve

these differing observations. The authors identify 3 activation states of aapl: the fully

active receptor binds both ligands, the inactive form, neither. A third, partially active form

of crapl binds only to VCAM-1. Thus, in order to bind FN, further activation of o4B1 is

required. In accqrd with this, Kerst et al. (1993) and Levesque et øI (1995), have

demonstrated the acquisition of crapl and o5p1 dependent adhesion of CD34+ cells to FN

following protein kinase C activation, or cytokine (IL-3, GM-CSF or SCF) stimulation,

respectively. Therefore, given the high proportion of CD34+ cells which bind to VCAM-I

(Simmons et ø1,1992), collectively these data suggest that HPC constitutively express the

partially active form of o481.

Finally, antibodies to o4B1 or VCAM-L alone or in combination do not completely

block the adhesion of HPC to marrow stroma (Simmons et aI, 1992; Teixido et al, 1992;
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Liesveld et a\,1993) suggesting that more than one CAM interaction is involved in this

process and remain the subject of further investigation.

1.11. HAEMOPOIETIC PROGENITOR CELL.GROWTH FACTOR INTERACTIONS.

As detailed in Section 1.3., haemopoiesis is regulated by a wide variety of HGFs.

In the context of adhesive interactions between HPC and the stromal HM, HGF are of

central importance. Growth factors which act on HPC have been shown to modulate the

ad'hesive interactions of cells by regulating the expression and/or activation state of

CAM5 (Simmons et al, L992; Bevilacqua et al, 1989; Griffin et aI, 1990; Lasky et ø1, 1992;

Nathan and Sporn, 1991; Levesque et ø1, 7995) or by influencing ECM biosynthesis and

degradation (Nathan and Sporn,1991; Nugent, 1989). In addition, cell adhesion has been

demonst¡ated to induce the production of HGF by a variety of cell types (Nathan and

Sporn, 1991; Thorens eú at,1987). As will be discussed Section L.L3, many HGF are bound

in biologically active form by ECM proteins (Roberts et al, I987a; Rathjen et aI, 1990; and

refer to Section 1.3.) and in this form are able to mediate adhesion of HPC (Long et al,

7992).In addition, certain HGF can exist in both membrane bound and soluble forms

(Flanagan et al, \991-; Rettenmier et al, 1987; Massague, 1990). The integral membrane

isoforms of macrophage colony-stimulating factor (M-CSF) and stem cell factor (SCF) are

expressed by marrow stromal cells and have been demonstrated to promote the adhesion

of cells bearing the appropriate HGF receptors, c-fms and c-kit, respectively (Flanagan eú

a\,1991.; Rettenmier et aI, L987). A single receptor-ligand pair is thus able to stimulate

FIPC proliferation and support HPC-stromal cell adhesion. A number of cell types which

express c-kit, including mast cells and megakaryocytes, adhere to marrow fibroblasts via

interaction with SCF (Flanagan et al, 199L; Avraham et al, 7992). c-kit is expressed by

75% of CD34+ cells in the BM, including the majority of CFU-GM, BFU-E and LTCIC

(Ashman et al, I991.a; Simmons et ø1, 1994a). HPC have been reported to utilise this

adhesion mechanism (Sutherland et a\,1993) although the adhesion mediated by the c-kit-

SCF receptor/ligand pair is of low affinity when compared wíth bona fide adhesion

mechanisms.
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At this time it is unclear (i) to what extent binding to immobilised HGF is utilised

by F{PC as an adhesive interaction, (ii) the range of HGF that mediate cell adhesion, and

(iii) whether ECM-bound HGF are as effective at promoting adhesion as integral

membrane isoforms. This adhesion mechanism clearly warrants further exploration.

1.12. OTHER CANDIDATE CAMs.

Because of the restricted nature of this review, I have of necessity focussed in

detail on a limited number of CAM-ligand interactions with roles in supporting adhesion

between FIPC and the marrow stroma. Flowever, other CAMs are clearly involved in this

complex process and as such warrant brief consideration. These include the CD44 family

of adhesion molecules (refer to Section 1.12.2.), several CAMs belonging to the Ig

superfamily (Williams and Barclay, L988), and an additional category of interactions

which involve F{PC adhesion to stromal cell-derived ECM components (refer to Section

7.t3.2.).

Ig superfamily members which are expressed by human HPC include PECAM-1

(CD31; Albelda et al, 7997), LFA-3 (CD58) (Saeland et al, 7992), ICAM-I (CD54)

(Saeland et a\,1992; Arkin et al,1991), and Thy-1 (Baum et al, 1992). ICAM-1 and Thy-l

are also present on marrow stromal cells (Teixido et aI, 1992; Caligaris-Cappio et aI,

1991), as is N{AM (CD56) (Kincade et ø1,1989) but, with the exception of ICAM-1 and

PECAM-L (refer to Section 1.12.1,.), have not been shown to participate in adhesive

interactions with HPC. CD43, a counter-receptor for ICAM-1, (Rosenstein et ø1, L991), is

expressed at high density by CD34+ cells although its potential role in HPC-stromal cell

adhesion remains to be determined.

l.]rz.L. PECAM-I (CD31): An Amplifier of Integrin Mediated Adhesion.

Platelet-endothelial cell adhesion molecule-l (PECAM-I or CD31) is a 130 kD

member of the immunoglobulin gene superfamily, that is expressed at high density on

endothelium, platelets, granulocytes, monocytes and by a subset of lymphocytes (Albelda

et al, I99'!,; Newman et al, 1990; Stockinger et al, 1990; Torimoto et al, t992; Watt et ø1,
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1993; Simmons, DL. et al 1990). Although the precise function of CD31 is not known in all

cell types that express it, a number of studies clearly document its ability to function as a

CAM (Albelda et a|,1991.; Muller et al, L992; Schimmerti et a\,1992).

Studies by Simmons et al (1992) demonstrate that in addition to the

abovementioned mature leukocyte populations, essentially all CD34+ cells express CD3L;

BFU-E at low level, CFU-GM at high level and LTC-IC at an intermediate level. Anti-

CD31 Fab fragments partially inhibit adhesion of CD34+ cells to marrow stroma

(Ashnran et aI, L991b; Simmons et ø1, 1992). Although the ligand for CD31, is not yet

defined, sulphated proteoglycans are a possible candidate (Delisser et aI, 1991). The

latter are produced in abundant quantities by marrow stromal cells (Delisser ef aI, L991)

and have been shown to participate in the adhesion of primitive HPC (Siczkowski et ø1,

1992).In addition to its role as a CAM, recent work by a number of investigators (Tanaka

et aI, 1992; Leavesley et al, 1994) has demonstrated a role for CD3L in amplifying p1 and

B2 integrin-mediated adhesion of both T cells (Tanaka et al, 1992) and CD34+ HPC

(Leavesley et a\,1994). Therefore, it would appear that PECAM-L may be able to control

the adhesive interactions of HPC (and their com¡nitted progeny) to elements of the BM

stroma by regulating the activation states of specific integrins.

L.12.2. Hyaluronate Receptor: CD44.

CD44 (Pgp-l, Ly-24, ECMR III, Hermes Antigen) represents a heterogeneous family

of polymorphic integral membrane proteoglycans (PG) expressed on some thymocytes,

matu¡e T cells, monocytes, granulocytes, erythrocytes, fibroblasts, keratinocytes, epithelial

cells, B cells (Haynes et ø1,1989; Barclay et a|,1993) and on haemopoietic progenitor cells

(Lewinsohn et aI,1990). It has been identified as being homologous to a receptor for the

GAG, hyaluronate (Aruffo et al,1990),, a known mediator of cell adhesion, and thus has

been attributed a role in cell-cell adhesion, cell migration, embryonic development and

pathogenesis (Miyak e et al, 7990a; 7990b; Culty et aI, 1990). Moreover, CD44 also binds

fibronectin, collagen (Jalkanen and Jalkanen, 1992; Aruffo et aI, 1990), MAdCAM-1
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(Briskin et al,7993) and endothelial proteoglycans (Toyama-Sorimachi and Miyasaka,

1994).

It is apparent from molecular studies that the CD44locus on the short arm of

human ch¡omosome number 1,1, encodes an mRNA which can be alternatively spliced

(Screaton et al, 1992). The majority of this heterogeneity is localised to the membrane

proximal region which contains at least L2 exons (Screaton et al,1992; Jackson et a\,1992).

In addition, the CD44 NH2-terminal domain is homologous with the cartilage

proteoglycan core and link proteins. Heterogeneity amongst the CD44 family of molecules,

also results from various post-translational modifications including the addition of N-

and O-linked glycosylation and GAG side chains (chondroitin sulphate) in the highest

molecula¡ weight form. This variability gives rise to a wide pattern of molecules whose

molecula¡ weights range from 85 to 250 kD. The isoform expressed is regulated in a tissue-

specific and activation dependent manner (Hirano et a\,1994; Mackay et aL,1994).

Two forms of CD44, one isolated from haemopoietic (80-95 kDa) and the other

from epithelial (1.15-130 kDa) cells have been shown to differ only in their extracellular

domains (Stamenkovic et a\,[99!;Dougherty et ø1, L991). Biologically, the epithelial form

of CD44 differs significantly from the haemopoietic form of CD44'. This is evidenced by

experiments where B cells transfected with this larger isoform of the protein were unable

to bind to endothelial layers, whilst cells transfected with the smaller isoform acquired

this capacity (Stamenkovic et al,l99L).

Anti-CD44 antibodies identify primitive human HPC (Saela¡d et al, 1992;

Lewisohn et aI, L990) and marrow stromal cells. Accordingly, the addition of anti-CD44

antibodies to long-term cultures results in the inhibition of both lymphoid and myeloid

progenitor development (Miyake et a|,1990a). Moreover, binding of B cells to a cloned

stromal cell line can be inhibited by treatment of the stroma with hyaluronidase or by pre-

incubation of the B cells with certain anti-CD44 antibodies (Miyake et al, 1990a),

suggesting that F{PC and their progeny utilise a CD44dependent adhesion mechanism.

1.13. ADHESION OF HPC TO EXTRACELLULAR MATRIX (ECM) PROTEINS.
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1.13.1. The Adhesion Of HPC To BM Stromal Cell-Derived Extracellular Matrix (ECM)

Components InVitro.

Extracellular matrix (ECM) proteins are synthesised in numerous tissues

throughout the body (Wicha et a\,7982). The composition of the ECM at these sites varies

considerably, implying that certain components of the ECM play significant roles in

promoting cellular development (Gospodarowicz, L980; Gospodarowicz et al, \980). A

number of E&l components, including fibronectin (FN), heparan sulphate proteoglycans

(HSPG), thrombospondin (TSP), various collagens and haemonectin are synthesised by

elements of the BM stroma (Table 1.6.). As detailed below, these various ECM

components and numerous cytoadhesion molecules (refer to Table 1..7.) are believed to

facilitate the binding of HSC and their progeny to the stroma and thus regulate their

development (Coulombel, L983; Ryan, 1992;Yerfaillie, l-990; reviewed in Coombe,1996).

l.l3.L Fibronectin (FN).

The FNs (produced by BM fibroblasts) are disulphide-linked dimeric glycoproteins

found in the extracellular matrix of many tissues. They play a crucial role in lymphoid and

erythroid precursor horning, and in T cell and phagocyte activation (Lévesque et ø1,L991).

The adhesion of cells to fibronectin has been studied extensively, and several regions of

the molecule a¡e known to support cell attachment (Mould et al, 199L; Weinstein ef ø1,

1988). The binding of marrmalian erythroid precursor cells to fibronectin via the Arg-Gly-

Asp (RGD) site has been shown using inhibition with monoclonal antibodies directed

towa¡ds an RGDS-containing peptide, (Patel and Lodish, 1986). Also, as reticulocytes

matu¡e into erythrocytes, they lose their capacity for adhesion to fibronectin, and are

released into the ci¡culation from the BM (Tsai, 1987; Patel et ø1, 1985). Lymphoid

precursor cells adhere to fibronectin at two separate sites. The uncommitted B cell

precursors interact with the RGD recognition sequence, but pre-B cells undergoing

rearrangement of immunoglobulin genes attach to a different part of the molecule

(Bernardi et ø1, 1987). These two receptors on B cells may be expressed during B cell

matu¡ation, and may play a role in lymphopoiesis.
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Table 1.6. ECM Components Present In The Marrow

Molecule Possible Source Marrow Distribution

Collagen I
Collagen III
Collagen IV

Fibronectin
Fibronectin
Fibronectin

Laminin Endothelial cells Vascular basement membrane

Fibroblasts
Fibroblasts
Endothelial cells

Endothelial cells
Fibroblasts
Megakaryocytes

Endothelial cells
Smooth muscle cells
Megakaryocytes

?

?

Vascular basement membra¡e

Megakaryocytes
Vascular endothelium
?

ECM Interactions Comments

Fibronectin, HSPG
Fibronectin, HSPG
Laminin, HSPG

Collagens, HSPG
Fibrinogen, HSPG
?

Fibronectin

40% LTBMC stroma positive (as

determined by immr.rnofluorescence)

58 kD molecule

Binds HGFs, including IL-3 & GM-CSF

7O%LTBMC HA in supematant

?

?

?Thrombospondin

Haemonectin

Chondroiton Sulphate (CS) Various

Heparan Sulphate
Proteoglycan (HSPG)

Hyaluronic Acid

(adapted from Clark et aI, 1992).

BM stromal cells Stromal cell membranes

Various

Endothelial cells ?

?

?

?

?

?



Table 1.7. Haemopoietic Cell And Extracellular Interactions.

Matrix Component Cell Surface Receptor Cellular Expression

Fibronectin

Fibrinogen

Thrombospondin (TSP)

Haemonectin

Hyaluronic Acid CD44

Fibronectin Receptor
Numerous p1 integrins

IIblIIIa

TSP Receptor
a,rÞs

Unknown (58 kD protein)

PECAM-1 (CD31)?

Erythroid
BFU-E
B Cells
Lymphoid Cell Lines
HL-60 Cells

Platelets, Megakaryocytes

monoeytes, platelets, human
CFU, CFU-GEMM

T and B cells, Neutrophils,
TumourCells

CFU-GM, BFU-E, Immature
Neutrophils

BFU-E
B1-CFU

BI-CFU
Bone Marrow Stroma

Proteoglycans:
Heparan Sulphate

Unfractionated ECM Unlmown

See Abbreaiations Section for abbreviations' (adapted from Long, 1992)



The pl integrin, VLA-4 (cr+Êt; refer to Section L.1,0.4.), has been shown to be

involved in the interactions of stem cells with the microenvironment, a process in which

VLA-4 binds to the C91 peptide of fibronectin (Williams et al,1991). This integrin along

with VLA-S (GSÊf), another fibronectin receptor expressed on erythroid precursors

(Gismondi et al, 1997; Rosemblatt et ø1, 1991), may be responsible for the binding of these

cells to the ECM.

1.13.3. Heparan Sulphate Proteoglycans (HSPGs).

Heparan sulphate proteoglycans (HSPGs) are found in cell membranes and

enmeshed in the ECM (Gallagher et al, \983; Massagué, 1991; reviewed in Coombe,1996).

Studies of hurtan BM stroma have shown that the HSPGs produced by the stromal cells

may have a role in the adsorption and presentation of growth factors in the BM (Morris ef

a\,7991).It has already been shown that GM-CSF and IL-3 bind, in a biologically active

form, to heparan sulphate in BM stroma (Gordon et a\,1987a; Roberts et ø1, I988a; and

refer to Section 7.7.2.).

One HSPG, isolated from human BM cell membranes and ECM, has been shown to

be anchored by gtycosyl-phosphatidylinositol linkage (Brunner et ø1, I99\). Soluble

(proteolytically cleaved) basic-fibroblast growth factor (bFGF) has been found to

associate with this 200 kDa protein to generate a biologically active complex. This

suggests the HSPG may exist in 2 forms, one membrane-associated and one free in the

ECvf. The membrane bound form of the HSPG growth factor complex may be 'shed'from

the stromal cell into the surrounding ECM by the action of a cellular phosphatidylinositol-

phospholipase C (PI-PLC). Whether this 'shedding' could alter the activity/function of

growth factors bound to HSPGs in a manner analogous to that proposed for membrane or

soluble SCF (please refer to Section 1..7.3.) is open to further investigation.

1.13.4. Haemonectin.

Haemonectin, a protein of 60 kDa, was originally isolated from bone marrow

ECM, and shown to be specific for cells of granulocytic lineage (Campbell et al, 1987).It
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was discovered by the technique of 'cell blotting', where comPonents of bone marrow ECM

were separated using SDS-PAGE, transferred to nitrocellulose, and probed with

radiolabelled bone manow stem cells (Campbell et ø1, L987). Those cells which bound to

the blot were examined by staining and microscopy and shown to be of the granulocytic

lineage. Although there is evidence which demonstrates that erythroid progenitors can

bind to blotted haemonectin, this result has been variable (Campbell et aL,1990).

Haemonectin was shown to be immunologically distinct from the ECM adhesion

proteins fibronectin, laminin, collagen type IV or vitronectin (Campbell et a|,1987). The

organ distribution of this protein is very limited; it can only be detected in bone marrow

extracts and not in spleen, manunary gland or kidney (Campbell et ø1, L987). This implies

a specific role in haemopoiesis. Cloned stromal cell lines from Steel mutant mice (Sl/Std)

show reduced levels of haemonectin when compared to normal littermates, and reduced

capacity for stem cell adhesion (Anklesaria et al,199L). The conclusion drawn from this

finding, along with the fact that the abnormal haemopoiesis of SI/Std mice is only seen in

the bone marrow and not the spleen (an organ which remains unaffected in this

abnormality), is that SCF may contribute in part to the extreme restriction of haemonectin

expression. It is suggested that the expression of haemonectin is regulated by specific

growth factors, perhaps SCF (produced by the Sl gene; see Section 1.7.3.), however further

studies are required to verify this postulate (Anklesaría et al,1991).

1.13.5. Thrombospondin (TSP).

Thrombospondin (TSP) is a large trimeric disulphide-linked glycoprotein

comprised of 180 kD monomers. A variety of cell types including endothelial cells, smooth

muscle cells and megakaryocytes secrete TSP which is subsequently incorporated into the

ECM (Lawler, 1986; Fraziet, L987). Multipotent haemopoietic progenitor cells and

committed. progenitors of the erythroid, granulocytic and megakaryorytic lineages can all

bind specifically to TSP while mature granulocytes and erythroid cells loose their ability to

attach to TSP as a function of differentiation (Long et a\,1992). Purified TSP can interact

with SCF in oitro to induce a synergistic cytoadhesive resPonse. This results in the
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enhanced attachment of primitive haemopoietic progenitors to the protein complex as well

as increasing the proliferation of these cells in the absence of a stromal layer (Long and

Dixit, 1990).

1.13.6. Collagen.

Collagen types I,III and fV are the main constituents of the BM extracellular matrix

(Zuckerman and Wicha, 1983). Early haemopoietic progenitor cells are known to express

the adhesion molecule CD44 which recognises collagen (Carter and Wayner, L988;

Kansas, 1990; Lewinsohn, l-990; Brown et ø1, 1991a; I991b; and refer to Section L.12.2.).

Both myeloid and erythroid progenitor cells have been shown to bind to collagen typelin

oitro (Koenigsmann, 1,992). The inhibition of collagen synthesis in LTBMCs by the

addition of cis4hydroxyproline interferes with the development of the stromal layer and

blocks haemopoiesis (Zuckerman et aI, 1985). Furthermore, the addition of anti-CD44

antibodies to myeloid and lymphoid LTBMCs inhibits cell proliferation in both types of

cultu¡es (Miyake et a|,1990a).

Therefore, the binding of HSCs to stromal cells and extracellular matrix

components provides a mechanism to control the early progenitor population. The same

adhesion molecules and receptors to ECM are also involved with the release of mature

blood cells into the circulation and with the 'homing' of HSC to the H.I.M.; lymphocyte

tracking and recruitment during an immune response; and the metastasis of malignant

tumour cells (Long,1992; Long et ø1,1992). The preferential binding of early haemopoietic

progenitor cells to the stroma, together with the production of cytokines by stromal cells

and their presentation to HSCs, provides strong evidence that the stromal elements and

their products are critical in the support and regulation of haemopoiesis.

1.14. CONCLUSIONS AND RESEARCH AIMS.

1.14.1. The Regulation Of Haemopoiesis: A Multiplicity of Mechanisms.

HSC possess the capacity to reconstitute fully the haemopoietic system of

compromised animals (Metcalf and Moore, L971,; Metcalf, L993). As indicated, these stem
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cells arise in foetal development and persist throughout the lifetime of the animal. The

number of stem cells is maintained at a fairly constant level throughout the lifetime of the

animal, indicating that mechanisms exist by which stem cell numbers are constantly

maintained despite glving rise to large numbers of differentiated cells of various lineages.

A conrmon feature of primitive HSC, lineage-restricted progenitor cells and even

many mature leukocytes (such as T lymphocytes), is that the survival of these cells

rapidly declines ex aiao in the absence of exogenous stimuli (Metcali 1977). However, the

levels of progenitor populations can be maintained or increased in uitro when

haemopoietic cells a¡e cultu¡ed in association with BM-derived stromal cells, inferring that

in this system, stem cell self-renewal occurs (Dexter et al, \977; Dexter, 1982). Although it

is well recognised that supernatants of LTBMC stromal layers contain multiple HGFs

required for the proliferation, differentiation and survival (prevention of apoptosis),long

term maintenance of HSC populations is not observed in the absence of a stromal layer,

suggesting that physical associations with the adherent stromal layer (Dexter, 1982;

Coulombel et ø1,1983) are essential.

This observation can in part be resolved by the finding that a number of the HGFs

are expressed as stromal cell membrane- or ECM-associated molecules, implying that

haemopoietic cells would need to generate direct cell-cell contact in order to respond to

the HGF(s). In addition a multitude of CAMs each with specificity for distinct counter-

receptors (ligands) on stromal cells or ECM components of the BM, are also thought to

play a critical role in HSC maintenance. Although the nature of the adhesion mechanisms

utilised by mature cells is advancing rapidly, much remains to be elucidated regarding the

role of CAMs in the retention/regulation of haemopoietic cells within the BM environment.

It is likely however, that a similar cohort of adhesive interactions occur between HPC and

the BM stroma and play a major role (in association with multiple HGFs) in conferring

specialised microenvironmental niches required for the proliferation and differentiation of

HSC and their progeny. In addition, it is clear that CAMs are signalling molecules. ln the

case of the integrins, for example, the signal transduction pathways share a number of

features with those of the surface receptor tyrosine kinases for the polypeptide growth
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factors EGF, PDGF and insulin-like growth factor (Kornberg et ø1, 1991; Schwartz, 1.993;

Juliano and HaskiII, \993; Menko and Boettiger,ISST). Thus, the diverse CAM-ligand

interactions reviewed here, rather than simply serving to initiate and maintain contact

between FIPC and stromal cells/ECM components, might also have an additional, more

direct role in controlling the growth and development of primitive haemopoietic cells as

suggested by the'niche'model of Schofield (1978).

7.14.2. Aims And Obiectives Of Thesis Research.

The aims of the research presented in this thesis, are principally directed towards

the molecula¡ characterisation of cell surface molecules (CSMs) that mediate interactions

between human FIPC and cells of the BM stroma.

In contrast to mature leukocytes, the role of the selectin family in tissues of the

haemopoietic system has not been thoroughly investigated. As such, the studies detailed

herein were conceived to address the function of E-, P- and L- selectin (and their counter-

receptors) in the adhesion and growth regulation of candidate HSCs, using avaiety of. in

aitro assay systems.

Moreover, studies presented herein, sought to identify novel structures expressed

at the surface of primitive human HPC and cultured BM stromal cells, with possible roles

in haemopoietic regulation. This was achieved utilising a newly developed retroviral

expression doning strategy and a panel of mAbs directed against CSMs expressed by

tissues of the BM. This approach perrnitted the molecular characterisation of a CSM

expressed by candidate human HSC, which is identified by the mAb HCC-L. Furthermore,

it also enabled the molecular isolation of a novel mucin-like transmembrane glycoprotein

termed MGC-24v, which ft¡nctions in mediating stromal cell-stem cell adhesion.
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CHAPTER 2

MATERIALS AND METHODS



BUFFER AND MEDIA PREPARATION

2.1. PREPARATION OF BUFFERS

2.1.1. General Considerations

All water used to prepare non-tissue culture solutions was deionised and filtered

using the Milli Q RO60 system (Millipore Corporation, USA). Tissue culture solutions

were made with Milli-Q water prepared by further purifying the Milli-RO water through

two beds of ion exchange resins, a carbon filter and an organic filter using a Milli-QFPLUS

system (Miltipore). Prepared solutions and buffers were subsequently sterilised by

autodaving or filter sterilisation as indicated. Filter sterilisation was performed using

either a sterivex GS 0.22 ¡rm filter system (Millipore Corp., USA, Cat. No. SVGB1,010),

bottle filter (Corning, USA, Cat. No. 251.11), Spin-X filter, (Costar, MA, USA, Cat.

No.8160) or by 0.22¡trn or 0.45 pm ministart filters (Sartorius, Germany, Cat. Nos. 165

34K and 165 55K, respectively). Following buffer preparation, all solutions were stored at

4"C, -20"C or -80"C as indicated.

2.1.2. Hank's Balanced Salt Solution (HBSS)

Single strength Hank's balanced salt solution (HBSS), pI{7.4 consisted of 0.L4 M

NaCl (Ajax Chemicals, Australia, Cat. No. 465), 5 mM KCI (Ajax, Cat. No. 383), 0.3 mM

Na2HPOa.12IJ20 (BDH, Australia, Cat. No. 10248), 0.4 mM KH2POa (BDH, Cat. No.

70203), 4.2 rrM NaHCO3 (BDH, Cat. No. 10247),5.5 mM glucose (BDH, Cat. No.

LOIIT),1% Phenol Red (M&8, UK, Cat. No. P152/18/61, in 0.L M NaOH) dissolved in

Milfi-Q water and subsequently autoclaved at 130'C lor 20 minutes or filter sterilised as

above.

2.1.3. Dulbecco's Phosphate Buffered Saline (PBS)

PBS was comprised of 0.14 M NaCl,3 mM KCl, 8 mM Na2HPO4.I2H20, and L

mM KH2POa dissolved in Milli-Q water. The pH was adjusted to7.4 with L M HCI prior

to sterilisation by autodaving.
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2.7.4.L - Glutamine

A 200 mM (100 X) stock solution of L-glutamine (BDH, Cat. No. 37\07) was

prepared by dissolving 4 g of L-glutamine in L00 ml of Milli-Q water, followed by

incubation at 37"C, to facilitate dissolution. This stock solution was stored as 5 ml

aliquots at -20'C.

2.1.5. Sodiun Pymvate

Stock solutions of 100 mM sodium pyruvate (100 X) were prepared by dissolving

1.1 g sodium pymvate powder (Gibco/BRL, Cat. No. 890-1840) in 100 ml Milli-Q water,

filter sterilised and stored at 4'C.

21.6. Penicillin - Streptomycin Sulphate For Use in Haemopoietic Stem Cell Assays

20 mt of Milli-Q water was added to a vial of penicillin-streptomycin sulphate

(Gibco/BRL, 600-5I454E, 20 X) to give final concentrations of 500 i.u./ml and 500

ng/ml respectively, filter sterilised and stored at -20oC.

2.L.7. 2-Mercaptoethanol (2ME)

A 1 M stock solution of 2ME was prepared by diluting 0.7 mI of 14.7 M P-

mercaptoethanol (Sigma, St. Louis, MO, USA, Cat. No. M-3148) into 9.3 ml HBSS and

stored at - 20oC. The L M stock solution was further diluted 1:1.0 (in HBSS) to prepare a

0.1 M working solution, filter sterilised and stored as 500 pl aliquots at -20oC.

2.1.8. Folic Acid

To prepare a 10 mglml working solution, 100 mg of folic acid (Sigma, USA, Cat.

No. F-8758), was dissolved in 10 ml 7.5/"bicarbonate solution, filter sterilised and stored

at - 20oC.
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2.1.9. Myo-inositol

A 7% (w/v) myo-inositol solution was prepared by dissolving L00 mg myo-

inositol powder (Sigma, Cat. No. I-5125) in L0 ml Milli-Q water, filter sterilised and

stored at -20oC.

2.1.L0. D eoryrib onuclease-I S olution (DNase-I)

A DNase-I stock solution was prepared by reconstituting one vial of DNase-I

(3.75 x 105 units, Sigma, Type fV, Cat. No. 61362), with 2 ml 0.15 M NaCl, to give a final

concentration of 1.875 x 10s units/ml. The DNase-I stock solution was aliquoted into

ampoules (67 ú/ærpoule; 1.25 x LOa units/ml) and stored at -80'C.

2.L.L7.10% (w/v) Bovine Serum Albumin (BSA)

To prepare 1,0% (w /v) BSA, 88.4 ml Milli-Q water, 20 g BSA (Sigma, USA, Cohn

fraction V, Sigma A-2153) was carefully overlayed on the surface, and allowed to stand

at 4oC for 24 hours. Once dissolved, 3 g of Duolite mixed bed resin M86113 (BDH, Cat.

No. 5505Ð was used to deionise the BSA to ensure the removal of trace elements and

contanrinants that could potentially inhibit colony growth in the in aitro cultures

(described below). The beads were removed by filtration through Whatman No. L paper,

and the procedure repeated 3 times. An equal volume (100 rnl) of.2x IMDM (or 2 x PBS)

was added to the BSA and sterilised by filtration through a 0.22 pm bottle filter, prior to

storage at - 20oC.

2.L.72. Heat Inactivated Foetal Bovine Serum (^FBS)

Heat inactivation of foetal bovine serum (FBS, Gibco/BRL, Cat. No. 200-61,40P5,

batch No. 660) was achieved by incubating FBS at 56oC for 30 minutes in a water bath.

Heat inactivation was performed to ensure inactivation of endogenous bovine

complement factors.
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LL.73. Trypsin-EDTA S olution

Trypsinisation solution consisted of 0.054% (w/v) trysin (Difco, USA, Cat. No.

0152-13-1) and 0.54 mM EDTA in PBS. After dissolving the trypsin powder in the

EDTA/PBS, the solution was filtered through a low protein binding 0.22 ¡rm filter

(Millipore, Cat. No. SLGV02SLS), aliquoted and frozen immediately to prevent

inactivation of the trysin.

22. PREPARATION OF MEDIA

2.2.1. Dulbecco's Modified Eagles Medium (D-MEM)

To prepare D-MEM, one sachet of D-MEM powder (Gibco/BRL, Cat. No. 1.2800-

01.7), and 3.7 g NaHCO3 @DH, USA, Cat. No. L0247) were dissolved in 900 mls of

Milli-Q water. To this, sterile solutions of N-2-Hydroxyethylpiperazine N'-2-

ethaneslphonic acid (HEPES, pH 7.2) (Boehringer-Mannheim, Australia, Cat. No.

737751), penicillin (Sigma, USA, Cat No. P 3032) and streptomycin sulphate (Sigma,

USA, Cat. No. S 9t37) were added to the final concentration of 1,5 mM, L00 i.u./ml and

100 pglml, respectively. A pH of 7.0 was attained following the addition of 4 ml of 1 M

HCI prior to adjusturent of the volume to L litre with Milli-Q water. The medium was

subsequently filter-sterilised using a sterivex GS 0.22 pm filter. Prior to use, the medium

was supplemented with 2 mM L-glutamine (BDH, Cat No. 37L07) and L0% (v/v) FBS.

Mediumwas replenished with 2 mM L-glutamine at weekly intervals.

2.2.2. Roswell Park Memorial Institute (RPMI-1640) Medium

To prepare RPMI-1640 medium, one sachet of RPMI-1-640 powder (Life

Technologies, Glen Waverley, Victoria, Australia, Cat. No. 31800-022), 2 g NaHCO3 and

2.5 ml 1 M HCI were dissolved in 1 litre of Milli-Q water. Sterile solutions of HEPES,

streptomycin sulphate and penicillin were added to give the final concentrations as above

for D-MEM.A pH o17.4, was attained and the mediumwas subsequently filter-sterilised

using a sterivex GS 0.22 pm filter system. Prior to use, the medium was supplemented

with 2mM L-glutamine and I0% (v /v) FBS. Medium was replenished with 2 mM L-

glutamine at weekly interwals.
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2.23. Iscove's Modified Dulbecco's Medium (IMDM)

IMDM was prepared as described for RPMI-1,640 with the exception that IMDM

powder (Gibco/BRL, Cat. No. 12200-036) was used.

2.24. Double - Strength Iscove's Modified Dulbecco's Medium (2 x IMDM)

To prepare 2 x IMDM (Cytosystems, Castle Hill, NSW, Australia, Cat. No. 50-

016-PA), one sachet of IMDM powder was dissolved in 390 ml of Milli-Q water, as

above. To this, sterile stocks of penicillin, streptomycin, DEAE-Dextran (Pharmacia-LKB

Biotechnology AB, Uppsala, Sweden, Cat. No. 170350-01) and L-asparagine were added

at concentrations of 200 i.u./mI, 200 pg/ml, 5.2 rrrg/mI and 0.4 rng/m7, respectively.

Filter sterilised medium (as above) was stored as 50 ml aliquots at -20oC or used

immediately.

2.2.5. FL2 Nutrient Mixture (Ham)

Ham's F12 nutrient medium was prepared by dissolving one sachet of F12 nutrient

mixtu¡e powder (Life Technologies, Australia, Cat. No. 21700-075), 2 g NaHCO3,2.5 ml

1 M HCl, 3.57 ng HEPES, 100 mg streptomycin sulphate and L x 10s IU penicillin were

dissolved in L litre of Milli-Q water. A pH of. 7.4 was attained and the medium

subsequently filter-sterilised using a sterivex GS 0.22 pm filter. Prior to use, the medium

was supplemented 2 mM L-glutamine and 10% (v /v) FBS. Medium was replenished with

2 mM L-glutanrine at weekly intervals.

2.2.6. Alpha Modification Of Eagle's Medium (a-MEM)

To prepare 1 litre of single strength c-MEM, 10 g of o-MEM (with glutamine,

without sodium bicarbonate; Flow Laboratories, Australia, Cat. No. L0-311-26) was

dissolved in 990 mls of Milli-Q water, supplemented with penicillin (100 i.u./ml),

streptomycin sulphate (100 pglml) and buffered with 2 g of sodium bicarbonate. The

medium was subsequently filter sterilised and stored at 4oC.
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2.L7.LongTerm Liquid Culture (tTtC) Medium

To prepare L litre of LTLC medium, one sachet of cr-MEM (with glutamine, but

without sodium bicarbonate; Flow Laboratories, Cat. No. L0-3LL-26) was dissolved in

990 mi of Milli-Q water. The medium was supplemented with 3.5 ml folic acid (0.01

mglml), 4 ml myo-inositol (0.4 mglmt, Sigma), 0.5 ml (1 mM / litre) hydrocortisone

sodium succinate (Upjohn Pty. Ltd., Rydalmere, NSW, Australia), 1 ml (1 x L0-6 M) P-

mercaptoethanol, 10 mt (2 mM) L-glutamine, 10 ml (50 i.u./nrl and 50 mglml) penicillin-

streptomycin, L4 ml of 1 M NaCl (to adjust medium to 360 mOsM), 125 ml (12.5%) FBS,

and 125 ml (12.5%) horse serum (CSL, Melbourne, Australia).

2.28. Methyl Cellulose

Methyl cellulose powder ([8.t g] A4M premium grade 4000 centipose, Dow

Chemicals, Lake Jackson, Texas, USA), was added to a 500 ml Schott bottle, and

autoclaved at \5 psig (121"C) for L5 minutes. To this, 270 nl sterile L x IMDM was

added, mixed and left stirring for 48 hour with occasional shaking to assist mixit g. When

the medium was homogeneously mixed, 180 mI sterile FCS and 60 mt BSA was added

and allowed to stir for a further 3 hours. The methyl cellulose mixture was then stored at

- 20"C as 25 ml aliquots.

2.2.9. Medium for Pre-Colony Forming Unit (CFU) Assay

a) Serum Replete Pre{FU Assav Medium

To prepare 300 ml of medium, to L80 ml L x IMDM,90 ml FCS (30% (v/v)),30 ml BSA

(\07"v/v),3 ml L-glutamine (200 mM) and 150 ¡tl 0.1 M 2ME (5 x 10-¿ M) were added.

The medium was subsequently dispensed into 10 ml aliquots, and stored at -20oC.

(b) Serum Deprived Medium (SDM)

The preparation of SDM for the growth of haemopoietic progenitor cells, was performed

essentially as described by Lansdorp and Dragowska (1992). Single strength IMDM was

supplemented with 10 mg/ml bovine pancreas derived insulin (Collaborative Research,

Bedford, MA, USA, Cat. No. 40205), 2% (w /v) BSA (Sigma, USA, Cat. No. A2753), 40

mglml human low density lipoprotein (Sigma, USA, Cat. No. L2I39),200 mg/ml iron
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saturated human transferrin (Sigma, USA, Cat. No. T2158), 2 mM L-glutamine, p-

mercaptoethanol (5 x 10-sM) and penicillin/streptomycin at 100 i.u./ml and 50 ILg/ñ,

respectively. The SDM was made fresh as required and was filter sterilised prior to its

use.

LL70. Medium For Thawing Cryopreserved Cells

To 350 nrl of Ca2*, Mg2* -free HBSS, 50 ml acid citrate, 100 ml L0% BSA (in

FIBSS), and 2 ampoules of DNase-I were added to give a final concentration of L0

mmol/L, 27" and 50 kunitz units/ml respectively. DNase-I was added immediately prior

to use.

LL1.7. Immunofluorescence Buffer (IF Buffer)

To prepare 500 ml IF buffer, 25 ml of heat inactivated FBS and 0.4 g sodium azide

was added to 475 ml HBSS. Sodium azide was omitted when cells were labelled for cell

sorting and culturing.

?272. Blocking Buffer For Flow Cytometric Analysis

Hank's Balanced Salt Solution was supplemented with 10% (w /v) bovine serum

albumin (BSA: Cohn fraction V; Sigma, St Louis, MO), 10% (v /v) normal human serum

(Red Cross, Adelaide, South Australia) and 5% (v/v) foetal bovine serum (FBS:

Gibco/BRL, USA, Cat. No. 200-61,40P1, Batch No. 660). The buffer was filter sterilised

through a 0.2 pm þottle filter (Costar) and stored at 4oC.

22.73. Flow Cytometry Fixative (FACS Fix)

To 1 litre PBS, 1.0 ml of formalin (formaldehyde, ACE Chemical Company,

Adelaide, Awtralia), 20 g D-glucose (AIAX Chemical Company), and0.2 g sodium azide

(Sigma, USA, Cat. No. 3-2002) were added.
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2.L74. OPr (50 X)

A 50 x OPI stock solution was made by adding 750 ml oxaloacetic acid (Sigma,

USA, Cat. No. C,-9504),250 mg sodium pyruvate (Gibco/BRL) and 1000 units of bovine

insulin (Sigma, USA, Cat. No. 1,-1882; previously prepared by adding 10 ml sterile Milli-

Q water and 100 pl glacial acetic acid to 100 mg of insulin powder) to L00 ml DMEM.

The medium was filter sterilised and stored at -20oC.

2.LL5. Hybridoma Growth Medium (HGM)

500 ml HGM consisted of 309 ml RPMI-I640, 6 ml HEPES , 0.64 g NaHCO3 0.8 g

glucose, 0.64 mt sodium pyruvate, 5 ml L-glutamine, 50 ml NCTC-109 medium (Life

Technologies, Cat. No. 2L340-021),5 ml non-essential amino acids (L00 X stock, Multi

Cell, Cat. No. 21-145{100V), 10 ml 50 x OPI (refer to Section 2.2.14),2.5 mg Ascorbic

acid (Sigma, Cat. No. A-4544), 130 mg L-cysteine (Sigma, Cat. No. C-8L52), 5 ml

penicitlin-streptomycin and L00 ml FBS. The medium was filter sterilised and stored at

-200c.
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.hT I¿ITRO CULTURE OF EUKARYOTIC CELLS AND CELL LINES

23. CYTOKINES AND COLONY STIMULATING FACTORS

2.3.1. Murine Cytokines

Purified recombinant murine (rMu) GM-CSF (4 x 10¿ units/rnl) synthesised in

yeast harbouring a GM-CSF expression vector, was kindly provided by Drs. T Wilson

and N. Gough (Walter and Eliza Hall Institute, Melboume, Australia). rMu IL-3 (8.3 x 10s

units/ml) synthesised by a recombinant baculovirus vector was a kind gift from Dr. A.

Hapel flotrn Curtin School of Medical Research, Australian National University,

Canberra, Australia). Cytokine units were defined, such that 50 units gave 50% of

maximal numbers of colonies in soft agar cultures containing 5 x 104 murine bone marrow

cells.

2.3.2 Hu¡ran Cytokines

Recombinant human (rHu), Interleukin-lp (IL-18), Granulocyte-Colony Stimulating

Factor (G-CSF) and Stem Cell Factor (SCF) were generously provided by Amgen Inc,

Thousand Oaks, CA, USA.

rHu IL-3, IL-6, Granulocyte/Macrophage-CsF (GM-CSF) were generously

provided by D..S. Clark, Genetics Institute, Boston, MA, USA.

Erythropoietin was purchased from Eprex; Janssen Cilag, Aukland, New Zealand

and rHu tumour necrosis factor alpha (TNFo) was purchased from Pepro Tech Inc.,

Rocky ÉIill, NIJ, USA.

2.4. C'ELL LINES AND CELL PREPARATIONS

2.4.1. General Considerations

Prior to use, all cell lines used in these studies were shown to be mycoplasma-free

using the Gen-Probe Mycoplasma TC Rapid Detection System (Gen-Probe Inc., San Diego,

CA, USA). Cell lines were routinely maintained in sterile plastic flasks (75 cr# or 25 crfl

surface area, Corning, USA, Cat. No. 25II0-75 and 25LL0-25, respectively) in the

appropriate medium, supplemented with L0% (w /v) FBS at 37"C in a humidified
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atmosphere containing 5% CO2 in air. Adherent and non-adherent cell lines were

subcultu¡ed, every 2 to 3 days, to ensure maintenance of a logarithmic phase of growth,

between 5x10a/ml and 5x105/ml. Cell densities and viabilities were determined using a

haemocytometer and trypan blue dye exclusion (0.8% (w/v) in saline), respectively.

All human tissue culture was performed in Class 2 "bíohazard" laminar flow

hoods (Gelman Sciences). Cell cultures were incubated at 37"C (Forma Scientific air

incubator), in an atmosphere containing 5% CO2 in air to maintain pH7.0, and a relative

humidity of 97%

2.4.2. Murine Haemopoietic Factor-Dependent Cell Lines, FDC-PI and Baf-3

The murine factor-dependent cell lines, FDC-P1 (Dexter et ø1, 1980) and Baf-3

(Hatakeya-rra et ø1, 1989), were obtained from Dr. Tj. Gonda (Hanson Centre for Cancer

Resea¡ch, Adelaide) and were cultured in DMEM supplemented with 10% FBS and 80

units/ml murine GM-CSF (FDC-PI growth medium, FDC-PI GroM) and 300 units/ml

mu¡ine IL-3 (Baf-3 growth medium, Baf-3 GroM), respectively. Cultures were initiated

with 2 x 1F cells/ml in 25 cm2 surface area, tissue culture flasks (Corning, USA, Cat. No.

25702-25), and incubated at 37'C in a humidified atmosphere of 5% CO2 in air, and

passaged every 2 to 3 days.

2.4.3. P4317,Y2Ãnd. BOSC-23 Retroviral Packaging Cell Lines

The murine fibroblastic, amphotropic virus-packa&ng cell line, PA317 (Miller and

Buttimore, 7986), and tr,r¡o ecotropic virus-packagng cell lines, Y2 (Mann et aI, 1983) and

BOSC-23 (Pear et aI, 1993), were all obtained from Dr. TJ. Gonda (Hanson Centre for

Cancer Research, Adelaide) and maintained in DMEM supplemented with 10% FBS.

Cultu¡es were grown as monolayers in 75 crfl surface area, tissue culture flasks (Corning,

USA, Cat. No. 2511.0-75), and subcultured every 3 to 5 days. Fibroblast cultures were

harvested by trypsin detachment, by washing monolayers twice with HBSS or PBS,

followed by the addition of 2 ml trypsin-PBS and incubating the cultures at 37oC for 5

minutes. The trypsin was inactivated by the addition of DMEM supplemented with 10%

FBS and each flask subsequently reseeded with 5 x L05 to L x 1.06 cells. Cell densities
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were determined using a haemocytometer and the viabilities ascertained using trypan blue

exdusion (0.8% w/v in saline). Cultures were incubated at 37"C with 5% CO2 as

described above.

Following infection (refer to Section 2.26), Swiss-3T3, FDC-PI, and Baf-3 cells

were selected in the appropriate growth media, containing,400 ¡tg/ml, 1000 Fg/ml and

1,200 pglml of Geneticin (G418, Life Technologies), respectively. All cell types were

subsequently maintained in growth medium containing 200 ¡tg/ml G418 (maintenance

mediun, N,ûvf).

24.4. Murine Shomal Fibroblastic Cell Line, Swiss-3T3

The murine fibroblastic cell line Swiss-3T3 (Rheinwald and Green, 1975a;1975b),

was maintained in DMEM supplemented with 10% FBS. Cultures were grown as

monolayers in 75 cm2 surface area, tissue culture flasks (Corning, USA, Cat. No. 2511,0-

75), and subcultured every 3 to 5 days. Fibroblast cultures were harvested by trypsin

detachment, as described above (Section 2.4.3.) and following trypsin-inactivation, flasks

were reseeded with 5 x 10s to 1 x 106 cells and subsequently incubated at 37"C with 5%

Coz-

2.4.5. Miscellaneous Cell Lines

(a) CHO Cell Transfectants Expressing The Selectin Family Of Molecules: Chinese

Hamster Ovary (CHO) cells expressing human P-, L- and E-selectin were all generously

provided by Dr Y. Khew-Goodall, Division of lmmunology, Hanson Centre for Cancer

Research, Adelaide, Australia. These transfectants were generated by electroporating

CHO cells with a linearised full length P-, L- and E-selectin cDNA cloned into the

eukaryotic expression vectors pCDM8 (generously supplied by Dr. B' Seed,

Massachusetts General Hospital, Boston, MA, USA) or pCDNAI (Invitrogen

Corporation, San Diego, California, USA, Cat. No. y490-20 and Appendix A, Restriction

Map #2) together with a L0-fold molar excess of the plasmid pSV2.Neo (Invitrogen

Corp., USA) encoding resistance to the neomycin analogue G418. CHO cell clones

expressing the various selectin molecules were isolated following 2 weeks selection in
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complete Flam's F12 growth medium supplemented with 300 pglml G418 (Life

Technologies). Selectin expression was assessed following staining of transfectants with a

monospecific polyclonal rabbit antiserum, mAb DREG-56 and mAb 5811, directed

against P-, L-, and E- Selectin, respectively (please refer to Table 2.10.1). Clones

exhibiting uniform, high levels of Selectin expression were isolated following FACS and

single cell deposition (refer to Section 2.10.4) and utilised for all experiments presented

hereirL

(b) HEL-900: HEL-900 (Martin and PapayannoPoulou, 1982), a human erythro-

leukaemic cell line was obtained from the American Type Culture Collection (ATCC) and

maintained in complete RPMI-1640 medium.

(c) HEL-DR+: HEL-DR+, a human erythroleukaemic subline of the cell line HEL-900

selected on the basis of class II MHC expression, was a kind gift of Dr B. Torok-Storb,

Fred Hutchinson Cancer Research Centre, Seattle, Washington. HEL-DR+ cells were

maintained in complete RPMI-1640 medium.

(d) K562: K562 (Gahmberg et al, 'I..979), a human erythroleukaemic, glycophorin A

positive cell line was a kind gift from Dr }JZola, Flinders Medical Centre, Adelaide, and

maintained in complete RPM-1640 medium.

(e) KG-1: KG-l (Koeffler et al, 1980), a human myeloblastic leukaemic cell line was

obtained from the ATCC and maintained in complete RPMI-1640 medium.

(0 KG-la: KG-l-a (Koeffler et al, L980), a more immature subline of the human

rryeloblastic leukaemic cell line was obtained from the ATCC and maintained in complete

RPMI-1640 medium.

(g) HL-60: HL-60 (Collins et al,1977), a human promyelocytic leukaemic cell line was

obtained from the ATCC and maintained in complete RPMI-1640 medium.

(h) Human Umbilical Vein Endothelial Cells (HUVECs): HUVECs were generously

provided by Dr J. Gamble, Division of Immunology, Hanson Centre for Cancer Research,

Adelaide, Australia.

(i) Human Foreskin Fibroblast (HFF-2) : HFF-2 cells were generated by Dr P.J. Simmons

and represented a renewable, non-immortalised fibroblastoid cell line. HFF-2 cells were

maintained in complete DMEM medium.
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(j) Human Foreskin Keratinocytes (HFK) : HFK cells were generated by Dr P. Kaur and

represented a renewable, non-immortalised keratinocyte cell line.

2.4.6. Preparation Of Bone Marrow And Peripheral Blood Mononuclear Cells

(BMMNC and PBMNC)

Norrral bone marrow (BM) was aspirated into preservative-free, sodium heparin-

containing tubes (Fisons Pharmaceuticals, Australia, 1.,000 units/ml), from the sternum

and posterior iliac crest of healthy young volunteers following informed consent. The use

of normal BM and PB cells for these studies was approved by the Human Ethics

Committee of the Royal Adelaide Hospital. Low density bone marrow mononuclear cells

(BMMNC) were collected after centrifugation at 400 x g over Ficoll-Hypaque

fly-phoprcp,7.077 g/dL; Nycomed Pharma AS, Oslo, Norway) for 30 minutes at room

temperature. Mononuclear cells were obtained by selecting the interface cells, while

granulocytes and erythrocytes were obtained from the pellet. BMMNC were washed

thrice by centrifugation at 4oC in "HFIF" (Hanks Balanced Salt Solution, IHBSS;

Gibco/BRLI supplemented with 20 mM HEPES, PH 7.35 and 5% (v/v) FBS), in

preparation for fluorescence activated cell sorting or adhesion assays.

24.7. Human Bone Marrow Stromal Cell (HBMSC) Cultures

Stromal cultures were established, essentially as described by Simmons eú øl

998n. BMMNC were prepared by buoyant density gradient centrifugation as described

in Section 2.4.6. After washing thrice in HHF, the BMMNCs were resuspended in L0 ml of

o-minimal essential medium (refer to Section 2.2.6.) or long term liquid culture medium

(refer to Section 2.2.7.) and cultured in 25 crrP flask (Corning) at 37oC,5% COz. Upon

development of confluent stromal layer, the cells were detached using 0.05% (w/v)

trypsin-EDTA in PBS and replated in the same medium at 2 x 105 cells per ml in 2 x75

crn2 tissue cultu¡e flasks, and passaged as required.
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2.4.8. Tissue Samples

Hu-man tissue specimens (brain, liver, heart, kidney, lung, spleen, thymus,lymph

node, tonsil, small intestine) were obtained from autopsies carried out at the Womens'

and Childrens' Hospital, Adelaide and from routine pathological examinations carried

out at the Royal Adelaide Hospital. Small specimens approximately 0.5 cm2 of each

tissue type were placed into 25 ûun x 20 mm x 5 mm Tissue-Tek II cryomoulds (Miles

Laboratories; Naperville, IL) and embedded with O.C.T. compound medium (Miles

Laboratories) at -20"C prior to being stored at -70oC. Frozen sections of nerve and muscle

tissue were obtained from the Department of Histopathology, Institute of Medical and

Veterinary Science (I.M.V.S), Adelaide, Australia. Sections of foreskin were obtained from

the Department of Im:nunology, I.M.V.S.

2.5. HAEMOPOIETIC PROGENITOR CELL ASSAYS

25.1. Clonogenic Assays Of Haemopoietic Progenitor Cells

Unfractionated BMMNC, various populations of cells obtained by FACS and cells

derived from pre-CFU-assay (refer to Section 2.1,0.4. and 2.5.4., respectively) were

assayed for their content of granulocyte-macrophage colony forming cells (CFU-GM),

primitive erythroid progenitors (BFU-E), comrnitted erythroid colony forrning cells (CFU-

E) and multipotential colony forming cell (CFU-GEMM or CFU-Mix) as previously

described (Simmons et aL,1990). Cultures were established in triplicate by plating L x L03

CD34+ cells and 2-5 xIÚ BMMNC per 35mm dish in 1 ml of IMDM supplemented with

0.9% methylcellulose,30"/o FBS, 1% deionised BSA, 3 mmol/L L-glutamine and 5 x L0-s

2-mercaptoethanol. Colony growth was stimulated by the addition of either 5%

conditioned medium from the human bladder carcinoma cell line 5637 (5637-CM), 1. ng

rHu IL-3 and 4U of rHu-erythropoietin or L0 ng of each of the rHu haemopoietic growth

factors; IL-lp, ÍL-3,IL-6, G-CSF, GM-CSF, SCF and 4U of erythropoietin. CFU-E were

scored on day 7 and day 'J.,4 as single clusters of haemoglobinised cells. BFU-E were

scored on day L4 as multicentric colonies, comprising either large clusters, or a large single

colony, of more than 64 haemoglobinised cells. CFU-GM and CFU-GEMM were scored on

day L4 of cultu¡e with CFU-GM colonies consisting of greater than 40 cells per colony.
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Czu-GEMM colonies consisted of a combination of more than 50 erythroid, granulocytic

and monocytic cells.

2.5.2.LongTerm Bone Marrow Culture (LTBMC)

Populations of cells obtained by FACS and various BMMNC fractions were

assayed for thei¡ ability to initiate and maintain haemopoiesis in LTBMC as previously

described (Simmons and Torok-Storb, 199'l.a; Simmons and Torok-Storb, 1991b).

Established ht¡man bone marrow stromal cell (HBMSC) cultures (refer to Section 2.4.7.)

were irradiated at 20Gy60Co and each well of a 35 mm 6-well tissue culture clusters

(Costar) was seeded with 1-2 xL05 cells. Cultures were initiated in triplicate, after

seeding 1 x 104 sorted BMMNC (resuspended in 3 rnt LTLC) onto each well of irradiated

stroma.

Clonogenic assays (Section 2.5.1,.) were performed to provide numbers of input

donogenic cells in each of the haemopoietic cell fractions. Over a period of up to L0

weeks, cultu¡es were maintained by weekly demi-depopulation, whereby 1.5 mt of non-

adherent cells were carefully removed from each culture and replaced with an equal

volume of pre-warmed LTLC medium. The number of non-adherent cells present in the

medium removed at each weekly feed, was determined by counting using a

haemocytometer and the number of clonogenic cells (CFU-GM, BFU-E) determined as

described above (Section 2.5.1.).

2.5.3- LTBMC: The Effect Of Antibodies In The Initiation And Maintenance Of

Haemopoiesis

LTBMC were carried out as described (Section 2.5.2.) with the exception that

cultu¡es were supplemented with mAbs to cell surface molecules (CSM) expressed by the

stromal or haemopoietic progenitor cells or isotype-matched control antibodies (sterile,

azide-free) as indicated in the Results Sections. All antibodies were used at a final

concentration of 20 trg/d. Cultures were established in triplicate and maintained for six

weeks with demi-depopulation at weekly intervals and supplementation with fresh
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medium containing additional antibody. Cultures were monitored for their production of

non-adherent and donogenic cells as described above (Section 2.5.1.).

2.5.4. Pre-Progenitor Cell (Pre-CFU) Assay

This is a stroma-free, cytokine-dependent suspension culture assay initially

described by Iscove et aI (1989), and modified by Haylock et øl (1992) which measures the

de noao generation of CFU-GM as an index of precursors (pre-CFU) of CFU-GM.

ImmunolabeUed BMMNC were sorted into cell fractions using the FACStaTPLUS cell sorter

and resuspended into pre-CFU medium (IMDM supplemented with 30% FBS, 1%

deionised BSA,3 mM L-glutamine and 5 x L0-5 M p-mercaptoethanol) at a concent¡ation

of 1 x 1d cells/ml. Triplicate 1, ml suspension cultures were established in 24 well plates

in pre{FU medium supplemented with each of the following human haemopoietic

growth factors (HGF) at a final concentration of 10 nglml: rHu IL-1p, IL-3,IL-6, G-CSF,

GM-CSF and SCF. Clonogenic assays were performed in triplicate to determine the

number of CFUCM in the input population of cells used to initiate the pre-CFU cultures.

The cultu¡es were incubated at 37"C in 5% CO2 for 28 days. At days 7,'J.,4,2'J- and 28 the

contents of each well were removed, washed in IMDM and cell counts performed to

determine cell production over the previous week. One tenth of the harvested cells were

assayed for thei¡ content of CFU-GM (as above), and a further tenth set up in pre-CFU

culture with fresh growth medium supplemented with six HGF. The remainder of the cells

were used for immunophenotypic analysis or for the preparation of cytospins to assess

cell morphology.

2.6. TVtrSCELLANEOUS TECHNIQUES

2.6.L. Cryopresenration of cells

Cells were cryopreserved in the presence of L0"/" analytical grade dimethyl

sulphoxide (DMSO) to prevent the crystallisation and fracturing of the cell membranes.

Cells were harvested at log phase and resuspended at 0.5-1xL07 cells per ml in fresh

mediunr. Immediately prior to freezing, an equal volume of freezing mix (20% DMSO, 30%

heat-inactivated FBS, 50% RPMI-1640 or appropriate medium, filter sterilised through a

0.22 pm nitrocellulose filter) was added dropwise with mixing over approximately 2-5
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minutes. The cell mixtu¡e was aliquoted into cryopreservation ampoules (Nunc,Intermed,

Roskilde, Denmark) and controÞrate cryopreserved in a control rate freezer (KRYO 10

series) at 1'C/minute from SoC to -12"C,4'C/minute from -12"C to -20oC, 0'C for 5

minutes, at 1'C/minute from -20"C to -40"C and 3"C/minute from -40'C to -80'C. The

vials ¡¡¡s¡s then transferred to liquid nitrogen storage (-196"C).

2.6.2 Thawing Cryopreserved Sanples

The appropriate medium was prewarmed to 37"C. Following rapid thawing in a

37oC water bath, the sample was subsequently transferred to a L4 ml polypropylene tube

(Corning), and an equal volume of the appropriate medium was added dropwise over a 5

minute period. Following a L0 minute incubation at room temperafure, an equal volume of

medium was again added. The sample was left to stand at room temperature for an

additional 10 minutes, then centrifuged at 200 x g for 5 minutes. The sample was washed

twice inmediumto remove the residual DMSO prior to culturing.
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HYBRIDOMA PRODUCTION AND IMMUNOASSAYS

27. PRODUCTION OF MONOCLONAT ANTIBODIES

27.1. Immunisation Of Mice

Tertiary passaged, cultured human bone marrow stromal cells (HBMSC) were

han¡ested by trypsinisation as described in Section 2.4.7. and resuspended in 300 pl PBS

supplemented with 20 lLg muramyl dipeptide (Sigma) as adjuvant. BALB/c mice were

immunised intraperitoneally with 5 x 106 HBMSC, and subsequently boosted (as above)

a furthe¡ 3 times at three-week intervals to ensure adequate affinity maturation of the

immune response. Three days prior to fusion, 5 x 106 cells were resuspended in 100 pt

PBS and adrrinistered via the tail vein. Immediately prior to fusion, mice were sacrificed

and their spleens aseptically removed.

L7.2-Production Of Antibody Secreting Hybridoma Cell Lines

Hybridomas secreting antibodies reactive with cultured HBMSC were generated

by fusing the NSL-4g41 murine myeloma cell line and spleen cells derived from BALB/c

mice immunised with trypsinised cultured HBMSC (described above). Fusion of

splenocytes and myeloma cells was performed essentially as described by Köhler and

Milstein (7975) with the following modifications. Following removal of spleens from

immunised mice, a single cell suspension of splenocytes was prepared by repeated

"flushing" of the spleen with RPMI-1.640 rnedium (supplemented with 2 x penicillin-

streptomycin), using a syringe fitted with a 21, gauge needle. To ensure complete removal

of the splenocytes, the spleen capsule was gently massaged between the ground glass

ends of two sterile microscope slides. Following repeated flushing (as described above),

the harvested splenocytes were placed on ice to allow any agglutinated cell debris to

settle. The debris-free supernatant (containing the single cell suspension of splenocytes)

was removed and transferred to a fresh tube and the splenocytes pelleted by

centrifugation (400 x g) at 4 oC. The supernatant was removed by vacuum aspiration, and

the cell pellet was resuspended in 1.0 ml of warm erythrocyte lysing solution (0.75%

NHaCI in 77 mM Tris-HCl, pH7.4), to ensure complete lysis of contaminating
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erythrocytes. Splenocytes were washed twice in serum free-RPMI-1640 and the yield

determined by cell counting. The average number of splenocytes obtained ranged from 2

to3xldcells.

The murine myeloma cell line NS1-A1 4-1 was maintained in RPMI-1640

supplemented with 10% FBS and 2 mM glutamine. Periodically, the cell line was cultured

in the presence of 1,0-8 M 8-azaguanine to eliminate revertants which had acquired a

functional I{PRT gene, however cells were cultured in the absence of.8-azaguanine for at

least 7 days prior to performing the fusion. To ensure log-phase growth at the time of the

fusion, the NSl.-Ag 41 cell line was resuspended to 2 x L05 cell/mI24 hours prior. On

the day of the fusion, the NS-1 cells were harvested and washed 4 times in serum free

RPMI-1610 to ensure removal of residual serum. Splenocytes and NS-L cells were

subsequently mixed at a ratio of 4 to L in a 50 ml polypropylene tube (Corning, NY, USA,

Cat. No. 2533L-50), and pelleted by centrifugation for L0 minutes at 400 x g. The

supernatantwas removed by vacuum aspiration,leaving a dry cell pellet to which L ml of

polyethylene gþo11500 (PEG, Boehringer-Mannheim, Mannheim, Germany), pre-warmed

to 37"C, was added over a period of L minute. The fusion of splenocytes with the NS-L

myeloma line was facilitated by gentle mixing with the pipette tip. The cell mixture was

incubated at 37"C for 1 rninute with gentle agitation. The PEG was subsequently diluted

by the sequential addition of L ml, L ml, 3 ml, 5 ml and L0 ml of pre-warmed hybridoma

growth medium (HGM; please refer to Section 2.2.15 for preparation) at L minute time

intervals.

The cells were resuspended in approximately 50 ml with the addition of

approximately 25 ml of HGM, and large cellular aggregates were allowed to settle for 5

nrinutes at room temperature. The supernatant, (containing the fusion bodies) was

transferred to a fresh tube, and the cells pelleted by centrifugation at 400 x g for 5

minutes. The supernatant was removed by vacuum aspiration and the cells resuspended

in 100 ml of HGM supplemented with 20% conditioned medium derived from the murine

macrophage cell line, Jn4 UTA.CM; negating the requirement for fibroblast feeder layers),

and hypoxanthine/thymidine (HT, Boehringer Mannheim) at a final concentration of 0.1

mM and 0.016 mM, respectively. The homogeneously-mixed cell suspension was
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dispensed as L00 pl aliquots into L0 flat bottomed, 96 well culture dishes. Cells were

cultured f.or 24 hours at37"C in a humidified atmosphere containing 5% CO2 in air, prior

to the addition of 100 pl of HGM supplemented with 20% 1774-CM, HT and 2 x

aninopterin (A; Boehringer Mannheim, Germany; final concentration of 0.8 pM) to each

well. Cultures were fed at day 7 by removal of half the medium and replacing with an

equal volume of fresh HGM supplemented with 20% J774-CM and HAT. Selection of

HAT-resistant hybridomas was allowed to proceed for 1,0 to 1.4 days at which time

screening was initiated as described below (Section 2.8).

2.8. SCREENING AND SELECTION OF ANTIBODY SECRETING HYBRIDOMA

CELL LINES I,ITIH REACTIVITY TO HBMSC

2.8.L. General Considerations

Supematants from antibody-producing, HAT-resistant hybridomas were screened

by means of a multi-tiered screening protocol to select those supernatants which exhibited

reactivity with HBMSC and limited reactivity to BMMNC. The selected hybridomas were

cloned three times by limiting dilution to ensure monoclonality of the mAb produced

(refer to Section 2.8.5) and subsequently isotyped by means of a mouse monoclonal

antibody isotyping kit (ßOstrip, Boehringer Mannheim), as recommended by the

manufacturer.

28.2. Screening Of mAb With Reactivity To HBMSC : "Primary Screen"

The preliminary screen were performed to exclude hybridomas that secreted

antibodies that showed extensive reactivity to peripheral blood mononuclear cells

(PBMNC) such as the ubiquitous leukocyte antigens HlA-class I and p2 microglobulin.

This was performed by means of in situ fluorescence assay, where 5 x 105 PBMNC

(prepared as described in Section2.4.6.) were added to wells of a flat-bottomed 96 well

plate, pre-coated with 50 ¡rl of poly-L-lysine (Sigma, USA). The cells were forced to

adhere to the plates by centrifugation of at 300 x g for 5 minutes. Non-adherent cells were

removed by vigorous inversion of the plates and the adherent cells were subsequently

chilled on ice for 30 minutes following the addition of 100 pl of blocking buffer (Section
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2-2.12.) to block potential Fc receptor-mediated binding of the labelling antibody. The

blocking buffer was removed by inversion of the plates and 50 pl of hybridoma

supernatant was added to the cells and incubated on ice for 60 minutes. Isotype

matched, non-binding control mAbs (please refer to Table 2.1,0.1,.) were also included to

control for inherent, background fluorescence. The cells were washed thrice with IF buffer

(Section 2.2.11.) as described above, and subsequently incubated on ice for a further 45

minutes with 50 pl of a 1/30 dilution (in IF buffer) of Fluorescein isothiocynate (FITC)-

conjugated-F(ab')2 sheep anti-mouse Ig (Silenus, Australia, Cat. No. DDAF). The cells

were then washed thrice (as above), and resuspended in L00 ¡tl o11% paraformaldehyde

(BDH, Cat. No. 2947) in PBS and incubated at room temperature for L0 minutes. The

I"/" paraformaldehyde was removed by inversion of the plates (as above), and the

individual wells analysed using a fluorescence microscope (Olympus Optical Co. Ltd,

Model No. BF{2-RFCA, Tokyo, Japan). Wells were scored as positive if more than 5% of

the cells in each well were stained (based on visual examination criteria), and eliminated

from subsequent analysis.

2.8.3. Screening Of mAb With Reactivity To HBMSC : "Secondary Screen"

Hybridomas producing antibodies "non-reactive" with BMMNCs that were

identified in the primary screen were subsequently assessed for their reactivity to HBMSC

by means of a peroxidase enzyme-linked immunosorbant assay (ELISA). The appropriate

number of wells of a flat-bottomed 96 well plate were seeded with approximately L x 1.04

cultured HBMSC 24 hours prior to the assay, and cultured as previously described

(please refer to Section 2.4.7.). After incubation in blocking buffer, 50 pl of hybridoma

supernatant (or isotype matched, non-binding control mAb) was added to each well, and

incubated on ice for 60 minutes. Wells were washed thrice with 100 pl of IF Buffer, after

which 50 pl of a 1/1000 dilution (in F buffer) of goat anti-mouse IgG conjugated to horse

radish peroxide IHRPO] (Caltag, USA, Cat. No. 943-HCG) was added. The cells were

washed as above, followed by the addition of peroxidase substrate solution, OPD (O-

phenylene diamine, HzOz; Sigma). The resulting insoluble reaction product was measured

using an optical density plate reader at 490 nm. Wells exhibiting an OD reading greater
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than that obtained with isotype matched, non-binding control mAbs, were considered

positive and retained for subsequent analysis, whilst negative wells were eliminated.

2.g.4. screening of mAbs with Reactivity To HBMSC : "Tertiary Screen"

Selected hybridomas fulfilling the criteria of the primary and secondary screens

were subsequently used to stain a number of human cell lines and cell preparations,

induding HIJVECs, myeloid cell lines KGLa and HL60, and the erythroleukaemic cell line

HEL-DR+ by indirect immunofluorescence as described in Section2.70.2. Cells exhibiting

a unique reactivity profile were isotyped, and subsequently screened for their ability to

react with CD34+ cells.

2.8.5. Limiting Dilution Cloning Of Antibody Secreting Hybridomas

Hybridomas exhibiting an appropriate reactivity profile, were subsequently cloned

by limiting dilution. Routinely,500 to 1000 hybridoma cells were initially diluted 2-fold in

HGM supplemented with 20%J77+CM and HAT by serial dilution down column one of

a 96 well plate. The cells were subjected to a further 2-fold dilution from column L

through 12, using a multi-channel pipette. Wells were examined for clonal growth (using

an inverted microscope) following 10 to 1.4 days culture. Routinely, 6 to 12 wells

exhibiting donal growth were screened for their maintenance of the reactivity profile (as

described above) and positive wells were subject to a further two rounds of limiting

dilution doning. Tertiary clones were then expanded successively into 48 well plates,24

well plates, 6 well plates and finally 25 crrP tissue culture flasks (all from Costar). Stocks

of mAb-producing hybridoma cell lines were cryopreserved as described in Section2.6.1',

following the acquisition of sufficient hybridoma suPernatant for subsequent

characterisation studies or purification of Ig (refer to Section 2.9.).

2.e. PURIFICATION OF MOUSE IgG MONOCLONAL ANTIBODIES (mAb)

2.9.1. Buffers And Reagents Required

(a) 0.1. M phosphate buffer. pH 8.2 : Titrated small amounts of 0.L M NaH2PO4 to a

solution of 0.1 M Na2HPO4, until a pH of 8.2 was achieved.
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(b) 0.1 M citrate buffer. pH 5.5/4.5/5.5: Titrated 0.1 M citric acid and 0.L M sodium

citrate to achieve the desired pH.

(c) 0.5 M propionic acid : 37 ml propionic acid (Aiax Chemicals, Australia, Cat. No.

693), made up to 1 litre with distilled water.

2.9.2.Protocol For The Purification Of Mouse IgG Monoclonal Antibodies

Monoclonal antibodies were purified essentially as described by Ey et ø1,1978. A

10 ml plastic-pipette (Linbro, Surgical and Medical Supplies, Cat. No. 612 4407) was

packed with 5 ml of Protein A-Sepharose (Pharmacia, North Ryde, NSW, Australia, Cat.

No. 17{780-01) to prepare a re-useable antibody-purification column. The column was

subsequently equilibrated with 0.1 M phosphate buffer, pH 8.2 (refer to Section 2.9.1,.(a)

for preparation) supplemented with 0.1% (w /v) sodium azide and stored in this form at

4oC until required. The column was loaded with the desired mAb in the form of

hybridoma tissue culture supernatant or ascitic fluid. Prior to loading on to the column,

hybridoma culture supernatant was adjusted to pH 8.2 and filtered through a 0.45 pm

filter, whilst ascitic fluid was centrifuged at 100,000 x g (40,000 rpm, Beckman L8.80

ultracentrifuge, Beckman Instruments, Mt. Waverley, Victoria, Australia) for 30 minutes,

filtered through a 0.45 pm filter (Sartorius, Germany, Cat. No. 175 98 K) and then diluted

L:1, with 0.1 M Tris-HCl, pH 8.6 prior to addition to the column. Routinely, antibody

solution was loaded onto column and allowed to completely discharge by gravity flow.

The column was subsequently washed with 0.1 M phosphate, pH 8.2 until the OD26s of

the effluent was less than 0.05 as measured by spectrophotometry (DU-65 Beckman, Part

No. 596791). Monoclonal antibody specifically bound to the Protein A was subsequently

eluted with 0.1 M citrate buffer (refer to Section 2.9.1.(b) for preparation) at the

appropriate pH (ie IgGl were eluted with pH 5.5; IgG2u eluted with pH 4.5;lgG26 and IgG3

eluted with pH 3.5) and the eluate was collected in 1-2 ml fractions and immediately

adjusted to pH 7.0 with the appropriate volume of Tris-HCl pH 8.6 (ie. to change pH 5.5

to pH 7, one volume Tris-HCl was added to L0 volumes eluate; from pH 4.5 to pF{7,I

volume Tris:4 volumes eluate; from pH 3.5 to pH 7.0, L volume Tris:L volume eluate).

Fractions with an ODzao of greater than 0.2 were pooled and the purity of the eluate was
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checked using the spectrophotometer to scan ODzzo - ODszo. The protein concentration

(mglml) was determined according to the formula OD2ss x0.74 mglml. The purified

antibody was then dialysed thrice against 500 ml PBS, filter sterilised (as above),

aliquoted into appropriate volumes and stored at -80'C until required. Antibody

preparations too dilute for further in aitro studies, were concentrated using a Centrion

gravity concentrator (Amicon, USA, Cat. No. 4304) according to the manufacturers

recoutmendation. Following antibody purification, the column was stripped with 0.5 M

propionic acid (refer to Section 2.9.1.(c) for preparation), washed with 0.1 M phosphate,

pH 8.2 until neutralised, and finally equilibrated with 0.1 M phosphate buffer

supplemented with 0.7% (w /v) sodium azide and stored in this form at 4oC until

required.

2.10. IMMUNOLOGICAL STUDIES: IMMUNOFLUORESCENCE LABELLING FOR

CELL PHENOTYPING AND CELL SORTING

2.L0.1. General Considerations

Flow cytometric analysis was performed using a Coulter Epics-Profile II (Coulter

Electronics Corp., Hialeah, Florida). Routinely, L0 to 50,000 events were collected as

listmode data and analysed using the Epics-Elite software. Cell sorting was performed on

a FACSta¡PLUs (Becton Dickinson, Sunnyvale, CA) fitted with a 250 mW argon laser that

emitted light at a wavelength of 488 nm. Both apparatus were able to simultaneously

detect three different fluorochromes including, Fluorescein isothiocyanate (FITC),

Phycoerythrin (PE), and energy coupled dye (ECD; a tandem conjugate of PE and Texas

Red) detected by 530 nm, 575 nm and 630 nm band pass filters, respectively.

Compensation of the three fluorochromes was adjusted using the three directly

conjugated mAbs CD4-FTIC, CD8-PE and CD3-ECD (all purchased from Coulter, USA).

In addition to assessment of fluorescence, populations of cells were analysed by

their light scattering properties. Light scattered in the forward direction, Iess than LOo

from the excitation path (forward scatter), measures the size of the cell, whilst light

scattered 90o from the excitation pathway (perpendicular or side light scatter), measures

the internal structures such as granules within the cell. Using these two parameters,
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different cell populations of lymphocytes, monocytes and granulocytes are discernible

(Visser et aI, 1984). Primitive haemopoietic cells and their immediate progenitors are

recognised to lie within the area of lymphocytes and blast cells (Sutherland et a|,1989a;

19S9b) and as such represented the region selected when progenitor cells were sought.

A list of the antibodies, and a range of target cells including human mononuclear

cells derived from bone marrow (BMMNC) and peripheral blood (PBMNC), human bone

marrow stromal cells (HBMSC) and a variety of cell lines used in this study are detailed

in Tables 2.10J. and 2.10.2. and Section2.4, respectively.

2.10.2. Indirect Immunofluorescence Assay

Target cells were thawed (refer to Section 2.6.2.), harvested by trypsin detachrnent

(refer to Section 2.4.3.) or harvested by incubating the cell monolayers at37"C with 5 mls

of 2 mM EDTA in PBS for 1.0 minutes where possible. The cells were subsequently

resuspended in ice-cold IF buffer (Section 2.2.L1.), and pelleted by centrifugation at 400 x

g in a chilled (4'C) centrifuge. The supernatant was removed by vacuum aspiration and

the cells washed twice to remove residual DMSO, trypsin or EDTA accordingly. The cells

were resuspended at a concentration of L x L07 cells per ml in ice cold Blocking Buffer

(Section 2.2.12.) and incubated on ice for 30 minutes in order to block potential Fc

receptor mediated binding of the labelling mAb. 50 pl aliquots of this suspension were

dispensed into 5 ml polypropylene tubes (Falcon, Becton Dickinson Labware, Bedford,

MA, USA, Cat. No. 2058), to which 50 ¡rls of mAb supematants, appropriately diluted

ascites or isotype-matched, non-binding control mAbs were added, mixed by vortexing

and incubated on ice for 60 minutes.

When cell viabilities were less than 80"/", l0 pl of ethidium monoazide (EMA,

Molecular Probes Inc., Portland, Oregon, USA, Cat. No. E-1374) was added, as

described by Cantrelt and Yielding (1980). Cells treated with EMA were incubated on ice

in the absence of light for 30 minutes and then under a fluorescent light box for a further

30 minutes. The cells were then washed 3 times in IF Buffer and the pellets resuspended

in either 50 pl of a 1/30 dilution of FlTC-labelled F(ab')2 sheep anti-mouse Ig (Silenus,

Australia, Cat. No. DDAF) or a 1./20 dilution of PE-conjugated, IgGl-specific F(ab')2
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Table 2.70.1, List Of The "Clustered" Monoclonal Antibodies Used In This Study.

Reference/Source

Coulter
Becton/Dickinson
Coulter
Coulter
Coulter

Coulter

Coulter
Becton/Dickinson

Becton/Dickinson

Dr. R. Andrews

Dr. A. Lopez

Becton/Dickinson
Becton/Dickinson
Dr. W. Carter
Dr. E. Wayner
Drs. J. Harlan and
N. Kovach
Dr. J. Gamble

Dr. L. Ashman

Isotype

IgGr
IgGr
IgGr
rgGzs
IgGr

IgGze

IgGr
rgGzg

IgM

IgGr

IgM

IsGr
IeGr
IgGr
IgGr
IgGr

IgGr
IgGr

MWt Of CSM
ftD)#

45-58
45-60
55

40

crsubrnit:.32-34
B subunit:32-34
L00

750 -L70
monocytes:5&55
B cells : 64

NA

NA

NA

95

33-37
130

130

130

130

130 - 140

CSM Recognition / Cellular Distribution

Leukocyte Functional Antigen (LFA)-2 / T cells, NK cells

T Cell Receptor Complex / Thymocytes, PB T cells

T Helper / Thyrnocytes,2/3 PB T cells

gp40 / Pluripotent T cell precursors

T Cytotoúc / Thymocytes/ 1/3 PB T cells

Common Acute Leukaemia Antigen (CALLA) / B e.T
lymphoid precursors
Aminopeptidase N / Myelomonocytic lineages

gp55 / Myelomonorytic lineages

Lex Antigen (Lacto-N-fucopentaeose III or 3-fucosyl-N-acetyl-
lactosamine) / Granulocytes

Lex Antigen (Lacto-N-fucopentaeose III or 3-fucosyl-N-acetyl-
lactosamine) / Granulocytes

Lex Antigen (Lacto-N-fucopentaeose III or 3-fucosyl-N-acetyl-
lactosamine) / Granulocytes
gp95 / B cell and B cellprecursors (expressed prior to CALLA)

8p35, B cell specific
úrtegrin p1 subunit / Numerous leucocyte cell types

Írtegrin p1 subunit / Numerous leucocyte cell types

Lrtegrin Þ1 subunit (mAb shown to activate p1 integrin ftrnction) /
Numerous leucocyte cell types

p1 subunit / Numerous leucocyte cell types

Platelet Endothelial Cell Adhesion Molecule-1 (PECAM-f)/
monocytes, platelets, granulocytes and 50% PBL

Cluster
Designation

CD2
CD3

CD4
CD7

CD8

CDlO

CD13

CD14

CD].5

CD15

CDl-5

CD19

CD2O

CD29

CD29

CD29

CD29

CD31

Antibody
Name

T11

I€u4
T4

34L
T8

15

I[/[Y7

I-eulv[3

l,euMl-

1G10

WEMG1,1

I-ÊulZ
B1

P4C1O

P5D2

8¡'2

61,.2C4

sAz.G5



Dr. L. Ashman

Becton/Dickinson

Becton/Dickinson

Becton/Dickinson

Becton/Dickinson

Dr. R. Andrews

Becton/Dickinson

Becton/Dickinson
Coulter

Dr. P. Simmons

Telios

Coulter

Coulter

Telios
Telios
Telios
Telios
Telios
Telios

IgGr

IgGr

IgGr

IgGr

IsGr

IgM

rgGz¡'

IgGr
IgM

IgGr

IgGr

IgGr

IeGr

IgGr
IgGr
IeGr
IgGr
IgGr
IgGr

L30 - 140

67

105 - 120

105 - 120

L05 - 120

105 - 120

105 - 120

45

post-translationally
cleaved into a 125 and
22 kD subr¡nits
haem. form: 80-95
epithelial form: 130

haem. form: 80-95
epithelial form: 130

L80 - 240

180 -240

150

L65

L65

150

1.50

post-translationally
cleaved into a 120 and
25 kD subunits

Platelet Endothelial Cell Adhesion Molecule-L (PECAM-I) /
monocytes, platelets, granulocytes and 50% PBL
gp67 / granulocyte and macrophage precursors- absent on pluripotent
stem cells
Sialomucin CD34 / immature haemopoietic cells and Endothelial
cells
Sialomucin CD34 / immature haemopoietic cells and Endothelial
cells
Sialomucin CD34 / immature haemopoietic cells and Endothelial
cells
Sialomucin CD34 / im:nature haemopoietic cells and Endothelial
cells
Sialomucin CD34 / immature haemopoietic cells and Endothelial
cells
gp45 / B and T cell lineages

gpllb, IIIa / Platelets and Megakaryocytes

Hyaluronate receptor (Pgp-l) / Most leucocytes

Hyaluronate receptor (Pgp-l) / Most leucocytes

Leukocyte Common Antigen (L-CA) / on all cells of haemopoietic
origin
Leukocyte Common Antigen (L-CA) / B cells, monocytes, CD4+ T
cells
VLA-cr1subunit
YLA-a2 subunit / Platelets, thymocytes

YLA-o,2 subunit / Platelets, thymocytes
VLA-c3 subunit / Epithelial cells

VLA-44 subunit / Mononuclear cells

VLA-oS subunit / Platelets, early erythroid

CD31

CD33

CD34

CD34

CD34

CD34

CD34

CD38

CD41

CD4¿

CDM

CD45

CD45RA

CDw49a
CDw49b

CDw49b

CDw49c
CDw49d
CDw49e

B287

LeuM9

8G12

HPCA-2-PE

HPCA-2-FITC

12.8

ICH3

I-nlu].7

Plt-1

H9H11

PIG12

KC56

2FI4

TS2/7
P1E6

AC11
P1B5

P4G9

P1.D6



Prof. R.A. Aitkins

Dr. J. Gamble

Serotec

Dr A. Fletcher

Becton/Dickinson

Dr. M. Bemdt

Dr. J. Gamble

Becton/Dickinson

Dr. J. Gamble

Dr. f. Gamble

DAKO

Pharmingen

Dr.H-J.Bühring

Dr. L. Ashman

Coulter

Mr. S. Gronthos

IeGr

IgGr

IgGz¡,

rgGzr.

IgGr

IgGr

IgGr

IgGr

IgGr
IgGr
IgGr

IsGr

IgGs

IgGr

rgGz¡,.

IgGr

post-translationally
cleaved into a 120 and
25 kD subunits
post-translationally
cleaved into a 125 and
24 kD subunits
L8 -20

78 -20

1.05

140

lymphocytes: 75

neutrophils: 95-105
monocytes:11,0
lymphocytes: 75

neutrophils: 95-105
monocytes:110
110-115 kD
110-115 kD
90 -95

18

95

145

cr chain : 33 - 35
ß chain: 28 - 30

4

VLA-45 subunit / Platelets, Early erythroid

oy integrin subtmit

Membrane Inhibitor Of Reactive Lysis (MIRL) / Ubiquitous
expression on haemopoietic and cells

Membrane Inhibitor Of Reactive Lysis (MIRL) / Ubiquitous
expression on haemopoietic and non-haemopoietic cells

Integrin p3 subunit (gpIIIa) / Platelets, Megakaryocyte,
Macrophages and non-haemopoietic cells
P-selectin (GMP-140, PAGEM) / Megakaryocytes, activated
platelets and endothelial cells
L-selectin (Leukocyte homing receptor) / T artd B Lymphocyte
subsets, Monocytes and Neutrophils and NK cells

L-selectin (Leukocyte homing receptor) / T and B Lymphocyte
subsets, Monocytes and Neutrophils and NK cells

E-selectin (ELAM-1) / Activated endothelial cells

E-selectin (ELAM-l) / Activated endothelial cells

Transferrin Receptor / upregulated on activated leukocytes and
proliferating cells
Thy-1 small subpopulations of CD34+ cells, lymphocytes and
myeloid cells. Nervous system, corurective tissue and various stromal
cell lines
Endoglin / Endothelium, subset of BM cells, activated macrophages;
not on normal B and T cells

c-KIT proto-oncogene (SCF receptor) / on all haemopoietic
progenitors, but not B-lineage progenitors; on mast cells,
melanocytes, spermatogonia and oocytes

MHC Class II Antigen (heterodimer of cr and p subunits) / B cells,
monocytes, macrophages, myeloid & erythroid precursors

MHC Class I o subunit (non-covalently associated with p2

microglobulin / Expressed on most nucleated cells

CDw49e

CDs1.

CDs9

CDs9

CD61

CD62P

CD62L

CD62L

CD62E

CD62E

CD77

CDw90

CD105

CDLIT

NA

NA

PHM2

P3G8

MEM-43

2/24

Leu61

GMP-140

Dreg-56

I-euB

lH11
5811

T9

5E10

LGz

YBs.88

HLA-DR

9B3



Dr. L. Ashman

Dr. L. Ashman

Dr. L. Ashman
Dr. P. Simmons
Dr. E. Butcher

Dr. E. Butcher

Dr. G. Mayrhofer
Dr. L. Ashman
Dr. L. Ashman
Dr. L. Ashman
Mr E. Bertram

IgM

IgGr

IgGg

IeM
IgM

rat IgM

IsGr
IgGzn
IsM
IsGzr
IsG2A

M

L2

NA
NA
NA

NA

NA
NA
NA
NA
45

MHC Class I a subunit (non-covalently associated with p2

microglobulin / Expressed on most nucleated cells
p2 microglobulin (associated with MHC Class I a subunit ) /
Expressed on most nucleated cells

Glycophorin A
NA
lacto-N-fucopentaose III (SLex) / Expressed on granulocytes,
monocytes andbothnormal (non-myeloid) and tumour cells

cutaneous lymphocyte-associated antigen, CLA / skin-associated
memory T cells and myeloid cells

Isotype-matched negative control / a-Giardia
Isotype-matched negative control / cr-Salmonella
Isotype-matched negative control / a-Salmonella
Isotype-matched negative control / a-Salmonella
Murine MHC Class I (H-2o haplotype)

NA

NA

NA
NA
CD15s

CDL5s

NA
NA
NA
NA

884

1B,4.81.2

AA6.C6
STRO-1
CSLEX-1

HECA-452

185
146.11
tA6.L2
1D4.5
HB75

# Molecuar Weight ascertained following reduced SDSPAGE.
. All mAbs are mouse monoclonal antibõdies, unless otherwise indicated.
Unless noted otherwisg all antibodies in this study were used as affiniÇ-purified immunoglobuli¡rs.
Isotypematched FITC or PE-conjugated non-binding control antibodies (ãil from Dako).

Dr. P Gamble, Dr. A. [,opez, Hanson Centre for Cancer Research, Adelaide, Australia.
D¡. E , St. Paul, MN, USÀ.
Prof. Australia.
Drs. J. Harlan and N. Kovach, University of Washington, Seattle, WA, USA.
Dr. W. Carter, Fred Hutchinson Cancer Research Ceñtre, Seattle, WA, USA.

ation Medical Centre, PaIo AIto, CA, USA.

armaceuticals Inc. San Diego, CA, USA; DAKO, Dakopatts, A/$ Glostrup, Denmark; American



Table 2.10.2. List Of The "Unclustered" Monoclonal Antibodies Used In This Study.

Antibody Name Isotype MWt Of Reference/ Source

csM

n-t9

11Dl.H10

11D3

72F72

HCCl

9E10

105.45

CC9

wM85
CA72

Sr
IeGr

IgGr

IFr
IgM

IFs
IgM

IgGz¡'

IsGr

IgGr

4F50

75-æ

19

44

NA
75-80

NA
ND

100-110

ND

A. Zannettino

Dr. L. Ashman

A. Zannettino

A. Zannettino

Ms. B. Swart & Dr. P.|. Simmons

A. Zannettino

Dr. H-J. Bühring

S. Gronthos & A. Zannettino

Dr. R. Filshie

S. Gronthos & A. Zannettino

# Molecuar Weight ascertained following reduced SDS-PAGE.
. All mAbs are mouse monoclonal antibodies, unless otherwise indicated.

. ND: Not done.

. NA: No MWt possible

a

a

a

a

Dr. L. K. Ashman, Leukaemic Haemopoiesis Laboratory, Hanson Centre for Cancer Research,
Adelaide, Australia.
Ms. B. SwarÇ Dr. P. f. Simmons and Mr. S. Gronthos, Matthew Roberts Laboratory, Hanson
Centre for Cancer Research, IMVS, Adelaide, Australia.
Dr R. Filshie, Divísion of Haematology, Institute of Clinical Pathology and Medical
Research, Westmead Hospital, Westmead, NSW, Australia.
Dr. H-]. Bühring, Eberhard-Karls-Universtat Tubingen, Federal Republic of
Germany.



goat anti-mouse Ig (gamrna-chain specific, Caltag, Cat. No. M32004, USA) in IF Buffer

and incubated at 4oC for a further 45 to 60 minutes. The cells were then washed 3 times

as above, and fixed in 300-500 ¡rl of cold 1o/" paraf.ormaldehyde (in PBS) or FACS Fix

(Section 2.2.73). The samples were stored at 4oC or analysed immediately using a Epic's

Profile tr (Coulter Electronics, USA) with L0-50,000 events collected as listmode data and

subsequently analysed using the Epics-Elite software.

210.3. Multiple Colour Immunophenotypic Analysis

la) Phenotvoic Analvsis Of P-selectin Adherent Population : The phenotype of BMMNC

demonstrating specific adhesion to P-selectin together with those BMMNC which failed

to bind was assessed by immunofluorescence staining and flow cytometry. The following

mAb conjugates were used: Leu4-PE (CD3), LeuM3-PE (CD14), LeuM1-FITC (CD15),

Leu12-PE (CD19), HPCA-2-PE (CD34; all from Becton Dickinson, Mountains, View,

CA); 341-PE (CDZ), IS-PE (CD10; Coulter Corp., USA); CD20-PE, glycophorin A-FITC

and isotype-matched FITC or PE-conjugated non-binding control antibodies (all from

DAKO Corp. Carpinteria, CA, USA). Staining was performed according to

manufacfurer's recommendations for 45 minutes at 4oC after which cells were washed

twice in cold IF buffer and fixed inPBS/7% (w/v) paraformaldehyde. Flow cytometric

analysis was performed using a Profile II flow cytometer and 20,000 events were collected

per sample as list mode data and analysed using Coulter ELITE software. The cell

surface phenotype of CD34+ cells recovered in the P-selectin adherent and non-adherent

fractions was assessed in a similar manner. The cells were stained according to

manufacturer's reconunendations with antibody HPCA2-FITC (CD34) in combination

with either LeuMg-PE (CD33), Leul7-PE (CD38), HLA-DR-PE (all from Becton

Dickinson), a mixture of IS-PE and Leul.2-PE or with appropriate combinations of

isotype-matched FITC or PE-conjugated non-binding control antibodies (DAKO). A total

of 50,000 events were collected as list mode data for each sample, which was

subsequently analysed as above.

(b) P-selectin Ligand Carbohydrate Antigen Expression : Multiple colour immuno-

phenotypic analysis was also performed to examine the expression by CD34+ cells of
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carbohydrate antigens which have been shown in previous studies to function as P-

selectin ligands. BMMNC were stained with HPCA-2-PE in combination with either mAb

CSLEX-1 (in the form of tissue culture supernatant) which recognises sialyl Lex

(Fukushima et al, 1984) or with an IgM control antibody, 'J,A6.I2 (refer to Table 2.10.1).

After a 45 minute incubation at 4oC, cells were washed twice with IF buffer and

incubated with a 1:50 dilution of goat anti-IgM-FITC (p-chain specific: Southern

Biotechnology Assoc. Birmingham, AL, USA) for a further 45 minutes. The cells were then

washed, fixed and analysed as previously described. To examine the expression of sialyl

Lea antigen on CD34+ cells, BMMNC were incubated simultaneously with the anti-CD34

antibody HPCA-2-PE and either HECA-452 ([rat IgM] Picker et al, L990) or an isotype-

matched, non-binding control. After washing, specifically bound antibody was revealed

by incubation with a L:50 dilution of sheep anti-rat-FlTC (Silenus) to detect HECA-452

antibody.

Th¡ee-colour staining with CD34 antibody HPCA-I (My10; Becton Dickinson,

USA) and FIECA452 tn combination.with each of the following: LeuMg-PE, Leul7-PE,

Leu12-PE or HLA-DR-PE was performed in the following sequence. After sequential

incubation witlx HPCA-L, anti-mouse IgG-biotin (Southern Biotechnology Assoc., USA)

and streptavidin-ECD (Coulter) excess sites on the anti-mouse IgG were blocked by 30

minute incubation with a combination of control IgGl; lgGz^ and IgG26 ascites at a L:100

rtilution. This was followed by incubation with HECA-452 together with PE-conjugated

antibody or PE-conjugated IgG-control, washing, and a final incubation with sheep anti-

rat FTIC. A total of L x L04 events were collected as list mode data. Immunofluorescence

staining with each of the carbohydrate antigen-specific antibodies listed above was also

perforrred before and after neuraminidase treatment of BMMNC.

Th¡ee colour staining of BMMNC with CD34 antibody HPCA-2-PE (Becton

Dickinson), HECA-452 and CSLEX-I was performed as follows. After a 45 minute

incubation with HPCA-}-PE and HECA-452 at 4oC, the cells were washed twice with IF

buffer, and incubated with a L:50 dilution of sheep anti-rat FITC. Cells were then

resuspended in 10% normal rat serum and incubated for 45 minutes at 4oC to block free

sites on the sheep anti-rat FITC reagent. The addition of CSLEX-L or 1A6.12 control
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antibody was followed sequentially by monoclonal rat anti-mouse IgM biotin and

streptavidin-APc (L:50 ditution; Becton Dickinson). A total of 104 CD34+ events were

collected as list mode data.

(c +MGC-24v+

Cells: Multiple colour immunophenotypic analysis was performed to examine the

expression of activation/differentiation antigens by CD34+MGC-24v+ cells. BM-derived

561-Dynabead purified CD34+ cells (refer to Section 2.L0.5. (b)) were incubated

simultaneously with 50 pl of 10 pglml biotinylated 9E10 mAb in combination with FITC-

conjugated mAbs to CD33, CD38, CD71,, CD117 and HLA-DR. After washing,

specifically bound biotinylated 9E10 was revealed by incubation with a L:50 dilution of

streptavidin (SAV)-PE (Coulter) as recommended by the manufacturer. Cells were

washed, fixed and analysed as above.

ld) Co-Expression Of Differentiation And Activation Antieens Bv CD34+CD62L+ Cells:

To examine the expression of activation and differentiation antigens by CD34+ cells

which co-expressed L-selectin (CD62L), 3 colour immunophenotypic analysis was

perforrned. BMMNCs were immunolabelled with the CD34 rnAb HPCA-I (My10; Becton

Dickinson), and LeuS-PE (anti-L-selectin), in combination with each of the following;

Leu4FITC (CD3), LeuM3-FITC (CD14), LeuM1-FITC (CD15), LeuL2-FITC (CD19), all

from Becton Dickinson; 34L-FITC (CD7), JS-FITC (CD10), MY7-FITC (CD13) and HLA-

DR-FIIC, or isotype-matched, non-binding, FlTC-conjugated control antibodies; all from

DAKO. Immunolabelling was performed in the following sequence. After sequential

incubation with HPCA-L, anti-mouse-IgG-biotin (Southern Biotechnology Assoc., USA)

and SAV-ECD (Coulter), excess sites on the anti-mouse IgG were blocked by 30 minute

incubation with a combination of control IgGL; IgG2a and IgG2b ascites at a L:1,00

dilution. This was followed by a 30 minute incubation with the directly conjugated FITC

and PE mAbs. The cells were subsequently washed and fixed as above. A total of 5 x L04

events were collected as list mode data, and analysed as above.

(e) Detection Of PSGL-1 Protein Expression By BMMNC: L x 106 BMMNC were

incubated with 50 pl (20 pglmt) of either an affinity purified rabbit polyclonal antibody

against the N-terminus of PSGL-I or an irrelevant rabbit polyclonal (both kind gifts from
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Dr. MC. Berndt, Baker Medical Research Institute, Prahran, Victoria, Australia). After

washing, the cells were incubated with a combination of HPCA-2-FITC and biotinylated

goat-anti-rabbit (GAR) antibody (Vector Laboratories Inc., Burlingame, CA, USA) as

described above. After washing the cells thrice with IF buffer, the biotinylated GAR was

detected with SAV-PE (Caltag). Cells were finally washed, fixed and analysed as

described above.

2-10.4. Fluorescence Activated Cell Sorting (FACS)

Briefly, cells were resuspended in blocking buffer and incubated for 30 minutes at

4"C. Cells were pelleted in 5 ml polypropylene tubes and resuspended in 50-200 ¡rl of

sterile, azide-free primary antibody (or isotype matched control) for one hour at 4oC.

Cells were subsequently washed thrice in sterile IF Buffer (without azide), prior to the

addition and incubation of the secondary antibody as described above prior to sorting

using the FACSIaTPLUS cell sorter. Antibody binding was measured relative to isotype-

matched, irrelevant control antibodies as described above.

210.5. Isolation Of Normal Bone Marrow CD34+ Progenitor Cells.

(a) Bone Marrow CD34+ Progenitor Cells: Isolation By FACS

BMMNC obtained as described in Section 2.4.6., were incubated in Blocking

BuJfer for 30 minutes on ice as described above. Labelling was performed with a variety

of directly conjugated anti{D34 mAbs, including 8G12,ICH3, HPCA-2-PE, HPCA-2-

FTIC, (all from Becton Dickinson, Mountain View, CA, USA) and L2.8 (a kind gift from

Dr. R. Andrews), as recommended by the respective manufacturers. Cell sorting was

performed using a FACSIaTPLUS cell sorter and the threshold for selection of CD34+ cells

was based on the level of staining obtained with an isotype-matched control. CD34+ cells

within the lymphocyte/blast region (Andrews et al, 1989) were sorted into Iscove's

modification of DMEM (IMDM) supplemented with 50 Kunitz units/ml DNase I (Sigma,

Cat. No. D5025), and 20"/" FBS. A portion of the sorted cells was analysed immediately

to assess purity and viability and was routinely >98%.
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(b) Bone Marrow CD34+ Progenitor Cells For Use In Adhesion Assays: Isolation Bv 561-

D.mabeads

-

CD34+ cells devoid of surface mAb were prepared by magnetic Dynabead-

enrichment protocol for use in adhesion assays (refer to Section 2.12.). BMMNC obtained

as described in Section 2.4.6., were incubated for 40 minutes at 4'C with a mixture of

hybridoma supernatants containing mAbs specific for mature haemopoietic cells (CD2,

CD3, CD4, CDs, CD8, CD11b, CD14, and CDL9; refer to Table 2.10.1.) and

subsequently washed twice with ice-cold IF buffer. Sheep anti-mouse IgG-conjugated

magnetic M450 Dynabeads (Dynal, Oslo, Norway) were then added at a L:L ratio

(beads:cells) and this suspension was incubated at 4oC on a rotary mixer for 60 minutes.

Mature cells binding to beads were removed by using the MPC-1 magnetic particle

concentrator (Dynal) following the manufactures recoûunended protocol. Nonadsorbed

cells, containing 4 to 1.0% CD34+ cells, were subsequently incubated for 60 minutes at 4oC

with directly conjugated anti-CD34 (561) Dynabeads. CD34+ cells that attached to

beads, were captured with the MCP-1 as described above. These cells were subsequently

recovered by incubating the cell-bead complexes in the presence of the

DETACHaBEADTM reagent (Dynal), a polyclonal Ab specific for the Fab domain of the

anti{D34 mAb that competitively displaces cells from the beads (Smeland et ø1,7992).

Released cells were eluted into IF buffer, and a portion of the sorted cells were

immediately analysed to assess purity and viability, which was routinely between 90 and

95%. Prior to use in adhesion assays, the CD34+ cells were washed twice in IMDM and

resuspended at 2 x 105 cells/ml and starved overnight at 37"C in serum-deprived

medium (SDM, refer to Section 2.2.9. þ)).

2.10.6. Immunocytoadherence or "Panning"

This procedure represents a modification of a procedure reported previously

(Wysoki and Sato, 7978). 25 cmz tissue culture flasks were coated with 4 ml of affinity

purified goat anti-mouse immunoglobulin (GAM Ig; diluted to 125llg/ñ in PBS, Caltag,

USA) and incubated at 4oC for a minimum of 24 hours. Prior to use, the GAM Ig was

decanted from the flask and the coated-surface washed 8 to 10 times with PBS, to ensure
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complete removal of unbound GAM Ig. The flasks were subsequently blocked for L hour

at room temperature with Blocking Buffer. During this time, the target cells were

harvested, washed 3 times in IF Buffer and resuspended at 2 x L07 cells/ml. Aliquots

(500 pl) of this cell suspension were dispensed into L0 ml polystyrene tubes and pelleted

by centrifugation at 400 x g for 5 minutes at 4'C. To the cell pellets 100 pl of blocking

buffer was added and incubated at 4oC for 10 minutes prior to the addition of L00 pl of

hybridoma supernatant(s) (a cocktail or singular mAb), or appropriately diluted ascites.

The cells were incubated on ice for 60 minutes with intermittent mixing. Following the

incubation, the cells were washed tr¡¡ice with the IF Buffer to remove any unbound mAb.

5 x 106 cells were added to the flask in a volume of 4 ml. The cells were incubated

on the panning surface (on a level table at 4'C) for 90 rninutes, and at the midpoint of the

incubation the contents were gently swirled to achieve even dispersion of the cells.

Following incubation, the non-adherent cells were aspirated with a Pasteur pipette and

non-specifically bound cells were removed by washing the panning surface with IF buffer

a minimum of 5 times. Strongly immunorytoadherent cells were cultured in situ,by adding

the appropriate medium and incubating at37"C, in an atmosphere containing 5% CO2 (to

maintain pH7.0), and a relative humidity of 97%.

2.10.7. Indirect Immunofluorescent Staining Of Frozen Tissue Sections

Sections of 5 pm were cut from frozen specimens using a 1720 Digital Kryostat

(Wild LelV; Germany) and placed onto glass slides. The slides were then fixed in acetone

for 15 ninutes at -20"C, washed twice in PBS and then blocked in 5% goat serum (diluted

in PBS) for 20 minutes at room temperature. The goat serum was then replaced with

optimal concentrations of antibodies directed against human CSM (mouse or rabbit) for

one hou¡ at room temperature. Isotype matched, non-binding control mAbs were treated

under the same conditions. After washing in PBS the sections were blocked in goat serurn

for an additional 20 minutes. The secondary antibodies: goat antimouse-p-specific-FlTC

(1/30 dilution) plus goat antimouse-1-specific-Texas Red (TxRd) (1/100 dilution) or

goat antimouse-p-specific-FlTC plus goat anti rabbit-biotinylated antibody (l/200)

(Vector Laboratories lnc., Burlingame, CA, USA) were diluted in goat serum at optimal
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concentrations and incubated with the sections for 30 minutes at room

slides were then washed three times in PBS. If an anti-rabbit biotinylated secorfd

was used, the slides were then blocked in 1% BSA for L5 minutes uft", îhi.h

streptavidin-TxRd (I/200 dilution) (Fisher Scientific, Orangeburg, NY) was added to the

slides for a further 30 minutes. After washing in PBS the slides were mounted using'Gurr'

aqueous mountant solution (Uvinert; BDH Ltd., Poole, UK) and analysed with an

Olympus BFI2-RFCA fluorescent microscope (Olympus Optical Co. Ltd., Tokyo, Japan).

Photographs were taken on Ektochrome 400 Kodak colour film.

2.10.8. In Situ Staining Of Adherent Cell Populations Using Indirect Immuno-

fluorescence

Adherent cell populations were detached with 0.1% trypsin and then re-plated (L

x 10a cells/well) into 8 chamber slide culture vessels (Lab-Tek, Nunc Inc.; Naperville, IL)

with fresh medium and cultured for one week at37"C in 5% CO2. The cells were washed

twice with cold RPMI and blocked with 1% BSA in RPMI for 20 minutes at 4oC.

Saturating levels of each primary antibody (mouse anti-human IgG monoclonal antibody

and the isotype IgG negative control) were added (200 pl/chamber) for 45 minutes at

4oC. After washing th¡ee times with cold RPMI the cells were blocked in L% BSA for a

further 20 minutes. The secondary antibody (goat antimouse-Y-specific-TxRd or goat

antimouse-y-specific-FlTc) was diluted in cold 1% BSA and added to each chamber for

30 minutes at 4oC. The cells were then washed three times in RPMI and fixed wlt}l2%

paraformaldehyde in PBS for L5 minutes at 4oC. After two more washes with PBS, the

chambers were detached from rubber gasket and the slides mounted in "Gurr" aqueous

mountant (Uvinert; BDH Ltd., UK) and analysed using an Olympus BH2-RFCA

fluorescent microscope. Photographs were taken on Ektochrome 400 Kodak colour film

and with TMAX 400 Kodak black and white film.

ir
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2.11. MISCELLANEOUS PROCEDURES

L11.7. Soybean Agglutinin (SBA) Enrichment Of BM-Derived Primitive Haemopoietic

Progenitor Cells

BMMNC preparations were enriched in immature haemopoietic progenitor cells by

differential agglutination using the lectin, Soybean Agglutinin (SBA; Vector Laboratories,

Burlingame, CA, USA) as previously described by Reisner et al (L980). Non-agglutinated

(SBA-) cells were separated from agglutinated cells by unit gravity separation over

5%BSA, washed in PBS (supplemented with 200 mM D-galactose [Sigma]), to remove

residual lectin and then with IF buffer, prior to immunofluorescence staining. The SBA

enrichment procedure using SBA routinely resulted in a five to lO-fold enrichment of

directly donogenic cells in the SBA- fraction with recoveries consistently > 80%.

2.712- Rhodamine 123 (Rh123) Staining To Isolate Primitive Haemopoietic Progenitor

Cells

Rh123 (Molecular Probes Inc, USA) were stored at 1 mglml in PBS at -80oC with

a working solution used at 0.1 pg/rnl in Hanks Balanced Salt Solution supplemented with

5% FCS (FIBSS.S). BM cells were incubated at L07 /nl for 45 minutes at 37"C,5% COz

and mixed every 1.5 minutes. Cells were washed twice in HBSS supplemented with 5%

FBS, and incubated for a further L5 minutes at 37"C to remove residual unbound Rh123.

The cells were washed a further 2 times in HBSS/5% FBS and then stained with

antibodies labelled with PE and ECD. The cell samples containing Rh123 were not fixed

but analysed or sorted on the day of labelling.

2.17.3. Fluorescein isothiocyanate (FITC);'Loading" Of Cell Lines

To assess the efficary of the Dynabead enrichment procedure, FDC-PL cells (refer

to Section 2.4.2.), were fluorescently labelled with FITC. Routinely,l, xI07 cells were

harvested, washed several times with IF buffer, and subsequently resuspended in 100 pl

of !O% (w /v) solution of FTIC (resuspended in 10% DMSO/serum-free RPMI). Following

30 minutes incubation at 37"C, the cells were washed thrice with IF buffer, and the
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resultant uptake of FITC was assessed by either flow cytometry or fluorescence

microscopy as described in Sections 2.10.2. and 2.1.0.8. respectively.
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ADHESION ASSAYS

2.72. ADH'ESION ASSAYS

2.72-7. Sou¡ce Of P-, E- and L-Selectin

Adhesion assays with BMMNC or CD34+ cells were performed using either

Chinese Hamster Ovary (CHO) cells transfected with a human P-, E-, and L-selectin

cDNA, or using purified human platelet-derived P-selectin. P-selectin purified from

human platelets was prepared as previously described (Skinner et ø1,1989) and stored at

-70"C in 0.02 M Tris buffer, pH 7.4, 0.15 M NaCl, 0.1% Triton X-100 and 0.001 M CaCl2

(storage buffer). Alternatively, adhesion assays were performed with purified

recombinant CD62L, CD62P-IgGlFc fusion proteins (a kind gift from Dr. L. Lasky,

Genentech, San Francisco, USA). To immobilise these constructs, vessel surfaces were

coated overnight with an optimised concentration (20 pg/ml) of a monoclonal mouse

anti-human IgGlFc antibody (hybridoma obtained from ATCC). This served to orient

these chimeric molecules such that the lectin domains were presented to opposing cells.

2.72.2- Adhesion Assays With P- And E-Selectin CHO Transfectants

To investigate the ability of CD34+ cells to bind to both P- and E-selectin, CD34+

cells isolated by FACS or 56l-Dynabeads, were washed in assay medium (RPMI-1640,

2-5% FCS) and incubated at 106/ml in the presence of 50-100 pCi Na2slCrO4 (sodium

chromate, New England Nuclear, Boston MA, USA) for 30-60 minutes at 37"C and then

washed 3 times in the same medium. Peripheral blood neutrophils were prepared by

Ficoll separation of dextran sedimented peripheral blood as previously described (Harlan

et aL,7985), and subsequently labelled with 51Cr as described above. For the adhesion

assays, P- and E-selectin CHO cells (and untransfected CHO cells) were plated in 96-

well plates (Nunc) at 3 x 104 cells/wel|2lhours prior to the assay.Slcr-labelled cells

were added in duplicate at 1gs (CD34+ cells) or in triplicate at 4 x 10s/well (neutrophils)

and incubated for 30 minutes at 37"C, washed twice to remove unbound cells and then

Iysed by the addition o11"/" Triton X-100. Radioactivify associated with the lysates were

quantitatea,Uf tiWid scintillation counti;: - order to demonstrate specificity of



adhesion, assays were performed following the incubation of P- and E-selectin CHO cells

with Fab fragments (10 pglml) generated from an affinity purified preparation of rabbit

anti-human P-selectin antibody (as described by Skinner et al,1991) or ftmction-blocking

mAb 5811 directed against human E-selectin. As a control, cells were incubated with an

identical concentration of pre-immune Fab fragments or an isotype-matched, non-binding

control mAb.

LLL3. Adhesion Assays With Purified Platelet-Derived P-Selectin And Recombinant

CD62P-IgGlFc Fusion Protein

CD34+ cells and BMMNC were assayed for their ability to bind purified platelet-

derived P-selectin immobilised on plastic. For experiments involving CD34+ ceIls,96 or 24

well plates (Nunc) were coated with purified P-selectin diluted in storage buffer to a final

concentration of 20 ¡tg/rr.L, for 4 hours at room temperature. Wells coated in parallel with

the storage buffer alone served as a control. Unbound P-selectin was then removed and

the wells washed copiously with assay buffer prior to commencing the assay.

Alternatively, wells were pre-coated ovemight at 4oC with a monoclonal mouse anti-

human IgGlFc antibody (refer to Section 2.12.L.), after which the CD62P-IgGlFc fusion

protein (20 pg/ûJ in PBS) was allowed to adhere, by incubation at 37"C lor 30 minutes or

at 4oC for 2 hou¡s.

CD34+ cells were labelled with 51Cr as described above and diluted in assay

medium to a final concentration of 5 x 104 cells/well and incubated for 30 minutes at

37"C. Wells were then washed twice and assayed for bound radioactivity following

addition of Triton X-L00 as described above. Alternatively, the assays were performed in

24 well plates by adding un-labelled CD34+ cells (2 x 105 cells/ml) at 5 x LOalml per

well. Upon completion of the assays, 2"/o glutaraldehyde (Sigma, USA) in HBSS

containing 2 mlvf Ca2+ was added to fix cells and adhesion was quantitated by counting

the mean number of cells bound in five randomly selected L00 x fields in each of the 3

replicate wells. Specificity of adhesion to P-selectin was demonstrated by the addition of

anti-P-selectin Fab fragments as described above. To assess the role of divalent cations,

assays were performed in the presence of 5 mM EGTA or EDTA. Temperature
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dependence of adhesion to P-selectin was investigated by performing assays at 4oC and

37"C. The susceptibility of adhesion to shear stress was assessed by performing the

assays on an orbital shaker at 60 rpm. Assays involving the myeloid cell line HL60 were

performed under identical conditions.

To investigate the adhesion of BMMNC to P-selectin, BMMNC were subjected to

a single round of plastic adherence to remove monocytes for 2 hours at 37oC. The plastic

non-adherent population was washed twice in assay medium and resuspended to L x

1ú /ú{ and transferred to 90 mm bacteriological grade petri dishes coated with P-selectin

as described above. After 30 minutes at37oC non-adherent cells were carefully removed,

the plates washed thrice to remove residual non-bound cells and pooled with the first

fraction (P-selectin non-adherent). BMMNC remaining attached to the petri dish (P-

selectin adherent fraction) were removed by gentle pipetting in Ca2+/Mg2*-fuee HBSS

supplemented with 0.02% EDTA at37oC. Both the P-selectin adherent and non-adherent

fractions were then washed twice in IF buffer at 4oC prior to immunophenotypic analysis

or assay of haemopoietic progenitor cells as described below. An identical procedure was

employed in assays performed using CD34+ cells to facilitate phenotypic and functional

analysis of P-selectin adherent and non-adherent subpopulations.

L724. Adhesion Of CD34+ Cells To Bone Marrow Stromal Cells

CD34+ cells, prepared with 561-Dynabeads were washed twice and resuspended

in 500 pl cell adhesion medium. 50-100 pCi of Na2s1CrO4 (New England Nuclear, USA)

was added and cells incubated for L hour at 37"C. After radio-labelling, cells were

washed three times using adhesion assay medium, resuspended to 2-4 x 105 cells/ml and

chilled on ice for 1,0 minutes prior to assay. L00 pl of the labelled cell suspension was

placed, in triplicate onto 96 wells seeded 24 hours prior with L-2 x 1Os human BM

stromal cells. The entire procedure was carried out on ice. Plates were centrifuged at

1,000 rpm for 5 minutes at 4"C to sediment cells into direct, uniform contact with treated

su¡faces. Plates were quickly warmed for 2 minutes to 37oC using a heating block prior to

transfer to a hurnidified (100%) incubator at 37"C for the indicated periods (usually 30-

60 minutesr,."s"t medium was removed by aspiration and wells washed three times by
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addition of 150 ¡rl of the adhesion assay medium and flicking off. After the last wash, cell

adhesion was examined using an inverted-phase contrast microscope before lysing in L50

¡tI7% SDS, 1% NaOH solution. Lysates were counted after 1.0 minutes using a gaÍuna

counter. The percentage of adherent cells was determined by dividing the activity in the

adherent f¡action by the radioactivity contained in L00 pl of the initial labelled cell

suspension-

2.13. ENZYIVÍATIC MODIFICATION OF CSM PROTEINS

2.73.7. Treatment Of CD34+ Cells With Proteases And Neuraminidase

To investigate the nature of the ligand for P-selectin on CD34+ cells, cell sorter-

purified CD34+ cells were washed in serum-free RPMI and then incubated 
"1 

196/ml for 1

hou¡ at 37"C in the same medium containing the following proteases: bromelain,

chymopapain, chymotrypsin, dispase, elastase, papain, Pronase, proteinase K,

thermolysin and trypsin at a final concentration of 20 ¡t"g/nJ, with the exception of

elastase (20 mglml), dispase (a mg/ml) and proteinase K (1 pglml). All enzymes were

obtained from Boehringer Mannheim (Mannheim, Germany) with the exception of papain

(Sigma, USA), chymopapain (Boots, UK) and elastase (Calbiochem., USA). Following

protease treah.ent, cells were washed twice in assay medium and assayed for their

ability to bind to purified P-selectin immobilised on plastic as described above. To

deterrrine the role of sialic acid in the binding of CD34+ cells to P-selectin, sorted CD34+

cells or plastic-non-adherent BMMNC were incubated at 106/rnl for L hour at 37"C in

PBS/0.1% BSA alone or containing 0.L units/ml neuraminidase (Arthrobacter

u¡eafaciens; Calbiochem). Digestion was stopped by washing thrice in assay medium.

HL60 cells were treated in an identical manner. After enzyme treatment, the cells were

either subjecæd to immunophenofypic analysis as described below or assayed for binding

to P*electin as described above.
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2.73.2. Treatment Of BMMNC With Phosphatidylinositol-Specific Phospholipase C

(PI-PLC): Cleavage Of GPI-Linked CD59

Loss of antigen expression following treatment with the enzyme PI-PLC, is

diagnostic of glycosyl-phosphatidylinositol (GPl)-linkage of membrane proteins.

BMMNC, prepared as described in Section 2.4.6., were washed several times in MDM

supplemented with 2"/"FCS, and resuspended at a final concentration of 5 x L06 cells per

ml. To this,50 mU/ml of PI-PLC (Boehringer Mannheim, Germany, Cat No. 114506) was

added, and the cells were incubated at 37"C for 2 hours (mock-treated cells were

incubated in an equivalent manner in the absence of PI-PLC). Following this, the BMMNC

were washed in ice-cold IF buffer in preparation for 2-colour immunophenotypic analysis

(please refer to Section 2.10.2).

2-13.3. Treatment Of BMMNC With The Cobra Venom Metalloproteinase,

Mocarhagin: Cleavage Of PSGL-I

The binding of s1Cr-labelled CD34+ cells to P-selectin (CHO, platelet and recombinant)

was performed as described in Sections 2.12.2. a¡d 2.12.3. To examine the effect of

pretreatment of CD34+ cells with mocarhagin on P-selectin binding, cells (0.5-1 x L06)

were washed in RPMI supplemented with 1% FBS. This was followed by the addition of

10 pg/ml mocarhagin (or an equivalent volume of PBS in "mock"-treated samples), and

subsequent incubation at 22"C for 30 minutes. Cells were centrifuged and washed twice

with RPMI-I% FBS and their binding to P-selectin assessed as described above.

2.14. MISCELLANEOUS PROCEDURES

2.14.1. Statistics

Data points derived from multiple experiments are reported except where stated,

as the mean + 1 standard error of the mean (SEM). Significance levels were determined by

two-sided nonpaired student's t-test analysis or Fridman 2-way analysis (StaWiew II for

MAC, Abacus Concepts Inc., USA).
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MOLECULAR BIOLOGICAL TECHNIQUES

2.15. CTIEMICALS AND REAGENTS

2.15.L. Chemicals

The following chemicals were purchased from Sigma Chemical Co., USA:

acrylamide, bisacrylamide (N,N'-methylene-bis-acrylamide), adenosine tri-phosphate

(ATP), agarose (Type 1,), Ampicillin, bovine serum albumin (BSA), dithiothreitol (DTT),

ethidium bromide, ethylenediaminetetra-acetic acid (EDTA), salmon sperm DNA,

sodium dodecyl sulphate (SDS), spermidine, Tris base, phenylmetþlsulphonylfluoride

(PMSÐ, sodium succinate, N,N,N',N'- tetrametþl-ethenediamine (TEMED) and urea.

Sou¡ces of other important reagents were as follows: isopropyl-thiogalactoside

(IPTG), 5-bromo-&chloro-3-indolyl beta-D-galactopyranoside (BCIG); Progen, Darra,

Queensland, Australia.; caesium chloride: Boehringer Mannheim, Mannheim, Germany.;

am-nonium persulphate: Ajax Chemicals, Australia.; chloroform, dimethylsulphoxide

(DMSO), polyethylene glycol (PEG) 6000: BDH Chemicals, UK.; phenol: Wacko Pure

Chemical Industries, Ltd.; deoxyribonucleotide triphosphates (dNTPs) were purchased

from Pharmacia/LKB, Sweden.

All other chemicals and reagents were of analytical grade and maintained as

stocks within the Division of Haematology.

2.15.2. Enzymes

All restriction endonucleases used during the course of this work were purchased

from either Pharmacia/LKB, Sweden; New England Biolabs, USA; or Amersham, UK;

whilst other modification enz)¡mes were obtained from the following sources:

Calf intestinal phosphatase (CIP) and proteinase K, Boehringer Mannheim,

Mannheim, Germany.; E. coli DNA polymerase I (Klenow fragment) and T4

polynudeotide kinase, Bresatec Ltd., Adelaide, Australia.; Iysozyme and ribonuclease A

(RNase A); Sigma-lThe stock solution of RNase A (1.0mg/ml) was incubated at ].00oC for

10 minutes to inactivate any DNase activity] and T4 DNA ligase, Promega Corporation,

Madison, WI, USA., Amplitaq DNA Polymerase (Perkin-Elmer, Norwalk, CT, USA).

109



215.3. Kits

Kits for polymerase chain reaction were obtained from Bresatec or Perkin-Elmer.

Long range PCR (XL PCR) kits were a kind gift from Dr. N. Samaras, Perkin-Elmer,

Victoria, Australia. Kits for oligo-labelling of DNA and the Super-Base Sequencing

Reagent Kit (Bresatec, Cat. No. SBK-2) were purchased from Bresatec. Geneclean IIrM

and BRESAcleanru kits for the purification of restriction fragments and polymerase chain

reaction products were by BiolOl Inc. La Jolla, CA, USA, and Bresatec, respectively. The

PzuSMTM Ready Reaction Dye Primer Cycle Sequencing Kit and the PRISMTM Ready

Reaction DyeDeoxyrM Terminator Cycle Sequencing Kit, were purchased from Applied

Biosystem, Inc., USA. The QlAquick gel purification system and the QIAGEN-tip 100

Plasmid purification kit were purchased from QIAGEN Inc., Chatsworth, CA, USA.

Altered Sitesru in aitro Mutagenesis System was purchased from Promega Corporation

L75.4. Radiochemicals

[cr-szn¡ dATP (3000 Cilmmol), [cr,-3ss1 dATP (1000-1500 Cilmmol), [cr-32P1

dCTP (3000 Ci/mmol), and [a-azn1 were purchased from Bresatec, Adelaide, Australia.

2.15.5. Miscellaneous

The following items were purchased from the following suppliers:

GF/A glass fibre filter discs and 3MM chromatography paper: Whatman Int. LTD,

Maidstone, England.

X-Omat AR diagnostic film: Scientific Imaging Systems, Eastman Kodak Company, ,

Newhaven, CT, USA.

Fuji RX X-ray film: Fuji Photo Film Co. Ltd, Tokyo, Japan.

Nitrocellulose (8485) and Nytran 0.45 pm: Schleicher and Schuell Inc. Keene, NH, USA.

Hybond N+ and C extra: Amersham, Poole, England.

Ilford autoradiography cassettes: Ilford, Knutsford, Cheshire, UK.
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2.16. GENERAL DNA METHODS

2.76.1. General Considerations

The following methods were performed essentially as described in Sambrook et al,

1989: Growth, maintenance and preservation of bacteria; quantitation of DNA and RNA;

autoradiography; agarose and polyacrylamide gel electrophoresis; DNA and RNA

precipitations; phenol/chloroform extractions; end-filling DNA fragments using the

Klenow fragment of.E.coli DNA polymerase L

2.L6.2- Bacterial Growth Media

Growth media were prepared in double-distilled water and sterilised by

autodaving, antibiotics and other labile chemicals were added after the solution had

cooled to 50'C.

(a) Luria-Bertani (LB) broth :1"/" (w /v) Bacto-tryptone (Difco, USA, Cat. No. 0123-0L),

0.5% (w /v) Bacto-yeast extract (Difco, Cat. No. 0127-01), 1% (w /v) NaCl, adjusted to

pH 7.0 with NaOH.

lb) 2 x YT Broth : 'J..6o/o (w /v) Bacto-tryptone, 17o (w /v) yeast extract, 0.5% (w /v) NaCl,

adjusted to pH 7.5 with NaOH.

(c) TYP Broth : L.6"/" (w/v) Bacto-tryptone, 1.67o (w /v) yeast extract, 0.5% (w /v) NaCl,

and 0.25% (w /v) K2HPOa, with no further adjustment.

(d) Tryptone Broth (TB) : 1% (w /v) Bacto-tryptone, 0.57o (w /v) NaCl.

(e) Super Broth (SB) : 3.2"/" (w/v) Bacto-tryptone,2"/" (w/v) yeast extract, 0.5% (w/v)

NaCl, adjusted to pH 7.5 with NaOH.

(1 SOC Medium : 2"/" (w /v) Bacto-tryptone, 5% (w /v) yeast extract, 10 mM NaCl, 2.5

mM KCI was dissolved in water, the pH adjusted 7.0 and sterilised by autoclaving. Filter

sterilised solutions of MgCl2, MgSOa and D-glucose wete added to a final concentration

of 10 mM, 1,0 mM and 20 mM respectively.

(g) Solid Media : Agar plates were prepared by supplementing the above media with

1.5% Bacto-a3æ (Difco, Cat. No. 0140-01).

ln all situations, Ampicillin (50-100 pglml) or tetracycline (L0 pglml) were added

where appropriate for growth of transformed bacteria, to maintain selective pressure for
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the retention of the recombinant plasmid. MC1061/P3 cells transfected with either

pCDNAL and pCDNALneo were co-selected with 1.2.5 pglml Ampicillin and 7.5 pglmt

Tetrarydine.

2.16.3. Buffers

(a) 1 x TNE : 100 mM NaCl, 1, mM EDTA, 10 mM Tris HCI pH 7 '5

fb) 1 x SSC : 150 mM NaCl, 15 mM sodium citrate

lc) L x TAE : 40 nrM Tris-acetate, 20 mM sodium acetate, 1 mM EDTA, pH 8.2

(d) 1 x TBE : 90 mM Tris, 90 mM boric acid,2.5 mM EDTA, pH 8'3

(e) 1 x TE : L0 mM Tris-HCl p}{7.5,0.1 mM EDTA

(0 10 x "One-Phor-All" Restriction Endonuclease Buffer : L00 mM Tris-acetate (pH 7.5),

100 mM magnesium acetate, and 500 mM potassium acetate'

(g) 10 x A¡nealing buffer : 200 mM Tris-HCl, p}{7.4,20 mM MgCl2 and 500 mM NaCl.

(h) 10 x Gel Loading buffer : 25o/" (w /v) Ficoll [tfpe +OO - diluted in water], 0.25% xylene

ryanol and 0.25% (w/v) bromo phenol blue.

(i) 10 x Svnthesis buffer : 5 mM of each dNTP, 1,0 mM rATP, 100 mM Tris-HCl, pH7.4,

-

50 mM MSCIZ and 20 mM DTT.

(i) Denhardt's solution : 0.1%(w /v) Ficoll, 0.1%(w /v) polyvinylpyrrolidine, 0.I% (w /v)

BSA

All buffers were sterilised by autoclaving or where necessary by filtration through a

Sartoriusru Minisart NML 0.2pm filter.

2.16.4. Cloning And Expression Vectors

The following vectors were purchased from the indicated supplier or obtained

gratis.

(a) pBluescript (Appendix A, Restriction Map #1) series of vectors (approximately 2,961'

base pair) were purchased from Pharmacia.

(b) pcDNAl, a 4,188 base pair vector (Appendix A, Restriction Map #2) and

pCDNAl. neo, a 6,970 base pair vector (containing a neomycinR cassette between the
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MCS and Polyoma ORI of pCDNAI) were purchased from Invitrogen Corporation, San

Diego, CA, USA.

(c) pRLIF.neo (Appendix A, Restriction Map #3) a5,661base pair vector was a kind gift

from Drs. U. Gonda and ]R. Rayner, Division of Human Immunology, Hanson Centre for

Cancer Research, Adelaide, Australia.

(d) pRIIF .(Notl)neo (Appendix A, Restriction Map #4) a 5,67L base pair vector,

represents a modified version of pRUF.n¿0. A NofI restriction site was introduced

between the XftoI and BamIil, restriction sites present in the MCS. pRUF.(NoúI)neo was a

kirrd gift from Dr PN. Baird, Matthew Roberts Laboratory, Leukaemia Research Unit,

Hanson Centre for Cancer Research, Adelaide, Australia.

(e) pALTERTM a 5,680 base pair vector (Appendix A, Restriction Map #5) was

purchased as a component of the Altered Sitesru, in aitro Mutagenesis System, Promega

Corporation, Madison, WI, USA.

(Ð pGW-T a 3,003 base pair vector (Appendix A, Restriction Map #6) was purchased

from Promega Corporation, Madison, WI, USA.

2.16.5. Bacterial Strains

The followtngE.coli K12 strains were used as hosts for recombinant plasmids in

various recombinant DNA procedures and their respective genotypes are detailed below:

(a) E.coti DHSa : supELL, LIacUL69, (p80 IacZtNfLS), hsdR1.7, recAl, endAl, gyr.N96, thi,

rel|l, were obtained from the E. coll Genetic Stock Centre, Yale University, New Haven,

USA.

(b) E.coli DH10B : F-, øraDL39, (øra, Ieu)7697 , LlacX74, galU, gølK, mcrA, L(mn- hsdRMS-

mcrBC), rpsL, dor, Ø8\dIacZLMLs, endLL, nupG, recA[ were obtained from Life

Technologies, Cat. No. 829754 Gaithersburg, Maryland, USA.

(c) E.coti MC1061 /P3 : arøDL39, D(ara, Ieu)7697, gølU, galK, DløcY74, hsr-, hsrm+, str[,

deoR+, {p3: amber ampR, amber tetR, KmRl, were obtained from Invitrogen Corporation,

San Diego, CA, USA.
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(d) E.coli IM109 : endA7, rec{l, gyr\96, thi, hsdRlT (rr-, mr+), rel{l, supE44, )u-, L(lac-

pro.ÞrB), |F , trøD36, proA+B+, IøcI9LM'IS], obtained as a component of the Altered

Sitesru, in aitro Mutagenesis System, Promega Corporation, Madison, WI, USA.

(e) E.coli BMH 7L-\8 mut S:thi,supE,L-, L(lac-proAB), [mutS::Tnl0l, [F', traD36,

pro{+B+, IøcIqAMlSl, obtained as a component of the Altered SitesrM, in uitro

Mutagenesis System, Promega Corporation, Madison, WI, USA.

2.L6.6. Preparation Of Electrocompetent Cells

E.coli strains (refer to Section 2.1,6.5.) were made electrocompetent by the method

of Miller et aI, (1988). An isolated colony was used to inoculate L0 ml of superbroth

growth medium (refer to Section 2.1,6.2. for preparation) and the culture grown overnight

at 37"C with continuous shaking. The culture was then subcultured into L litre of pre-

warmed superbroth growth medium and incubated at 37"C with shaking until an ODooo

of 0.4 -0.6 was achieved (approximately 2 - 3 hours). The culture was chilled on ice prior

to pelleting by centrifugation at 2000 x g for L5 minutes in a pre-cooled JAL4 rotor

(Beckman I-2lC centrifuge). Each pellet was subsequently washed thrice with 250 ml ice-

chilled, sterile Milli-Q water, and each pellet resuspended in 5 ml of ice-chilled 10% (v /v)

glycerol in water. The cells were pooled into a 35 ml polypropylene Oakridge tube

(Nalgene Labware, Nalge, Rochester, NY, USA. Cat. No. 3118-0030) and pelleted by

centrifugation at 2000 x g as above. The final pellet was resuspended in 1 ml 70% (v /v)

glycerol in water and aliquoted into pre-cooled Eppendorf tubes (Eppendorl Gerätebau,

Federal Republic of Germany), snap frozen on dry ice and stored at -80"C. The

transformation efficiency of the cells was determined prior to use, by transforming 10 pg

of dosed, circular, pBluescript plasmid DNA (refer to Appendix A, Restriction Map # 1),

and the efficiency calculated using Formula 2.L6.I. below.

Formula 2.\6.1:

Transformation Efficiency (CFU/pg) = CFU on control plate x 106 pg x dilution factor /

# pg pBluescript used.
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L76.7. Transformation Of E.Coli Wíth Plasmid Recombinants

Routinely, the ligation reaction products (refer to Section 2.1,8.7.) to be used for

transformation were phenol/chloroform extracted as described in Section 2.18.4. , and

resuspended in 10 pl Milli-Q water. In a pre-chilled Eppendorf tube, 2pl of the ligation

reaction and 40 pl of thawed electrocompetent cells (refer to Section 2.16.6.) were added

and incubated on ice for 1 minute. The mixture was transferred to a pre-chilled

electroporation cuvette (Bio-Rad, Hercules, CA, USA, L mm electrode distance, Cat. No.

765-2089), and the cells subjected to the following electroporation parameters; L.6 kV,

200 ohms, 25 ¡tf.d,,using a Bio-Rad Gene Pulser (Bio-Rad). Time constants between 5.6

and 5.8 were expected and routinely obtained. Immediately following electroporation, L

ml of SOC medium (refer to Section 2.L6.2. for details of preparation) was added to the

cuvettes, and the cuvette contents subsequently transferred to a 10 ml poþropylene tube

(Disposable products, Adelaide, Australia, Cat. No. 21829), and incubated at 37'C with

continuous shaking for t hour. The transformed cells were plated onto LB-agar containing

50-100 pglml of Ampicillin (or co-selected with L2.5 tlg/ñ Ampicillin and 7.5 pglml

Tetracycline, as described above) using a sterile glass spreader. The agar plates were

routinely incubated at 37"C overnight. Selection of recombinant colonies was often

simplified by the use of the B-galactosidase reporter system in a compatible host and

vector. This was achieved by the addition of 20 ¡tl of both 2%BCIG and2"/" IPTG prior to

the plating of the transformed cells.

2.76.8. Preparation Of Glycerol Stocks

Single colonies of bacteria, obtained by streaking onto agar plates of suitable

medir¡m (refer to Section 2.L6.2.) were used to inoculate liquid growth medium. Bacterial

cultu¡es were growrt at37"C with continuous shaking to provide adequate aeration. The

resultant log phase cultures were used to prepare glycerol stock cultures of the bacterial

strains (refer to Section 2.16.5.) and recombinant plasmid-transformed bacteria (refer to

Section 2.1,6.4.) by the dilution of an overnight culture with an equal volume of 80% (v/v)

glycerol (made in LB broth) and stored at either -20"C, or -80oC for long term storage.
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2.17. ISOLATION AND PREPARATION OF DNA

2.l7.L.Isolation And Preparation Of Plasmid DNA: General Considerations

The rapid alkaline hydrolysis procedure, essentially performed as described by

Birnboim and Doly (1979), was used for the isolation of plasmid DNA from 2 ml

overnight cultures for analytical restriction digests. These methods were also scaled-up

for the bulk preparation of recombinant plasmids from 100 ml to L litre cultures (as

described below) for subsequent use as probes in both Northern and Southern

hybridisations. However, a modification of the boiling method described by Sambrook ef

aI,1989 was used to prepare plasmid DNA for sequence analysis (as described in Section

2.L7.1.. (iL)).

(i) Rapid Small Scale Isolation Of Plasmid DNA ("Mini-Prep." Method)

Isolated colonies were picked from selection plates and cultured overnight in 2 ml

of LB broth (refer Section 2.1,6.2), containing the appropriate antibiotic selection, at 37oC

with continuous agitation. Routinely, 1..5 mls of the culture was pelleted by centrifugation

for 2 minutes at L0,000 x g at 4oC in a.microcentrifuge. The supernatant was removed by

vacuurn aspiration and the pellet resuspended by vortexing, prior to the addition of 100

pl of Solution L (25 mM Tris-HCl pH 8.0, 10 mM EDTA, L57" sucrose and 5 mglml

chicken egglysozyme (Sigma, USA), and incubated for 5 minutes at room temperature.

Following this, 200 pl of freshly prepared Solution 2 (0.2 M NaOH, 1% SDS) was added

and the solution mixed by inverting the tube several times prior to incubating the tube on

ice for five minutes. Chromosomal DNA was precipitated by adding 150 ttl of ice cold

Solution 3 (3 M potassium acetate, pH a.5) and incubating the mixture on ice for 5

minutes. The mixture was microcentrifuged at L0,000 x g for L0 minutes at 4oC and the

supernatant containing the plasmid DNA was carefully removed without disturbing the

pellet and transferred to a fresh Eppendorf tube. The plasmid DNA was precipitated by

the addition of two volumes of absolute ethanol and then pelleted by centrifugation

(L0,000 x g) for L0 minutes. Plasmid DNA was subsequently washed once in 70%

ethanol, vacuum dried and resuspended in 50 ¡rl of Milli-Q water. Plasmid DNA was

subsequently analysed by restriction endonuclease digestion as described in Section
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2.18.L. Clones exhibiting the appropriate fragment size(s) after restriction endonuclease

digestion analysis were chosen to prepare glycerol stocks as detailed in Section 2.1.6.8.

(ii) Small Scale Plasmid Preparation Of DNA For Sequence Analysis (TELT Method)

The method described here, represents a modification of the boiling method

described by Sambrook et a\,1989. A single colony was isolated and used to inoculate 2

ml of LB broth (refer to Section 2.L6.2. for preparation) which was cultured overnight at

37"C with shaking. The culture was chilled on ice and the cells subsequently pelleted in a

1.5 ml Eppendorf tube by centrifugation at 10,000 x g for L minute at 4oC in a

microcentrifuge. The supernatant was aspirated and the pellet resuspended in 250 pl of

freshly prepared TELT buffer (50 mM Tris-HCl, pF{7.5;62.5 mM EDTA, p}J8;0.4%

(v /v) Triton-Xl0O and 2.5 M lithium chloride). This mixture was vortexed vigorously and

left on ice for 5 minutes after which 20 pl of fresNy prepared Lysozyme (10 mg/nrl) was

added. The mixture was vortexed for 3 seconds, boiled for l- minute and put immediately

on ice for approximately L5 minutes. The mixture was then centrifuged f.or 20 rninutes at

room temperature and the supernatant transferred to a fresh tube. The plasmid DNA

was precipitated by adding 500 pl absolute ethanol to the lysate, mixed by vortexing and

centrifuged at 1.0,000 x g for 1,5 minutes at 4"C. The DNA pellet was washed in 70%

ethanol and vacuum dried. For sequence analysis, the pellet was resuspended in 32 pl of

Milli-Q water, of which 2 pl was digested with restriction endonucleases (as described in

Section 2.18.1.) in order to determine the yield of plasmid DNA obtained.

(iii) Mid-Scale Plasmid Preparation (QIAGENfrT TIP-100)

The QIAGEN plasmid purification procedure was carried out essentially as

recoûunended by the manufacturer (QIAGEN Inc., Chatsworth, CA, USA, Cat. No.

12L43). A single colony was isolated and used to inoculate 2 mI of LB broth

supplemented with the appropriate antibiotic and cultured for several hours at 37"C with

shaking. This starter or miniculture, was then diluted L:100 into 200 ml of selective

medium and regrown to saturation by overnight incubation at 37"C with shaking. Cells

were harvested by centrifugation at 4"C for L5 minutes at 6,000 x g (Beckman JA-L0
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rotor). The supernatant was removed by inverting the open centrifuge buckets, and the

cell pellets were subsequently resuspended in 4 ml of "Buffer P1" [Resuspension buffer,

100 pglml RNase A, 50 mM Tris-HCl, L0 mM EDTA, pH 8.01 provided' The cell

suspension was then lysed by the addition of 4 ml of "Buffer P2" [Lysis buffer, 200 mM

NaOH, 1% SDS], and incubated at ambient temperature for 5 minutes. The lysate was

neutralised by the addition of 4 ml of "Buffer P3" [Neutralisation buffer, 3 M potassium

acetate, pH 5.5], mixed by inversion, and chilled on ice for 15 minutes. The sample was

transferred to a fresh Oakridge tube (Nalgene, Cat. No. 3118-0030), and the insoluble

precipitate pelleted by centrifugation at 4'C for 30 minutes at 30,000 x g (Beckman, ]A-20

rotor). During this time, a QIAGEN-tip 100 column was equilibrated by the addition of 4

mt of "Buffer QBT" [Equilibration buffer, 750 mM NaCl,50 mM MOPS, ].5% ethanol, pH

7.0,0.15% Triton X-1001, and allowed to discharge from the column by gravity flow.

Following centrifugation, the "cleared" supernatant was loaded onto the equilibrated

QIAGEN-tip 100 column, and allowed to enter the resin by gravity flow. After the column

had emptied, the QIAGEN-tip 100 was washed twice with L0 ml of "Buffer QC" [Wash

buffer, 1.0 M NaCl, 50 mM MOPS, L5% ethanol, pH 7.01 to remove contaminants in the

DNA preparation. The DNA was eluted into a fresh Oakridge tube following the

addition of 5 ml of "Buffer QF" lElution buffer, L.25 M NaCl, 50 mM Tris-HCl, L5%

ethanol, pH 8.5] to the column. The plasmid DNA was subsequently precipitated with

the addition of 0.7 volume (3.5 ml) of isopropanol. The DNA was pelleted by

centrifugation at 15,000 x g, at 4oC for 30 minutes (Beckman IA-20 rotor), and thereafter

the supernatant was aspirated and the pellet washed with 5 ml of ice cold 70% ethanol.

The pellet was air dried for 5 minutes and routinely redissolved in 200 pl of 1 x TE or

Milli-Q water. The yield of DNA was determined by UV spectrophotometry (please refer

to Section 2.25.2.) and agarose gel electrophoresis (please refer to Section 2.18.2.) and

was consistently between 80 - 100 pg Per preparation.

(iv) Large Scale Plasmid DNA Preparation
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Extraction of plasmid DNA was performed as described by Sambrook et a\,1989

and purified on a two-step CsCl gradient by the method of Garger et ø1,1983. Restriction

analysis of the plasmid DNA was performed as described in Section 2.18.1.

(a) Extraction Procedure

Extraction of plasmid DNA was performed from 500 ml Luria-Bertani broth

cultures containing Ampicillin (100 pg/ml) and grown for approximately 3-4 hours prior

to amplification with 2.5 mt chloramphenicol (3a pglml) f.or 12-15 hours. The culture was

centrifuged at 6,000 x g for 1.5 minutes at 4oC in a Beckman JA-10 rotor. The cells were

then resuspended in 16 ml of Solution 1 (25 mM Tris-HCl pH 8.0, 10 mM EDTA, 15%

sucrose) freshly supplemented with chicken-egg lysozyme (2.5 mglrnl). The cells were

allowed to stand at room temperature for L0 minutes in order to break the cell wall and

outer membrane. The resulting spheroplasts were lysed by the addition of 26 ml of fresh

Solution 2 (0.2 M NaOH, 1% SDS) and left on ice for 5 minutes. Chromosomal DNA was

precipitated by the addition of 1.4 ml of ice cold Solution 3 (3 M potassium acetate, pH

4.5) and leaving the mixture on ice for L5 minutes. The mixture was centrifuged at 6,000 x

g, 20 minutes at 4"C, as described above. The supernatant containing the plasrnid DNA,

was removed carefully without disturbing the pellet and extracted twice with an equal

volume of buffer-saturated phenol/chloroform/isoamylalcohol (25:24:1). The mixture

was then centrifuged at 1000 x g (Mistral 3000i, MSE) for 5 minutes to separate the

organic and aqueous phases. The plasmid DNA, present in the upper aqueous phase,

was transferred to an Oakridge tube and precipitated by the addition of one volume of

iso-propyl alcohol (propan-L-ol). The plasmid DNA was then pelleted by centrifugation

(10,000 x g, 1.0 minutes) and subsequently washed once n70% ethanol. The supernatant

was removed and the pellet vacuum dried prior to resuspension in 2.4 ß1. of Milli-Q

water.

(b) Two-Step Caesium Chloride Gradient

Plasmid DNA was further purified on a2 step caesium chloride (CsCl, BDH, UK,

Cat. No. 81,0709) gradient essentially as described by Garger et øl (1983). To the DNA
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solution, 4.2 g oÍ solid CsCl was added to give a final concentration of 1.8 g/ml. The

refractive index of the DNA/CsCI solution was adjusted to L.4080, prior to the addition

of 400 pl of ethidium bromide solution (10 mglml). To a Beckman Optiseal tube

(Beckman, USA, Cat. No. 36'1.621),8 ml of CsCl solution (L.470 g/ml, refractive index,

1.3780) was added, and the DNA/CsCI solution was carefully underlaid with a Pasteur

pipette. The tubes were completely filled with the less dense CsCl solution (refractive

index, \.3780), balanced by the removal of the lower layer (containing the DNA), heat-

sealed, placed in a Beckman TLA-100.4 rotor and subjected to ultracentrifugation in a

Beckman Optima TLX ultracentrifuge at 330,000 x g, 5 hours, 20'C. Following

centrifugation, the lower plasmid band (supercoiled) was clearly discriminated from the

"nicked" - plasmid band, and was removed with a 19 gauge needle and 3 ml syringe. The

ethidium bromide was removed by extracting the solution 5 - 6 times with L M NaCl-

saturated butanol. The extracted-DNA solution was subsequently precipitated with the

addition of. 2.5 volumes of absolute ethanol and incubated overnight at -20"C. The

precipitated DNA was pelleted by centrifugation at L5,000 x g at 4oC, f.or 20 rninutes,

washed once with 10 ml of 70% ethanol, vacuum dried and resuspended in 500-L000 ¡rl

of Milli-Q water. The yield of DNA was determined by UV spectrophotometry (please

refer to Section 2.25.2.) and agarose gel electrophoresis (please refer to Section 2.1,8.2.)

and was consistently between 500-1000 pg per preparation.

2.77.2- Preparation Of High Molecular Weight Genomic DNA

Genomic DNA from eukaryotic cells was isolated by the sodium dodecyl sulphate

(SDS)/proteinase K/RNase A protocol, described by Hughes et øl (1979). Typically L x

107 cells were harvested and pelleted by low speed centrifugation (400 x g). The cells

were subsequently washed thrice by centrifugation at 4oC in PBS and resuspended at L x

L07 per ml in genomic DNA buffer (0.1 M NaCl, 0.05 M Tris-HCl [pH 8.3], 1 mM EDTA).

Cells were tysed by incubation in the presence of proteinase K (BDH/Merck, Australia,

Cat. No. Cat. No. 24568), SDS and RNase A (Boehringer Mannheim, Germany, Cat. No.

109 169), at final concentrations of 500 pglml, 0.5o/" (w /v) and 100 lLg/d respectively,

for 90 minutes at 37"C. After adjusting the concentration of SDS to L% (v /v), the DNA
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was phenol/chloroform extracted as described in Section 2.78.4., and ethanol

precipitated by adding1-/1,0 volume 3M sodium acetate,2 volumes of 1.00% ethanol, and

incubating at -20'C for 20 minutes. The precipitated DNA was collected by spooling,

washed once in 70% (v /v) ethanol and resuspended in sterile Milli-Q water. The genomic

DNA was subsequently placed at 4oC for approximately 24 hours to ensure adequate

solubilisation. An aliquot was removed and the concentration determined as described in

Section 2-25.2. An OD260/280 of 1,.8 or greater was routinely obtained, and was indicative

of a protein-free DNA preparation. Finally, the DNA was resuspended to a final

concentration of approximately t ¡tg/¡tl, and stored at -20oC.

2.18. DNA MANIPULATION AND MODIFICATION

2.18.L. Restriction Endonuclease Digestions

In analytical digests, 0.5-1 pg of DNA was incubated with 2-5 units (5 units of

enzyme added per Fg of DNA) each of the appropriate restriction endonuclease(s) for a

minimum of t hour in 'One-Phor-All' buffer or the buffer conditions specified by the

manufacturer in a total reaction volume of 20-50 pl. Double digests were carried out by

digesting the DNA first with the restriction endonuclease (RE) that required the lowest

salt concentration for a minimum of L hour, and then adjusting the salt concentration

appropriately for the second RE. The digests were incubated for a further t hour at the

requisite temperature prior to terminating the reaction by the addition of 1/1,0 volume of

gel loading buffer (refer to Section 2.1,6.3. for preparation) or heating to 65'C for L0

minutes.In circumstances where the DNA digest conditions were incompatible, the DNA

was phenol/chloroform extracted (refer to Section 2.1,8.4) prior to the subsequent

digestions. If mini-prep DNA (refer to Section 2.17.1,.) was contaminated with a

substantial amount of RNA, 1, pl of 10 mg/ml RNase A was added in association with

the restriction endonuclease.

In preparative digests, 5 to 10 Fg of DNA was restricted in a reaction volume of

30 to 50 ¡rl, and the desired DNA fragments were isolated as detailed below.

2.18.2. Analytical And Preparative Separation Of DNA Fragments
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Following restriction endonuclease digestion, I/L0 volume of 10 x gel loading

buffer (refer to Section 2.16.3. (h), for preparation) was added, and a proportion of this

reaction was electrophoresed in 0.8%, 1"/" or 1,.5% (w /v) agarose gels, depending on the

expected size of the DNA fragments. Gels were electrophoresed for periods ranging from

30 minutes to 5 hours, at 100 volts in 1. x TAE buffer (refer Section 2.16.3. for preparation

details) in a horizontal gel apparatus (Bio-Rad). The gels were stained with ethidium

bromide (2 þg/ml in water, Sigma, USA, Cat. No. E-8751) for 5 minutes, and then

destained in a large volume of water for l-0 minutes with gentle agitation. DNA fragments

were visua-Lised by 280 nm short-wave UV light and photographed using Polarcid 667

film. Preparative gels were prepared as described above with the exception that DNA

was visualised with 320 nm long-wave UV light to minimise nicking and damage to the

fragments required for gel purification and cloning.

2.18.3. Preparation Of DNA Restriction Fragments

Bands representing restriction fragments were visualised under UV light following

staining with ethidium bromide, and the appropriate fragment(s) excised from the gel and

purified using a number of gel purification protocols (described below).

(a) Genedean fnu And BRESAcleanrM Protocols

These methods were carried out essentially as recorunended by the manufactulers'

(Genedean II, Bio10l, Cat. No. 3105, and BRESAclean, Bresatec, Adelaide, Australia

Cat. No. BC-1) and were used to purify DNA fragments between 0.5 and 7.5 kb from

agarose gels. Excised gel slices (containing desired DNA fragment) were placed into 1.5

ml Eppendorf tubes and their mass determined. To this, 2.5-3 volumes of sodium iodide

(NaI) solution was added, and the agarose melted at 55oC for 1.0 minutes. Ten microlitres

of resuspended Glassmilk (Geneclean II) or Silica matrix (BRESAclean) was subsequently

added, mixed thoroughly, and placed on ice for 5-L5 minutes (with intermittent mixing).

DNA bot¡nd to the glass milk/silica matrix was pelleted by centrifugation (5 seconds,

13,000 rpm), and the NaI supernatant removed by aspiration. The pellet was

resuspended, by vortexing and washed 3 times with 800 ¡rl of NEW WASH (Geneclean)

or BRESAwash (BRESAclean). Residual wash solution was removed by an additional
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centrifugation step and heating the silica matrix/DNA pellet at 55oC for 5 minutes. The

DNA was eluted from the silica matrix with the addition of 1.0-20p1 of water or TE, and

incubation at 55"C for L0 minutes. The DNA in solution was removed following a brief

centrifugation to pellet the silica matrix.

lb) OlAouick Gel Extraction Protocol

This method was carried out essentially as recorunended by the manufacturer

(QIAGEN Inc. Chatsworth, CA, USA, Cat. No. 28704). Following agarose gel

electrophoresis and ethidium bromide staining, separated DNA fragments were

visualised by long wave (320 nm) ultraviolet illumination. Gel slices (containing desired

DNA fragment) were excised with a clean, sharp scalpel and placed into 1.5 ml

Eppendorf tubes. The mass of the gel slice was determined, and 3 volumes of "Buffer

QX1" was added prior to incubating the sample at 50oC for L0 minutes. The samples pH

was adjusted to less than 7.5 with the addition of L0 pl 3 M sodium acetate, pH 5.0,

prior to loading onto a QlAquick spin column (previously inserted into a 2 ml collection

tube). The sample was centrifuged at 1.0,000 x g for 60 seconds in a microcentrifuge, and

the flow-th¡ough fraction was drained from the collection tube. The Q[Aquick column was

returned to the collection tube, and the bound DNA was washed with the addition of

0.75 ml of "Buffer PE". In general, the DNA fragments were subjected to further enzymatic

modification, and as such, the column was allowed to stand for 5 minutes in the presence

of the wash buffer, prior to centrifugation as described above. The flow through was

drained as above, and the column subjected to centrifugation for an additional 60

minutes to remove residual "Buffer PE". The QlAquick column was transferred to a clean

1..5 ml Eppendorf tube, and the DNA eluted with the addition of 50 ptl of Milli-Q water,

and centrifuged as above. The concentration of QlAquick-purified DNA fragments were

assessed by agarose gel electrophoresis of a proportion of the sample.

2.18.4. PhenoUChlorof orm Extraction

This method was carried out essentially as described in Sambrook et aI (1989),

with the following modifications. For limited quantities of DNA, the volume was

routinely made up to a volume of 100 pl with Milli-Q water and l. ¡rl of glycogen (L mglml
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stock, Boehringer Mannheim, Mannheim, Germany) was added as carrier. An equal

volume of phenol/chloroform was subsequently added, mixed by vortexing and

centrifuged at 10,000 x g for 5 minutes to facilitate phase separation. The aqueous phase

was then removed and an equal volume of chloroform was added, vortexed and

centrifuged as before, to ensure complete removal of residual phenol. The aqueous phase

was retained and the DNA precipitated by the addition of I/1.0 volume of 3M sodium

acetate, pH a.6 and 2 volumes of ethanol, and incubated on ice for 20 minutes. The DNA

was pelleted by centrifugation at L0,000 x g for 20 minutes at 4oC, washed in 70%

ethanol and resuspended in water or TE. Phenol/chloroform extraction of genomic DNA

was perfonned essentially as described above, with the omission of the glycogen carrier.

Additionally, it was often necessary to extract genomic DNA several times with an equal

volume of phenol/chloroform, prior to precipitation as above.

218.5. End- Filling Of Restriction Fragments

End-filling of restriction fragments to create blunt-ended DNA molecules was

carried out essentially as described in Sambrook et al (1989). The DNA to be end filled

was ethanol precipitated and resuspended in a reaction volume of 1.5 pl which contained

50 mM Tris HCI pH 7.6, 10 mM MgCl2, 500 mM DTT, 0.02 mM dNTP's and 2 units of

Klenow polymerase. The reaction was incubated at 37"C for L5 minutes, followed by

incubation at75C for L0 minutes to inactivate the Klenow polymerase" End-filled DNA

subsequently used in ligations was not further purified, however if additional enzymatic

modification was carried out, DNA was purified by phenol/chloroform extraction (refer

to Section 2.18.4.).

2.18.6. Dephosphorylation Of Vector DNA

Plasmids were linearised with the appropriate restriction enzyme(s) as described

in Section 2.L8.1. To prevent self-ligation of the vector,S'-terminal phosphate SrouPs were

removed by incubation with calf intestinal alkaline phosphatase (CIP, Boehringer

Mannheim, Cat. No. 713 023). Routinely, 0.5-1.0 ¡rg of plasmid DNA was incubated with

0.5 units of calf intestinal phosphatase in L x CIP buffer comprised of 50 mM Tris-HCl
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pH 9.0, 1 mM MgClz, 0.1 mM ZnCl2. The reaction was carried out in a final volume of

100 ¡rl and subject to two cycles of incubation for L5 minutes at 37"C, followed by 15

minutes at 56oC. The CIP was inactivated by heating at 75oC for 10 minutes in the

presence of 5 mM EDTA, pH 8.0 and phenol/chloroform extracted prior to ligation.

Alternatively, if further enzymatic modification was required, the vector DNA was

electrophoresed on an appropriate percentage agarose gel containing TAE rurning buffer,

excised and purified using a Geneclear', ¡ru/BRESAcleanrM or QIAquickTM column as

described in Section 2.78.3. The amount of vector DNA recovered was estimated

following subsequent agarose gel electrophoresis of a proportion of the product.

2.18.7. Ligation Of Restriction Fragments To Vector

A 10pl reaction routinely contained 20-50 ng of vector DNA, the DNA restriction

fragment insert, in the presence of L x ligation buffer comprised of 50 mM Tris-HCl pH

7.4, t0 mM MgCl2, 1 mM DTT, L mM rATP, and L-2 units of T4 DNA ligase (Promega,

þ{¿rlisen, WI, USA, Cat. No. M1801). A2-3 molar excess of restriction fragment insert to

vector DNA was routinely used. The reactions were incubated for either L to 4 hours at

room temperature, or overnight at 12'C. Control ligations of vector without insert and

vector without ligase were usually set up and included in the subsequent transformation

to determine background levels of uncut or recircularised vector DNA.

218.8. Oligo-Labelling Of DNA

For the oligolabelling of recombinant plasmids and pure fragments, the GIGAprime

DNA Labelling Kit (Bresatec, Adelaide, Australia, Cat. No. GPK-I) kit was used, with

the following modifications. Routinely, 50-200 ng of DNA in a total of 6 pl water, was

denatu¡ed by heating at 95oC for 10 minutes and then chilled on ice. To the denatured

DNA, 6 ¡rl nudeotide/buffer cocktail, 6 pl decanucleotide solution,5 pl (50 pCi) of either

o32P-rL{TP or G32P-dCTP (both from Bresatec, Adelaide, Australia, Cat. No. ADA-2

and ADC-2, respectively) and 1 ¡rl (5 units) Klenow polymerase. The labelling reaction

was incubated at 37"C for L5-30 minutes before being terminated by the addition o1.2 ¡t'l

of 0.5 M EDTA, pH 8.0. The volume of the reaction was adjusted to 95 ¡tl with Milli-Q
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water, and the labelled DNA was precipitated with the addition of 100 pl 7.5 M

ammonium acetate,5 pl of 5 pg/ml salmon sperm DNA, and 400 pl (2 volumes) absolute

ethanol. Following incubation on a dry ice/ethanol bath for 15 minutes, the labelled DNA

was pelleted by centrifugation for 10 minutes at 4"C in a microcentrifuge at 10,000 x g.

The pellets were then washed twice w1th70% ethanol to remove excess/ unincorporated

nudeotides, vacuum dried and resuspended in L00 pl Milli-Q water or TE. Probes were

denatured by heating at 100'C for 5 minutes, and placed immediately on ice prior to its

addition to the hybridisation solution. This procedure consistently led to efficient

incorporation of the radionucleotide(s). The specific activity of probes was generally 1-2

x 108 cpm/¡rg as determined by scintillation counting as detailed below (Section 2.18.9).

2.78.9. Measurement Of Incorporated Radioactivity In Radiolabelled Probes

1-5 Fl of each completed reaction sample as well as 1 pl of a L:500 dilution of the

"free" radionudeotide were spotted onto separate Whatman GF/A glass fibre discs, dried

under a heat lamp and counted in 3 ml of OptiscintrM (Pharmacia) scintillation fluid in

an LKB Wallac 1214 Rackbeta liquid scintillation counter. The percentage of radioactivity

incorporated in the probe was subsequently calculated using the counts obtained from

each sample and the estimation of the counts from the free radionucleotide initially

added to the reaction.

2.18.10. S'-Phosphorylation Of Oligonucleotides

Phosphorytation of the S'-terminal nucleotide of oligonucleotides (please refer to

Section 2.2I. (i) (a & b), was achieved by placing approximately L00 picomoles of the

desired oligonucleotide, 2.5 pl of L0 x kinase buffer (500 mM Tris-HCl, pH7.5, 100 mM

M*lz,50 mM DTT, 1 mM spermidine and 10 mM ATP) and 5 units of T4 polynucleotide

kinase into a 1.5 ml microcentrifuge tube. The volume of the reaction was adjusted to 25

pl with the addition of Milli-Q water, and subsequently incubated at37"C for 30 minutes.

The T4 polynucleotide kinase was inactivated by heating the reaction to 70oC for L0

minutes, and used immediately or stored at -20oC until required.
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2.L8.LL. Southern Transfer And Hybridisation

(a) General Considerations

Restricted DNA samples were electrophoresed on 0.8-1.5% agarose gels

(depending on the size of the DNA fragments being separated) in 1 x TAE running buffer

(refer to Section 2.16.3. for preparation). Following staining with ethidium bromide, the

gel was visualised under 320 nm long-wave IJV light and photographed. To denature the

DNA, the gel was incubated with gentle agitation, in a solution comprised of 0.5 M

NaOH and L.5 M NaCl for 30-60 minutes at room temperature. Gels were subsequently

neutralised by incubation in a solution comprised of 1..0 M Tris.HCl, pH8.0, for 30-60

nrinutes, as described above. The DNA was then capillary-transferred to Hybond-N+

(Amersham, Poole, England) by the method of Southern (7975). Following transfer, the

DNA fragments were covalently crosslinked to the membrane by exposure to 0.7 J / crÑ

of UV radiation in a Stratagene UV StratalinkerrM 1800 (Stratagene, La Jolla, CA, USA),

according to manufacturer's reconunendations. The membrane was prehybridised for 4-8

hou¡s at 42"C in 50% formamide, 5 x SSC, 5 x Denhardt's solution (refer to Section

2.76.3. for preparation), 0.1% SDS, 0.05% sodium pyrophosphate, and 200 ¡t'g/m\ of

sheared salmon sperm DNA. Following addition of 20-50 ng/ml of the appropriate

radiolabelled probe, hybridisations were carried out for 10-18 hours under the same

conditions. The membrane was washed twice in 2 x SSC, 0.L% SDS for L0 minutes at

room temperature, followed by a single wash in 0.5-0.1 x SSC, 0.1% SDS at 65oC f.or 20-

30 minutes. After washing, the membrane was air-dried and exposed to autoradiography

film at either room temperature for several hours, or at -80'C for longer exposures as

required.

Intesrations

-

The number of the proviral integrations were determined as previously described

(Rayner and Gonda, 1994 and Zannettino eú a\,1996). Briefly, 10 pg of genomic DNA

(refer to Section 2.17.2.) was digested with 20-50 units of BamHI, at 37"C for a minimum

of 5 hours, in One-Phor-All Plus buffer [10 x buffer: 100 mM Tris-acetat" (pH 7.5),100
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mM magnesium acetate and 500 mM potassium acetate, Pharmacia], as specified by the

manufacturer and fractionated on a 0.8% agarose gel. The DNA was then transferred to

Hybond-N+ and probed with a L,090 bp Bglll-ClaI fragment corresponding to the NeoR

cassette from pRUF.Neo (refer to Appendix A, Restriction Map # 3), labelled with 32P

using random hexanucleotide primers (please refer to Section 2.18.8.).

2.1e. DNA SEQUENCE ANATYSIS

2.79.1.. Automated DNA Sequence Analysis

(a) PRISMTN{ Ready Reaction DyeDeox}¡ru Terminator Cycle Sequencing Kit

Direct sequencing of double-stranded (ds) PCR products was achieved using the

PRISMTM Ready Reaction DyeDeoxyw Terminator Cycle Sequencing Kit (Applied

Biosystems Inc., Foster City, California, USA, Cat. No. 401388). Sequencing of PCR

products was performed essentially as recorrunended by the manufacturer. Routinely, L00

ng of gel-purified ds DNA (please refer to Section 2.18.3.) was utilised per 300 bp of PCR

product length (i.e. for a PCR product of L200 bp in length, 400 ng of DNA in a total

volume of 9.5 pI of water, was used). To this, 9.5 pl of "terminator premix" []..58 pM A-

DyeDeoxy, 94-74 pNI T-DyeDeoxy,0.42 pM G-DyeDeoxy, 47.37 ¡t}.'4 C-DyeDeoxy,78.95

pM dITP, 15.79 ¡tlll/r dATP, 15.79 ¡t'Il.Í dCTP, 1,5.79 ¡t'}r.{ dTTP, 168.42 mM Tris-HCl (pH

9.0),4.2I mM (NH4)zSO¿, 42.10 mM MgCl2, 0.42 units/ pl Amplitaq DNA polymerasel

and 1 pl of sequencing primer (previously diluted to a concentration of 100 ng/pl) was

added to give a final volume of 20 pl. The reaction was overlaid with approximately 40 pl

of mineral oil, and the tube was placed in a thermal cycler (Perkin Elmer Cetus, Model

No. 480), preheated to 96oC. The thermal cycling parameters used, were as follows:

Rapid thermal ramp to 96'C and maintained for 30 seconds, rapid thermal ramP to 50"C

and maintained for L5 seconds, rapid thermal ramp to 60oC and maintained for 4

ninutes. These rycling "steps" were repeated for 25 cycles, and the resultant products

were phenol/chloroform extracted in the following manner. At the end of thermal cycling,

80 pl of Milli-Q water was added to the reaction mix and transferred to a fresh

Eppendorf tube. The terminators were extracted following the addition of 100 ¡rl of

phenol:water:chloroform (70:20:1.0) reagent, vortexing and centrifuging the sample at
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ambient temperature for 5 minutes at 1.0,000 x g. The lower organic phase was removed

and discarded, and the remaining aqueous phase was re-extracted as described above.

The aqueous phase was subsequently removed and transferred to a fresh tube, and the

extension products were precipitated by the addition of 10 pl of 3M sodium acetate, pH

5.2, and 300 pl of ice-cold absolute ethanol. The precipitated products were pelleted by

centrifugation at 10,000 x g for L5 minutes at 4"C, and the resultant pellets were washed

once with 70% ethanol and vacuum dried in preparation for denaturing gel

electrophoresis. Prior to electrophoresis, 4 pl of load buffer (deionised formamide, 8.5

mM EDTA) was added to each tube and vortexed. The samples were subsequently

denatu¡ed by heating the tubes to 90"C for 2 minutes and loaded onto an Applied

Biosytems 373ADNA sequencer according to manufactu¡ers instructions. Routinely,350-

450 bp of 5' and 3' sequence data was obtained per clone.

(b) PRISMru Ready Reaction Dye Primer Cycle Sequencing Kit

Sequencing of double-stranded PCR products which had been cloned into

pBluescript/pGEM-T vectors, were routinely performed using the PRISMru Ready

Reaction Dye Primer Cycle Sequencing kit (Applied Biosystems, Inc., USA, Cat. No.

401386). Sequencing of cloned DNA products were performed essentially as

recoûrmended by the manufacturer and utilised the M13 RSP and M13 primer recognition

sites which fla¡ked the cloned sequence. Routinely, QIAGENTM tip-tO0 or TELT-

prepared ds DNA (refer to Section 2.17.) diluted to 200-250 ng/ V), provided the highest

quality results. For each clone, the following reagents were aliquoted into four 0.5 ml

microcmtrifuge tubes as described below.

Reagent A G Tc
d/ddNTP mix*

DNA Template

4pl
1pl

4 ttl
1pl

8 ttl
2wr

pl

¡rl

8

2

Total Volume 5 ttl 5 ttl 10 pl 10 pl

' the composition of the d/ddNTP premix are detailed following protocol description "Kit Reagents".

Each of the reactions were overlaid with approximately 20 ¡tl oÍ mineral oil, and

the tubes were placed in a thermal cycler (Perkin Elmer Cetus, Model No. 480), preheated
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to 95oC. The thermal rycling parameters used, were as follows: Rapid thermal ramp to

95'C and maintained for 30 seconds, rapid thermal ramped to 55'C and maintained for

30 seconds, rapid thermal ramp to 70oC and maintained for L minute. These cycling

"steps" were repeated for L5 cycles, and the resultant products were handled as follows:

the four extension reactions were transferred and combined in a clean 1.5 ml Eppendorf

tube, to which 100 pl of 95% ethanol and 2 pl of 3 M sodium acetate (pH 5.5) were

added. The mixture was vortexed thoroughly, and chilled on ice to facilitate the

precipitation process. The extension reactions were pelleted by microcentrifugation at

10,000 x g at 4"C for 1,5 minutes. The supernatant was aspirated and the pellet rinsed

with 250 ¡ù o170"/" ethanol, centrifuged as above and vacuum dried for 1-3 minutes prior

to loading the samples onto an acrylamide gel as described in Section 2.19.1. (a).

Approximately, 500-600 bp of 5' and 3' sequence data was routinely obtained per clone.

Kit Reagents

A Mix:375 ÉM ddATP,15.6 FM dATP,62.5 PM dCTP,93.8 pM c7dGTP,62.5 UM dTTP,0.1pmol/pl

JOE dye primer, 100 mM Tris-HCl (pH 8.9 at room temperature), 25 mM (NH4)2SO4,6.3 mM

MgClt and 0.18 units/pt Amplitaq DNA polymerase.

C Mix: 187.5 ttM ddCTP, 62.5 pM dATP, 15.6 ttM dCTP, 93.8 pM cTdGTP, 62.5 PM dTTP,0.L

pmol/¡rl FAM dye primer, 100 mM Tris-HCl (pH 8.9 at room temperature),25 mM (NH4)2SO4,6'3

mM MgCl2 and 0.18 units/pl Amplitaq DNA polymerase.

G Mü:31.3 FM ddGTP,62.5 pM dATP,62.5 PM dCTP,23.5 UM c7dGTP,62.5 FM dTTP,0.L pmol/pl

TAMRA dye primer, 100 frM Tris-HCl (pH 8.9 at room temperature),25 rrM (NH4)2SO4,6.3 trM

MBCIz and 0.18 units/td Amplitaq DNA polymerase'

T Mix: 312.5 llM ddTTP, 62.5 UM dATP, 62.5 FM dCTP, 93.8 FM c7dGTP,15.6 FM dTTP, 0.1 pmol/¡tl

ROX dye primer, 100 mM Tris-HCl (pH 8.9 at room temperature), 25 mM (NH4)2SO4, 6.3 mM

MgCh and 0.18 urúts/pl Amplitaq DNA polymerase.

130



2.19.2. Manual Sequence Analysis- Dideoxy Sequencing Of DNA

Double stranded sequencing was performed using the Super-Base Sequencing

Reagent Kit (Bresatec, Australia, Cat. No. SBK-2) essentially as recommended by the

manufactu¡er. The template DNA was prepared as described in Section 2.17. and

denatu¡ed by alkaline-treatment as follows:

DNA:
2lvf NaOH :

Milli-Q water :

8-12 pl (approximately 2 ¡tg)

4pl
volume up to 20 pl

This was incubated at room temperature for 10 minutes prior to precipitating the DNA

by adding the following:

3m NaAc, pH 4.5 :

Ethanol:

Water:

6pl
120 p1

14 pl

This was mixed well and incubated at -80oC for 20 minutes. The DNA was

pelleted by centrifugation at L0,000 x g for L0 minutes in a microcentrifuge. The pellet was

subsequently washed with 70"/" ethanol and vacuum dried prior to annealing the

appropriate sequencing oligonucleotide. The oligonucleotide was annealed to the template

by resuspending in:

water :

1.0 x Annealing buffer 1 :

Oligonudeotide Primer 2, 3 :

8 ttl
1pl
1 trl

Total Volume L0 pl

l Please refer to Section 2.\6.3., for buffer preparation.

2 Please refer to Section 2.27.3., for list and location of oligonucleotide primers used'

3 Primer concentration was adjusted to 100 ng per pl.
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This was mixed well and incubated for 30 minutes at 37"C and subsequently

incubated at room temperature for 20 minutes. 2.5 pl of the provided A, G, C and T

termination mixes were added to individual wells of a microtray (Disposable Products,

Australia, Cat. No. 239728) and prewarmed to 37"C on a heating block (Techne block,

Techne [Cambridge], Duxford, Cambridge, England). To the annealed primer/template

mix the following reagents were added:

Diluted labelling/extension mix 1

100 mM DTT :

water :

[o-as5¡ dATP (10 pCi) 2:

2rù
1 trl

1pl
1 trl
1 rrlT7 DNA Polymerase (2 units) 3

I The labelling,/extension mix was diluted according to the length of the sequence required proceeding

the primer binding site. If sequence close to the primer was required i.e. within 5-20 bases, then this

mix was diluted 1/15 favouring the generation of short strands of DNA. If a longer extension was

required, 1/5 -I/70 dilution was used.

2 The [a-sS] dATP was purchased from Bresatec (Australia, Cat. No. SDA-2).

3 The T7 DNA Polymerase was purchased from Pharmacia (Cat No. 27-0985-04) and diluted to 2

units/ttt in the provided enzyme diluent.

Following the addition of the T7 DNA Polymerase enzyme/ the reaction was

incubated for 5 minutes at 37oC prior to transferring 3.5 pl of each labelling/extension

reaction mix to each of the corresponding wells of the microtray plate. The reactioru¡ were

incubated at37"Cfor a fu¡ther 5 minutes prior to the addition of 4 pl of the stop/loading

buffer provided. The reactions were either used immediately or stored at -20oC for up to

a week. Samples were denatured at 95oC for a 3 minutes on a heat block and loaded

dit".tly onto an acrylamide sequencing gel (please refer to Section 2.19.3.).

2.1.1g.g. Preparation Of Acrylamide Sequencing Gel And Electrophoresis Of Samples

(i) Buffer Preparation

(a) 46% urea solution : Dissolved 460 g of urea (BDH, AnalR, Cat. No. 10290) in Milli-Q

water to a final volume of 1 litre. Added 20 - 30 g Analytical Grade resin (AG 50L-X8;
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Bio-Rad, Cat. No. 142-&24) and stirred for at least 30 minutes. The beads were removed

by filtration through Whahan No. 1 PaPer.

fb) l0 x TBE : Dissolved 121 g of Tris-HCl base, 7.4 g of. EDTA and 53.4 g boric acid in

Milli-Q water to a final volume of L litre. The pH was adjusted to 8.3.

(c) 20% acrylamide solution : Dissolved 193 g of acrylarnide (Bio-rad), 6.7 g of N, N'

methylene-bisacrylamide (Bio-rad, Cat. No. L61-01,44) and 467 g urea in Milli-Q water to

a final volume of 1, litre. Added 20-30 g of Analytical Grade resin (AG 501-X8; Bio-Rad,

Cat. No. 1,42-6424) and stirred for at least 60 minutes. This was filtered through

Whatman No. 1. paper and stored at 4"C in the dark.

(ii) Gel Preparation And Elechophoresis

To prepare 70 mls o18% polyacrylamide gel mix containing 7M urea, 35 ml oÍ 46%

(w/v) urea,28 ml of 20"/" (w/v) acrylamide and 7 ml 10 x TBE were added to a 200 ml

glass beaker. To initiate the polymerisation, 350 ¡rl of I0% (w /v) ammonium persulphate

and 70 trl TEMED were added, mixed and immediately taken up into the barrel of a 50

ml syringe. This solution was poured in between two previously siliconised (Coatasil,

Ajax Chemicals, Cat. No. 2293) glass plates which were securely taped and clamped,

and the gel allowed to potymerise for approximately 40 minutes. The comb was

subsequently removed and wells were flushed with TBE buffer to remove unpolymerised

acrylamide. The gel was assembled onto a BRL vertical electrophoresis apparatus

(Bethesda Resea¡ch Laboratories, BRL, USA) and pre-electrophoresed for 30 minutes at

1700-1800V. The wells were again flushed out prior to loading the denatured samples

and electrophoresed for varying time intervals, depending on the length of sequence

required. Routinely however, most of the samples were loaded at staggered time intervals

and involved loading 2 ¡tl of each denatured sequence reactions (4, G, C, T) and

electrophoresed until the rylene cyanol dye front (slow dye front) approached the bottom

of the gel. The samples were denatured again and another 2 ¡tI were load and allowed to

run until the xylene cyanol dye front wasS/4 of the way down the gel. The third run was

allowed to run until the bromophenol blue dye front (fast dye front) approached the

bottom of the gel.
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Following electrophoresis, the plates were seParated and the gel was fixed with L

litre of alr}o/" methanol/1.0% acetic acid solution over a period of 30 minutes. The gel was

then transferred to a Whatman 3MM paper and dried under vacuum at 80oC for 45-90

minutes. The dried gels were then autoradiographed for L6-48 hours at room temperature.

Sequence data was compiled either manually or using the various DNA analysis software

available (see Section 2.25.3.). Analysis of the data was performed using the same

Proglams.

220. ISOLATION AND ANALYSIS OF RNA

220.7. RNase-Free Buffer Preparation And Special Considerations For RNA Isolation

(a) Preparation of Glassware. Plasticware And Equipment: Sterile, disposable

plasticware was considered to be essentially free of RNases, and was used for the

preparation and storage of RNA without pretreatment. General laboratory glassware

however, was treated by baking at 180"C for a minimum of 8 hours or alternatively filled

with a solution of 0.7% (v/v) diethyl pyrocarbonate (DEPC, Sigma, USA, Cat. No. D-

5758), a potent inhibitor of RNases. The DEPC-filled glassware was allowed to stand at

37"C for 2 hours, rinsed several times with sterile water and autoclaved for 30 minutes.

The autoclave treatment, removes all traces of DEPC that might otherwise modify purine

residues in RNA by carboxymethylation. The homogeniser probe (Ultra-turrax

homogeniser [Omni-5000, USA]), was treated with a solution comprised of. 0.I% (v /v)

DEPC and 0.5% (w /v) SDS for a minimum of 5 minutes prior to washing the probe with

copious quantities of sterile water to remove traces of DEPC. The poly prep

chromatography columns (Bio-Rad, Cat. No. 731-1.550) were alkali-treated prior to use

by washing the column with a solution of 0.5 M NaOH. To remove residual alkali, the

columns were subsequently washed with several column volumes of DEPC-treated water.

þ) Preparation of Solutions : All solutions were prepared in RNase-free glassware, using

DEPC-treated and autoclaved water. Alternately, where possible, solutions were treated

with 0.1% DEPC for a minimum of L2 hours at37"C prior to autoclaving as above.

(c) Preparation of Oligo-dT Cellulose : oligo-dT cellulose (Boehringer Mannheim,

Germany, a:, *" 808229) was RNase--ï:as follows; the cellulose was resuspended



in 5 ml of 0.5 ml NaOH and subsequently neutralised by washing the cellulose several

times with DEPC-treated water and finally resuspended at 0.025 g/nl in Binding Buffer

(refer below).

(d) STE Buffer : was comprised of 0.1. M NaCl, 10 mM Tris-HCl and 1 mM EDTA

prepared with DEPC-treated water.

(e) Binding Buffer : was comprised of 0.5 M NaCl, 10 mM Tris-HCl, p}{7.4, L mM EDTA

and 0.1% SDS prepared with DEPC-treated water.

(O Wash Buffer : was comprised of 0.1. M NaCl, 10 mM Tris-HCl, pF{7.4, L mM EDTA

and 0.L% SDS prepared with DEPC-treated water'

(g) Elution Buffer : was comPrised of 10 mM Tris-HCl, pIJ7.4,0.1 mM EDTA and 0.1%

SDS prepared with DEPC-treated water.

2.20.2. Preparation Of Polyadenylated (Poly A+) Messenger RNA

Poly A+ RNA was prepared essentially as described by Gonda et ø1, (1982).

Routinely, L-5 x 107 cells were collected and pelleted in a 50 ml polypropylene tube

(Corning, NY, USA, Cat. No. 25331-50), and washed twice in PBS. Pelleted cells were

either snap-frozen in liquid nitrogen and subsequently stored at -80oC, or immediately

resuspended at 2-5 x 106 cells/ml in "STE buffer". Predigested proteinase K

(BDH/Merck, Cat. No. 24568) and SDS was added to a final concentration of 200 ¡t'g/m\

and 0.5% respectively, prior to homogenisation for 30-60 seconds at medium to high

speed using an Ultra-turrax homogeniser (Omni-5000, USA). The mixture was

subsequently incubated at 37oC for greater than L hour. The solution was made up to 0.5

M with respect to NaCl prior to the addition of 2 ml of 50% slurry of oligo-dT cellulose

(see Section2.20"L. for preparation). The oligo-dT cellulose was incubated with the cell

lysate for greater than 2 hours with rotation, to facilitate the binding of poly-A+ mRNA

to the oligo-dT cellulose. The oligo-dT cellulose was pelleted by centrifugation at 10,000 x

g, for 5 nrinutes, resuspended in 3 ml of "Binding buffer" and transferred to an alkali-

treated poly prep chromatography column (Bio-Rad, Cat. No. 731-1550). Three column

volumes (6 ml) of "binding buffer" was added to the column and allowed to slowly pass

through under gravity. This was followed by the addition of 2 ml of "wash buffer" which
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was allowed to pass through the column prior to the addition of L.6 ml of "elution buffer".

The eluate was collected in a siliconised, RNase-free Corex tube (Corning) and the poly-

A+ mRNA precipitated by the addition of 7/10 volume of 3 M sodium acetate (NaAc,

pH 5.6) and 2.5 volumes of absolute ethanol and overnight incubation at -20"C. The

mRNA was pelleted by centrifugation at 10,000 x g for 30 minutes (Beckman), at 4oC.

The supernatant was aspirated and washed once in 70"/" ethanol to remove excess salt

and subsequently dried under vacuum. The pellet was resuspended in 400 pl TE or Milli-

Q water. The concentration was determined as described in Section 2.25.2., the

absorbance values at 260 nm and 280 nm of each RNA sample were determined. The

AZøO/AZgg ratios of the RNA samples were consistently in the range 1.6-2.0. The RNA

was used immediately, or stored at -20oC following the addition of 1/10 volume of 3M

NaAc and 2.5 volumes absolute ethanol.

Lz1.g.Isolation Of Total RNA: "The RNAzolru B Method"

Total RNA was extracted from tissues and cultured cell lines using the RNAzolru

B Method (Biotecx Laboratories, Inc., Flouston, TX, USA, Cat. No. CS-103) which

represents a modification of guanidinium isothiocyanate procedure described by

Chomczynski and Sacchi (7987). For the isolation of RNA from whole tissues (ie. murine

ly^ph nodes) the organ was first rinsed in PBS and subsequently homogenised in the

presence of RNAzoITM B (2 ml per L00 mg of tissue) with numerous strokes in a glass

homogeniser. Alternately, L-5 x I07 cultured cells were collected (adherent cells were

isolated by tryptic-detachment as described in Section2.4.3.), pelleted and washed twice

in PBS. The sedimented cells were lysed by the addition of 0.2 ml of RNAzolru B per L06

cells and the RNA solubilised by passing the lysate several times through a pipette tip.

The RNA was extracted by the addition of L/10 volume of chloroform, mixed by

vortexing and allowed to stand on ice for 5 minutes. The samples were subsequently

centrifuged at 1.2,000 x g for 5 minutes to facilitate phase separation and the aqueous

phase removed and transferred to a fresh 1.5 ml Eppendorf tube. The total RNA was

then precipitated by the addition of an equal volume of isopropanol, and incubated on

ice for 20 minutes. The RNA was pelleted by centrifugation at 12,000 x g for 20 minutes
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at 4oC, washed n 75% (v /v) ethanol and dried under vacuum for approximately L0

minutes. The RNA pellet was resuspended in Milli-Q water or TE and the absorbance

values at 260 nm and 280 nm of each RNA sample was determined on a Beckman IJV

spectrophotometer. The A25s/42s6 ratios of the RNA samples were consistently in the

range o11.G2.0. The relationship of one 426¡ unit equal to 40 pg/ml RNA was used in the

calculation of RNA concentrations. The integrity of the RNA was examined by

electrophoresis of a sample of the preparation on a L7" agarose /TBE gel. The RNA was

used immediately, or stored at -20"C following the addition of L/10 volume 3M NaAc

and 2.5 volumes absolute ethanol.

L20.4. Northern Hybridisation Analysis Of RNA

(i) Buffer And Reagent Preparation

(a) 10 x Running Buffer : was comprised of 20 mM 3-[N-Morpholino]propane-sulfonic

acid MOPS) (Sigma, USA, Cat. No. Il..4-1254),1 mM EDTA, 5 mM sodium acetate, pH

5.5. The pH was subsequently adjusted to 7.0 with the addition of NaOH pellets.

(b'l Loading Buffer : was comprised of 0.25% bromophenol blue (BDH, UK, Cat. No.

20015), 0.25% rylene cyanol FF (Sigma, NSW, Australia, Cat. No. X 4126) and20"/" Ficoll

(Type 400, Pharmacia, Sweden, Cat. No. L7-0400-01) in DEPC-treated water.

(c) 1% RNA Agarose Gel : To prepare 100 mls of 1% agarose gels, L g of molecular biology

grade, RNase-free agarose (IBI, Connecticut, USA, Cat. No. 70040) was dissolved in72

mI of DEPC-treated water. After cooling to approximately 56oC, 10 ml of L0 x Running

buffer (refer above), and L8 ml of 35% formaldehyde solution (final concentration2.2M;

BDH, AnalR, Victoria, Australia, Cat. No. 10113) was added. Gels were subsequently

electrophoresed in 1 x Running buffer containing 2.2M formaldehyde.

(d) Deionised Formamide : To prepare deionised formamide,20"/" (w/v) Analytical

Grade mix bed resin AG 501-X8 (Bio-Rad, Cat. No. L42-6424) was added to formamide

solution (BDH, AnalR, Victoria, Australia, Cat. No. 103264R) and stirred for several

hou¡s at room temperature. Mix bed resin was subsequently removed by filtration through

Whatman No. L paPer, aliquoted and stored at -20oC.
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(e) Sample Buffer : 1 ml of RNA sample buffer was prepared by adding together 100 ¡tl

10 x Running buffer, 500 pl deionised formamide,l78 ¡tl35% formaldehyde solution and

222 ¡tl of DEPC-treated water.

(0 20 x SSC : To prepare L litre of 20 x SSC, dissolved L75.3 g of NaCI and 88.2 g of

sodium citrate in DEPc-treated water. The pH was subsequently adjusted to 7.0 and the

volume made up to L litre.

(g) 100 x Denhardt's Reagent : 100 x Denhardt's reagent was prepared by dissolving 10 g

Ficoll Type 400 (Pharmacia, Sweden, Cat. No. 17-0400-01), 5 g potyvinylpyrrolidone

(Sigma, NSW, Australia, Cat. No. P 6755) 5 g bovine serum albumin (BSA: Cohn fraction

V; Sigma, St Louis, MO) in 500 mI DEPC-heated water.

(h) Prehybridisation Solution : 20 ml of Prehybridisation Solution contained the following:

10 ml deionised formamide; 5 ml oÍ 20 x SSC; 1 mt 100 x Denhardt's reagenf 200 tt'I10%

sDS; 2 ml of 100 mM HEPES, p}J7.1;200 pl of 100 mM EDTA, p}{7.5;200 pl of 200

n¡¡r4 sodium pyrophosphate, pIJ7.0;200 pt of 1.0 mg/ml, sheared and boiled salmon

sperm DNA and 30 pl of 10 mglml IRNA (Gibco/BRL, Cat. No. 1540L-011). Routinely 5

ml of prehybridisation solution was used per L00 cm2 membrane in a Hybaid Oven

hybridisation bottle.

(ii) Gel Electrophoresis And Northern Hybridisation

Routinely, 2 pg of polyadenylated nRNA or L0 pg of total RNA isolated as

described in Sections 2.20.2. and 2.20.3. respectively, was pelleted by centrifugation at

12,000 x g, 4"C for 1.5 minutes. The RNA was subsequently washed in 70% ethanol,

vacuum dried and denatured in the presence of L2 pl of "sample buffer" and 2 pl of 20

pg/ml ethidiumbromide. Samples were heated to 60"C for 5 minutes prior to loading on a

denaturing 17o agarose gels (refer above for preparation) and electrophoresis in "ruruLing"

buffer containing 22M formaldehyde. Following electrophoresis, the gels were washed

for 30 minutes in water, and ethidium bromide-stained RNA visualised and

photographed after ultraviolet illumination. The electrophoresed RNA was subsequently

transferred overnight by capillary action in L0 x SSC onto Hybond N+ (Amersham, Poole,

IlK, Cat. No. RPN 3038) filters. Following transfer, the filters were washed in 2 x SSC,

138



ai¡dried and the RNA covalently cross-linked to the filters by exposure to 0.4 I / crfi of

UV radiation in a Stratagene UV StratalinkerrM 1800. Filters were prehybridised for 4-16

hou¡s at 42"C in a prehybridisation solution comprised of 50% deionised formamide, 5 x

SSC (0.34 M NaCl, 75 mM sodium citrate, pH 7.0),5 x Denhardt's solution, 0.1% SDS,

10 mM HEPES, 1 mM EDTA, 0.05% (2 mM) sodium pyrophosphate, and 200 pglml of

shea¡ed salmon sperm DNA. Following the addition of the appropriate denatured,

radiolabelled probe (please refer to Section 2.L8.8.), hybridisations were carried out for a

fu¡ther 16 hours at 42oC. Filters were washed as described in Section 2.1,8.11. After

washing, filters were air-dried and exposed to Kodak X-Omat autoradiography film, with

intensifying screens at -80'C as required.

2.21. SYNTI{ESIS AND PURIFICATION OF OLIGONUCLEOTIDES

Unless otherwise stated, the following synthetic DNA primers were slmthesised

"in house" on an Applied Biosystems 39L DNA synthesiser,by A. Mangos and J. Hall,

Molecula¡ Pathology Unit, Division of Haematology, úrstitute of Medical and Veterinary

Science, Adelaide, Australia.

2.27.7. De-Protection And Purification Of Oligonucleotides

Oligonudeotides were cleaved from the synthesis columns by inserting a L ml

syringe at each end of the column. L ml of ammonium hydroxide 130% (v /v),

BDH/Merck, Cat. No. L.05428] was subsequently applied to the column, and the

plungers of the syringes were moved "to and fro" in order to fill the column with

ammonium hydroxide. This was incubated at room temperature for 20 minutes at which

time, the ammonium hydroxide was withdrawn and placed into a 2 ml screw capped

tube. The above procedure was repeated three times and the oligonucleotides deprotected

by the overnight incubation at 56oC. The ammonium hydroxide was removed by vacuurn

desiccation and the oligonucleotide pellet was dissolved in 200 pl of Milli-Q water and

the concentration determined by spectrophotometry as described in Section 2.25'2. and

the molarity determined using Formula 2.21,.1, below. If full length oligonucleotides were

required for site-directed mutagenesis, oligonucleotides were "trityl on" synthesised'
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Following cleavage and deprotection, the oligonucleotides were further purified with

oligonucleotide purification columns (OPC) as detailed below.

Formula 2.27.7:

Concentration of Oligonucleotide (M) = x pg x 1g-e /[NIWI of oligonucleotide / f x fO-a¡

MWt of dNTPs: A=347.2, T=332.2, G=363'2 and C=323'2

2.2L.2. OPC Purification Protocol

Prior to the addition of the deprotected oligonucleotide to the Oligonucleotide

Purification Column (OPC, Applied Biosystems, Foster City, California, USA, Part No..

49H053), the cartridge was flushed with 5 ml of HPLC grade acetonitrile, followed by 5

ml of 2 M triethylamine acetate (both reagents from Applied Biosystems, Part No.s

400262 and 40061.3, respectively). The ammonium hydroxide solution containing the

cleaved, deprotected, "trityl-on" crude oligonucleotide was diluted with one-third volume

of Milli-Q water, prior to loading approximately 20-40 OD units onto the OPC cartridge

with a 5 ml syringe and gently pushed through the cartridge. The eluted fraction was

retained and reloaded onto the cartridge and the final eluted fraction was preserved and

stored at -20'C. The cartridge was subsequently flushed thrice with 5 ml of diluted

ammonium hydroxide (L:L0 dilution of concentrated ammonium hydroxide), and then

twice with 5 ml sterile Milli-Q water. The OPC-bound oligonucleotide was then

detritylated with the addition of 5 ml of 2% (v /v) trifluoroacetic acid solution (Applied

Biosystems, Part No. 400137), and the column subsequently washed twice with 5 ml of

MilliQ water. The purified, detritylated oligonucleotide was then eluted by flushing the

carhidge with L ml of 20% acetonitrile solution. The acetonitrile solution was removed by

vacuum desiccation and the oligonucleotide pellet dissolved in 200 pl of Milli-Q water

prior to concentration determination by spectrophotometry as described in Section2.25.2.

2.2L.3. Synthetic Oligonucleotides

The oligonucleotides described here, were synthesised and prepared as described in

Section 2.2I.7.
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(i) Oligonucleotides for Mutagenesis:

(a) Ampicillin Repair Oligonucleotide. Phosphorylated (27'mer) :

5'-d(GTT GCC ATT GCT GCA GGC ATC GTG GTG)-3',

(b) MUT 59 Primer. Phosphorylated (36'mer) :

5'-d(ACA GCC GTC AAT TGT GGA TCC GAT TTT GAT GCG TGT)-3',

(containing a Bamfil. restriction enzyme site, underlined)

(ii) Oligonucleotide Primers For PCR Amplification:

Oligonudeotides directed against pRUF.neo

(a) RCF1 (Forwa¡d):

$'d(ITG GGG GAC TCT GCT GAC CAC)-3', which corresponds to the retroviral vector

gag sequence 98 bp 5' of the MCS

(b) RCR1 (Reverse):

5'- d(CTT GCA tuL\ CCA CAC ACT GCT CG)-3', which corresponds to the MC'Lneo

sequence im:rred.iately adjacent to the 3' end of the MCS, approxima tely 47 bp from the

XøI restriction site

lc) RCR2lReverse):

S'-d(ATA GCC TCT CCA CCC AAG CG)-3', which corresponds to the MCIneo sequence

approximately 372 bp 3' from the XhoI restriction site.

(iii) Oligonucleotides directed against PSGL-l:

(a) PSGL-I/FP :

s',-d(GCC CTC GAG GAA GCT TTC CCA TGC TCT GCT G)-3'

(b) PSGL-1/RP :

5'd(AGC GGA TCC GAG GTG GGG TCT TGC CAA AAC AG)-3',

which span the 5' (nucleotides, L5-44) and the 3' (nucleotides,1282-1304) untranslated

regions of the published sequence (Sako et al, 1993) respectively and amplify a 1297 bp

fragment. XhoI and BamH.I restriction sites present in PSGL-I/FP and PSGL-I/RP

respectivel y, ar e underlined.

741



(iv) Oligonucleotides directed against CD34:

(a) oli 5 (Forward):

S'-d(CTC CAG AGA GAC AAC CTT GAA G)-3' and

fb) oli 6 (Reverse):

5'd(GGA GTT TGC TGG tu{]{ TTT CTG)-3',

which span exon 3 (65+673) and exon 6 (1040-1051) of the published sequence (He et aI,

Ig92), respectively. Oligonudeotides oli 5 and oli 6 were generously provided by Dr. B.

Davis, Geraldine Brush Cancer Research Institute, San Francisco, CA, USA, and amplify

a 386 bp fragment under the conditions described in section2.22.2.

(v) Oligonucleotides directed against GIyCAM-1:

(a) GIICAM-1zFP :

S'd(AGC AAG CTT ATG A./qA TTC TTC ACT GTC)-3'

(b) GIyCAM-1/RP :

5'-d(AGC GGA TCC TCA TGA CTT CGT GAT ACG)-3',

which span the 5' (nucleotide 23-40) and 3' (nucleotide 460-478) of the published

sequence (Lâsky et ø1,7992), amplify a 458 bp fragment under the conditions described in

Section 2-22.2. Hindú, and BamHI restriction sites present in GIyCAM-1/FP and

GIyCAM-1 /RP respectively, are underlined.

(vi) Oligonucleotide Primers For Sequencing:

(a) Universal sequencing Primer [USP) :

5'-d(GTA AA.A. CGA CGG CCA GT)-3'

(þ) Reverse sequencing Primer (RSP) :

s'-d(cAc ACA GGA AAC AGC TAT GAC CAT G)-3'

(c) M13 RSP:

s',d(AAC AGC TAT GAC CAT G)-3'

td) M13:

5'-d(GTA tu\J{ CGA CGG CCA GT)-3'
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USP, RSP, M13 RSP and ML3 were utilised for sequencing when vectors contained the

complementary binding sites.

(vii) Otigonucleotide Primers For Sequencing From pRUF-neo:

(a) Primer L (Reverse Primer: anneals to multiPle cloning site) :

5'-d(GGA TCA GAT CTA AGC TTG TTA ACG AAT TC)-3'

(b) Primer 2 (Forward Primer; anneals to vector) :

5'-d(ATC GCA GCT TGG ATA CAC)-3'

(c) Primer 1B (Reverse Primer: afiìeals to multiPle cloning site) :

5'-d(GGA TCA GAT CTA AGC TTG TT)-3'

(d) RCF1 (Forward):

5'-d(TTG GGG GAC TCT GCT GAC CAC)-3' , which corresponds to the retroviral vector

gag sequence 98 bp 5' of the MCS.

(e) RCR1 (Reverse):

5'-d(CTT GCA AAA CCA CAC ACT GCT CG)-3', which corresponds to the MClneo

sequence immediately adjacent to the 3' end of the MCS, approximately 47 bp from the

Xho I restriction site.

(0 RCR2 (Reverse):

S'-d(ATA GCC TCT CCA CCC AAG CG)-3', which corresponds to the MC'!'neo sequence

approfmately 372 bp from tJr'Le Xho I restriction site.

(viii) Miscellaneous Oligonucleotides

(a) Oligo-dT Reverse TranscriPtion Primer:

5'.d(GAG AGA GAG AGA GAG AGA GAE_TCG AGC GGC CGG CTT TTT TTT TTT

TTT TTT T¡-3' (containing axho I restriction enzyme site, underlined).

(bl Oligonucleotides For Sequencing CD59 (HCC-L Clone):

HCC-L/FPL (Forward):

5'-d(CGC CAG GTT CTG TGG ACA)-3', spans nucleotides 6-23 of the published

sequence (Davies et ø1, L989).

HCC-L /FP2 (Forward):

5'-d(TCC TGT TGG GAA AGA ATA)-3', spans nucleotides 513-530 of the published

sequence (Davies et ø1, L989).
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HCC-1/RPL (Reverse):

5'-d(GTC ACA TGT AGT AGA GTG)-3', spans nucleotides 1175-1192 of the published

sequence (Davies et a\,1989).

HCC-1/RP2 (Reverse):

5'-d(CTT CCC TGC AAA CAG GAC)-3', spans nucleotides 588-605 of the published

sequence (Davies et a|,1989).

(c) Oligonudeotides For Sequencing MGC-24v:

MGC-24IFPA (Forward):

5'-d(GCT GAG GAC ACG ATG TCG)-3', spans nucleotides 2-19 of the MGC-24v.

MGC-24IFPB (Forward):

5'-d(ACG ACA GAC TTC TGT TCC)-3', spans nucleotides 326-343 of the MGC-24v.

MGC-24/RPA (Reverse):

5'-d(CAG TGA GTT ACA CAA ATG)-3', spans nucleotides 584-601 of the MGC-24v.

MGC-24/RPB (Reverse):

5'-d(TGA ACA ATA ATC TGT TAT)-3', spans nucleotides 11..42-1159 of the MGC-24v.

2.22. REVERSE TRANSCRIPTION (RT) POLYMERASE CHAIN REACTION (PCR)

AMPLIFICATION OF DNA

2.22.1. Synthesis Of Complementary DNA (cDNA).

Total cellular RNA was prepared from cell lines or tissues with RNAzoI, as

described in Section 2.20.3. Routinely, 2 ¡tg of total RNA was reverse transcribed into

single-stranded cDNA at37"C for L20 minutes in a 50 ¡rl reaction containing 40 mM KCl,

50 mM Tris-HCl pH 8.3, 8 mM MgCl2,0.5 mM dNTPs, L00 ng of poly dTfZ-fs prirner

(please refer to section 2.21,.3., oligonucleotide (viii) (a)), 10 units of RNasin (Promega),

and either L00 units of MMLV reverse transcriptase (Life Technologies, Australia) or 30

units of AMV reverse transcriptase (Pharmacia, USA).

2.22.2. Polymerase Chain Reaction (PCR) Amplification Of cDNA

1 to 5 pl of each cDNA synthesis reaction was utilised as template DNA in each

PCR. Routinely, the cDNA mixture was added to a 500 pl microcentrifuge tube, (Perkin

Elmer), to which 5 ¡rl of 1.0 x PCR amplification buffer (L0 x PCR buffer; 670 mM Tris
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HCI pH 8.8, L66 mM (NH4)zSO¿, 4.5% Triton-X100, 2 rng/rnl gelatin, 20 mM }v4gClr,2

mM each dNTP), 100ng of the appropriate "forward" and "reverse" primer sets (please

refer to Section 2.21.3.) and sterile Milli-Q water was added to a final volume of 50 pl.

This mixtu¡e was heated to 96oC for 5 mins, snap chilled, and 2.5 units of Amplitaq

DNA Polymerase (Perkin-Elmer, Norwalk, CT, USA) was added. Reaction mixes were

overlayed with mineral oil and amplification achieved by incubation in a Perkin-

Elmer/Cetus thermal cycler. Typical cycling conditions were 94oC /'L-2 min,55-70"C/2

¡nj¡¡,72"C/24fijrç for 35-40 cycles, with a final L0 minute extension performed at72"C.

Following amplification, 10 pl of each reaction mixture was analysed by L.5"/" agarose gel

electrophoresis, and visualised by ethidium bromide staining as described in Section

2.r8.2

L2L3. PCR Recovery Of Proviral cDNA Inserts From Genomic DNA

(al Conventional PCR : Typically 1 pg of genomic DNA (prepared as described in Section

2.17.2.) was added to a 500 pl microcentrifuge tube (Perkin-Elmer, USA), to which 5 pl of

10 x PCR amplification buffer (10 x PCR buffer; 670 mM Tris HCI pH 8.8, 166 mM

(NHn)2SOr,4.5"/o Triton X-100, 2mg/mJ gelatin,20 mM MgClr,2 mM each dNTP), 100 ng

of the forward oligonucleotide RCF1 [please refer to Section 2.2L.3 (iiXa)], and L00 ng of

either of the two reverse oligonucleotide RCRI [please refer to Section 2.1'6.3 (ii) (b)] or

RCR2 [please refer to Section 2.21.3 (ii) (c)] were added. This reaction mixture was

denatr¡¡ed at 96oC for 5 mins, snap chilled, and 2.5 units of Amplitaq DNA Polymerase

(Perkin Elmer, USA) was added. Reaction mixes were overlayed with mineral oil and

amplification achieved by incubation in a Perkin-Elmer/Cetus thermal cycler' Typical

cycling parameters were as follows; denaturation at 94oC for L min, arrnealing at 60oC for

2 min and extension at 72'C for up to 5 minutes for 40 cycles, with a final L0 minute

extension at72"C. Following amplification, L0 pl of each reaction mixture was analysed

by l% agarose gel electrophoresis, and visualised by ethidium bromide staining as

described in Section 2.L8.2.
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(b) Long Range PCR : To amplify long cDNA inserts, extra-long range (XL) PCR was

employed in accordance with the manufacturer's recommendations, (reagents kindly

provided by Dr. N. Samaras, Perkin Elmer, Scoresby, Victoria, Australia). Briefly, 500 ng

of genomic DNA was resuspended in a 20 pl "lower reagent mix", comprised of L x XL

Buffer, 200 pl dNTPs, L.1 mM Mg(OAc)2 and 50 ng of each primer, RCFí and RCR1 (see

above). Following the addition of one AmpliwaxrM PCR Gem 100 (Perkin Elmer) per

reaction tube, the wax was melted by heating the tubes at 75"-80'C for 5 minutes and

then allowed to set at room temperature. The 30 pl "upper reagent mix" comprising of L x

XL Buffer and 2 units of tlrre rTth DNA Polymerase was carefully pipetted above the wax

layer prior to amplification in a Perkin-Elmer/Cetus thermal cycler. Typical cycling

parameters were denaturation at 93oC for 1 min, annealing and exten$ion at 60oC for up

to 7 minutes for 40 cycles, with a final L0 minute extension at 72"C. Amplification

products were visualised as described above.
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2.23.IN Ir'ITRO MUTAGENESIS OF CD59 CDNA

2.23.7. Altered SitesrM in oitro Mutagenesis System : An Overview

To examine the effect of mutagenising the solitary N-linked glycosylation

consensus sequence (ser-20 to gly-20) of CD59, the Altered SitesrM in aitro Mutagenesis

System (Promega Corporation, USA, Cat. No. Q6210) was utilised. This kit, employed a

phagemid vector pALTERT (please refer to Appendix A, Map# 5) which contained two

antibiotic resistance genes. The tetracycline resistance gene was always functional, whilst

the Ampicillin resistance gene had been inactivated. An Ampicillin repair oligonucleotide

(please refer to Section 2.21.3. (i) (a)), when armealed to single stranded DNA (ssDNA),

restored Ampicillin resistance to the mutant strand during the mutagenesis reaction. This

oligonucleotide, was annealed to the ssDNA at the same time as the mutagenic

oligonucleotide (please refer to Section 2.21..3. (i) (b)), and the subsequent synthesis and

ligation of the mutant strand linked the two. The DNA was subsequently transformed

into a repair minus strain of. E.coli, BMH 7L-\8 mut S (please refer to Section 2.16.5. (e)),

and the cells grown in Ampicillin, yielding large numbers of colonies. A second round of

transformation in tlrre E.coli strain IM109 (please refer to Section 2.1,6.5. (d)), ensured

proper segregation of mutant and wild type plasmids and resulted in a moderate

proportion of mutants.

2.23.2. Cloning Of CD59 Into The pALTERTM Vector

A 651 base pair þp) SmaI and SphI restriction fragment of the CD59 cDNA (PCR

amplification product derived from an FDC-PI clone specifically expressing the HCCL

antigen, please refer to Section 2.22.3.), was ligated (as described in Section 2.18.7.) into

the 5680 bp pALTERT vector via the unique SmaL and Sph I sites present in the multiple

cloning site. Following ligation overnight, reactions to be transformed were

phenol/chloroform extracted as described in Section 2.18.4., and resuspended in 10 pl

Milli-Q water. In an electroporation cuvette, 2¡tl of the ligation reaction and 40 pl of

thawed electrocompetent E.coli IM109 cells were added and electroporated as described

in Section 2.16.7. The transformed cells were plated onto LB-agar containing 15 þg/rnl of
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tetracycline with using a sterile glass spreader. The agar plates were incubated at 37oC

overnight and selection of recombinant colonies was simplified by the use of the B-

galactosidase reporter system, by the addition of 50 ¡rl of each of 50 mg/ml BCIG and

100 pl of 100 mM IPTG prior to plating of the transformed cells.

2.29.3. Preparation Of Phagemid Single-Stranded DNA

An individual tetracycline-resistant colony was inoculated into 2 ml of TYP broth

(please refer to Section 2.76.2. (c)) containing 1,5 pg/ñ Tetracycline, and incubated at

37oC overnight with vigorous shaking. 5 ml of TYP broth, containing 15 pg/ml

tetracycline, was subsequently inoculated with L00 ¡tt of the overnight culture, and

incubated at 37"C for 30 minutes with vigorous shaking prior to the addition of 1.0 pl of

R408 helper phage (rnultiplicity of infection [m.o.i.] of 10, ie. 1.0 helper phage particles per

bacterial cell). At the time of helper phage addition, K2HPOa was added to a final

concentration of 20 mM to improve ssDNA yields, and the culture was incubated

overnight at 37oC with shaking. The culture supernatant (containing the phage) was

harvested following pelleting of the cells at L2,000 x g for 15 minutes, and transferred to a

fresh tube and the supernatant centrifuged again as before. The phage were than

precipitated by the addition of 0.25 volumes of phage precipitation solution (3.75 M

ammonium acetate, p}J7.5,20"/" polyethylene glycol [PEG, MW 8,000]) . The solution

was chilled on ice for 30 minutes and subsequently centrifuged for L5 minutes at 12,000 x

g and the supernatant thoroughly drained. The pellet was resusPended in 400 pl of 1 x TE

buffer, and transferred to a L.5 ml microcentrifuge tube. To lyse the phage and to remove

residual PEG, 0.4 ml of chloroform : isoamylalcohol Qa: \ was added, vortexed for a L

minute and microcentrifuged for 5 minutes at 12,000 x g. The uPPer aqueous phase

(containing the phagemid DNA) was transferred to a fresh tube, and phenol:chloroform

extracted twice as described in Section 2.18.4. The extracted phagemid DNA was

transferred to a fresh tube and precipitated with the addition of 0.5 volumes of 7.5 M

ammonium acetate and 2 volumes of absolute ethanol. The sample was incubated at -

20'C for 30 minutes, prior to microcentrifugation at 12,000 x g for 5 minutes. The DNA
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pellet was washed with 70% ethanol as previously described and resuspended in 20 pl of

Milli-Q water.

2.23.4. Mutagenesis Procedure

The mutagenesis reaction, involved the annealing of the Ampicillin repair

oligonucleotide (please refer to Section 2.27.3. (iXa)), and the MUT59 mutagenic

oligonucleotide (please refer to Section 2.21..3. (i) b)), followed by synthesis of the mutant

strand with T4 DNA polymerase. The heteroduplex DNA was then transformed into the

repair minus E.coli strain BMH 71-18 mut S. Mutants were selected by overnight growth

in the presence of Ampicillin. Plasmid DNA was then isolated from mutant clones, and

used to transform the E.coli strain,IM109.

(a) Annealing Reaction And Mutant Strand Synthesis

To anneal the Ampicillin repair and MUT59 mutagenic oligonucleotides to the

recombinant pALTERT single stranded DNA, the following reagents were placed into a

1.5 ml microcentrifuge tube; L pl (0.05 pmol) of the CD59-recombinant pALTER-1

ssDNA, 1 pl (0.25 pmol or 2.2 ng) of the phosphorylated-Ampicillin repair

oligonucleotide, 1 pl (1.25 pmol) of the phosphorylated, MUT59-mutagenic

oligonucleotide (please refer to Section 2.L8.10.), and2 pt of 10 x "Annealing Buffer" (200

mM Tris-HCl, pH 7.5,700 mM MgCl2, 500 mM NaCl). The volume of the reaction was

adjusted to 20 ¡tl, with the addition of Milli-Q water, and heated to 70oC for 5 minutes,

prior to allowing the reaction to cool slowly to room temperature (1.5-20 minutes).

The 20 pl annealing reaction was placed on ice, and the following reagents added;

3 pl of the "synthesis Buffer" (100 mM Tris-HCl, pH 7.5, 5 mM dNTPs, 10 mM ATP and

DTT), 1pt T4 DNA polymerase (L0 units /*l),L ¡rl T4 DNA ligase (2 units/pl) and 5 pl of

sterile Milti-Q water. The reaction was incubated at 37"C for 90 minutes to allow mutant

strand synthesis and ligation.

The repair minus strain of E.coli BMH 71,-78 Mut S, was made electrocompetent

by the procedure outlined in Section 2.1.6.6. The annealed and ligated heteroduplex

pALTERw DNA was phenol/chloroform extracted and ethanol precipitated as
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described in Section 2.L8.4.In an electroporation cuvette, 2¡tl of the pALTERT construct

and 40 pl of thawed electrocompetent E.coli BMH 71.-1.8 Mut S cells (refer to Section

2.16.5. (e)) were added and electroporated as described in Section 2.1'6.7. Following

transformation, the cells were cultured in 4 ml of LB-broth at 37'C for L hour with

shaking, after which Ampicillin was added to a final concentration of 125 ¡tg/rnl and the

incubation continued overnight. The cells were pelleted by centrifugation and plasmid

DNA prepared as described in Section2.17.

(c) Transformation Into M109

A second round of transformation in the E.coli strain JM109, was required to

ensure proper segregation of mutant and wild type plasmids. In an electroporation

cuvette, 2pl of the plasmid DNA and 40 pl of thawed electrocompetent E.coli fM109 cells

(refer to Section 2.16.5. (d)) were added and electroporated as described in Section

2.1,6.7. The transformed cells were spread onto LB-agar plates containing 125 pg/ml of

Ampicillin, using a sterile glass spreader. The agar plates were incubated at 37"C

overnight and selection of recombinant colonies was simplified by the use of the p-

galactosidase reporter system by the addition of 50 ¡rl each of 50 mglml BCIG and 100 pl

of 100 mM IPTG to the selection plates.

Retroviral Expression Vectors

Mutant CD59 and WT constructs were easily distinguishable due to the

incorporation of a Bam HI restriction endonuclease site in the sequence of the MUT59

mutagenesis oligonucleotide (please refer to Section 2.21,.3. (ixb)). To confirm this,

automated sequence analysis (as detailed in Section 2.19.I.) was performed, utilising the

M13 RSP and M13 priming sites present in the pALTERTM vector. To examine protein

expression, the WT and mutant isoforms of CD59 were subcloned into the wique HpaI

anð. HindlII sites of pRUF.neo (please refer to Appendix A, Map# 3) as described in

Section 2.18.7. DNA for transfection was prepared as described in Section2'17.'l'., and

introduced into the transient ecotropic virus-producing cell line BOSC-23 by calcium

phosphate transfection as described in Section 2.26.4. (a). The murine factor-dependent

cell line, FDC-P1 was infected with recombinant retrovirus as described in Section 2.26.4'
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þ), and protein expression was assessed by indirect immunofluorescence and flow

rytometry as described in Section2.'l'0-2-
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2.24. LIBRARY CONSTRUCTION

2.24.1. First Strand cDNA Synthesis

Retroviral library construction was performed as described previously (Rayner

and Gonda,1994; Zannettino et aI,1996). Poly(A)+ mRNA was isolated as described in

Section 2.20.2. from tertiary passaged human bone marrow derived stromal cultures

(please refer to Section 2.4.7').

First-strand cDNA was synthesised in a standard 25 pL reaction (Huse and

Hansen, 1988), with 2 ttg of poly(A)+ mRNA (pre-heated for 5 minutes at 65'C and

snap-cooled on ice to eliminate secondary structure), 1 pg of the reverse transcription

oligonucleotide primer [GA]fO CTC GAG CGG CCGG CTT (T)15 (containing a Xhol

restriction enzyme site) and incubated for t hour at37oC in a reaction rnixture containing

50 mM Tris-HCl, pH 8.3, 75 mM KCl, 3 mM MgClz, 8 mM dithiothreitol (DTT), 4 mM

sodium pyrophosphate,36 units of RNA Guard (Pharmacia, Sweden), 400 pM dATP,

rt00 pM dGTP,400 pM dTTP (Pharmacia, Sweden), 200 pM S-methyl-dCTP (Boehringer-

Mannheim, Germany) and 200 units of Superscript Reverse Transcriptase (Life

Technologies, Australia). The inclusion of S-methyl-dcTP ensured methylation of internal

X/roI restriction sites.

To assess the efficiency of first-strand cDNA synthesis, 5 pl of the reaction mix

was immediately removed and placed in a fresh tube. To this, L pl of 32P-dATP (3000

Ci/mMote) was added and the reaction was allowed to proceed for t hour at 37'C. The

cDNA product size (as measured by radionucleotide incorporation) was subsequently

analysed by alkaline agarose gel electrophoresis as described by Sambrook ¿f øl (1989)

and autoradiography.

2.24.2. Second Strand cDNA Synthesis

To the first strand cDNA reaction the following components were added: 32 ¡tL of

5 x second-strand cDNA reaction buffer [94 mM Tris-HCl, 453 mM KCl, 23 rnM MgCl2,

50 mM (NFI4)2SO +1, 4 þl of second-strand deoxynucleoside triphosphates (dNTPs; L0

mM dATp, dGTP, dTTP and 26 mM dCTP) and 6 pl of 100 mM dithiothreitol (DTT).

Milli-Q water to a final volume of 160 pl was added prior to the addition of 32 units of

752



Escherichia coli DNA polymerase I and 0.8 units of E. coli-derived RNase H (both from

Pharmacia). Second-strand synthesis was allowed to proceed for 2 hours at L6oC at

which time the cDNA was ethanol precipitated and resuspended in 43 pl of Milli-Q

water in preparation for "flushing" of the ends.

To assess the efficiency of second-strand cDNA slmthesis,5 pl of the reaction mix

was im-rrediately removed and L ¡rl of szP-dATP (3000 CilmMole) was added. The

reaction was allowed to proceed for 2 hours at 16oC, prior to assessing radionucleotide

incorporation and ds cDNA synthesis by alkaline agarose gel electrophoresis and

autoradiography.

2.24.g. "Blunt Ending" Or "Flushing" Of Double Stranded (ds) cDNA And The

Addition Of Cloning AdaPtors

To the cDNA, 5 pl of 10 x T4 polymerase buffer [330 mM Tris-acetate, pH 8.5,

660 mM potassium acetate, 100 mM magnesium acetate, 5 mM DTT and 1 mg/ml BSA]

and 1 ¡rl of 10 mM dNTP cocktail was added. This was followed by the addition of 8

units of T4 DNA polymerase (Promega Corporation, USA), at which time the reaction

was incubated at 37"C f.or 10 minutes. Polymerase activity was terminated by heating the

reaction mixture to 75oC for 30 rninutes before adding adaptors to the ends of the ds-

cDNA. The reaction was chilled on ice for 5 minutes prior to the addition of 5 pl 10 mM

ATP, 5 ¡ú Bam HI-Noú I adaptor (optical density of 0.1 at 260 nm) and 8 units of T4

DNA ligase (all from Pharmacia). The reaction was allowed to proceed Í.or 16 hours at

14oC. In preparation for cloning, the ligase was heat-inactivated as described above and

the cDNA phosphorylated by the addition of 2.5 ¡rl of 10 mM ATP, 20 units of T4

polynudeotide kinase and incubation at 37"C lor 30 minutes.

L24.4. Preparation Of ds-cDNA For Cloning

To prepare for cloning, the cDNA was digested with the Xho I restriction enzyme.

Firstly, the volume of the kinased cDNA was adjusted to L00 pt with the addition of 33

¡rl of MilliQ water followed by 2.5 ¡tl of 2 M NaCl, to give a final salt concentration of

150 mM. 20 units of Xho I restriction enzyme (Pharmacia) were then added and the
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reaction mixture was incubated at 37oC for 3 hours. The cDNA was then phenol

extracted and size-selected using a Sephacryl 5-400 spin column (Pharmacia) according

to the manufactu¡er's recommendations.

L24.5. Cloning ds-cDNA Into The Retroviral Vector pRUF.zeo

The retroviral vector pRUF.neo (please refer to Appendix A, Map #3), was

digested with BørnHI and XhoI restriction enzymes to allow for the directional cloning of

the cDNA pool into the unique sites present in the multiple cloning site (MCS). Digestion

was performed as follows; 5 pg of the supercoiled pRUF.neo vector was resuspended in

MilIi-Q water to a final volume of.76 ¡tl, before the addition of 20 pl L0 x One-Phor-All

Plus buffer [100 mM Tris-acetate (p}J7.5), 100 mM magnesium acetate and 500 mM

potassium acetate, Pharmacia] to provide an optimat (2 x) salt concentration for both

restriction enzymes. Two microlitres (20 units) of both BamHI and XhoI restriction

enzymes were added and the reaction was allowed to proceed for 2 hours at 37'C. The

entire restriction digest was resolved by 0.8% agarose gel electrophoresis and linearised

vector excised from the gel and purified using BRESAcleanrM (Bresatec, Adelaide,

Australia) according to manufacturers' recorunendations. The cDNA and vector were

quantitated by the "ethidium dot method" as described by Sambrook et al (1989) and

typically 40 ng of cDNA (average size approximately 2 kb) was ligated into 50 ng of

vector in a 10 pl reaction volume comprising 1. x ligation buffer [30 mM Tris-HCl, p}J7.8;

10 mM MgCl2, 10 mM DTT, 0.5 mM ATPI and 3 Weiss units of T4 DNA ligase

(Promega). Following overnight incubation at 12oC, the ligation reaction was phenol

extracted, ethanol precipitated and resuspended in L0 ttl Milli-Q water.

224.6. Transformation And Amplification Of Plasmid Library

To amplify the library, multiple 40 pl aliquot's of E. coli DH10B electrocompetent

cells (Life Technologies) were transformed with 2 ¡tI of the ligation reaction by

electroporation, essentially as described by Rayner and Gonda (1'994). Following

electroporation, cells were immediately dispensed into L ml of SOC medium and allowed

to recover for 60 minutes at 37"C, with shaking" Each transformation was then "plated
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out" onto two L50 mm LB-selection plates (100 pglml Ampicillin) and an appropriate

dilution was made to assess the number of colonies derived per transformation. The

resultant colonies were harvested by gentle scraping (facilitated by the addition of Luria

broth), pooled and pelleted by low-speed centrifugation. Plasmid DNA was isolated by

standard alkaline lysis and supercoiled DNA for transfection of virus packaging cell line

was prepared by CsCl sedimentation as described by Sambrook ef al (1989).

2.25. MISCELLANEOUS METHODS

2.25.1. Size Determination Of Nucleic Acid Fragments

(a) DNA: The size of restriction fragments were determined by comparing their relative

mobilities in agarose gels with those of DNA molecules of known size. The molecular

weight markers used routinely were (í) Hind IU digested bacteriophage lambda (1.) DNA

(Boehringer Mannheim, Cat. No. DMW-L1), (ii) Eco RL digested Bacillus st'tbtillus phage

SPP1 DNA (Bresatec, Adelaide, Australia, Cat. No. DMW-S1) and (iii) 1 kb ladder (Life

Technologies, Australia, Cat. No. 561558). The estimated sizes of these molecular

markers in kilobases are detailed in the Table 2.25.1.

fb) RNA: The size of specific RNA transcripts were made in comparison to 0.2+9.5 kb

RNA ladder (Life Technologies, Australia, Cat. No. 15620-016). Please refer to Table

2-25.1., for the detailed sizes of molecular weight markers.

2.25.2- Detennination Of DNA, RNA And Synthetic Oligomer Concentration

(a) DNA: The concentration of DNA in solution was determined by measuring the

absorption at 260 nm on a Beckman IJV spectrophotometer (Beckman Instruments, Mt.

Waverley, Victoria, Australia), assuming that an A26,6 of 1.0 represents 50 pg/ml of

DNA. Alternatively, the sample was electrophoresed in agarose gels and the intensity of

the sample's ethidium bromide-stained bands were comPared with the intensities of

bands containing known concentrations of DNA standards.

(b) RNA: The concentration of RNA in solution was determined by measuring the

absorption at260 nm on a Beckman UV spectrophotometer as described above, assuming

that an A25s o11.0 represents 40 lLg/til of DNA.
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Table 2.25.!. Estimation Of Molecular Weight Of DNA And RNA Fragments: Size

Determination Markers (sizes in kilobases).

Fragment
Number

Híndtll L
Phagel

Eco RL
Bacteriophage2

1kb laddeÉ RNA Markers 4

1

2
3
4
5
6
7
8
9
10
11

1,2

13
1,4

15
76
17
18

1,9

20
2'1,

22
23

?3.1,

9.4
6.6

4.37
2.3

2.0
0.564
0.125

E.51

7.35
6.11
4.84
3.59
2.81,

1.95
1.86

1.51

1,.39

1,.1,6

0.98
0.72
0.48
0.36

12.2'1.6

11.198
10.180
9162
8.lM
7.126
6.108

5.090
4.072
3.054
2.036
1.636
1.018
0.517
0.506
0.396
0.3M
0.298
0.2n
0.201
0.154
0.134
0.075

7.50
4.40
2.40
1.35
0.24

9

. 1. Boehringer Mannheim, Mannheim, Germany'

. 2. Bresatec, Adelaide, South Australia, Australia.
o 3. Life Technologies, Glen Waverley, Victoria, Australia.
o 4. Life Technologies, Glen Waverley, Victoria, Australia'



(c) Synthetic Oligonucleotides: The concentration of single stranded, synthetic oligo-

nucleotide DNA in solution was determined by measuring the absorption at 260 nm on a

Beckman IJV spectrophotometer, assuming that an A269 of L.0 represents 33 pg/ml of

DNA.

2.25.9. Computer Programs And DNA Analysis Software

Compilation and analysis of DNA sequence data was performed using the following

Macintosh molecular biology software: MacVector, version 3.5 (Integrated Sciences),

DNA Strider version 1.0, carried out using the HIBIOTM DNASIS-Mac, version 2.0

(Hitachi), DNA and protein sequence analysis system. Database searches were done

using the latest release of the HIBIOTM Gene/Protein Sequence Database on comPact disc.

These discs were distributed quarterly and included the most recent updates of the

following databases: GenBank@, EMBL, PIR and SWISS-PROT. Alternatively, sequence

data were analysed by accessing the Genbank and European Molecular Biology

Laboratory GMBL) data bases at the National Centre for Biotechnological Information

(NCBI).
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TRANSFECTION AND RETROVIRAL INFECTION TECHNIQUES

226.INTRODUCTION OF CDNA INTO EUKARYOTIC CELLS

2.26.1. Transfection Of Ecotropic Retroviral Packaging Cell Line, Y2 Via The Calcium

Phosphate Technique

The calcium phosphate transfection procedure was performed essentially as

described by Miller et al (7986) and used to introduce various plasmid constructs into the

ecotropic retroviral-producing cell line, Y2 (please refer to Section 2.4.3.).24 hours prior

to transfection 60 mm tissue culture dishes (Falcon, USA, Cat. No. 2002) were seeded

with 3xL0Þ Y2 fibroblast cells, in a volume of 3 ml of DMEM-IO to ensure 50-60o/o

confluencey on the day of the transfection. Four hours prior to transfection, the medium

was aspirated and replaced with 3 ml of fresh DMEM-10 and during this time, the

DNA/CaCI2 coprecipitate was formed. The ensuing volumes are rePresentative of the

requirements for L dish, and are as follows: to a 10 ml conical polypropylene tube

(Disposable Products, Australia, Cat. No. 21829) were added;125 pl 2M CaCl2, 5-10 pg

caesiu-n<hloride or Qiagen prepared (please refer to Section 2.L7.) circular plasmid DNA

constructs in a final volume of 500 pl with sterile Milti-Q water. To prepare 500 ¡tt oÍ.2 x

FIEBES (HEPES buffered saline), the following reagents were added to a separate 10 ml

conical polypropylene tube; 62.5 ¡tI2M NaCl, 7.5 ¡tl sodium phosphate, PH7.0,50 pl 0.5

M HEPES, pH7.L and 380 pl sterile Milli-Q water. The DNA/CaCI2 solution was gently

mixed and added dropwise, using a plastic transfer pipette, to the 2 x HEBES solution

whilst bubbling air through this solution. The L ml coprecipitate solution was allowed to

stand for 1.5 minutes at room temperature (after which time a fine precipitate was

visible), and was subsequently added dropwise to the monolayer of Y2 cells' Following

24 hou¡s incubation at3/"Cwith 5% CO2, the medium/DNA coprecipitate was removed

from each dishby vacurun aspiration. The cells were glycerol "shocked" by the addition of

2.5 ml of 75"/" glycerol in serum-free DMEM for exactly 4 minutes, after which time the

glycerol was removed by vacuum aspiration. Following gentle washing with serum free-

growth medium, 4 ml of DMEM-IO was added to the adherent cell layer. After 24 hours

cultu¡e, the cells were harvested by trypsin-detachmenl as described in Section2.4.3. and
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subcultured into 15 ml of DMEM-L0 supplemented with 400 pglrnl Geneticin (G418,

Gibco/BRL, USA, Cat. No. 860-1811) into a sterile plastic flask (75 cm2 surface area,

Corning 25110-75). Cells were fed tr¡¡ice weekly in the presence of selective medium until

the mock-transfected cells died. The titre of the retrovirus-producing cell line was

assessed by infection of Swiss-3T3 or NIH-3T3 cells, as described in Section 2.26.5.

2.26.L Lib rary Construction

Phosphate Technique

Caesium chloride-purified, supercoiled DNA preparations generated in each of

the independent ligations, were pooled in quantities that would ensure proportional

representation of each pool in the library. L00 mm dishes (Corning, NY, USA), seeded 24

hou¡s previously with 1 x 106 amphotropic-packaging cell line, PA317 cells in L0 ml of

mediurrr, were transfected with 40 pg of retroviral plasmid DNA by the calcium

phosphate transfection procedure described in Section 2.26.I. Briefly, the calcium

phosphate.DNA coprecipitate was incubated with the adherent fibroblasts for 16 hours

after which time, the medium was removed and the cells glycerol "shocked". Following

gentle washing with serum free-growth medium, L0 ml of DMEM-1O was added to the

adherent cell layer and the cells cultured for 48 hours at 37"C with 5% CO2, prior to

harvesting the supernatant containing the retroviral particles. The titre of the retrovirus-

producing cell line was assessed by infection of Swiss-3T3 or NIH-3T3 cells, as described

in Section 2.26.5.

z, With

Amphotropic Retroviral SuPernatant-Library Construction

The PA317-derived culture supernatant (containing the amphotropic retroviral

particles and constituting the HBMSC library) were harvested from the transiently-

transfected PA317 cells, filtered through a 0.45 pm filter (Sartorius, Germany, Cat' No.

165 55K), and stored in 1.0 ml aliquots at -80oC or used immediately. To facilitate

infection of the ecotropic packaging cell line Y2, Hexadimethrine Bromide (Polybrene;

Sigma, Cat. No. H-9268) was added at a final concentration of a pg/ml to 2 ml aliquots
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of the virus-containing supernatant and used to infect L x 1,06 Y2 cells seeded and

cultured as described in Section 2.4.3. Following 24 hours infection, the cells were

trypsinised, harvested, transferred to 225 crÑ tissue culture flasks and selected with

G418 at a final concentration of a00 ¡tg/nl in DMEM-IO. The pool of G4L8 resistant Y2

cells represented the stable library and the size of the library was estimated by plating

d,ilutions of the trypsinised Y2cell suspensions in G418 containing medium and following

8 days culture, colonies were fixed, stained and enumerated as described in Section

2.26.5

L26.9. Retroviral Infection of suspension cells By co-cultivation

Cells of the murine factor-dependent lines, FDC-P1 and Baf-3 were infected by

cocultivation with the virus-producing Y2 cells. Briefly, 25 crr:'2 tissue culture flasks were

seeded with 1 x 106 irradiated (30 Gy) Yz cells and co-cultivated with 4 x LOs FDC-PL or

Baf-3 cells in FDC-P1 or Baf-3 GroM (please refer to Sections 2.4.2. and 2.4.3.,

respectively) for 48 to 72 hou¡s. Following this, the FDC-P1 or Baf-3 cells were harvested

by vigorous agitation of the flask and infected cells selected in FDC-P1 or Baf-3 GroM

containing 1000 ¡rglml and 1,200 lLg/ml of G418 respectively. Following 4 to 5 days

selection, infected cells were maintained and expanded in FDC-PL or Baf-3 MM, in

preparation for mAb-mediated selection (please refer to Section 2.27.1.).

2.26.4. Transfection Of BOSC-23 Cells And Infection Of FDC-PI Cells With BOSC-23-

Derived Virus

(a) Transfection Of BOSC-23 Cells

The transient ecotropic retrovirus producing cell line BOSC-23 was maintained as

described in Section 2-4.3.60 mm dishes (Corning), were seeded 18 to 24 hours prior to

transfection with 1.5 x 106 BOSC-23 cells in 4 ml of DMEM-1O, to achieve 80%

confluencey on the day of the transfection. To increase the viral titre, immediately prior to

the transfection, the medium was changed to 4 ml of DMEM-L0 supplemented with 25

pM chloroquine. The cells were transfected by the calcium phosphate transfection

protocol described in Section 2.26.1., with the following modifications; 5-1.0 pg of
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plasmid construct DNA/CaC1.2 in a volume of 500 pl was added dropwise to 500 ¡il of 2

x FIEBES solution by bubblíng. The co-precipitate was added immediately (within 1-2

minutes) to the cell monolayers and the cells were subsequently incubated at 37'C in 5%

CO2 Followng7-I} hours incubation, medium containing chloroquine was removed by

vacuum aspiration, and replaced with 4 ml of DMEM-IO. The cells were cultured for an

additional 24 hours prior to retroviral infection of the target cells.

(b) Infection Of FDC-PL Cells

The murine factor-dependent line FDC-PL, were infected by co-cultivation with

the virus-producing BOSC-23 cells. Following the removal of the medium by vacuum

aspiration, the BOSC-23 cells were seeded with 3 x 105 FDC-PI resuspended in 3 ml of

FDC-PI GroM (please refer to Section 2.4.2.) supplemented with a pg/rnl polybrene for

48 hours. Following this, the FDC-P1 cells were harvested by vigorous agitation of the

dish and infected cells selected in FDC-P1 GroM containing 1000 pg of G418. Following 4

to 5 days selection, infected FDC-P1 cells were maintained and expanded in FDC-PI

maintenance medium, in preparation for indirect immunofluorescence and flow cytometry

(please refer to Section 2.10.2.).

2.26.5. Retroviral Infection Of Swiss-3T3 And NIH-3T3 Fibroblast Cell Lines -

Enumeration of Retroviral Titres

The mu¡ine fibroblast cell lines, Swiss-3T3 or NIH-3T3 were seeded with 2 x l.Os in

60 mm tissue culture dishes 24 hours prior to infection, to ensure L0-20% confluencey on

the day of the transfection. The medium was removed from the dishes by vacuum

aspiration and 1 ml of neat viral supernatant in the presence of 4 ¡t'g/rnl polybrene was

added to the cells. The dishes were incubated for 2 hours at 37"C (with gentle rocking at

30 minute intervals) after which time, 3-4 ml of fresh DMEM-10 was added. 48 hours

post-infection, the cells were harvested by trypsin detachment, and "split" 1'/20 príor to

plating the cells into 3 x 60 mm dishes in 3 mt DMEM-IO containing a00 pg/rnl G418.

Cells were fed tr¡¡ice weekly until mock infected cells were dead. To determine the titre of

the virus, colonies were stained with Diff-Quick (Lab Aids, Australia, LP-64851) and

enumerated, taking into account the dilution factors.
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2.26.6. Retroviral Infection Of Adherent Swiss-3T3 Fibroblast Cells

The Y2-derived cultu¡e supernatant (containing the ecotropic retroviral particles

and constituting the HBMSC library) were harvested from the stably-transfected Y2 cells

and filtered through a 045 ¡rm filter (Sartorius, Germany). To facilitate infection of the

fibroblastic cell line, Swiss-3T3 polybrene was added at a final concentration of a p'g/m\

to 2 ml aliquot's of the virus-containing supernatant and used to infect L x 1,06 Swiss-3T3

cells seeded and cultured as described in Section2.4.4. Following 24-48 hours infection,

the cells were trFpsinised, harvested (as detailed in Section 2.4.3.), transferred to 75 cm2

tissue culture flasks and selected with G418 at a final concentration of 400 ¡tg per ml in

DMEM-1O. The pool of G4L8-resistant Swiss-3T3 cells expressing HBMSC-derived

cDNA clones enabled the selection of antigen expressing cells with antibodies which

showed some reactivity to the FDC-PI cell line.

2.2G.7. Recloning Of cDNA Clones Into pRUF.neo And Validation Of Surface

Antigen Expression

Following PCR recovery of proviral cDNA inserts from genomic DNA, unique

restriction sites present in the 5' and 3' flanking regions, were utilised to "reclone" the

cDNA into the MCS of the retroviral vector pRUF.neo.E.coli DHL0B cells were

transformed as described in Section 2.1,6.7. and plasmid DNA was isolated using

eIAGEN-tip 100 as detailed in Section 2.17.1. (iii). Stable, G41.8 resistant Y2 virus-

producing cell lines were produced by calcium phosphate transfection and used to infect

FDC-P1 cells by co-cultivation, as described above. G418 resistant FDC-P1 cells were

then analysed for antigen expression by indirect immunofluorescence and flow cytometry

as described in Section2.l0.2 artd2.27.2.

2.27.ISOLATION OF INFECTED CELLS WHICH EXHIBIT UNIMODAL ANTIGEN

Ð(PRESSION

2.27.L. Magnetic-Bead/Monoclonal Antibody Capture And Enrichment Of Library

Infected FDC-PI, Baf-3 And Swiss-3T3 Cells.
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To isolate and enrich infected FDC-P1, Baf-3 or Swiss-3T3 cells expressing antigens of

interest, a protocol involving the use of immunomagnetic beads was developed. Prior to

immunolabelling, 1. x 107-1 x 1,08 infected, G418 resistant cells were incubated in IF Buffer

supplemented with 5% (v /v) normal human serum (IF buffer-NHS, "blocking buffer") for

30 minutes on ice to block possible Fc receptor-mediated binding of antibodies. The cells

were then incubated with a cocktail cornposed of mAb supernatants, purified mAb or

mAb ascites, each at optimal staining concentration as determined by indirect

immunofluorescence and flow cytometry, using HBMSC. After a 60-90 minute incubation

on ice (with intermittent mixing), the cells were washed twice in wash buffer and

resuspended at a cell concentration, typically in the range of 2-4 xL07 cells/ml in IF

buffer. Sheep anti-mouse (SAM) IgG-conjugated magnetic M450 Dynabeads (Dynal, Oslo,

Norway) were then added at a bead to cell ratio of L:1.. The cells were then incubated

with the SAM-beads for 2 hours at 4"C on a rotator, after which, cells rosetted by

Dynabeads were captured by applying the tube to an MPC-1 (magnetic particle

concentrator, Dynal) for 2 minutes. Non-rosetted cells were removed by the addition 3 ml

of ice-cold IF Buffer. This was repeated 4 times prior to resuspending the rosetted cells in

appropriate medium. The cells were cultured (as described above), for 5 to 10 days to

expand the cell number, following which, the selection procedure was repeated. Cells

were cultu¡ed in the presence of the magnetic beads, with no apparent perturbation in cell

growth.

2.27.2. Immunofl uorescence Staining And Flow Cytometry

Prior to immunolabelling, cells were incubated in blocking buffer as described

above. Aliquots of 5 x 10s cells were incubated with 50 pl of the antibody or isotype-

matched control (used as culture supernatants or used as at a final concentration of L0

lLg/d for purified mAbs, as detailed in Tables 2.10.1.. and2.1.0.2.). After a 45 minute

incubation at 4oC the cells were washed twice in IF buffer and resuspended in 50 pl IF

Buffer containing 1:50 dilution of sheep anti-mouse FITC (Silenus, Australia, DDAF). and

incubated for a further 45 minutes at 4oC. Before analysis, cells were washed twice in IF

Buffer and resuspended inPBS/1% paraformaldehyde. Flow cytometric analysis was
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performed using a Coulter Epics-Profile II flow cytometer (Coulter Corp., Hialeah, FL).

Typically, 1.0,000 events were collected per sample, and stored as list mode data for

further analysis using Coulter ELffE software.

2.27.9. Fluorescence Activated Cell Sorting (FACS) And Clonal Isolation Of FDC-PI,

Baf-3 And Swiss-3T3 Cells Infectants.

Pooled G41,8 resistant antigen-expressing FDC-P1, Baf-3 and Swiss-3T3 cells

were washed tr¡¡ice by centrifugation at 4'C in IF Buffer and blocked as described above.

Surface.antigen expression was detected by labelling 5 x 106 -'l' x I07 infectants with 100

- 200 Fl of mAb supernatants or purified mAbs at a final concentration of 10 pg/ml.

After a 45 ninute incubation at 4oC the cells were washed twice in IF Buffer and

resuspended in wash medium containing l.:50 dilution of goat anti-mouse IgG-PE or IgM-

PE (Caltag, San Francisco, CA, USA), for a further 45 minutes at 4"C. Prior to sorting,

cells were washed twice in IF Buffer and resuspended to 2 x 107 cells per ml. Single cell

deposition was performed using the ACDU facility of the FACSIaTPLUS cell sorter (Becton

Dickinson, Mountain View, CA, USA) and the threshold for selection of cells was based

on the level of staining obtained with a non-binding isotype-matched control. Single cells

were sorted directly into the appropriate medium (with selection) and expanded in

cultu¡e until sufficient cells were available for immunostaining with mAb, to confirm the

unimodal antigen expression by immunofluorescence and flow cytometry.

Alternatively, clones of antigen positive FDC-P1 or Baf-3 cells were isolated by

plating populations attained by FACS in semi-solid medium comprising FD GroM

supplemented with 0.9% methylcellulose (Dow Chemicals). Following L0 days culture,

single colonies were isolated and expanded as described above.
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PROTEIN ANALYSIS

2.28. ANALYSIS OF CELL SURFACE ANTIGENS BY IMMUNOPRECIPITATION

WTTH MONOCLONAL ANTIBODIES

2.28.7. Buffers And Reagents Required

(a) Tris-Saline-EDTA (TSE)

50 mM Tris-HCL, 150 mM sodium chloride, L mM EDTA,0.1% sodium azide, pH 8.0.

rb) 1% NP4O-TSE

7% (v/v) Nonidet P40 (NP40, Sigma-Aldrich, Castle Hill, NSW, Australia, Cat. No..

NO896),50 mM Tris-HCl., 150 mM sodium chloride, L mM EDTA, 0.1% sodium azide,

in water, pH 8.0.

lc) 0.1% NP4O-TSE

0.1% (v/v) Nonidet P40, 50 mM Tris-HCl, L50 mM sodium chloride, L mM EDTA, 0.1%

sodium azide, in water, pH 8.0.

(d) 100 x Protease Inhibitor Cocktail

To prepare a 100 x protease inhibitor cocktail, 40 mg of each of the following protease

inhibitors (all purchased from Sigma Chem. Co., USA) were dissolved in 10 ml of

dimethytformamide (DMF); phenyl methyl sulphonyl fluoride (PMSF), L-[tosylamido-2-

phenyll ethyl chloromethylketone (TPCK), 1-chloro-3-tosylamido-7-amino-L-2-heptanone

(TLCK), p-nitrophenyl-p'-guanidino-benzoate-HCl (NPGB).

2.29.2- Biotinylation Of Cell Surface Antigens And Preparation Of NP40 Lysates

Biotinylated cell surface lysates were prepared essentially as described by CoIe et

al (1987). Routinely, cell lines were washed thrice in PBS and 0.0L% (w /v) sodium azide

(PBS + Az), and resuspended to L x 108 cells per ml. Cell surface antigens were

biotinylated with NHSS-Biotin (Bresatec, Adelaide, Australia, Cat. No. BNS-IS), or

Sulfo-NHS-Biotin (Pierce Biochemicals, Rockford,IL, USA, Cat. No. 2L2L7) which was

added to the cells as a solution of.2.2 mg dissolved in 50 pl PBS Per 108 cells. The mixture

was subsequently chilled on ice for 30 minutes, with occasional gentle mixing. The

biotinylated cells were subsequently washed 3 times in PBS + Az and resuspended at a
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density of.2 x 1.07 cells per ml. Following biotinylation, the labelled cell suspension was

lysed by adding an equal volume ol.I"/" NP40-TSE. To the cell lysate, a L/L00 volume of

protease inhibitor cocktail was immediately added. The mixture was subsequently chilled

on ice, for 30 minutes and mixed with occasional gentle mixing. The lysates were then

centrifuged at 200 x g for 10 minutes at 4oC in a Beckman centrifuge (Beckman

Instruments, Mt. Waverley, Victoria, Australia, Model No. J2-21M), to remove nuclei and

other large debris. The supernatant was retained, and subsequently centrifuged at

100,000 x g for 30 minutes at 4oC in a Beckman L8-80 ultracentrifuge or alternatively

microfuged at 10,000 x g for l-5 minutes. Biotinylated lysates were either stored at -20oC

or used immediately for immunoprecipitation.

228.3. Arming Of Sepharose With mAbs.

Goat anti-mouse lg-coupled Sepharose (AH-Sepharose 48, Pharmacia, Cat. No.

17.447043; a kind gift from Mr. S. Cole, Leukaemic Haemopoiesis Laboratory, Hanson

Centre For Cancer Research, Adelaide, Australia), was washed tr¡¡ice inl'/" NP40-TSE by

pulse-centrifugation (approximately L0 seconds) in a microcentrifuge. The Sepharose

beads were subsequently resuspended in 1% NP4O-TSE to prepare a50% slurry of which

25 ¡rl was added to a 1.5 ml microcentrifuge tube. To each tube, a00 pl of mAb hybridoma

supernatant (or purified mAb diluted to 1,0 ¡rglml in PBS supplemented with 0.1% BSA)

was added, and the mixture was subsequently incubated at 4oC for a minimum of 6 hours

with rotation.

228.4. Immunoprecipitation From NP40 Lysates

The resulting "armed" Sepharose was washed twice in 800 ¡tl of L% NP40-TSE

and pelleted by pulse-centrifugation. Excess supernatant was removed by vacuum

aspiration to give 12.5 ¡rl of 100% Sepharose. To each tube, a 1. ml aliquot of the

appropriate NP4O-tysate was added and the samples were subsequently incubated

overnight at 4'C on a rotating mixer. The immunoprecipitates were subsequently washed

twice in 1% NP4Q-TSE, once in 0.1% NP4O-TSE, and once in TSE, pH 8.0 as described
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above. The supernatant was removed and samples stored at -20"C or used immediately

for electrophoresis. Each immunoprecipitate represented the material from LxL07 cells.

2.29. GEL ELECTROPHORESIS OF PROTEINS: SODIUM DODECYL SULPHATE -

POLYACRYLAMIDE GEL ELECTROPHORESIS (SDS . PAGE)

2.29.7. Buffers And Reagents Required

la) Sample Buffer

(t) Reducing Sømple Buffer:1 ml 0.5 M Tris-HCl, pH 6.8, 800 pl glycerol, 1.6 ml L0% SDS,

400 Fl p-mercaptoethanol,200 ttt 0.05% bromophenol blue and 4 ml Milti-Q water.

(ü) Non-Reducing Sample Buffer:1 mt 0.5 M Tris-HCl, pH 6.8, 800 pl glycerol, 1.6 ml 10%

SDS,200 ttl0.05% bromophenol blue and4.4 ml Milli-Q water.

fb) Electrophoresis "Running" Buffer

0.3% Tris-HCt,7.44"/" Glycine,0.1% SDS, pH 8.3 in water

lc) Semi-Drv Transfer Buffer

0.3% Tris-HCI,I.44o/" Glycine, 20% Methanol, pH 8.3 in water

ld) Sepa¡atine Buffer

-

1.5 M Tris-HCl, pH 8.8

fe) Stackins Buffer

0.5 M Tris-HCl, pH 6.8

2.29.2. Gel Preparation

SDS-PAGE was performed using the discontinuous buffer system of Laemmli

(L970). SDS-PAGE gels of 7.5"/", L0"/", and 15% were PrePared according to the

formulations detailed in Table 2.29.L.

TEMED and ammonium persulphate were added to the gel solution immediately

before pouring. The gels were poured between two glass plates (dimensions; 1.0 x 9 cm),

separated with 1..0 mm-thick spacers, and immediately after pouring, the gels were

overlaid with MilliQ water or water-saturated butan-L-ol until the polymerisation of the

acrylamide was complete. The butan-L-ol was then thoroughly washed away, and a

stacking gel added (prepared according to the formulations detailed in Table 2.29.2.).
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Table 2.29.1. Separating Gel Preparation Formulations.

Molecular Weight Separating Range

(7o Acrylamide Gel)

50 - 200

(7.5 Vo)

20 - l5()

(lO Vol

10-60
(15 7ol

Milli-Q water

1.5 M Tris-HCl pH 8.8

5O Vo Acrylamide/l.33 7o N,N'-

methylene bisacrylamide

107o (w/v) SDS

107o Ammonium Persulphate (APS)

TEMED

12.2 ml

6.25 ml

10.1 ml

6.25 ml
5.9 ml

6.25 ml

12.5 ml

250 pl

100 pl

20 wl

6.25 ml

250 pl

100 pl

20 pl

8.3 ml

250 ¡tl
100 pl

20 pl

Total Volume 25 ml 25 ml 25 ml



Table 2.29.2, Stacking Gel Preparation Formulation

Components Volumes

Milli-Q water

0.5 M Tris/HCl pH 6.8

50 Vo Acrylamide/ 7.33 7o N,N'-

methylene bisacrylamide

10 % (dv) SDS

10 7o Ammonium PersulPhate

TEMED

12.2 ml

5.0 ml

2.6 ml
200 pt

100 ¡rl
20 pt

Total Volume 20 ml



2.29.9. Sample Preparation And Electrophoresis

Prior to loading, 25 ¡rl reducing or non-reducing sample buffer was added to the

biotinylated immunoprecipitate samples. Samples were subsequently boiled for 3 minutes

and proteins separated on a SDS-PAGE gel of appropriate acrylamide concentration' 25

to 30 pl of sample buffer was loaded onto empty tracks in order to maintain a level-

running buffer front. The size of the immunoprecipitated proteins were determined by

conrparison with pre-stained molecular weight standards as detailed in Table 2.29.3.Tt:re

gel was electrophoresed at 20 mA until the bromophenol blue buffer front entered the

separating gel, at which time the voltage was raised to 30 mA, until the bromophenol blue

buffer front migrated to the end of the gel.

Llg.A.Transfer Of Proteins To Nitrocellulose (Western Blotting) Utilising A Semi-Dry

Blotting Apparatus

Following electrophoresis, the gel cartridge was removed from the electrophoresis

chamber, and one of the glass plates was removed, exposing one side of the gel. The

stacking gel was dissociated from the separating gel and discarded. Prior to blotting, six

pieces of Whatman 3MM paper and one piece of nitrocellulose (Hybond-C, Ametsham,

Poole, UK., RPN. No. 3022) was cut to the exact size of the gel (dimensions; 6 x 8 cm

[following the removal of the stacking gel]). Three pieces of 3MM PaPer were soaked in

senidry transfer buffer and layed carefully on the wetted anode of the semi-dry blotting

apparatus (Hoefer Scientific Lrstruments, San Francisco, CA, USA) avoiding entrapment

of ai¡-bubbles. This was sequentially overlayed with the pre-soaked nitrocellulose (pre-

wetted in Milli-Q water for 5 minutes and subsequently soaked in transfer buffer), the gel

and three pieces of 3MM paper pre-soaked as described above. The "sandwhich" was

covered with the cathode and the proteins were transferred to the nitrocellulose for times

ranging from 45 to 90 minutes (depending on the size of the proteins to be transferred) at

approximately 40 mA (0.78 mA Per cm2).
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Table 2,29.9. Estimation Of Molecular Weight Of Immunoprecipitated And Western

Blotted Proteins: Size Determination Markers (sizes in kilodaltons and represent

approximations only).

Fragment Seablue Standardsl High Range Standards2

Number

Low Range

Standards3

205

116.5

80

49.5

106

80

49.5

32.5

27.5

18.5

1

2

3

4

5

6

7

8

9

250

98

64

50

36

30

t6

6

4

o 1.. Novex, French's Forrest, NSW, Australia, Cat. No. LC5625.

. 2. Bio-Rad Laboratories, North Ryde, NSW, Cat. No. 161-0309.

. 3. Bio-Rad Laboratories, North Ryde, NSW, Cat. No. 161-0305.



2.29.5. Locating Immunoprecipitated Antigen

Following Westem blotting, the nitrocellulose membrane was blocked by overnight

incubation in approximately 100 ml of PBS /3% BSA (blocking buffer) at room

temperatule. Following the blocking of non-specific protein binding sites the nitrocellulose

membrane was washed four times in PBS/0.05% Tween-20 (Sigma, USA), 5 minutes per

wash at room temperature and subsequently incubated in 10 ml of 1,:1.000 dilution of

Streptavidin-biotin horseradish peroxidase (HRPO) complex (Amersham, IJK, Cat. No..

RPN-1051) in PBS/I% BSA. The filter was washed as described above and

immunoreactive proteins were visualised by enhanced chemi-luminescence (ECL,

Amersham) as recommmded by the manufacturer.

2.29.6. Autoradiography Of Chemiluminescent Proteins

Immunoreactive proteins were visualised by autoradiography. Nitrocellulose

membranes were placed in an autoradiography cassette (Ilford; Knutsford, Cheshire,

UK), with one sheet of Fuji RX x-ray film at room temperature. The time of exPosure was

dependent upon the intensity of the signal obtained after an initial exPosure for 60

seconds.

2.30. ANALYSIS OF CELL SURFACE ANTIGENS BY WESTERN BLOTTING WITH

MONOCLONAL ANTIBODIES

2.gÌ.l. Preparation Non-Biotinylated NP40 Lysates For Western Blotting

(a) Non-Adherent Cell Populations: Non-adherent cell populations were harvested and

washed thrice with PBS + Az as described in Section 2.4.3. and resuspended at 2 x 108

cells per ml. Lysates were prepared by adding an equal volume of L% NP4O-TSE and

1/100 volume of protease inhibitor cocktail. The mixture was immediately chilled on ice,

for 30 minutes with occasional gentle mixing. The lysates were then centrifuged at 200 x g

for 10 minutes at 4oC in a Beckman centrifuge (Beckman, Model No. J2-21-M), to remove

nuclei and other large debris. The supernatant was retained, and subsequently centrifuged

at 100,000 x g for 30 minutes at 4"C in a Beckman L8-80 ultracentrifuge or alternatively
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nicrofuged at L0,000 x g for L5 minutes. Non-biotinylated lysates were either stored at

-20"C or used immediately for Western blotting.

fb) Adherent Cell Populations: Membrane-lysates of adherent cell populations were

prepared by in situ lysis of the monolayer of cells. Cells cultured in a 75 cm2 tissue-culture

flask were washed twice with 10 ml of PBS + Az, and lysates were Prepared by adding L

ml of 0.5% NP4O-TSE and 1-0 pl of the L00 x protease inhibitor cocktail. The flask was

immediately chilled on ice for 30 minutes, with occasional gentle mixing. The lysed cells

were harvested using a rubber policeman and were subsequently transferred to a L0 ml

polypropylene tube. To remove nuclei and other large debris, the lysates were centrifuged

at 200 x g for 10 minutes at 4oC in a Beckman centrifuge as Previously described. The

supernatant was retained, and subsequently centrifuged at L00,000 x g for 30 minutes at

4'C in a Beckman L8-80 ultracentrifuge or alternatively microfuged at 1.0,000 x g for 1,5

minutes. Non-biotinylated lysates were either stored at -20'C or used immediately for

Western blotting.

2.30.2- SDS-PAGE And Western Blotting

To analyse cell surface antigens by Western blotting, protein derived from l--2 x

106 cell equivalents (10-20 pl) were separated by SDS-PAGE as described in Section 2.29.

Following gel electrophoresis, the proteins were transferred to nitrocellulose as described

in Section 2.29.4., and the filters were subsequently blocked by overnight incubation at

4"C in 5% (w/v) skim milk powder in PBS. The filter was then briefly washed in

PBS/0.05% Tween 20 prior to incubating it in 5% (v /v) goat serum/PBS for L hour at

room temperature with gentle agitation. The filter strips were briefly washed as above

and then incubated with 2-5 ml of mAb in the form of hybridoma tissue culture

supernatant or purified antibody at a concentration of 10 ¡rg/ml in7"/" BSA/PBS. The

nitrocellulose filter was washed 3 times in PBS/0.05% Tween-20,10 minutes per wash at

room temperature and subsequently incubated in 2-5 ml of L:10,000 dilution of goat-anti

mouse Ig conjugated to HRPO (Jackson ImmunoResearch Laboratories hrc., USA, Cat. No.

115{36{68) for t hour at room temperature. The filter was washed as above and the
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immunoreactive proteins were detected by ECL and autoradiography as described in

Section 2.29.6.

2.31. MISCELLANEOUS PROTOCOLS

2.31.7. Estimation Of Protein Concentration

The protein concentration of all cell extracts was determined using 2 and 10pl of

the extract in the Bio-Rad protein micro-assay. The assay was performed according to the

manufactu¡er's instructions. Bovine serum albumin was used as the protein standard.
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CHAPTER 3

STUDIES OF THE ROLE OF SELECTINS IN HUMAN
HAEMOPOIESIS



3.1. INTRODUCTION

3.1.1. Cell Adhesion Mediated By Lectin-Carbohydrate Recognition: A Role For The

Selectin Family In Haemopoiesis

Haemopoiesis occurs normally in the bone marrow (BM) where the precursors and

progeny of multiple myeloid and lymphoid lineages develop in intimate association with

cells that comprise the bone marrow microenvironment (Trentin, 1970;Wolf.,L979;Dexter,

1982; Weiss,7976; Lichtman, L98L; Tavassoli and Friedenstein, 1,983; Allen et al, L990;

Simmons and Torok-Storb, 1991a; 1991b). Cellular interactions between immature

haemopoietic progenitor cells and the stroma are of major importance in the regulation of

haemopoiesis, and in all likelihood serve multiple functions ranging from the retention of

primitive haemopoietic stem cells within the bone marrow to the regulation of the release

of matu¡e haemopoietic cells into the circulation (Trentin, 1970; Dexler, 1982; Dexter,

1979; Torok-Storb, 1988; Kincade et al, 7989). In addition, such interactions may be

responsible for the 'homing' of haemopoietic stem cells to the matrow following either bone

m¿urow transplantation or endogenous migration (Tavassoli and Hardy, L990), or to

homing to extramedultary sites in disease states which involve new sites of haemopoiesis.

The interactions that occur between primitive haemopoietic progenitors and

marrow st¡omal elements are many and varied, involving both cell-cell and cell-

extracellular matrix (ECM) adhesion (Allen et aI, 1990; Dexter et ø1, L977; Kincade et al,

1989; Tavassoli and Hardy, L990; Clark et ø1,1992; Long, L992; Simmons ef al, L994).T}:re

cell adhesion molecules (CAMs) which mediate these interactions may function in a stage

and/or lineage-specific manner as occurs, for example, in T-cell development (Springer,

1990a; 1990b; Dunon and Imhof, 1993). Current data support the hypothesis that a

variety of CAMs are involved in mediating a range of interactions throughout

haemopoiesis (Tavassoli and Hardy, L990; Clark et al, L992; Long, L992; Simmons et ø1,

7994)- Despite intensive research however, the molecular mechanisms responsible for the

homing of stem cells to the bone marrow are poorly understood (Tavassoli and Hardy,

1eeO).
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In mammals, haemopoiesis is restricted to the extravascular compartment of the

BM which is separated from the vascular compartment by a single layer of endothelial

cells which form specialised vessels termed sinusoids (Weiss, 1976; Líchtman, 1981).

Thus in order to enter the haemopoietic compartment, stem cells arriving at the marrow

must fi¡st recognise, or be recognised by, the luminal surface of the endothelium. Molecules

which mediate adhesion of haemopoietic stem cells to vascular endothelial cells are

therefore likely to play a pivotal role in the phenomenon of stem cell homing but thus far,

such molecules have yet to be identified. Nevertheless, it would reasonable to speculate

that molecules involved in the adherence of mature leukocytes to the endothelial cell

surface, may also play a role in haemopoietic stem cell-endothelial cell interactions.

In the past decade, in aitro and in ol¿'o studies have identified many of the critical

structu¡es involved in mature leukocyte adherence to, and migration across endothelium.

An operative paradigm of the molecular basis of leukocyte adhesion and extravasation

(Figure 3.1.1.) suggests a multi-step phenomenon in which the initial, relatively low-

affinity binding event (leukocyte rolling) is mediated by the selectin family of adhesion

molecules and carbohydrate-bearing counter-structures (Butche r et aI, 1991.; Lasky et al,

7992). Activated leukocytes then induce a higher avidity binding that is mediated by the

leukocyte integrins and their cognate endothelial ligands, the immunoglobulin (Ig)

superfamily glycoproteins including the intercellular adhesion molecules (ICAMs) and

vascular cell adhesion molecules-l (VCAM-l) (Stoolman, L989; Springer, 1990; Butcher,

1991; Lasky, L992) (refer to Figure 3.1.1). Although the adhesion that is mediated by

leukocyte integrins is due to protein-dependent binding (Springer, L990), the selectins bind

through the calcium-dependent lectin recognition of carbohydrate ligands on specific

endothelial or leukocyte glycoproteins.

The selectins are a family of three structurally related integral membrane

glycoproteins that regulate leukocyte adhesion to platelets and/or endothelium during

inflammation by means of selective protein-carbohydrate interactions mediated by the

lectin-like domain at the N-terminus of each family member (Lasky et ø1,1989; ]ohnston ef

aI, 1989a; 1989b; Bevilacqua et al, 1989; Bevilacqua and Nelson, 1993; Lasky, 1992;

Watson et al, 1990). Leukocyte(L)-selectin (CD62L) is constitutively expressed by
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Figure 3.1.1. Adhesion Molecules Involved In Leukocyte-Endothelial Cell Interactions.

(A) An operative paradigm of the molecular basis of leukocyte adhesion and extravasation proposes a multi-step phenomenon in which

the initial, relatively low-affinity binding event (leukocyte "rolling") is mediated by the selectin family oÍ adhesion molectiles and carbohydrate-

bearing counter-structures including PSGL-L, GtyCAM-l, aasculm CD34 andMAùCAM-I. Activated leukocytes subsequently induce a higher

avidity binding ("firm adhesion") that is mediated by the leukocyte integrins (þt, þZ and B7) and their cognate endothelial ligands, the

immunoglobutin (Ig) superfømily glycoproteins including tlrre intercellular adhesion molecules (ICAMs) artd aøsculør cell adhesion molecules-l (VCAM-l)'

Following this, leukorytes enter the subendothelium via a process of transendothelial migration ("diapedesis") which is primarily mediated by

members of the integrin and immunoglobulin superfamily of adhesion molecules, including Ê1, p2 and p7) integrins, PECAM-L (CD31),ICAM-

L and VCAM-L. Leukocyte migration through the subendothelial environment is subsequently mediated by the integrin family, CDM and

elements of the extracellular matrix (ECM) (Adapted from Carlos and Harlan, 1993).

(B) Schematic representation summarising the relative contributions of adhesion molecules to leukocyte extravasation. The "progression

triangles" reflect the changing contributions made by each of the adhesion molecule groups (Adapted from Smith, 1993).
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neutrophils, monocytes and lymphocytes (Bevilacqua and Nelson, 1993; Tedder et al,

1990) while endothelial cell (E) and platelet (P)-selectins (CD62E and CD62P,

respectively) are expressed on activated endothelial cells (Johnston et al, 7989a;1989b;

Bevilacqua et al, 7989).

P-selectin (PADGEM protein, GMP-140, CD62P) is a 140-kD transmembrane

protein expressed by vascular endothelial cells and platelets (Johnston et a|,1989a;7989b;

1989b). The protein is stored pre-formed in the Weibel-Palade bodies of endothelial cells

(Bonfanti et al, 1989) and in the alpha granules of platelets (Berman et ø1, 1986). Upon

stimulation of these cells with a variety of agonists such as thrombin, histamine and

calcium ionophore A23187, P-selectin is rapidly (within minutes) translocated to the cell

surface (McEver and Martin , 1989; Hsu-Lin et al, 1989; Hattori et ø1,I989a;1989b) where

it mediates leukocyte-platelet (Larsen et ø1, 1989; 1990) and leukocyte-vascular

endothelial cell adhesion (Gerig et ø1, 1990; Gamble et aI, 1990). P-selectin binds to

leukorytes by interacting with carbohydrate ligand(s) on opposing cells, (Bevilacqua and

Nelson, 1993; Lasky, 1992; Gerig et al, 1990) although the precise composition of a

number of these reported physiological ligands remain to be determined. The interaction of

P-selectin with mature leukocytes is in part responsible for mediating leukocyte rolling on

the vascular cell wall (Lawrence and Springer, 1991; Mayadas et ø1, 1993) an early event

in leukocyte recruitment at sites of inflammation (Springer, 1990; Atherton and Boon,

1972; Brtcher, L991.).

L-selectin (LAM-1, LECAM-1, Leu8, CD62L) was initially described as a

lymphocyte homing receptor involved in leukoryte traffic in the systemic microcirculation,

however subsequent studies revealed that L-selectin was constitutively expressed on most

peripheral blood leukocytes including neutrophils and monocytes (Gallatin et al,1983;

Tedder et ø1,1990; Griffin et al, L990). The molecular weight of L-selectin differs among

lymphocytes (-75 kD), neutrophils (-95 to L05 kD), and monocytes (-1.L0 kD) and this

variability is thought to result from cell-specific post translational glycosylation among

these subsets of leukocytes. Membrane-associated L-selectin is shed following activation

gung et al, L988; Kishimoto et al, L989; Berg and )ames, L990; Bevilacqua and Nelson,

1993) and its activity appears to be controlled by regulation of its appearance and loss
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from the cell surface. In the murine system, a number of sulphated endothelial glycoprotein

ligands have been described for L-selectin including Sgp50 (GlyCAM-l), Sgp90 (CD34)

and MAdCAM-1 (reviewed in Carlos and Harlan' 1994).

E-selectin (ELAM-1, CD62E) is a 110-115 kD cellular activation antigen, whose

expression is restricted to the endothelium. Stimulation of cultured endothelium with

endotoxin (LPS) or inflammatory cytokines, including interleukin-l (IL-l) and tumour

necrosis factor (TNF), results in the upregulation and expression of E-selectin at the

plasma membrane (Bevilacqu a et al, 1989; Bevilacqua et al, \987). The expression of E-

selectin is reliant on de zouo RNA and protein synthesis and peaks at 4-6 hours post-

stimulation then declines to constitutive/basal levels by 24 to 48 hours.In aitro studies

suggest that CD62E is involved in leukocyte rolling at sites of tissue injury. However

unlike CD62L and CD62P, E-selectin is thought to contribute to the later recruitment of

leukocytes (Mulligan et al,I99L). Although a number of glycoprotein counter-receptors

have been suggested (Nelson et ø1, L995), the best studied ligands for E-selectin are

carbohydrate structu¡es including the sialylated form of the Lewis x determinant (CD15),

SLex, and the closely related structure SLea (Nelson et al, 1995). These fucosylated

lactosamines ate found in abundance on circulating monocytes and neutrophils (Fukuda ef

aI,1984; Macher and Klock, 1980; Symington et a\,1985; Macher and Beckstead, L990;

Ohnrori et al, 1989; Munro et ø1, 1992), and a small percentage of blood lymphocytes

(Munro et ø1, L992;Berg et al;199La;Berg et al, 1991b).

In contrast to mature leukocytes, little is known of the role of molecules which

facilitate the adhesion of primitive haemopoietic cells to vascular and BM endothelium.

This chapter describes various studies which examine the role and expression of members

of the selectin family in tissues of the haemopoietic system.
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3.2. RESULTS

STUDIES OF THE ROLES OF P-SELECTIN AND E.SELECTIN IN THE ADHESION

OF HAEMOPOIETIC PROGENITOR CELLS

3.2.1. cD34+ cells From The Bone Marrow Adhere To P-selectin.

CD34+ cells isolated by fluorescence activated cell sorting (FACS) from aspirates

of bone marrow from normal, healthy donors were assayed for their ability to bind to

CHO cells expressing human P-selectin (Figure 3.2.1.). A mean of 88% (range: 82-100%;

n= 5) of marrow CD34+ demonstrated adhesion to CHO-P-selectin transfectants (Figure

3.2.1. (B)) that was specifically inhibited by affinity-purified polyclonal rabbit anti-

human P-selectin Fab fragments (Figure 3.2.1. (41)). A similar proportion of CD34+ cells

also adhered to bacteriological dishes coated with purified human platelet-derived P-

selectin. Adhesion required the presence of divalent cations, was independent of

temperature (ie. occurred equally well at 4oC and 37'C) and occurred under both static

and non-static conditions (Figure 3.2.L. (C)). As with assays performed with CHO cell

transfectants, adhesion was completely abrogated by anti-P-selectin antibody.

To determine whether adhesion to P-selectin was a specific property of more

immature haemopoietic cells, the binding of plastic-adherence depleted, but otherwise

unfractionated BMMNC to dishes coated with purified P-selectin was examined. A mean

of 25.2% of bone marrow cells specifically adhered to P-selectin, approximately 60% oÍ

which were granulocytic cells (Lex/CDls+) comprising all maturation stages from

myeloblasts to segmented neutrophils and an additional 5% expressed the CDL4, a

marker of the monocyte-macrophage lineage (Table 3.2.1.). A small but reproducible

proportion of T-cells bound to P-selectin but the majority were recovered in the non-

adherent fraction together with the majority of B-cells and erythroid cells which were

correspondingly depleted (approximately 8-fold and 4-fold, respectively) from the P-

selectin adherent population (Table 3.2.1,.). Significantly, CD34+ cells were 2.5 fold

en¡iched in the P-selectin adherent fraction of the bone marrow and nearly S-fold depleted

in the non-binding population, confirming data obtained using purified CD34+ cells. Of

- 
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Figure 3.2.1. Binding Of CD34+ Cells To P-selectin Is Cation-Dependent, Temperature

Independent, Shear-Resistant And Abrogated In The Presence Of o-P-Selectin

Antibody.

Adhesion assays were performed using slCr-labelled CD34+ cells or neutrophils

and CHO-P-selectin cells or untransfected CHO cells. Incubation was carried out for 30

minutes at 37"C after which unbound cells were removed by washing and adhesion

quantitated by liquid scintillation counting of Triton X-100 solubilised lysates. Data in (B)

are presented as the percentage of input radioactive counts and represent the mean + S.E.

of 3 experiments (CD34+ cells, Ø ) and L experiment (neutrophils, I ), respectively.

The specificity of adhesion of CD34+ cells to the CHO-P-selectin cells is illustrated

in (41 and A2), where adhesion is completely inhibited by addition of rabbit anti-P-

selectin Fab fragments (1-0 pglml).
(C) 96- or 24-well plates were coated with purified platelet-derived P-selectin at a

final concentration of 20 ytg/rnl. Purified CD34+ cells were added and incubated as

described above, at 4"C or at 4"C on an orbital shaker at 60 rpm to stimulate shear stress.

To assess the role of divalent cations, assays were performed in the presence of 5 mM

EDTA or EGTA. Upon completion of the assays the cells were fixed and adhesion was

quantitated by counting the mean number of cells bound in five randomly selected 100 x

fields per well. All assays were established in triplicate. The data in (C) represent the

mean + SE of 3 experiments.
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Table S.2.T.Differential Binding Of BM Mononuclear Cells (BMMNC) to P-Selectin.

BMMNC obtained by density separation were subjected to a single round of

plastic adherence to remove monocytes. The plastic non-adherent population was

transferred to bacteriological grade petri dishes coated with P-selectin. After 30 min. at

37"C, non-adherent cells were carefully removed, the plates washed thrice to remove

residual unbound cells and pooled with the first fraction (P-selectin non-adherent). P-

selectin adherent cells were removed by the addition of HBSS supplemented with 0.02%

EDTA. Both fractions were washed twice in FACS buffer prior to immunofluorescence

staining and flow cytometric analysis which was performed using the following antibody

conjugates: Leu4-PE (CD3), LeuM3-PE (CD14), LeuM1-FITC (CD15),341-PE (CD7), JS-PE

(CD10), CD19-PE, CD2}-PE, anti-glycophorin A-FITC, HPCA-2-PE (CD34) and isotype-

matched, non-binding FITC and PE-conjugated control antibodies. Cells were analysed

using a Profile II flow cytometer. 20,000 events were collected as list mode data per

sample and analysed using Coulter ELITE software. Data represent the mean + SE of 3

experiments.



Table 3.2.1. Differential Binding Of BM Mononuclear Cells GMMNC) to P-Selectin

PERCENTAGE POSITIVE CETLS

CELL POPULATION
(Specfic Antigen)

Unfractionated P-Selectin

Adherent

P'Selectin

Non Adherent

T-Cells
(cD3, cD7)

B-Cells

(cDlo, CD19, CD2o)

Granulocytes
(cDls)

Monocytes
(cD14)

Erythroid Cells
(Glycophorin A)

Progenitor Cells
(cD34)

27.5t6.1

7.4t2.6

27.2t8.8

3.1r 1.9

6.8t3.7

4.2X1,.1,

8.6 + 5.9

0.9 r 0.5

59.6 r 15.5

5.7 t2.0

1.8 r 0.9

rc.6 r.2.3

32.9r1,7.0

8.9 r 3.8

11.0 r 2.5

1,6.6t 3.1

0.9 + 0.6

0



(Andrews et aI, 7989) and CD38 (Terstappen et al, I99\), antigens previously shown to be

present on mature myeloid and erythroid progenitor cells (Figure 3.2.2.). Notably, CD34+

cells co-expressing the B-cell restricted antigens CD10 and CDl-9 were recovered only in

the P-selectin non-binding population (Figure 3.2.2.)'

3.2.2. Committed Progenitors And Their Precursors Adhere To P-Selectin

To determine whether lineage restricted haemopoietic progenitor cells were present

in the population of bone marrow mononuclear cells (BMMNC) which specifically bound

to P-selectin, in aitro clonogenic assays were performed on adherent and non-adherent

fractions. In accord with the above 2-colour phenotypic analyses, virtually all detectable

myeloid (CFU-GM) and multipotential colony forming cells (CFU-Mix), together with

approximately 80% of erythroid progenitors (BFU-E) were recovered in the population of

cells which bound to P-selectin regardless of whether plastic non-adherent BMMNC

(Table 3.2.2. (A)) or CD34+ cells (Table 3.2.2. (B)) were employed as the starting

population. All three classes of progenitors were correspondingly absent or depleted from

the respective P-selectin non-adherent cell fractions and their adhesion to P-selectin was

specifically blocked by anti-P-selectin antibody, partially in the case of BMMNC and

almost completely in the case of assays performed with purified CD34+ cells (Table 3.2.2'

(B)).

In subsequent experiments, hierarchically more primitive haemopoietic Precursors

(pre-CFU) were examined for their ability to bind P-selectin. Primitive haemopoietic

progenitors (pre-CFU) with the capacity to initiate and sustain haemopoiesis in aitro

represent a minor proportion of the CD34+ population and are characterised, by their

lack of expression of CD33 (Andrews et al, 1989), CD38 (Terstappen et ø1, 1'991) and

HLA-DR (Brandt et al, L990). Significantly, CD34+CD38- cells were enriched by a mean

of 3.S-fold in the P-selectin adherent fraction (range: 2.8-6.4 fold; n=5) and virtually

undetectable in the non-adherent population (Figure 3.2.2.). Collectively, these data

suggested the likelihood that pre-CFU would exhibit the property of adhesion to P-

selectin. Accordingly, BMMNC separated by adherence into P-selectin binding and non-

binding populations were assayed at 
jî 

capacity to initiate haemopoiesis in a



Figure 3.2.2.The Cell Surface Phenotype Of CD34+ Cells Which Bind To P'Selectin.

BMMNC adherent and non-adherent to P-selectin (detailed in Table 3.2.L.) were

stained using antibody HPCA-2-FITC (CD34) in combination with either LeuM9-PE

(CD33), LeuL7-PE (CD38), HLA-DR-PE, a mixture of |S-PE (CD10) and CDL9-PE or with

appropriate combinations of isotype-matched FITC or PE-conjugated non-binding control

antibodies. Cells were washed, fixed and analysed as described (Table 3.2'1). Each 2-

parameter histogram was generated from 20,000 events stored as list mode data.
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Table 3.2.2. (^l Committed Haemopoietic Progenitor Cells Adhere To P-Selectin

Adsorbed To Plastic.

Haemopoietic progenitor cells in the P-selectin adherent and non-adherent

fractions of BMMNC obtained as described in Table 3.2.1-. were assayed by plating 2.5 x

LOa cells in triplicate, in clonogenic assays. CFU-GM, BFU-E and CFU-Mix were scored on

day 1,4 according to standard criteria. Where indicated, affinity-purified rabbit anti-

human P-selectin Fab fragments and pre-immune rabbit immunoglobulin Fab fragments

were incubated on the P-selectin coated plates at 10 pg/ml for L hour prior to the addition

of cells. Data represent the mean * SD; n=2.



Table 3.2.2. (A) Unfractionated BM

% Clonogenic Cells In Each

Fraction

Population P-Selectin

Coated

Antibody 7o Of lnpat

Cells In Each

Fraction

CFU.GM BFU.E

Input * 100 100 + 51

(740!72)',+*

l00+7
(424t28)

Adherent 7.6 0r0
(0r0)

0r0
(0r0)

Non-Adherent 84.8 83r19
(rt6!26)

96+ ll
(408 r 48)

Adherent + 22.7 746!8
(204 r 11)

739 + 24

(588 1100)

Non-Adherent + 81.8 0+0
(0r0)

6r3
(24!11)

Adherent + o, - P-Selectin 10.6 %t6
(7et8)

26+ 74

(t11 r 16)

Non-Adherent + q, - P-Selectin 84.8 54+ 7t

(90 I 16)

73+ 19

(308 t 80)

Adherent + Control Ab 19.8 135 + 16

(189!22)

131!4
(556 r 19)

Non-Adherent + Control Ab 82.9

* Ficoll-separated BM Mononuclear cells subþcted to one round of plastic adherence (2 hr at 37oC)
** Numbeis in parentheses rePresent actual clonogenic cell numbers.

0r0
(0r0)

4+ 71,

(17 !12)



Table g.2.2. (B'1. Committed Haemopoietic Progenitor Cells Adhere To P-Selectin

Adsorbed To Plastic.

purified CD34+ cells obtained as described in Figure 3.2.1. were plated over P-

selectin coated plates at2x 1gs/ml under conditions identical to those described for

BMMNC. Clonogenic assay of committed progenitors in the P-selectin adherent and non-

adherent fractions was performed by plating the cells at 103 /plate as described in Table

3.2.2. (A). Data represent the mean * SD; n=2.



Table 3.2.2. (8, CD34+ BM

% Clonogenic Cells In Each Fraction

Population CD62P Antibody

coated

surface

7o oflnprut

Cells In CFU-GM

Each

Fraction

BFU.E CFU-MIX

Input 100 100+5

(81 t 4)

100 r 13

(38 r s)

100 r 30

(1 r 0.3)

Adherent 2.2 ND ND ND

Non-Adherent 92.5 93!7
(75!6',)

97 tl3
(37 r 5)

60r30
(0.6 r 0.3)

Adherent + u.4 89r8
(72t6)

111 + 13

(42!5'
100 r 30

(1 f 0.3)

Non-Adherent + 73.7 0r0
(0r0)

24!5
(e !2)

0+0
(0r0)

Adherent + a-CD62P 1.8 0f0
(0r 0)

4+7

11+3

0+0
(0r 0)

Non-Adherent + a-CD62P 95.3 93r10
(7s f 8)

105r5
(40 r 2)

100 r 30

(1 r 0.3)



standard stromal cell-dependent LTBMC procedure. As shown in Figure 3.2.3. (A),

production of CFU-GM over 5 weeks in culture was only detected in cultures initiated

with unfractionated BMMNC or P-selectin adherent BMMNC. The P-selectin non-

adherent population demonstrated essentially no potential for generation of clonogenic

cells.

An identical trend was observed when CD34+ cells present in unfractionated, P-

selectin adherent and P-selectin non-adherent BMMNC were assayed for their ability to

generate nascent CFU-GM in a recently described stroma-free, cytokine dependent

suspension culture assay (Smith et aI, \991,, Brandt et al, 1990, Haylock et al, 1992).

(Figure 3.2.3. (B)).

3.2.3. The Nature Of The Ligand For P-selectin On CD34+ Cells

Treatment of CD34+ cells with a variety of proteases (including trypsin,

thermolysin, papain, bromelain and elastase) markedly decreased their binding to P-

selectin (Figure 3.2.4.(A)) demonstrating that the receptor for P-selectin on CD34+ cells

appears to be located on a glycoprotein and not a glycolipid associated with the cell

su¡face. Neuraminidase treatrnent of CD34+ cells completely abrogated their binding to P-

selectin (Figure 3.2.4. (B)) implying a prominent role for sialic acid in the structure and

ft¡nction of the ligand. These data are in accord with the observation that P-selectin is able

to bind to the tetrasaccharide sialyl Lewisx (SLex) (Zhou et ø1, L99t; Polley et aI, t99L;

Foxall et ø1, \992) and a stereoisomer, sialyl Lewisa (SLea). To assess the expression of

these carbohydrate antigens on CD34+ cells, monoclonal antibodies (mAb) CSLEX-1

(Fukushima et a\,1984) and HECA-452 (Picker et ø1, L990) were employed. Monoclonal

antibody CSLEX-I, specific for the alpha 2-3 sialosylated form of the fucosylated

lactosamine, lacto-N-fucopentaose III (SLex), is expressed on granulocytes, monocytes

and both normal (non-myeloid) and tumour cells (Fukushima et ø1, \984). Indirect

immunofluorescence and flow cytometry revealed that monoclonal antibody CSLEX-I

bound at high levels to a subpopulation (33.5% t 1.0, n=5) of CD34+ cells (Figure

3.2.5.(A)). Monoclonal antibody HECA-452 which identifies the cutaneous lymPhocyte-

associated antigen, CLA (Picker et a\,1990), reported to function as a ligand for E-selectin

L77



Figure 3.2.3. CD34+ Cells With Long-Term In Vitro Repopulating Capacity Bind To P-

Selectin.

(A) The P-selectin adherent and non-adherent BMMNC fractions were assayed for

their ability to initiate and maintain haemopoiesis in long-term bone marrow culture

(LTBMC). LTBMCs were initiated (in triplicate) on confluent, irradiated cultures of

allogeneic bone marrow stromal cells with either 1x107 unfractionated BMMNC (O ) or

with the proportion of this number that were P-selectin adherent C) o. non-adherent

(A), respectively. The data are presented as the cumulative production of CFU-GM per

culture assayed each week (as described in Table 3.2.2.) and represent the sum of CFU-

GM present in the suspension and stromal cell associated phases at each time point. A

representative experiment (one of three) is shown'

(B) Assay of the unfractionated CD34+ population (E), CD34+/P-selectin

adherent 1E¡ and CD34+ /P-selectin non-adherent C) populations using a stroma-free,

cytokine dependent assay. CD34+ cells were isolated by FACS as described (Figure 3.2.L)

from unseparated BMMNC and from the P-selectin adherent and non-adherent BMMNC

fractions. Assays were set up in triplicate using 1 x 103 CD34+ cells per grouP in medium

supplemented with 10 ng/ml each of purified recombinant human IL-IP, IL-3,IL-6, G-

CSF, GM-CSF and SCF. Additional factors were added at the same concentrations on days

7 and14. On days7, L4 and 2L the cells were harvested, washed and assayed for CFU-GM

as previously described. The data show CFU-GM production per L x 103 CD34+ cells for

each group and represent the mean + S.E. of 3 experimemts'



Þ
E

É

À o o o

C
F

U
-G

M
 P

E
R

 C
U

LT
U

R
E

C
F

U
.G

M
 P

E
R

 C
U

LT
U

R
E

(¡
) o o o

f\) o o o
o o o

À O O O

l\) o o o
o o o o

@ o o o
O

) o o o
è o O O

t\) o o o
o

o

\¡

f\) (,
{ rr

l
rr

l X
ÌË

à o o)

f\)



Figure 3.2.4.

(A) Effect Of Protease Digestion On The Adhesion Of CD34+ Cells To P-Selectin.

CD34+ cells were incubated at L x tO6 /rrtr for l- hour at 37"C in RPMI containing proteases at a final concentration of 20 tL\/rf, with the

exception of elastâse (20 mg/rnL), dispase (a mg/rnl) and proteinase K (f pg/rnl). Following protease treatment, cells were washed and assayed

for their ability to bind to P-selectin as described in Figure 3.2.1.(C.).

(B) Neuraminidase Inhibits The Adhesion Of CD34+ Cells To P-Selectin.

Sorted CD34+ cells were incubated at 1x 1,06/mtfor L hour at37"C in PBS/0.L% BSA alone or containing 0.1 unit/ml neuraminidase

(Arthrobøcter ureøfaciens). HL60 cells were treated in an identical manner. Digestion was terminated by washing thrice in assay medium, and

cells were assayed for adhesion to purified P-selectin as described above. Data represent the mean t S.E.; n=2. Neuraminidase treated C);

Diluent (E ).
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Figure 9.2.5.CD94+ Cells Display The HECA-452 And CSLEX-I Antigenic Determinants.

(A) & (B) BMMNC were stained by 2-colour indirect immunofluorescence with CD34 antibody HPCA-2-PE in combination with either

HECA-4S2 or non-binding rat IgM followed by sheep anti-rat Ig-FITC (rat lg-specific), and CSLEX-L or IgM control antibody followed by goat

anti-IgM-FIIC. Data are displayed as single-parameter fluorescence (FITC) histograms of L x 104 light scatter gated events collected as list-mode

data. Dashed line, mouse IgM and rat IgM control; dark line, CSLEX-I and IfECA-452.

(C) CSLEX-L and HECA-4S2 mAbs recognise a similar glycoprotein antigen on CD34+ cells. BMMNC were stained with CD34+

antibody IfCA-2-pE, ÊIECA-452 and CSLEX-].. CSLEX-I and HECA-4'2werc detected with APC- and FTlC-conjugated reagents, respectively.

A total of L x 104 CD34+ events were collected as list mode data.
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on skin-associated memory T-cells (Berg et aI,199ta), recognises neuraminidase sensitive

structures involving a domain coÍunon to both sialyl Lex and sialyl Lea (Berg et ø1,

1991b). HECA-452 was found to bind to approximately 35% of CD34+ cells (Figure

3.2.s(B)).

Given the similarity in the carbohydrate epitopes identified by CSLEX-L and

HECA-452, these data suggested the possibility that similar glycoprotein antigens were

being identified by the two monoclonal antibodies on CD34+ cells. This was confirmed by

subsequent flow rytometric studies (Figure 3.2.5.(C)). No cross-blocking between CSLEX-

1 and I{ECA-452 was observed in these experiments, suggesting that the two antibodies

bind to distinct antigenic determinants. Consistent with this observation, three-colour

analysis with anti-CD34 antibody, CSLEX-I and HECA-452 demonstrated co-linear

staining of approximately 30% of the CD34+ population (Figure 3.2.5. (C)). Binding of

both mAbs was abolished by neuraminidase treatment of CD34+ cells (data not shown).

Collectively, these data are consistent with the notion that CSLEX-1 and HECA-452

recognise antigenically distinct epitopes presented on the same glycoprotein structure.

Significantly, HECA-452 inhibited the adhesion of both CD34+ cells and the

myelomonocytic cell line HL60, to purified P-selectin by 53% and 727" (Figure 3.2.6.)

respectively, demonstrating that in addition to its role as a recePtor for E-selectin, the

HECA-452 antigen also functions as a ligand for P-selectin on haemopoietic progenitor

cells. The apparent anomaly between the degree of HECA-452 expression on CD34+ cells

(35%) and its ability to block more than 50% of the adhesion to P-Selectin, could be

attributed to the IgM isotype of the HECA-452 mAb, as it consistently induced a degree

of aggregation of the cells due to cross-linking,leading to an over-estimate of the extent of

adhesion-blockade.

Fluorescence activated cell sorting (FACS) of the CD34+CSLEX-1+, CD34+HECA-

452+ and CD34+CSLEX-1-, CD34+HEC A-452- subpopulations demonstrated clonogenic

progenitors in all fractions. Relative to the CD34+ population, BFU-E numbers were

consistently diminished in the subpopulations identified by HECA-452 and CSLEX-I,

and either unchanged or slightly increased in the corresponding negative subpopulations

(Figure 3.2.7 

.(A)). 

Pre-CFU activity "sî; under stroma-free, cytokine-dependent



Figure 3.2.6. Monoclonal Antibody HECA-452 Partially Blocks The Adhesion Of

CD34+ Cells To P-selectin.

Sorted CD34+ cells and HL60 cells were incubated at 5 x L05 cells/ml on plates

containing immobilised platelet-derived P-selectin in the Presence of control rat IgM

antibody (El¡ o. HECA-452 mAb (l).Adhesion was quantitated as described in Figure

3.2.l.Datarepresents the mean t S.E. (n=2)
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Figarc3.2.7.

(A) Fluorescence activated cell sorting (FACS) of the CD34+CSLEX-L+,

CD34+HEC A-452+ and CD34+CSLEX-L-, CD34+HECA-452- subpopulations demonstrates

that clonogenic progenitors (CFU-GM, I ) are present in all fractions. Relative to the

CD34+ population, erythroid progenitors (BFU-E, E¡ numbers were consistently

diminished in the subpopulations identified by HECA-452 and CSLEX-1, and either

unchanged or slightly increased in the corresponding negative subpopulations. Results

are expressed as the number of CFU-GM at day L4per L x L03 cells plated. Data represent

the mean t S.E. (n=3).

(B) Pre-CFU activity assayed under stroma-free, cytokine-dependent conditions

was consistently enhanced in the CD34+HECA-452+ and CD34+CSLEX-L+

subpopulations and markedly diminished in the respective negative subpopulations.

Results are expressed as the mean + S.E. (n=3) of CFU-GM present in each culture at day

14.
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conditions was consistently enhanced in the CD34+HEC A-452+ and CD34+CSLEX-L+

subpopulations and markedly diminished in the respective negative subpopulations

(Figure g.2.7. (B)). Three colour flow cytometric analyses consistently demonstrated

expression of CSLEX-1 antigen by a high proportion (-80%) of the CD34+CD38- cells

(Figure 3.2.8. (B)). Notably, in all bone marrow samples analysed, the majority (95%) of

CD34+CD19+ B-lymphoid cells lacked detectable expression of CSLEX-1 antigen (Figure

3.2.8. (A)) a phenotype correlating well with their lack of binding to P-selectin as

demonstrated above.

During the course of this study, a glycoprotein counter-receptor for P-selectin

termed P-selectin Glycoprotein Ligand (PSGL-l) was molecularly cloned from the

promyelocytic leukaemia cell line, HL60. This prompted an investigation of the expression

of this gene by CD34+ cells or sorted subpopulations. Given the small numbers of cells
i

available, reverse transcription (RT)-PCR amplification was employed. Oligonucleotide

primers were designed in accordance with the published sequence to generate a 1297 bp

product by RT-PCR amplification. A band of expected size was produced from total

CD34+ cells (Figurc 3.2.9. (A), lane 5). Subsequent automated sequence analysis revealed

1.00% sequence homology of this product with the published PSGL-L sequence (data not

shown). In addition, a PCR product of the expected size was observed in both

CD34+CSLEX-L+ (Figure 3.2.9. (B),lane 1.) and CD34+CSLEX-1- (Figure 3.2.9. (B), lane

3) sorted subpopulations.

3.2.4. CD34+ Cells Express The PSGL-I Protein

To investigate PSGL-L protein expression by bone marrow-derived CD34+ cells, an

affinity purified polyclonal antibody against the N-terminal peptide (Ght-G1.15) of the

mature, PACE propeptide-cleaved (Rehemtulla and Kaufman, 1992; Sako et aI, 1993)

pSGL-1 protein was utilised (De Luca et al, 7995; Phillips and Berndt, 1992). SBA-

depleted bone marrow cells, were immunolabelled with mAbs HPCA2-PE (a-CD34) and

the a-pSGl-1.-peptide polyclonal, and using dual-parameter flow cytometry the level of

pSGL-1 expression by CD34+ cells was assessed. Figure 3.2.10. (B), demonstrates that

essentially all of the CD34+ cells coexpress the PSGL-1 receptor at low to moderate
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Figure 3.2.8.

(A) CD34+CD19+ B Lymphoid Cells Lack Detectable Expression Of The CSLEX-I Antigen.

BMMNC were stained by 3-colour immunofluorescence with the directly conjugated mAbs HPCA-2-FITC (a-CD34) and Leu1.2-PE (u-CD19) in

combination with either CSLEX-L or non-binding IgM control antibody followed by goat anti-IgM-Tricolour (TC). Data are displayed as dual-

parameter histograms of 1 x 104 CD34+ events collected as list-mode data.

(B) CSLEX-I Binds To Approximately 78% OÍ The CD34+CD38- Mononuclear Cells.

BMMNC were stained by 3-colour immunofluorescence with the directly conjugated mAbs HPCA-2-FITC (a-CD34) and LeuLT-PE (a-CD38) in

combination wíth either CSLEX-L or non-binding IgM control antibody followed by goat anti-IgM-Tricolour (TC). Data are displayed as dual-

parameter histograms of L x 104 CD34+ events collected as list-mode data.
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Figure 3.2.9.C,D34+ Cells Express P-selectin Glycoprotein Ligand (PSGL-l) mRNA.

(A) Expressíon of PSGL-L was assessed in cell lines lFrL60, KGla and BM-derived CD34+ cells by RT-PCR. Expression of CD34 was also

assessed in these cell lines and serve as a loading control. Reaction mixes were subjected to electrophoresis on a'J'.5 "/" agarose gel and visualised by

ethidium bromide staining. Lane 1, HL60IPSGL-1 PC& Lane 2, HL60/CD34 PC& Lane 3, KGLa/PSGL-1 PC& Lane 4, KGla/CD34 PCR; Lane 5,

CD34+ /PSGI-I PC& Lane 6, CD34+ / CD34 PCfù Lane 7 , H2O control/Pscl,-l PC& Lane 8, H2O control/CD34 PCR.

(B) Subdivision of the CD34+ population by means of CSLEX-1 immunoreactivity demonstrates expression of PSGL-1 (by RT-PCR) in both

subpopulations. Reaction mixes were electrophoresed and visualised as in (A). Lane 1,, CD34+CSLt¡-1+/PSGL-L PC& Lane 2, CD34+CSLEX-

1+ /CD34 pCR; Lane 3, CD34+CSLEX-1-/PSGL-L PCR; Lane 4, CD34+CSLEX-L- /CD34 PCR; Lane 5, H2O control/PSGl-l PC& Lane 6, Í{2O

control/CD34 PCR.
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Figure g.2.l0,. CD34+ Cells Express P-Selectin Glycoprotein Ligand (PSGL-l) Protein.

Cell surface-expression of PSGL-1 protein by BM mononuclear cells was assessed by dual-parameter flow cytometry. Soy bean agglutinin

(SBA)-depleted bone marïow mononuclear cells, were immunolabelled with mAbs HPCA2-PE (a{D3a) and an affinity purified polydonal antibody

against the N-terminal peptide (Gln1-Gln1s) of the mature, PACE propeptide cleaved PSGL-1 protein (refer to text for details). A total of L x 10a

CD34+ events were collected as list mode data. Essentially all of the CD34+ cells coexpress the PSGL-I receptor at low to moderate levels, in accord

with the mRNA analysis described above (Figure 3.2.9.)
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levels, in accord with the mRNA analysis described above. In contrast, PSGL-1 expression

by CD34+CD19+ presumptive B-cell precursors, was undetectable by flow cytometric

analysis (data not shown). This was in accordance with the lack of binding of B-cell

preflusors and their Progeny to CD62P.

3.25. Contribution Of PSGL-I In The Adhesion Of CD34+ Cells To P- And E-Selectin:

The Effect Of Mocarhagin Treatment On The Adhesion Of CD34+ Cells

A number of reports have demonstrated that in addition to serving as a ligand for

p-selectin, PSGL-I may also bind to E-selectin (Sako et al, 1993; Asa et al, 1995; De Luca

et al, 1995; IÅ et aI; L9g6).ln contrast to P-selectin however, the requirements for E-selectin

recognition are much less stringent, as E-selectin has been shown to bind a number of

sialomucins and glycoprotein structures that co-express sialyl Lex or the related structure,

sialyl Lea with high affinity (Piker et ø1, 199I; Kishimoto et al, t99'l'; Kuijpers et al, 1992;

Kotovuori et ø1,7993; Steegmaier et aL,1995).

CD34+ cells isolated by 561-Dynabeads (please refer to Materials and Methods,

Section 2.10.5. (b)) from aspirates of bone marrow of normal, healthy d.onors, were

assayed for their ability to bind to CHO cells expressing human E or P-selectin. As shown

in Figure g.2.7'1,. a mean of 69% (range: 65-74%; n = 3) of marrow CD34+ demonstrated

ad.hesion to CHO-E-selectin transfectants. Adhesion of CD34+ cells to the CHO-E-

selectin transfectants in these assays was, cation-dependent, neuraminidase-sensitive and

was specifically inhibited by the function-blocking mAb 5811. Flowever, u¡like binding to

the P-selectin expressing CHO cells, adhesion of CD34+ cells to the CHO-E-selectin

transfectants was not inhibited by the affinity-purified polyclonal antibody against the N-

terminal 15 amino acids of the mature PSGL-1 protein (Figure 3.2.L1.).

To further investigate the contribution made by PSGL-1 in the adherence of CD34+

cells to P- and E-selectin, a novel cobra venom metalloproteinase, mocarhagin was utilised

(De Luca et ø1, 1995). Mocarhagin (NMM) specifically cleaves between the Tyr10 and

Asp11 residues of the mature, PACE-cleaved PSGL-L receptor and results in the loss of

the N-rerminal decapeptide, QATEYEYLDY (Figure 3.2.12. (A)). This region is rich in

negatively charged aspartate (D) and glutamate (E) residues, and contains 3 tyrosine (Y)
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Figure 3.2.11. CD34+ cell adhesion to P- and E-selectin Expressing CHO Transfectants

BM CD34+ cells isolated with 561-Dynabeads were labelled with slCr and assayed for their abitity to bind to CHO cells expressing either

human E- or P-selectin (compared with untransfected CHO cells). Lrcubation was carried out for 30 minutes at 37"C after which unbound cells were

removed by washing and adhesion quantitated by liquid scintillation counting of Triton X-100 solubilised lysates. Data are presented as the

percentage of input radioactive counts and represent the mean + S.E. of 3 experiments [adhesion of CD34+ cells to P-selectin, ( I ), E-selectin, ( Ø )

and control CHO celb (E)1.

Adhesion of CD34+ cells to both P- and E-selectin was sialic acid-dependent (ie. neuraminidase sensitive) and cation dependent (abrogated in

the presence of 5 mM EGTA). Adhesion of CD34+ cells to P- and E-selectin was specifically inhibited with the addition of rabbit anti-CD62P Fab

fragments (10 pglml) and the function-blocking a-CD62EmAb 58LL, respectively. Unlike binding to P-selectirç adhesion of CD34+ cells to E-selectin

was not inhibited by an affinity-purified poþlonal antibody to PSGL-I protein.
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Figure 3.2,L2. Cobra Venom Metalloproteinase, Mocarhagin Selectively Abrogates The

Adhesion Of CD34+ Cells To P-Selectin, But Not E-Selectin.

(A) The cobra venom metalloproteinase, mocarhagin (De Luca et ø1, 1995) specifically

cleaves between the Tyr10 and Aspl1 residues of the mature, PACE-cleaved PSGL-1

receptor and results in the loss of the N-terminal decapeptide, QATEYEYLDY.

(B) Mocarhagin-treatment inhibits the adhesion of CD34+ cells to P-selectin.
slcr-labelled, 561--Dynabead-purified CD34+ cells were incubated at 1, x 106 /mI

for 30 minutes at22"C in RPMI/I% BSA alone or containing 1,0 þE/rnl mocarhagin.

Digestion was terminated by washing thrice in assay medium, and cells were assayed for

adhesion to P- and E-selectin as described above (Figure 3.2.LL). Data represent the mean

+ S.E.; n=3. (adhesion of CD34+ cells to P-selectin, (I), E-selectin, (Ø) andcontrol CHO

cels ([ ).

Complete abrogation of binding of CD34+ cells to P-selectin was observed.

Significantly, however, adhesion to E-selectin was unaffected. Comparable results were

obtained, when the o-PSGL-1 polyclonal was utilised to block CD34+ cell binding to P-

and E-selectin (refer to Figure 3.2.1I.).
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residues that meet the consensus sequence for O-sulphation by the Golgi sulfotransferases

and combined with the downstream sialylated carbohydrate, is essential for the binding

to P-selectin (Pouyani and Seed, L995 and Sako ef al, 1995). Treatment of CD34+ cells

with NMM resulted in the complete loss of ü-PSGl-L-peptide polyclonal-binding activity

(data not shown), and moreover, as shown in Figure 3.2.12. (B), resulted in the complete

abrogation of binding of CD34+ cells to P-selectin. Significantly, however, adhesion to E-

selectin was unaffected.

3.2.6. Committed Progenitors And Their Precursors Adhere To P-Selectin Via PSGL-I

To determine whether lineage restricted haemopoietic progenitor cells were present

in the population of bone m¿urow cells which specifically bound to P-selectin via PSGL-1,

donogenic assays were performed on CD34+ cells treated with mocarhagin. As seen in

Figure 3.2.13. the adhesion of comrnitted myeloid (CFU-GM) and erythroid progenitor

(Bzu-E) to P-selectin, was reduced by approximately 94"/" and 98/", respectively

supporting the hypothesis that PSGL-I represents the sole high affinity counter-receptor

mediating the binding of committed myeloid and erythroid progenitors to P-selectin.

3.?-7. Signals Through PSGL-I Results In The Negative Regulation Of Haemopoiesis

To investigate if interactions between selectins and their ligands play a

physiological role in the regulation of HPC proliferation, soluble P-selectin was utilised to

ligate PSGL-I expressed at the surface of haemopoietic progenitor cells. More specifically,

purified CD34+ cells were added to plates coated with purified, humary platelet-derived

CD6?t, recombinant human{D62P-IgGlFc fusion protein or mu¡ine-CDí2L-IgGlFc (as a

control), and subsequently overlaid with agar containing a combination of cytokines

shown to optimally stimulate colony formation. In all experiments (n = 3), adhesion to P-

selectin was associated with greater than 90% inhibition of both myeloid (CFU-GM) and

erythroid colony (BFU-E) fonnation (Figure 3.2.L4.).
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3.2.13. Committed Haemopoietic Progenitor Cells Adhere To P-selectin Via PSGL-I.
CD34+ cells were obtained as described in Figure 3.2.12. and incubated at 1 x

190/rnl for 30 minutes at 22oC in RPMI/I% BSA alone or containing 10 lLg/ñ
mocarhagin. Digestion was terminated by washing thrice in assay medium, and L x 103

cells were plated over recombinant CD62P-IgGlFc fusion protein (or PBS) immobilised on

30 mm tissue culture grade dishes (previously coated with 20 ltg/ml of a monoclonal
mouse anti-human IgGlFc antibody). Adhesion was allowed to proceed for 30 minutes at

37"C, after which unbound cells were removed by gentle washing. Adherent cells were
subsequently dislodged by the brisk overlay of 0.9% methylcellulose (in IMDM)
supplemented with L0 ng/ml each of purified recombinant human IL-IP, IL-3,IL-6, G-
csF, GM-csF, sCF and EPo. Relative to the CD34+ population "controls", erythroid
(BFU-E, E ¡ and myeloid progenitor (CFU-GM, I ) numbers were consistently
diminished following treatment with mocarhagin. These results support the hypothesis
that PSGL-I is the sole high affinity counter-receptor mediating the binding of commited
myeloid and erythroid progenitors to P-selectin. Results are expressed as the number of
clonogenic cells at day l4per L x L03 cells plated. Data represent the mean + S.E. (n=3).
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Figure 3.2.14. Signals Through PSGL-I Results In The Negative Regulation Of
Haemopoiesis.

1 x 103 CD34+ cells (obtained as described in Figure 3.2.12.) were plated over
recombinant CD62P-IgGlFc or CD62L-IgGlFc fusion protein (or PBS) immobilised on 30

mm tissue culture grade dishes (previously coated with 20 lLg/ñof a monoclonal mouse
anti-human IgGlFc antibody). Adhesion was allowed to proceed for 30 minutes at J7oC,

after which the plates were gently overlayed (ie. not to disrupt the adhesive interaction)
with 0.33% agar (in IMDM) supplemented with 10 nglml each of purified recombinant
human IL-IP, lL-3,IL-6, G-CSF, GM-CSF, SCF and EPO. The number of clonogenic cells
(CFU-GM, I; BFU-E, E and CFU-Mix, @¡ were assessed at day 14 according to
standard criteria, and represent the number of colonies per L x 103 cells plated [mean +

S.E. (n=3)1.
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STUDIES OF THE EXPRESSION OF L.SELECTIN (CD62L) BY HAEMOPOIETIC

PROGENITOR CELLS

3.2.8. CD34+ Cells From Human Bone Marrow Express L-Selectin

Cell-surface expression of L-selectin (CD62L) by immature haemopoietic

progenitors was examined by multiparameter FACS using antibodies Leu8-PE and

HPCA-2-PE, which identify L-selectin and the CD34 antigens, respectively (please refer

to Table 2.10.1.). To facilitate these studies, sorting was performed using bone marrow

samples pre-enriched for the CD34+ cells by differential agglutination using soybean

agglutinin (SBA) (Reisner et a|,7980; and refer to Møterials and Methods, Section 2.11.1.). In

addition, FACS was caried out using BM samples gated according to their light-scattering

properties to include only cells within the lymphoid and blast windows (Figure 3.2.15

(A)), a region previowly demonstrated to contain essentially all clonogenic progenitors

and the more primitive cells with the capacity to initiate and sustain haemopoiesis in a

variety of. in aitro assays (van den Engh and Visser,1979; Sutherland et ø1, I989a; 1989b).

Figure 3.2.L5. (B), illustrates a dual parameter contour plot from a representative

experiment demonstrating binding of mAbs HPCA-2-FITC and LeuS-PE to light-scatter

gated, SBA- bone Írarrow cells. A mean of 87.5% (n = 4) of the CD34+ cells were found to

coexpress L-selectin (ie. CD34+CD62L+), whilst 12.5% (n = 4) of the CD34+ cells lacked

expression of L-selectin (ie. CD34+CD62L-).

3.2.9. Inrmunophenotypic Analysis Of The CD34+CD62L+ And CD34+CD62L-

Populations

To fu¡ther investigate the nature of the differences between the CD34+CD62L+

and CD34+CD62L- populations, BM specimens from four donors prepared as described

above were stained by threecolou¡ indirect immunofluorescence using antibodies Leu8 (a-

CD62L) and HPCA-2 (a-CD34) in combination with each of a panel of mAbs which

identify lineage restricted antigens (myeloid, B cell and T cell) or activation markers. As

demonstrated in Figure 3.2.1,6. and Table 3.2.3, L-selectin expression was consistently

found to subdivide, in varying proportions, populations of CD34+ cells exhibiting B cell, T

cell, or myel:id restricted antigens. 
"OO-;;teLy 

L9% of CD34+ cells coexpressing the T



Figure 3.2.L5.

(A) Dot plot demonstrating the light-scatter characteristics (forward scatter [FSC]

vs. side scatter ISSCI) of soy bean agglutinin (SBA)-depleted BMMNCs. All sorts were

performed using the light scatter gates shown, which includes essentially all the

lymphoid and blast populations.

(B) Dual-parameter imrnunofluorescence analysis of the cells shown in the scatter

gate in (A), demonstrating the expression of CD34 antigen and L-selectin. SBA- BMMNC

were stained with the directly conjugated mAbs HPCA-2-FITC (cr-CD34) and Leu8-PE (cr-

CD62L). Data are displayed as dual-parameter histograms of 5 x 104 [ght-scatter-gated

events collected as list-mode data.

In addition to subdividing the CD34+ cells into CD34+CD62L+ andCDS4+CD62L-

subpopulations, the CD34+ cells could be further subdivided into CD34+CD62LBRIGm and

CD34+CD62LDNL based on the level of CD62L expression.
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Figure 3.2.L6. Three-Colour Immunofluorescence Analysis Demonstrating The Co-

Expression Of CD62L On Multiple Myeloid And Lymphoid Cell Populations.

BMMNC were stained with LeuS-PE (CD62L) and biotinylated-HPCA-1 (CD34;

followed by Streptavidin-ECD) in combination with either LeuM9-FITC (CD33), Leul7-

FITC (CD38), HLA-DR-FITC, Js-FITC (CD10), CDL9-FITC,3AL-FITC (CD7) and MY7-

FITC (CD1-3), or with appropriate combinations of isotype-matched FITC or PE-

conjugated non-binding control antibodies (refer to Materials and Methods, Section 2.1,0.3.

(d)). Cells were washed, fixed and analysed as described previously. Each 2-parameter

histogram was generated from 20,000 CD34+ events collected as list mode data using a

Profile II flow cytometer and analysed using Coulter ELITE software. Data represent the

mean + SE of 3 experiments.
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Table 3.2.3. L-selectin (CD62L) Erpression By CD34+ BM Subsets

Antibody

Expression Of Lineage Antígen

By CD34+ CD62L+ BM

Mononuclear Cells

Expression OÍ CD62L By Cells

Which Express Both CD34 And

Lineage Antigen

Quandrant
Number

Region 2 I (l +2) - Expressed as

Percentage Positive

Region 2l Q + 4) - Expressed as

Percentage Positive

cD7 18.9 87.4

cD10 13.8 63.6

cD13 81.8 89.0

cD19 75.2 6.8

cD33 60.5 97.9

cD38 48.9 100

HLA-DR 94.0 71.7

Summary of the data obtained from three-colour immunofluorescence and flow

cytometric analysis (please also refer to Figure 3.2.16) demonstrating the co-expression

of CD62Lwithearlymyeloidand lymphoid populations. Information generated from

listmode data, and represent 1 x 104 CD34+ sorted events. A representative

experiments (one of three) is shown.



cell-restricted antigen , CD7 were CD62L+, whilst up to 65% of the early B lymphoid cells,

identified by coexpression of CD10 and CDLg also expressed CD62L. Similarly, more

than 90% of the CD34+ myeloid precursors, characterised by their expression of either

CD38, CD13 or CD38 antigens, also displayed moderate to high levels of L-selectin.

g.2.tl. Reactivity Of L-Selectin Antibody LeuS With Lineage Restricted Clonogenic

Progenitors And Their Precursors

In addition to subdividing the CD34+ cells into CD34+CD62L+ and

CD34+CD62L- subpopulations, the CD62L+ population was further subdivided into

CD34+CD62LBRIGIr and CD34+CD62LDrù1 subfractions as shown in Figure 3.2.L5. (B)). fn

aifro clonogenic assays were perforrred to determine which subpopulation harboured the

lineage restricted clonogenic progenitor cells. Fluorescence activated cell sorting of

BMMNC consistently demonstrated that myeloid cells (CFU-GM) were enriched in the

CD34+CD62L+ subpopulation, but were correspondingly absent in the CD34+CD62L-

subpopulation. In contrast, the erythroid progenitors (BFU-E) were present in both

fractions, but were consistently diminished in the subpopulation which did not express L-

selectin (CD34+CD62L-). Furthermore, myeloid (CFU-GM) progenitors were enriched in

the CD34+CD62LBRIGm when compared with the CD34+CD62LDNL subpopulation, whilst

a majority of the BFU-E were present in the CD34+CD62LDIM subpopulation (Figure

3.2.17.). The numbers of CFU-GM in the CD34+CD62L+ and CD34+CD62LBRIGFn were

not significantly different (Fridman two-way analysis of variance p>0.05)) whilst there

was an apparent enrichment in committed myeloid progenitors in the CD34+CD62LBRIGFil

fraction when compared to the CD34+CD62LDIM fraction (p<0.05). In contrast, there was

a statistically significant trend (p<0.05) towards high numbers of erythroid progenitors

(3zu-E), in the CD34+CD62LDIM subpopulation as compared to their incidence in the

CD34+CD62LBRIGI{T subpopulation.

g.2.ll.. Cells Initiating Long-Term Haemopoiesis fn Vitto Express L-selectin At Low

Levels (CD62LDIM)

183



Figure 3.2.L7.

Fluorescence activated cell sorting (FACS) of the CD34+CD62L+,CD34+CD62L-,

CD34+CD62LBRIGFn and CD34+CD62LDIM subpopulations (please refer to Figure 3.2.L5.

(B)) demonstrates that clonogenic myeloid (CFU-GM, l) cells are enriched in the

CD34+CD62L+ subpopulation and correspondingly absent in the CD34+CD62L-

subpopulation. In contrast, erythroid progenitors (BFU-E, E¡ are present in both

fractions, but consistently diminished in the subpopulation which did not express L-

selectin (CD34+CD62L-). Myeloid (CFU-GM) progenitors are enriched in the

CD34+CD62LBRIGHT when compared with the CD34+CD62LDIM subpopulation, whilst the

majority of the BFU-E are present in the CD34+CDízLDrMsubpopulation. Results are

expressed as the number of CFU-GM at day 1,4per 1 x L03 cells plated. Data represent the

mean + S.E. (n=3).
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Previous studies have demonstrated that primitive haemopoietic cells have the

capacity to initiate and maintain haemopoiesis in standard stromal cell dependent long

term marrow culture conditions (long-term culture-initiating cells; LTC-IC (Sutherland et

aI, 1989) or in cytokine driven suspension culture assays (pre-CFU assay, Smitll. et ø1,

1991, Brandt et a\,1990). Furthermore, these small blasts exhibit high levels of the CD34

antigen, but low to undetectable levels of CD33, CD38 or HLA-DR and low retention of

the vital fluorescent dye Rhodamine 123 (Andrews et al, 1989, Terstappen et ø1, 1991,

Brandt et ø1,1990, Udomsakdí et al, L991'; L992).

To examine whether L-selectin expression was also a characteristic of these

primitive haemopoietic cells, CD34+CD62L+, CD34+CD62L-, CD34+CD62LBRIGIÍT and

CD34+CD62LDY subpopulations isolated from normal adult BMMNC were assayed for

their capacity to initiate and sustain haemopoiesis following co-culture in LTBMC with

ir¡adiated allogeneic marrow stromal cells. Figure 3.2.1.8. illustrates a rePresentative

example of the cumulative production of CFU-GM [Figure 3.2.1'8. (A)] and Bzu-E [Figure

3.2.18 (B)l over time in culture from the various sorted populations. Whilst the

CD34+CD62L- sorted populations demonstrated virtually no ability to generate nascent

Czu-GM and BFU-E in LTBMC, myeloid and erythroid production was observed in

cultures initiated with total CD34+, CD34+CD 62L+, CD34+CD62LBRIGHT and

CD34+CD62lDusubpopulations. Furthermore, and in contrast to the "input" clonogenic

assays (described above), the CD34+CD62LDIM population had a significantly (p<0.05)

greater tapacity to sustain the production of Czu-GM and BFU-E than the corresponding

CD34+CD62LBRIc{r subpopulation at least up to day 35. Notably by the end of week 5 of

culture, the CD34+CD62LDIMpopulation produced more than 2-Íold CFU-GM and up to

6-fold more BFU-E than the corresponding CD34+CD62LBRIGITT subpopulation.

While these data demonstrate that the majority, if not all the LTC-IC are present

within the CD34+ CD62L+, and subpopulations thereof, it was conceivable that a

proportion of the LTC-IC were present within the CD34+CD62L- subpopulation but were

not detected in the LTBMC assay, perhaps due their low frequency in the CD34+CD62L-

population or to their lack of recruitment under these culture conditions. A similar series

_ 

of experi-"",rt were performed to assess 

j;;"P".-y 
of the various sorted populations



Figure 3.2.18. CD34+ Cells With Long-Term InVitro Repopulating Capacity Express L-

selectin At Low Levels (CD34+CD62LDIM).

BMMNC were sorted into CD34+ (O) CD34+CD62L+ (a), CD34+CD62L- G),

CD34+CD62LBRIGHT 1A) and CD34+CD62LDNL [) subpopulations (as described in Figure

3.2.17.) and assayed for their ability to initiate and maintain haemopoiesis in long-term

bone marrow culture (LTBMC). LTBMCs were initiated (in triplicate) on confluent,

irradiated cultures of allogeneic bone marrow stromal cells with 1 x L03 cells from each

sorted population. The data are presented as the cumulative production of clonogenic

CFU-GM (A) and BFU-E (B) per culture, assayed each week (as described in the Materiøls

ønd Methods). Data represent the sum of CFU-GM/BFU-E present in the suspension and

stromal cell associated phases at each time point. A representative experiment (one of

three) is shown.
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to produce nascent CFU-GM in the cytokine driven, stromal cell-free suspension culture

(pre-CFU) assay (smith et ø1, 199'1., Brandt et al, 1990, Haylock et al, L992).

Commensurate with the results obtained in the stromal cell dependent assay, only

CD34+CD62L+ (and not the CD34+CD62L-) cells sustained the production of CFU-GM

in pre-CFU culture conditions (Figure 3.2.L9.). Furthermore, subdivision of the

CD34+CD62L+ population into CD34+CD62LBRIGIfl and CD34+CD62LDrM (refer to Figure

i.2.15 (B)) demonstrated that cells with the capacity for the de noao generation of CFU-

GM were restricted almost entirely to the CD34+CD62LD[M subpopulation, with a &fold

and 25-fold expansion in colony numbers at day L4 and day 21, respectively (Figure

3.2.79).

g.2.t2. L-selectin Interacts With A TNFcr-Inducible Bone Marrow Stromal Cell Ligand

To Support Haemopoietic Progenitor Cell Adhesion

Recently, Spertini et øt (L991) reported that CD62L was able to mediate the

ad.hesion of both lymphocytes and neutrophils to an inducible, neuraminidase-sensitive

ligand on human umbilical vein endothelial cells (HUVECs). Expression of the L-Selectin

ligand by endothelium was optimally induced by LPS and the pro-inflammatory cytokines

TNFa and IL-IP.

To investigate if the adhesion to a TNFa-inducible ligand was a property of

haemopoietic progenitor cells, CD34+ cell adhesion to both unstimulated and cytokine-

stimulated HUVECs was examined. FACS-isolated CD34+ cells were preincubated with

DREG-56 (a function-blocking mAb to CD62L) or an isotype-matched, non-binding

control mAb, prior to their transfer to wells containing cytokine (TNFü) or mock-

stimulated HUVECs. While demonstrating no adhesion to unstimulated HUVECs (data

not shown), CD34+ progenitor cells exhibited CD62l-specific adhesion (ie. abrogated in

the presence of mAb DREG-56) to TNFo-stirnulated HUVECs (Figure 3.2.20 (A)).

This observation was replicated when CD34+ cells were transferred to wells

containing TNFa-stimulated cultured human BM stromal cells (HBMSC) (Figure 3.2.20.

(B) and Figure 3.2.2L.), suggesting that a similar (if not identical) L-selectin-specific ligand

was also ina;cea in HBMSC.
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Figure g.2.tg. CD34+ Cells Initiating Haemopoiesis In The Cytokine-Supplemented

(pre-cFU) Assay Express L-selectin At Low Levels (CD34+CD62LDIM).

Assay of the same populations as shown in Figure 3.2.78., in a stroma-

independent, rytokine supplemented culture. Cultures were established in triplicate

using 1 x 103 sorted cells per group in medium supplemented with 10 ng/mt each of

purified recombinant human IL-1p, IL-3,IL-6, G-CSF, GM-CSF and SCF. Additional

factors were added at the same concentrations on days 7. On daysT and L4 , the cells were

harvested, washed and assayed for both nucleated cell number (A) and the number of

Czu-GM (B) as previously described. The results are expressed as nucleated cell number

and rhe mean number (lSE) of CFU-GM recoverd at day 1,4 (ø) and 2L (I) of culture for

each group.
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9.2.20. CD34+ HPC Adhere To Human Umbilical Vein Endothelial Cells (HUVEC) And

Human BM Stromal Cells (HBMSC) Via A rhTNFa-Inducible L-Selectin Ligand.

2 x L1a primary cultured, HBMSC or HUVECs were transferred to individual

wells of an 8 chamber slide 24 hours prior to performing the adhesion assay. HBMSC and

HUVEC monolayers were stimulated with 100 U/ml of rhTNFcx for 4 hours at 37oC.

During this time, FACs-isolated CD34+ cells were incubated on ice at 1 x 105/d in RPMI

(supplemented with 2%FCS) containing either 20 ¡tg/nl of the function-blocking mAb to

CD62L (DREG-56) or an isotype matched, non-binding control (3D3). 1x LOa cells (in a

volume of L00 pl) were subsequently transferred (without washing) to the I chamber slide

containing HUVECs (A) or HBMSC (B). The cells were incubated at 4oC for L hour on an

orbital shaker at 60 rpm to stimulate shear stress. At the end of this period, unbound cells

were removed by gentle washing, and the cells fixed with the addition of 2%

glutaraldehyde in PBS. A representative 200 x field from each sample was photographed

with an Olympus BH2-RFCA microscope.
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Figure 3.2.2L. L-selectin Interacts With A rhTNFcx-Inducible BM Stromal Cell Ligand

To Support Haemopoietic Progenitor Cell Adhesion.

2 x !0a allogeneic BM stromal cells were transferred to each well of an 8 chamber

slide 24 hours prior to performing the assay. BM stromal cell monolayers were either left

untreated, or stimulated with 100 U/ml of rhTNFa for 4 hours at 37"C. During this time,

FACS-isolated CD34+ cells were incubated on ice at L x 165/ml in RPMI (supplemented

with2% FCS) containing either 20 ¡tg/nl of the function-blocking mAb to CD62L (DREG-

56) or an isotype matched, non-binding control (3D3). L x LOa cells (in a volume of L00 pl)

were subsequently transferred (without washing) to the 8 chamber slide containing

stromal cells. The cells were subjected to conditions of shear (60 rpm on an orbital shaker)

for L hour at 4"C. Upon completion of the assay, unbound cells were removed by

immersing the slide into a bath of 2"/" glutaraldehyde in PBS. The assay was scored

microscopically to assess the number of adherent cells in 5 randomly selected 100 x fields.

Data represents the mean number of adherent CD34+ cells (+ SE, n=3) per field.
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g.z.7g.The TNFcr-Inducible Bone Marrow Stromal Cell Ligand For C,D62L Is Unlikely

To Be GIyCAM-1

Lasky et at (L992), recently identified a murine glycoprotein counter-receptor for

CD1¡L,terrred GIyCAM-1 (for Glycosylation-dependent cell adhesion molecule-L) from

murine ly-ph nodes. This prompted the investigation as to whether the human homologue

of GIyCAM-1, was (i) equivalent to the TNFcr-activated ligand described above and (ii)

responsible for mediating the CD62l-specific adhesion of CD34+ cells. Oligonucleotide

primers were designed in accordance with the published sequence (Lasky et ø1,1992) to

generate a 458 bp product by RT-PCR amplification. Significantly, a band of expected

size was produced from murine lymph node-derived RNA (Figure 3.2.22. (A)).

Subsequent automated sequence analysis revealed 100% sequence homology of this

product with the published GIyCAM-1 sequence (data not shown).

GIyCAM-1 ¡ìRNA expression was examined by low-stringency Northern blot

analysis of total RNA isolated from TNFa-stimulated human and murine bone marrow

stromal cells and unstimulated murine lymph nodes (Figure 3'2'22' (B & C))'

Hybrid.isation of the GIyCAM-1 probe was only observed with the murine lymph node

RNA, suggesting that adhesion to cytokine-activated murine and human stromal cells was

unlikely to be mediated by the peripheral lymph node mucin-like glycoprotein, GIyCAM-L

or ithumanhomologue.
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9.2.22. The rhTNFcr-Inducible Bone Marrow Stromal Cell Ligand For CD62L Is

Unlikely To Be GIyCAM-1.

(A) Total RNA was isolated from murine peripheral lymph nodes.

Oligonucleotide primers (designed in accordance with the published sequence) enabled

the generation of a 458 bp product by RT-PCR amplification. Automated sequence

analysis revealed 1-00% sequence homology of this product with the published GIyCAM-L

sequence (data not shown).

(B) 10 pg samples of total RNA derived from rhTNFa-treated murine and human

stromal cells, and murine peripheral lymph nodes were subjected to electrophoresis on a

1.0 % formaldehyde-agarose gel and visualised by ethidium bromide staining and

photographed. Loading order: Lane L, RNA Markers (refer to Table 2.25'L-), Lane 2,

rhTNFcr-stimulated murine stromal RNA; Lane 3, rhTNFcr-stimulated human stromal

RNA; Lane4,murine peripheral lymphnode RNA.

(C) GIyCAM-1, mRNA expression was examined by low-stringency Northern blot

analysis. Following overnight hybridisation at 30"C with the radiolabelled PCR-derived

full-length GIyCAM-1 probe, the membrane was washed under low stringency conditions

(two times for L5 minutes at 42"C in 2 x SSC/0.1%SDS). Membranes were exPosed to

Xomat-AR film for 48 hours with intensifying screens. Hybridisation to the 0.7 kb

GIyCAM-1 transcript is only observed with the murine lymph node RNA (indicated by

arrow).
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3.3. DISCUSSION

3.3.1. Studies of The Role of p- And E-selectin In Human Haemopoiesis: A summary

Current evidence supports the hypothesis that the restriction of primitive

haemopoietic progenitors to the bone marrow involves developmentally regulated

adhesive interactions between progenitor cells and various comPonents of the stromal

microenvironment (Atlen et al, L990; Dexter et al, 1977; Torok-Storb , 1988; Kincade et al,

1,989; Tavassoli and Hardy, 1990; Clark et ø1,L992; Long, 1,992; Simmons ¿f al,t994)' A

number of reports have documented interactions mediated by integrins, immunoglobulin

superfamily members and the CD44 family of CAMs (Lewinsohn et aL,1990).In addition,

a role for cell-cell adhesion mediated by the specific lectin-like protein-carbohydrate

interactions has been demonstrated in murine haemopoietic tissues (Aizawa and

Tavassoli, lgg7a;1gg7b). The selectin family of adhesion molecules function as calcium-

dependent lectins (Lasky et al, L989; Johnston et ø1, 1989a; L989b; Bevilacqua et ø1, 1989;

Bevilacqua and Nelso n, L993; Lasky, lg92) but there are few reports which have

investigated the potential involvement of selectins in the interaction of human

haemopoietic progenitors within the bone marrow microenvironment. This chapter

describes various studies which examine the role of P-, E- and L- selectin in tissues of the

human haemopoietic sYstem.

Haemopoietic progenitor cells, including lineage restricted clonogenic progenitors

and more primitive precursors with the ability to initiate haemopoiesís in aitro, exhibit the

property of adhesion to P-selectin. Binding of CD34+ haemopoietic progenitors was

shown to be cation dependent but independent of temperature and shear stress in accord

with characteristics previously described for the adhesion of mature leukocytes to P-

selectin (Bevilacqua and Nelson, L993; Lasky,1992; Larsen et ø1,1989; Gerig et al, t990;

Gamble et aI, L990; Lawrence and springer, \991). The majority of erythroid (BFU-E) and

essentially all myeloid (Cru-GM) progenitors bound to P-selectin. Erythroid development

was accompanied by a loss in ability to bind P-selectin as demonstrated by the recovery

of the majority of maturing glycophorin A+ cells in the P-selectin non-binding fraction of

BMMNC. B cells similarly failed to adhere to P-selectin but unlike the erythroid lineage,
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presumptive B-cell progenitors identified by their co-exPression of cD34 and CDL9

antigens (Locken et ø1, 1987) also demonstrated lack of adhesion even at this earliest

phenotypically defined stage of B<ell development (please also refer below)'

In add.ition to clonogenic haemopoietic progenitors, P-selectin was also shown to

bind more primitive haemopoietic precursors (pre-CFU) as demonstrated by their

capacity for the de noao generation of clonogenic cells in both standard stroma containing

LTBMC and stroma-free, rytokine dependent suspension culture assays. Thus, adhesion

to p-selectin is maintained throughout myeloid development from the most primitive to

the most matu¡e lineages but is progressively lost as cells develop along the erythroid and

B-lymphoid pathways. Collectively, these data demonstrate that committed myeloid

progenitors and their precursors, a population closely related hierarchically to

haemopoietic stem cells with long term repopulating potential in aiao, can be separated

from the majority of BMMNC by virtue of their adherence to P-selectin'

At the coÍrmencement of this study, the precise nature of the ligand(s) for P-

selectin on CD34+ cells remained to be determined.Initial experiments to define the nature

of the ligand. on CD34+ cells found that, following the incubation of CD34+ cells with a

variety of proteases, their binding to P-selectin was markedly decreased, demonstrating

that the p-selectin ligand on CD34+ cells was located on a glycoprotein and not on a

glycolipid associated with the cell surface. In addition, treatment of CD34+ cells with

neuraminidase completely abrogated their binding to P-selectin indicating that sialic acid

was essential in the structu¡e and function of the ligand. These data are in accord with

previously published observations concerning the characteristics of the P-selectin ligand

on the human promyelocytic leukaemia cell tine HL60 (Larsen et al, 1992; Moore et ø1,

lgg¿) and suggested the possibility that a similar, if not identical sialosylated

glycoprotein may comprise a P-selectin ligand on both cell types.

Monoclonal antibodies CSLEX-1 (Fukushima et ø1, L984) and HECA-452 (Picker ef

a;,7990), recognise neuraminidase sensitive carbohydrate antigens, sialyl Lex and a

epitope coûunon to both sialyl Lex and sialyl Lea, respectively. Sialyl Lex and sialyl Lea

have previously been shown to function as ligands for both E-selectin and P-selectin on

other leukocytes (Phillips et ø1, 1990; Berg et ø1, \99L). Both mAbs demonstrated
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significant binding to a subpopulation of CD34+ cells from normal marrow, and although

consistent with the recent finding of Karakantza et aI (1994), this is contrary to the

previously published findings of Muroi et al (1992; 1993a) who reported that normal

marlow derived CD34+ cells did not express detectable levels of sialyl Lex' The reason

for this discordant observations are unclear, but may be related to the use of a monoclonal

antibody to SLex with differing epitope specificity to the CSLEX-L mAb used by

Ka¡akantza and colleagues (1994) and in this study'

Th¡eecolour flow cytometric analysis also demonstrated a precise co-distribution

of CSLEX-1 and HECA-452 antigens on CD34+ cells, implying recognition of the same

glycoprotein antigen by the two mAbs (Figure 3.2.5. (c)). Importantly, the committed

myeloid progenitors (CFU-GM) and more primitive Precursors (pre-CFU) were

predominantly found in the CSLEX-L+ and HECA-452+ sorted subpopulations,

consistent with their phenotype of binding to P-selectin. This represents the first report to

demonstrate the expression of these carbohydrate structures by primitive human

haemopoietic progenitors. In contrast, the number of erythroid progenitors (BFU-E), were

consistently diminished in the HECA-452+ and CSLEX-L+ subpopulations, somewhat

discordant with the observation that the majority of the Bzu-E were recovered in the P-

selectin adherent fraction of BMMNC or CD34+ cells. This would suggest that unlike

myeloid progenitors, BFU-E express alternate carbohydrate ligand(s) not recognised by

CSLEX-I and HECA-452 mAbs. Additionally, as demonstrated herein, approximately

gg% of all CD34+ cells bind via P-selectin, yet the antigen(s) recognised by these two

mAbs are expressed on only 35% of these cells. This suggests therefore, that the CSLEX-1

and 11ECA452 antigens can not account for all the binding observed. Considering these

data, these observations suggest that the P-selectin ligand on the remainder of these cells

ûÉy comprise a form of sialyl Lex that is additionally sialylated or otherwise modified in

such a way as to prevent recognition by sialyl Lex specific antibodies, CSLEX-L and

I{EC4452. An analogous observation was made by Berg et al (199I) with regard to the

cutaneous lymphocyte-associated antigen, CLA, which represents a ligand for E-selectin

on skin-associated memory T-cells.
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During the cou¡se of this study, a glycoprotein counter-receptor for P-selectin

termed P-selectin Glycoprotein Ligand (PSGL-1) was molecularly cloned from the

promyelocytic leukaemia cell line HL60 (Sako et aI, 1993). Analysis by RT-PCR

demonstrated expression of PSGL-1 in CD34+ cells. Subdivision of the CD34+ population

by means of CSLEX-1 immunoreactivity revealed expression of PSGL-I in both

subpopulations. Based on the RT-PCR and antibody studies, it suggested that sialyl Lex

containing carbohydrate structures decorating PSGL-1 accounted for the P-selectin

binding phenotype displayed by CD34+CSLEX-L+ cells. Moreover, exPression of PSGL-I

by the CD34+CSLEX-1- subpopulation suggested that this protein may also play a role in

the ad.hesion of these cells to P-selectin, presumably through sialic acid containing

carbohydrate structu¡es not recognised by CSLEX-L or HECA-452.

To investigate PSGL-I protein expression by bone marrow-derived CD34+ cells, an

affinity purified polyclonal antibody against N-terminal peptide (Gln1-Gln15) of the

mature, pACE propeptide cleaved (Sako et ø1, 7993) PSGL-I protein was utilised (De

Luca et al,l99S; Phillips and Berndr,lg92). As shown in Figure 3.2.'1.0., essentially all of

the CD34+ cells expressed the PSGL-I receptor at the protein level, in accord with the

6RNA analysis. The level of expression of PSGL-I by CD34+ cells is consistent with the

reported L0-20,000 copies on neutrophils and HL60 cells (Moote et a\,1991; Skinner et al,

Iggt).In contrast, PSGL-1 expression by CD34+CD19+ presumptive B-cell Precursors/

was undetectable by flow cytometric analysis. Tltis was in accordance with the lack of

binding of B-cell precursors and their progeny to CD62P. This observation conforms with

the findings of Vachino et øI (1995), who demonstrated that although mature B cells

express frSGL-L, they did not display significant binding to P-selectin. Although the level

of expression by these cells is low, the lack of binding to P-selectin was attributed to a

deficiency of activation-dependent post-translational events which are essential in the

expression of a functional PSGL-I receptor on lymphocytes (Vachino et aI, L995).

A number of reports have demonstrated that in addition to serving as a ligand for

p-selectin, pSGL-j. may also bind to E-selectin (Sako et a\,1993; Moore et a\,1994; Asa et

aI,I99S; De Luca et aI,1995). In contrast to P-selectin, however the requirements for E-

selectin recognition are much less stringent. E-selectin has been shown to bind a number of
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sialomucins and glycoprotein structures that co-express sialyl Lex or the related structure,

sialyl Lea with high affinity. Consistent with the findings of Dercksen ef aI, (1994),B}d-

derived CD34+ cells exhibited E-selectin-specific, cation-dependent, neuraminidase-

sensitive adhesion to E-selectin CHO cell transfectants (Figure 3.2.LL)' Unlike the binding

to p-selectin, however, adhesion of CD34+ cells to E-selectin was not inhibited when the

affinity-purified polyclonal antibody to PSGL-I. Furthermore, treatment of CD34+ cells

with novel cobra venomderived metalloproteinase, mocarhagin, resulted in the complete

loss of cr-PSGl-1-peptide polyclonal-binding activity, and moreover resulted in the

complete abrogation of binding of CD34+ cells to P-selectin. Significantly, however

adhesion of CD34+ cells to E-selectin remained unaffected. Thus treatment of cells with

mocarhagin, enables the contribution of E- and P-selectin in the adhesion of CD34+ cells

to be readily discriminated.

As demonstrated in Figures 3.2.1'1.., 3.2.12. (B) and 3.2.13., P-selectin appears to

be highly specific in its recognition of PSGL-I. One explanation, is that P-selectin binding

to pSGL-1 is bimodal with P-selectin binding not only involving carbohydrate recognition,

but also the negatively charged/sulfated tyrosine cluster (Figure 3.3.1.(A)). The

importance of sulfation in P-selectin binding was concomitantly demonstrated by Pouyani

and Seed (1995) and Sako et øt (1995). Although binding of CD34+ cells to E-selectin does

not involve the N-terminal region of PSGL-I (Pouyani and Seed, 1,995; Sako et aL,1995),

the data presented here, do not preclude the possibility that E-selectin interacts with

pSGL-1 via the down-stream region bearing clustered sialylated-carbohydrates (Figure

3.3.1.(8)1). Alternatively, the adhesion of CD34+ cells to E-selectin, may involve

alternative glycoproteins (or glycolipids) which are capable of presenting sialylated-

carbohydrate structu¡es to E-selectin (Figure 3.3.1.(B)2). Consistent with this view, Lenter

et at (L994) and Levinovitz et ø1, (1993) have independently identified two ligands on

HL60 cells which exhibit binding to both P- and E-selectin. The possible existence of such

alternative E-selectin ligands on haemopoietic progenitors must remain the subject of

future stud.ies. Despite the implication of the existence of additional protein structures on

mature myeloid cells that can serve as P-selectin ligands, the data presented here support
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Figure 3.3.1. The NH2-Terminal Decapeptide Of PSGL-I Is Critical For P-Selectin But

Not E-Selectin Binding.
(A) The NH2-terminal20 amino acids of the mature, PACE-cleaved (Rehemtulla

ànd Kauffman, 1992; Sako et ø1, 1993) are depicted. A domain spanning amino acid

residues 4-LL denotes a region comprising one or more sulphated tyrosines. The structure

above the amino acid at position L6, represents an O-linked oligosaccharide modified by

slex or an alternate sialylated, fucosylated glycan. Both regions are critical for high

affinity binding to P-selectin (Pouyani and seed, 1995; Sako et al,1995).

(81) The cobra venom metalloproteinase, mocarhagin (De Luca et ø1, 1995)

specifically cleaves between the Tyr10 and Asp11 residues of the mature, PACE-cleaved

pSGL-1 receptor and results in the loss of the N-terminal decapeptide, QATEYEYLDY. As

demonstrated in Figure 3.2.12. (B) and Figure 3.2.13., mocarhagin proteolysis of PSGL-1

on CD34+ HPC abrogates their adhesion to P-selectin,but not to E-selectin.

(82) E-selectin may interact with PSGL-I via the sialylated oligosaccharide on the

threonine residue at position L6 (Figure 3.3.1. B1) or undefined, down-stream region

bearing clustered sialylated-carbohydrates. Alternatively, the adhesion of CD34+ cells to

E-selectin, may involve alternative glycoproteins (or glycolipids) which are capable of

presenting sialylated-carbohydrate structures to E-selectin.
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the hypothesis that pSGL-1 represents the sole P-selectin ligand expressed by primitive

human haemopoietic progenitor cells and their committed Progeny.

A signalling function for the sialomucin CD34 has recently been postulated by

Fackler and collegues (L995). As such, the consequences of adhesion to CD62P on the

growth and development of HPC was also examined. In these experiments, adhesion to P-

selectin was associated with a >90"/" inhibition of colony formation (Figure 3.2.13.).

Moreover, recent experiments (performed in collaboration with Dr. J-P. Levesque) using

the cytokine-stimulated, liquid (pre-CFU) culture system to examine the effects of

adhesion to CD62P on more primitive HPC, similarly demonstrated a marked

suppression in both nudeated cell number and colony formation.

In accord with these observations, a recent study by Banu et øI (1995)'

d.emonstrated increased numbers of megakaryocytic progenitors in the BM of P-selectin

,,knockout" mice. Similarly, progenitor cell numbers were also increased in mice deficient

in both E-selectin and p-selectin (Frenette et a\,1996), suggesting that retention of FIPC in

a quiescent state within the BM is, in part mediated by the interaction of P-selectin with

PSGL-1. These studies indicate a key role for PSGL-1 as a signalling molecule on primitive

HpC, an¿ moreover imply that interactions between mucin-like proteins and their counter-

receptors negatively regulate HPC proliferation. Despite this, very little is known of the

signaling function of PSGL-1 (Weyrich et a\,1995). Thus the transduction pathway(s)

which are induced in human HPC following PSGL-I binding to P-selectin and the

mechanisms which ultimately contribute to the inhibition of HPC growth remain to be

defined.

euestions that arise from these studies include (i) Does the inhibitory effect of

CD6ZP on HpC growth involve the induction of apoptosis or an alternate cytostatic

mechanism? This could however be resolved by a number of experimental strategies which

include ascertaining whether the apparent stasis is reversible uPon removing the cells from

the immobilised P-selectin. Alternatively, programmed cell death (apoptosis) could be

examined by standard DNA-fragmentation analysis (Herrmann et ø1,1994), or using one

of a number of the commercially available kits. (ii) Does adhesion to CD62P arrest cells at
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a particular phase of the cell cycle? This question is amenable to study by flow cytometry

using propridium iodide and/or acridine orange'

Although beyond the scope of this thesis, experiments to elucidate the mechanisms

underlying these observations will provide valuable information and understanding of the

mechanisms responsible for the inhibition of HPC proliferation which occurs as a

consequence of PSGl-1-mediated adhesion to CD62P. Moreover, the binding of primitive

haemopoietic progenitors to CD62P has several important implications. Firstly,by

med.iating the initial fast and shear-resistant adhesion and subsequent "rolling" along

endothelial cells entering the marrow, CD62P could provide the crucial preliminary

contact required for transmigration events mediated by other adhesive mechanisms such

as integrin-mediated interactions (Lawrence and Springer, L991; Butcher, 1991'). In

accordance with this, a previous report has documented expression of both P- and E-

selectin by a proportion of bone marrow endothelial cells (Beckstead et ø1, 1986).

Secondly, the existence of a soluble form of P-selectin (Gamble et al, 1990) with possible

anti-adhesive function nright provide a mechanism for the release of cells, including

immatu¡e progenitors, from the marrow under both steady-state physiological conditions

and during enforced. mobilisation as occurs following administration of cytokines or high

dose chemotherapy (Sheridan et al,1992;To et ø1,1990)'

3.3.2. Studies Of The Role Of L-selectin In Human Haemopoiesis: A Summary

Leukocytes reci¡culate continuously between the blood and lymphatic organs and

also extravasate into sites of inflammation. The initial step in diapedesis of cells is the

binding of specific leukocyte surface molecules to their ligands on vascular endothelial

cells (Springer,1990; Stoolman, 1.989; Osborn, L989i Cotran et ø1,1986; Butcher, 1991)' In

recent years, several d.ifferent receptors involved in leukocyte trafficking have been

characterised. Some of them act as adhesion-strengthening molecules in a non-organ-

specific manner, while others, like CD62L, mediate tissue-specific binding of leukocytes

(Springer, 1990; Stoolman, 1989; Butcher, L991).

Human L-selectin represents the homologue of the 90 kD murine peripheral lymph

node homing receptor, originally identified by the mAb, MEL-L4 (Gallatin et al,1983).
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Although initially described as a lymphocyte homing receptor, it was subsequently shown

to be constitutively expressed on most other peripheral blood leukocytes including

neutrophils and monocytes, and shown to be involved in leukocyte traffic in the systemic

microcirculation (Tedder et a\,1990; Griffin et a\,1990)'

In this chapter, the expression of CD62L by both committed haemopoietic

progenitors and their precursors was examined. The data presented here, confirm and

extend. previous observations (Lund-]ohansen and TerstaPPen, 1993; Dercksen ¿ú al, L995;

Spertini et al,7997; Tedder et a\,1990; Griffin et ø1, \990) of the expression of. CD62Lby

CD34+ haemopoietic progenitor cells (CD34+ HPC)'

In the current study, multiparameter FACS based on the co-exPression of CD34

and CD62L was utilised. The greater sensitivity afforded by the directly-PE conjugated

anti{D62l m¡b (Leu8-PE) enabled the clear resolution of the CD34+ cells into CD62L+

an¿ CD62L- subfractions. Furthermore, the CD34+CD62L+ was able to be further resolved

into CD34+CD62LBRIGFT and CD34+CD62LD&í subpopulations'

Stud.ies to examine which input subpopulations harboured the lineage-restricted

clonogenic progenitor cells, revealed that the myeloid progenitors (CFU-GM) were

predominantly found in the CD34+CD62L+ fractton, whilst the BFU-E were present in

both the CD34+CD62L+ andCD34+CD62L- subpopulations. Similarly, the erythroid

progenitors were consistently enriched in the CD34+CD62LDIM subpopulation, whilst the

CD34+CD62LBRTG¡rr subpopulation harboured the majority of CFU-GM.

To investigate the role of CD62Lin the regulation of hierarchically more primitive

progenitors, CD34+ cells sorted on the basis of LeuS binding (as described above) were

assayed for thei¡ ability to initiate and sustain myelopoiesis in stroma-dependent LTC.

The data presented here, demonstrate that cells with the capacity for de noao clonogenic

cell prod.uction (CFU-GM and BFU-E) were present exclusively in CD34+ cells which

demonstrated d.etectable CD62L expression. The CD34+3D62L- subpopulation exhibited

virtually no capacity to generate nascent CFU-GM and BFU-E. Moreover, the

CD34+CD62LDM had a significantly greater capacity to sustain the de noao geîeration of

both erythroid (BFU-E) and myeloid (CFU-GM) clonogenic cells when compared with the

coincident CD34+CD62LBRIGI{r population.
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Although comparable data were obtained when these same sorted populations

were assayed in a stroma-free, cytokine-dependent suspension culture system (pre-CFU

assay) the cumulative yield of CFU-GM in this system was aPProximately 2O-fold higher

(comparison of day 21 clonogenic cells produced by the CD34+CD62LDM subpopulation)

than the stromad.ependent culture system. Thus it is possible that the suspension culture

system allowed more efficient CFU generation, a view supported by the substantially

higher yields of CFU-GM. The difference probably reflects, in apart, the production of

inhibitory as well as stimulatory factors by the stroma (Eaves et ø1, 1991). Whilst in

contrast to the results obtained in pre-CFU/LTBMC assays, the CD34+CD62LBRIGHT

subpopulation ha¡boured the majority of CFU-GM'

previous studies have shown that human pre-CFU are CD33- (Andrews ef ø1,

Iggg), CD38- (Terstappen et ø1,1991), exhibit undetectable or low expression of HLA-DR

(Brandt et al,1990), and lack a variety of lineage-specific antigens (Simmons et a|,1994).

Using multi-colour flow cytometric analysis, it is evident that of the CD34+ cells with

these phenotypes (CD34+CD33-, CD34+CD38-, and CD34+HLA-DR-), essentially all

express CD6ZL at moderate to high levels (refer to Figure 3.2.1'6). In addition to the

CD34+CD62L+ population, a significant proportion also expressed the B lymphoid

antigens (CD10 and CD19) whilst only a small proportion expressed the T cell antigen

(cD7).

Using multiparameter fluorescence with antibodies to well recognised lineage

antigens, the study by Lund-Johansen and TerstapPen (1993), concluded that CD62L

were expressed on CD34+ myeloid progenitor cells and mature granulocytes but down-

mod.ulated during the intermediate stages of maturation. In contrast, using in aitro assays

of committed and primitive haemopoietic cells, the data presented here suggest that all

myeloid and erythroid precursors (and their committed progeny) are contained within the

CD34+CD62L+ subpopulation. Moreover, the CD34+ myeloid progenitor cells and their

precursors express CD62L at an intermediate level (CD62L)'*), whilst the maturation of

erythroid precursors was associated with a progressive uP-regulation of CD62L

expression. Although the functional significance of these data are unknown, they do
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indicate that CD62L expression is modulated as a function of haemopoietic cell

differentiation.

A recent communication by Spertini et al (1991) demonstrated that CD62L was

able to mediate the adhesion of both lymphorytes and neutrophils to a cytokine-inducible

GNFa or IL-lp), neuraminidase-sensitive ligand on human umbilical vein endothelial cells

(HUVECs). Data presented here demonstrate that a TNFcI inducible ligand for CD62L

was also expressed by cultured human BM stromal cells. Although the nature of this

ligand is unloown, preliminary data suggests that this inducible ligand for L-selectin is

unlikely to be the recently cloned glycosylation dependent cell adhesion molecule-L

(GlyCAM-l) (Lasky et aI, L992). This is consistent with recent evidence which suggests

that the human homologue of the murine GIyCAM-1 will be significantly divergent from

the murine molecule (Dr.L.Lasky, personal communication) and as such not detectable

by the methods used here. Furthermore, recent data suggests that murine GIyCAM-1 exists

as a soluble molecule, and as such, may inhibit (not promote) L-selectin adhesion (Tedder

et ø1, L99S), making it an unlikely candidate for the cytokine-inducible ligand observed

here.

In conclusion, CD62L is expressed by a subset of immature haemopoietic

progenitor cells that are able to initiate myelopoiesis in both stroma-

dependent/independent iz aifro culture systems, the benchmark assays for human

haemopoietic stem cells. In addition, data presented here suggests that CD62L may

mediate the adhesion of CD34+ FIPC to BM stromal cells via a rytokine inducible ligand.
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CHAPTER 4

THE DEVELOPMENT OF A NEW TECHNIQUE FOR ISOLATING
GENES ENCODING CELL SURFACE MOLECULES USING

RETROVIRAL EXPRESSION CLONING



4.1. INTRODUCTION

4.1.1. Cellular Interactions In Haemopoiesis : Molecular Characterisation Of Stem Cell-

Stromal Cell Interactions

Cell-cell interactions are of fundamental importance in many cellular systems, both

during development and in the adult organism (reviewed in Gilbert, L99L). This

requirement is particularly well illustrated by those which regulate the function of the

immune system, and (Springer, L990) in the development of the haemopoietic system

(Trentin, 1970;Wolf,1979; Tavassoli, 1975; Cline and Golde, L979; Price and McCulloch,

I97g; Dexter, 1982; Torok-Storb, L988). In the adult, haemopoiesis occurs in the

extravascular compartrnent of the BM, where HSC and their progeny develop in intimate

association with the stromal tissue of the BM (Dexter, 1982; Weiss, 1976; Lichtman,7981';

Tavassoli and Friedenstein, L983; Allen et al, L990; Simmons and Torok-Storb, t99la;

L99Lb; Dexter et al, L977; Tavassoli and Hardy, 1990). The precise mechanisms

underlying the ability of the BM stromal cells (HBMSC) to support HSC development

remain to be determined, however current evidence suggests a role for both soluble and

membrane-associated haemopoietic growth factors (HGF) and a range of adhesive

interactions (Trentin, 1970;WoIf, L979; Tavassoli, L975;Dexter et al,1977,Tavassoli and

Hardy, L99O; Clark et ø1, L992; Long, lgg2). Studies in aitro have demonstrated that

although soluble HGF are able to support the proliferation and differentiation of HSC,

maintenance only occurs when HSC are co-cultured with marrow stromal cells (Dexter,

I9B2). These observations, suggest that molecules expressed at the HSC and stromal cell

surfaces are of major importance in this Process. Although some likely candidates are

beginning to emerge (Simmons et a\,1992; L994a;1994b; Zannettino et ø1,1995), further

research is still required to define additional cell-surface expressed moieties capable of

mediating these complex interactions.

Unlike prokaryotic and "lower" eukaryotic systems, molecular genetics and

mutational analysis are often difficult to perform in the human system. Of necessity, a

number of alternate approaches have been developed to identify and functionally

characterise cell surface molecules (CSM) with roles in mediating cellular interactions in
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various systems. The primary advance in this area has come from the generation of a large

number of monoclonal antibodies (mAbs) directed against molecules expressed at the cell

surface (Watt et aI, I987a; Andrews et ø1, L989; Sutherland et aL,1989a; L989b; Terstappen

et aI,!997; Barclay et a|,1993). Monoclonal antibodies provide a means of identifying and

cha¡acterising the function of many integral membrane glycoproteins, including those

which mediate cellular recognition and adhesion (Simmons, DL., 1992). Moreover, a

number of expression cloning systems (Kavathas et ø1,1984; Maddon et al, L985; Young

and Davis, L983) have been developed to enable the isolation of functional cDNA clones

correspond.ing to these CSM. To date, the most successful approach, has been that

developed by Aruffo and Seed (Seed and Aruff o, 7987; Seed, L987; Atuffo and Seed,

1987) and involves the transient expression of cDNA libraries in eukaryotic cells and the

specific rescue of cDNA clones by antibody capture and panning (Seed and Aruffo,7987;

Wysoki and Sato, 1978).In the absence of suitable mAbs, specific ligands or cell lines

expressing the cognate receptor/ligand have been used to isolate genes encoding growth

factor receptors (Gearing et ø1, 1989; Yamasakí et al, 1988) and adhesion molecules

(Osborn et al, t989; Elices et a\,1990).

A number of reports describing the use of retroviral vectors for the construction of

stable cDNA expression libraries in eukaryotic cells have now appeared in the literature'

The utility of this approach has been demonstrated by the identification of genes with

oncogenic potential (Whitehead et a\,1995) and by the isolation of cDNAs for factors able

to confer autonomous growth on the factor-dependent cell line FDC-PI (Rayner and

Gonda, 1994; Wong et al,1994). Retroviral vectors represent one of the most effective gene

transfer systems available, and have proven useful for the transfer of genes into cells

(including haemopoietic and primary cells) ordinarily refractory to transduction by other

methods (Miller et a|,1990; Graham and van der Eb, 1973; Schaffner, l'980; Schaefer-

Ridder et al,1982; Zimmerman and Vienken,1982; Neumann et ø1,1982; Zenke et aI, L990;

Stopper et aI,1987; Tonegvzzo and Keating, 1986). Generally, retroviral vector systems

for gene transfer can be divided into two equally important comPonents which include, (i)

the retroviral vector, and (ii) the retrovirus-packaging cell line (Millet et a\,1993). The

retroviral vector is manipulated in its DNA form as part of a bacterial plasmid and,
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although it does not encode viral proteins, it serves as a vehicle for the transfer and stable

incorporation of genes of up to 10 kb in length into target cells (Miller et ø1, L993). The

retrovirus-packaging cell line (refer to Figure 4.1.1.), provides all of the viral proteins

necessary for the encapsidation of the vector RNA into virions and for the subsequent

infection, reverse transcription, and integration of the vector into the genomic DNA of

target cells. In recent years, numerous modifications in the construction of packaging cell

lines has resolved problems of spontaneous helper virus production and poor

encapsidation of genomic RNA (Mann et ø1, L983; Miller, 1990). The host range of the

virions produced is dependent upon the choice of the packaging cell lines (M.ann et ø1,

1983; Miller and Rosmary 1989; Cone and Mulligan,1984; and reviewed by }lf:iller et al,

Lg93) which can be broadly divided into two types (i) amphotropic and (ii) ecotropic,

with the former able to generate retroviral particles able to infect most mam¡nalian cells of

experimental interest, whilst the latter is almost exclusively restricted to rodent cells.

This chapter describes the development of an alternative approach using retroviral

expression cloning to isolate genes encoding CSM identified by a panel of mAbs (of

unknown specificity) reactive with tissues of haemopoietic origin. More specifically, it

deals with (Ð the generation of a large, representative human bone marrow stromal cell

(HBMSC)-derived cDNA library in the retroviral vector pRUF.neo and (ii) the

development of a highly efficient selection strategy utilising mAbs and antibody-coated

magnetic beads enabling the isolation and enrichment of infected cells exhibiting

expression of a desired CSM.

To assess the efficacy of such an approach, a number of mAbs directed against

previously defined cell surface antigens were utilised in an attempt to rescue the

corresponding cDNA molecules. Following the validation of this approach, the retroviral

expression library system was utilised to isolate cDNA clones corresPonding to

(glyco)proteins expressed at the HBMSC surface and recognised by a panel of newly

generated mAbs. The mAbs were selected on the basis of their demonstrable effects in the

regulation of haemopoiesis (refer to Chapter 6) or their unique reactivity profile with

tissues of the haemopoietic system (refer to Chapter 5 and Chapter 6). The results

detailed in this chapter thus confirm previous studies demonstrating the general
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Figure 4.1.1. Retroviral Packaging Cell Line.

A schematic diagram of a retroviral packaging cell line, which harbours a generic

helper virus (modelled on the Moloney Murine Leukaemia Virus, MMLV), from which the

packaging signal, Y (between the 5' long terminal repeat [LTR] and the gøg coding region

has been deleted.

The defective helper virus produces all the retroviral proteins necessary for viral

encapsidation and replication, but is itself incapable of replication (ie. helper virus RNA

is poorly encapsidated into virions).

More recent designs of retroviral packaging cells have focused on the separation of

f1.e gøg, pol and, ena viral-encoding regions on separate expression plasmids, such that the

frequency of recombination events required for spontaneous helper virus production is

greatly reduced.

The transfected retroviral plasmid harbouring the gene of interest (GENE X), does

not encode viral proteins, but serves as a vehicle for genes to be transferred. The resultant

recombinant RNA molecules (containing a competent packaging signal) are subsequently

encapsidated by the helper virus-derived proteins, and infectious viral particles

produced.
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application of retroviral cDNA libraries and further extend their utility to the expression-

doning of cDNAs encoding CSMs.
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4.2. RESULTS

outline And Rationale of Protocol : General considerations.

As schematically represented in Figure 4.2.L., the protocol used to produce a

retrovi¡al expression library coûunences with the generation of double stranded cDNA

from a source that is appropriate for the isolation of gene(s) of interest. The cDNA is

di¡ectionally cloned into the retroviral vector (refer below), and subsequently amplified in

an appropnate E.coli bacterial strain. The plasmid DNA thus derived, is used to generate

a representative pool of virus producing cells. As illustrated in Figure 4.2.2, this is

achieved by first transfecting the plasmid DNA library into the amphotropic packaging

cell line (P4317), and the transiently-produced viral pool is then used to infect the

ecotropic virus packaging cell line (YZ). The infected ecotropic packaging cells are

subsequently selected for their expression of the enzyme, aminoglycoside phospho-

tra¡rsferase (encoded by the Neomycin-resistance gene, NeoR) which confers immunity to

the toxic effects of the Neomycin analogue, Geneticin (G418). The resultant NeoR Y2

packagng cells represent the stable retroviral library, and thus serve as a renewable source

of virus capable of infecting a target cell population of choice.

The retroviral vector pRUFneo (please refer to Figure 4.2.3), Possesses a number of

attributes which confer upon it a highly efficient gene transfer capabilify. These salient

features include (i) a comprehensive multiple cloning site (MCS), to enable directional

cloning of cDNA products; (ii) the MC\neo cassette containing the NeoR gene driven by

the f9 polyomavirus enhancer (Thomas and Capecchi, 1987), shown to function

effectively in a variety of cell types including, fibroblasts, primary haemopoietic cells and

haemopoietic cell lines (Rayner and Gonda, ß9Ð; (iii) the long terminal repeat (LTR)

elements derived from the myeloproliferative sarcoma virus (MPSV), known to function

well in haemopoietic cells (Bowtell et aI, 1988; Stocking et al, L985); and (iv) sequences

from the rearranged gag-pot genes of the M3Neo(myb) provirus integrated in the U22.4 cell

line described by Gonda et øl (L989). This rearrangement resulted in increased expression

of the myb gene carried by the provirus, and subsequent experiments have indicated that

it functions similarly in the pRUF.neo vector (data not shown). Expression of myb ftom
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Figure 4.2.L. Outline Of The Procedure Employed To Generate A Retroviral cDNA

Expression Library.

Please refer to text for details'
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Figure 4.2.2. Ptoduction Of Infectious Amphotropic And Ecotropic Viral Particles.

Please refer to text for details.
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Figure 4.2.3. Restriction Endonuclease Map Of pRUF.neo.

Restriction map of pRUF.neo illustrating the salient features, including:

(i) Land mark restriction endonuclease sites

(ii) Restriction cloning sites in the polylinker (MCS), to enable directional cloning of cDNA products

(iii) the MC'J,.neo cassette containing the NeoR gene driven by the f9 polyomavirus enhancer

(iv) the long terminal repeat (LT& comprised of U3, R, and U5) elements derived from the myeloproliferative sarcoma virus (MPSV)

(v) the splice donor (SD) and splice acceptor (SA) sites used to generate the subgenomic mRNA (refer to text for details). The nucleotide

sequence ntmbers of the retroviral regions of the plasmid are derived from sequences of the Moloney Murine Leukaemia Virus, MMLV (please

refer to Shinnick et ø1,1981).
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úe-fJ22-4provirus and of cDNAs inserted into the MCS of the retroviral vector pRUFneo,

occur via subgenomic mRNA generated by splicing between the normal retroviral splice

donor (at nucleotide 206; refer to Figure 4.2.3.) and a cryptic splice acceptor (at

nucleotide 1363; refer to Figure 4.2.3.) as previously described (Gonda et al, 1987; Gonda

et al,1989). In addition, the presence of gøg sequences has been shown to substantially

increase retroviral titres (Armentano et al, L987; Bender et ø1,1987).

4.21. Generation Of A Stable HBMSC cDNA Library: Size And Representation.

Directional cDNA synthesis was performed essentially as described in the

Materials and Methods, Section 2.24. and as schematically represented in Figure 4.2.4.The

size and integrity of the cDNA gençrated from the reverse transcription of HBMSC-

d.erived 6RNA was assessed following alkaline-agarose gel electrophoresis and

autoradiography, and found to range from 0.4 to 8.5 kb in size (data not shown).

Following the addition of linkers, the cDNA was directionally cloned into the multiple

cloning site (MCS) of the retroviral vector, pRUF.neo (Figure 4.2.3.). The retroviral vector

containing the ligated cDNA was amplified in E.coli, and by this method a plasmid library

of approximately 1..3 x 10ó clones was generated from 130 ng of cDNA. As shown in

Figure 4.2.5, restriction analysis of 20 independent clones revealed inserts ranging in size

from 0.4 to 8 kb, with the majority (13/20) being greater than 2.5 kb in length.

Central to the construction of any cDNA lilbrary, is the requirement for adequate

representation of the mRNA species present in the cell type or tissue of origin. Considering

previous reports (þishop et al,1974; Chikaraishi, L979; Ryfell and McCafihy, L975), there

a¡e between 30,000 to 1.20,000 different mRNA species present in the cytoplasm of a

normal mammalian cell. As such, adequate representation in a cDNA expression library is

likely to require at least one order of magnitude more clones than this, as the synthesis of

large, full-length cDNAs is a relatively inefficient process. Therefore, the FIBMSC plasmid

library described here is likely to contain ten to 40-fold more clones, than there are

sequences expressed in the mammalian cellular equivalent.

Atthough it is somewhat elementary to prepare libraries of this complexity as

plasmids (refer above), or phages in E.coli, the generation of similarly complex libraries in
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Figure 4.2.4.Directional cDNA Synthesis And Ligation Into The MCS Of pRUF.zeo.

Schematic representation of directional cDNA synthesis and molecular cloning

into the multiple cloning site (MCS) of the retroviral pRIJFneo vector. Please refer to

Materiøls ønd Methods, Section 2.24., and text for details.
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Figure 4.2.5. Restriction Analysis Reveals That cDNA Inserts Range From 0.4-8 kb.

Following transformation of the plasmid library into E.coli DHLOB, plasmid DNA

was isolated from 20 independently isolated bacterial clones. BøwHI and XhoI restricted

samples were subsequently separated on a L.2"/" agarose gel, ethidium bromide stained

and photographed under ultraviolet illumination.

Due to the presence of internal BamHI andXhol restriction sites, the size of the

cDNA inserts represent the sum of the individual fragments (with the exception of the 5.6

kb pRUF.neo). The positions of the molecular weight markers (SPP-I DNA, digested with

ËcoRI) are represented on the right (in kilobase pairs).
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eukaryotic cells is generally more difficult. The protocol described here, has been designed

in part to circumvent this problem. As discussed earlier, the initial steps involve (i)

transfection of the DNA obtained from the amplification of the plasmid library into the

amphotropic packaging cell line, PA3L7, and (ii) use of the transiently generated

retrovirus to infect an ecotropic packaging cell line, Y2.

Using virus generated from the pool of transfected packaging cells to infect an

additional packaging cell line provides several advantages. Firstly, infection is a more

desirable way to transfer genes into the cells that will constitute the final library of

ecotropic virus-producing cells, since it has been shown to yield substantially higher viral

titres from these cells (Hwang and Gilboa, 1984; Lynch and Miller, 199L; Miller et ø1,

1986). Secondly, infection generally results in a smaller number of proviral integrations per

cell, so that each infected cell in the total pool represents a single (or at most, only few)

cDNA species present within the library'

Prior to transfection of the plasmid library into the amphotropic virus-packaging

cell line, PA317, plasmid DNA derived from five independent ligations were combined to

ensure proportional and adequate representation. Approximately 55 pg of DNA was

obtained per L x 105 bacterial colonies, and a total of 650 pg of CsCl-purified DNA was

used to transfect 'J,.2 x L07 PA3L7 cells. Following transfection, 120 ml of viral

supernatant was harvested and the viral titre determined by its ability to confer resistance

to G418 following infection of Y2 cells. The titre was estimated to be 3 x 104 infectious

viral particles per ml of viral supernatant and in view of this,24 ml of viral supernatant

was used to infect L2 dishes of Y2 cells (as described in the Møterials ønd Methods),

resulting in approximately 7.2XL05 G4L8 resistant Y2 colonies in four subpools.

4.2.2. Selection Of An Appropriate Target Cell Population For The Functional

Screening Of CSM Expression.

Having established a stable HBMSC library of approximately 7.2 X l}s

independent clones in the ecotropic-virus producing cell line Y2, the murine haemopoietic,

factor-dependent cell line FDC-PI (Dexter et aI, L980) was initially chosen as the target

cell type for functional screening of surface antigen expression. This choice was made on
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the basis of the following criteria; (Ð FDC-P1 cells can be infected at high frequency

(Rayner and Gonda , Lgg4) (ii) previous studies (Rayner and Gonda,1994) revealed that

the myeloproliferative sarcoma virus LTR functions well in FDC-PI cells, (iii) FDC-PI

cells divide rapidly (1.2 hour doubling time), facilitating the screening procedure (described

below) and finally (iv) immunostaining and flow cytometry revealed that there was

linrited or no cross-reactivity with the "clustered" mAbs directed against human cell

surface antigens.

The library was introduced into FDC-PL cells by co-cultivation with the virus-

producing y2 cells. The efficiency of infection of the FDC-PI cells was 15-28% (n=3), as

determined by plating in agar, in the presence of G418 (Table 4'2.1.). To achieve

proportionate transfer of all the cDNAs present in the library into FDC-PI cells, a total of

6 x 106 FDC-P1 cells were co-cultivated with the stable library in Y2 cells. To prevent the

loss cells expressing rare cDNA clones, FDC-P1 cells resistant to G4l8 (l'26 x 106, as

determined by agar plating), were cultured to expand their numbers, such that each

independently infected FDC-PI cell was represented at least 100 times'

4.2.g. Establishment Of A Magnetic-Bead/Monoclonal Antibody Capture And

Enrichment Protocol To Screen For CSM Expression'

Initial experiments employing the panning technique established by Wysoki and

Sato (1928) and used with great effect by Seed and Aruffo (Seed and Aruffo , 1987; Seed,

l9g7; Aruf1o and Seed, tg87), proved too inefficient for the capture of rare FDC-PL cells

expressing the desired HBMSC antigens. Similarly, screening by preparative fluorescence

activated cell sorting (FACs) proved too cumbersome, as large numbers of cells (up to L x

1gf had to be analysed in order to ensure isolation of CSM-expressing cells present at

low incidence in the population (data not shown)'

To isolate rare FDC-PI cells expressing the desired HBMSC CSM, a protocol

employing antibody coated magnetic Dynabeads was developed (presented schematically

in Figure 4.2.6.).Initial experiments to assess the efficacy of such an aPProach centred

around the ability of the magnetic beads to select and enrich a minor population of

,,marked" cells. A fixed number of FlTC-"loaded" FDC-P1 cells, labelled with mAb
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Table 4.2.1. Number Of Clones Derived By Infection Of FDC-PI Cells With Virus

Derived From Ecotropic Packaging (Producing) Yz Cells.

To determine the infection frequency following co-cultivation with the virus-

producing Y2 cell line, FDC-PL cells were plated in soft agar (as described in Materiøls and

Methods) in the presence of G4L8. Following 1.0 days culture, colonies were enumerated.

Data represents the mean + SE of three experiments, where 300 cells were plated per dish

at day 0.



Table 4.2.1. Number Of Clones Derived By Infection Of FDC-PI Cells With Virus

Derived From EcoEopic Packaging (Producing) Yz Cells.

Number of FDC-PI Colonies Following Co-cultivation With

Plating

Conditions (control)

Y2

(Pool A)

Y2

(Pool B)

Y2

(Pool C)

Y2

(Pool D)
Y2

-G418

+G418

210t20
0t0

2n t70
34t17

215 + 15

3819

232t35
65+13

190 + 60

48r 15

Infection 0 15 17 28 25

(Vol



Figure 4.2.6. Schematic Of Magnetic-Bead/Monoclonal Antibody Capture And
Enrichment Procedure.

An outline of the magnetic-bead/monoclonal antibody capture and enrichment

procedure used to isolate rare cells expressing the desired CSM. (please refer to text for
details).
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directed against murine class I (refer to Møteriøls ønd Methods) were added to an excess of

unlabelled FDC-PI cells at ratios of 1:L00 (Figure 4.2.7. (A)) and L:20 (Figure 4.2.7. (B))'

The cell mixture was incubated with antibody-coated magnetic beads and the depletion of

labelled cells assessed by flow cytometry. As it can be observed in Figure 4.2.7.,thte

method described here, was effective in removing up to 98"/" of the labelled cells following

one round of selection and represented in principal, the technique used to screen the

expression library (detailed below).

4.2.4.Isolation Of CSM-Expressing FDC-PI Cells Infected With The HBMSC Library.

Typically, L x 108 G41.8-resistant FDC-PI cells were incubated (as described in the

Møteriøls ønd Methods, Section 2.27.1,.) with a "cocktail" of six mAbs as detailed in Table

4.2.2. T;¡e mAbs used in this initial study recognise cell surface antigens of which the

corresponding cDNA had been previously identified. Their choice was based on a number

of parameters including, (i) requisite reactivity with FIBMSC and their contrasting lack of

reactivity with mock infected FDC-PI cells (data not shown), (ii) their recognition of

antigens with widely varying molecular weights and cDNA sizes and (iii) as

demonstrated in Figure 4.2.8. the level of expression of the CSMs recognised by these

mAbs differed considerably (ranging from high to low, as determined by flow cytometry)

on the HBMSC used to construct the library'

Following the sequential incubation of the mAb cocktail and sheep anti-mouse IgG-

coated magnetic Dynabeads, HBMSC antigen-expressing FDC-PI cells were captured

with the use of a magnetic particle concentrator (MPC). Figure 4.2.9. illustrates the

sequential en¡ichment of Ag-expressing FDC-PI cells following 3 rounds of selection, as

assessed by immunofluorescence and flow cytometry and light microscoPy, respectively'

Magnetic bead selection and enrichment was carried out until homogeneity of antigen

expression was achieved, as exemplified in Figure 4.2.9. (C).In some instances, up to five

rounds of selection were necessary to achieve homogeneity of Dlmabead-rosetting cells,

although in the majority of cases, 3 rounds of selection was sufficient'

Having obtained a pool of FDC-PI cells potentially expressing a variety of

HBMSC CSM, the cocktail of mfibs was then divided into its individual comPonents and
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Figure 4.2.7. Assessment Of The Efficacy Of The mAb/Magnetic Bead Enrichment

Procedure.

FDC-PL cells were cytoplasmicly{abelled with FITC (please refer to Materials and

Methods, Section 2.11.L3), and subsequently immunolabelled with either mAb }JB75,

(directed against Murine MHC Class I [H-2d haplotype]) or an isotype-matched, non-

binding control mAb. L x 103 and 5 x 103 FITC-"Ioaded" /H875-labelled FDC-PI cells

were then added to 9.9 x 104 (1:100 dilution; panel A) and 9.5 x LOa (1:20 dilution;
panel B) unlabelled FDC-PL cells, respectively. To select labelled FDC-PI cells, L x 105

sheep-anti-mouse (SAM) IgG-conjugated magnetic beads were added per tube, incubated

for 2 hours at 4"C with rotation.

Magnetic bead-"rosetted" (ie. FlTC-"loaded/immunolabelled) FDC-PL cells were

captured using a magnetic particle concentrator (MPC). The efficacy of selection was

indirectly monitored by flow cytometry (ie. the degree of depletion observed). In both

cases (Panel A & B) this procedure was effective in removing up to 98% of the labelled

cells following one round of selection.
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Table 4.2.2.Distribution, Molecular Mass And cDNA size of rhe csM Identified By The "clustered" Monoclonal Antibodies used In This study

Reference/
Source Of mAb

Dr. L. Ashman

Pharmingen

DAKO

lvtr. S. Gronthos

ur. H-1. Bühring

Published Size
of cDNA (bp)

s4e (l001os)

sze (Hrszse)

t67L (XL6447)

rlsa (M32322)

2620 (Io548r)

)36L4

CD/Alternate
Nomenclature

CSM Recognition / Cellular Distribution MWt Of
ç5¡4(',t)

w1 class I 0
haemopoietic and non-haemopoieticUbiquitous

cells
expression on

lymphocytes
tissue and

(MIRL t9ysls
on and

L t
Ifbiquitous expression on haemopoietic and non-haemopoietic
cells

protein 5

including progenitorand a subset of
cells
Integrin subunit types L30

Antibody
Name

tB4.B12

5E10

MEM-43

983

LG2

P4C10

The monoclonal antibodies were initially screene and flow cyto try to ensure reactivity with HBMSC and lack of

Ui"air,g to FDC-PI- cells, ' (refer to text)'

Numbers in parentheses
* Molecular weights of P



Figure 4.2.8. HBMSC-Expression Of CSM Identified By The "Clustered" mAbs Used

In This Study.

Cultured HBMSCs were immunolabelled with the "clustered" mAbs, detailed in
Table 4.2.2. or an isotype matched, non binding control (refer to Table 2.1,0.1.). Data are

displayed as single-parameter fluorescence (FITC) histograms of L x 104 light-scatter
gated events, collected as list mode data.

- - - - -: isotype matched, non-binding control
: labellins mAba

mAb 184.812 (B2-microglobulin).

mAb 1G2 (Endoglirç CD105).

mAb 5E10 (Thy-1,, CDw90).

mAb 983 (MHC Class I).

mAb MEM-43 (MIRL, CD59).

mAb P4C10 (B1 Integrin, CD29).

A.

B.

C.

D.
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F.



BA

c

E

1000100l0

I
I
I

01

300

250

200

150

100

50

0

1000't 0010'|

r,,i
ji'L

I

I
,l

I
I
I

¡l
t
I
t
I

0l

350

300

250

200

150

100

50

0

1000100l0

I

Ì,
., "l
ItrlJ'i

j:
tt

101

500

450

400

350

300

250

200

150

'100

50

0

É,
t¡Jo
=Ðz
JJ
l¡Jo
t¡J

zl-
J
t¡J
É,

1000100'10

I
rt

i 'rî
li

,lt
¡l
¡l

tl

It

01

500

150

100

350

300

250

200

150

100

50

0

D

1000100l0

I
I

t
I
t
t
I

1

I
I
,
I

Itl

ft'l
r 'l'. itt
,tr
tl
tl
ri

JI
ll
¿tlr
I

r
t
I

0l

300

250

200

150

100

50

F

100010010

.a

iltr
I
I
¡
I

\
I
¡
It

I

1

I
I
I

a

I

I
I
f

¡

01

400

350

300

250

200

150

100

50

0

LOG FLUORESCENCE



Figure 4.2.g. Progressive Enrichment Of FDC-PI Expressing HBMSC Surface

Antigens.

FDC-p1 cells selectively isolated by the magnetic-bead/monoclonal antibody

capture and enrichment procedure (please refer to Figure 4.2.6.) were immuno-labelled

with the mAb cocktail (Table 4.2.2.) and analysed by flow cytometry and light

microscopy (200 x magnification), following (A) one, (B) two and (C) three rounds of

selection. Magnetic bead selection and enrichment was carried out until homogeneity of

antigen expression was achieved.
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indirect immunofluorescence and flow cytometry was performed to determine the nature

of CSM expressed. Figure 4.2.10. (A) (1, 2 & 3) illustrates the flow cytometric results

obtained when the pool of Dynabead-rosetted cells were stained with 184.812 (anti-p2

microglobulin), 1G2 (anti-Endoglin, CD105) and P4C10 (anti-81 integrin, CD29),

respectively. Following the determination of HBMSC surface antigen expression, clonal

populations of FDC-PL cells expressing HBMSC CSMs were isolated by fluorescence

activated cell sorting (FACS) and single cell deposition, or by a combination of FACS and

methylcellulose plating (Figure 4.2.10. (B)) as described in the Materials ønd Methods.

Clones were expanded so that surface antigen expression could be assessed by flow

cytometry (as described previously and FDC-PL clones displaying a unimodal

distribution of surface-antigen expression were selected and expanded for further analysis

(Figure 4.2.10. (C)). Unimodality of CSM expression was used as an indirect measure, to

ensure that mixtures of two adjacent clones were not isolated, which could lead to

ambiguity in the PCR recovery of proviral cDNA inserts from genomic DNA (discussed

below, Section 4.2.6.).

4.2.5. Preliminary Assessment Of The Antigens Expressed By The FDC-PI Clones

And The Analysis Of The Number Of Proviral Integrations.

The molecular weights of the proteins expressed by the FDC-PI clones were

determined following surface biotinylation, immunoprecipitation and SDS-PAGE. The

molecular masses of the reduced proteins were in each instance, consistent with the

published data for each of the CSM described (Figure 4.2.1I. (A) and 4.2.11. (B) and

Table 4.2.2).

To ascertain the number of proviral integrations harboured by the various FDC-P1

clones, Southern blot analysis was performed as described in the Møterials and Methods.

The number of proviruses varied between one (MEM-43, P4C10, IGz FDC-P1's), two

(IB4.BI2 FDC-P1's), three (5E10 FDC-PI) and four (983 FDC-P1) integrations,

confirming the relatively low frequency of infection for each of the FDC-PI clonal

populations (Figure 4.2.L2.). Additional Southern blots were performed using other clones
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Figure 4.2.tO. FACS And Clonal Isolation Of FDC-PI Cells Expressing HBMSC

Surface Antigens.

Following selective magnetic bead enrichment, the pool of Dynabead-rosetted cells

(refer to column A) were immunolabelled with the individual components of the mAb

cocktail, including (41) 184.812 fanti-þ2 microglobulinl; (A2) 1'G2 [anti-Endoglin,

CD1¡S¡ and (A3) P4C1,0 [anti-p1 integrin, CD29} Furthermore, clonal populations of

FDC-PI were established following FACS and single cell deposition (or by a combination

of FACS and methylcellulose plating), by selecting the cells exhibiting the highest

expression of the antigen [marker set, R2], (81->3). Clones were exPanded so that surface

antigen expression could be assessed by indirect immunofluorescence and flow cytometry.

Clones displaying a unimodal distribution of surface-antigen expression were selected

and expanded for further analysis (C1->3).
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Figure 4.2.1'1. Determination Of The Molecular Mass Of Proteins Expressed By The

FDC-PI Clones Expressing HBMSC Surface Antigens.

Biotinylated membrane preparations of FDC-PI cells expressing various CSM

were co-incubated with the indicated mAb (Table 4.2.2.) f.or L6 hours at 4"C.Immune

complexes were precipitated using goat anti-mouse Sepharose, resuspended in reducing

SDS-PAGE buffer, resolved on a (A) 12"/" or (B) 10% SDS-polyacrylamide gel and

visualised with biotin-streptavidin-HRPO complex and enhanced chemiluminescence

(EcL).

(A) Lane 1, Thy 1-; Lane 2, CD59; Lane 3, p2 microglobulin; Lane 4, MHC class I'

(B) Lane L, Endoglin; Lane 2, pL integrin.

Hybrid heterodimers (refer to Discussion) between the human and murine polypeptides

are observed in (A) lane 3 and 4.
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Figure 4.2.12. Southern Blot Analysis Reveals The Number Of Proviral Integrations In
Each FDC-PL Clone.

Southern blot analysis of genomic DNA isolated from HBMSC surface antigen-

expressing FDC-PI clones was performed essentially as described by Rayner and Gonda,

1994. Following restriction digestion wlth BømH1, genomic DNA was separated on a

0.8% agarose gel, transferred to nitrocellulose, and probed with a 32P radio-labelled NeoR

cassette. The positions of the molecular weight markers (SPP-I DNA digested with
EcoRL), are shown on the right (in kilobase pairs). Refer to Table 4.2.2., as nomenclature

used in this figure pertains to the mAb used to select the FDC-PI clonal population. Lane
'l.., 184. Bl2; Lane 2, IN{EIN4-43; Lane 3, P4CL0; Lane 4, LG2; Lane 5, 983; Lane 6, 5E10;

Lane 7, uninfected FDC-PL cells. Number of proviral integrations vary from '1, to 4,

confirming the relatively low frequency of infection for each of the FDC-PI clonal

populations.
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expressing these surface antigens and showed similar copy numbers of virus in these cells

(data not shown).

4.2.6. PCR Recovery of Proviral cDNA Inserts From Genomic DNA.

Following retroviral infection, the proviral DNA is stably integrated in a

predictable configuration allowing the rescue of cDNA sequences from the genomic DNA

using the polymerase chain reaction (PCR). As illustrated in Figure 4.2.13., primers

complementary to sequences adjacent to the multiple cloning site (MCS) in the retroviral

vector can thus be used to amplify the cDNA insert responsible for conferring the

expression of a particular antigen. The lack of consistent amplification of cDNA inserts

greater than 2 kb (eg. Endoglin and pl-integrin) necessitated the use of long range PCR

conditions as described in the Møteriøls and Methods. In most cases, a single amplified

product was obtained for each clone, with sizes ranging from approximately 500 bp to

3g00 bp (Figure 4.2.14.). Significantly, in all cases, the size of the amplified cDNA was

consistent with the size of the published sequence, when taking into account the

additional sequence (approximately 145 base pairs) contributed by the retrovirus'

4.2.7. P aftial-Sequence Analysis Of cDNA Inserts'

Gel-purified PCR products were subsequently subcloned into an appropriate

sequencing vector (pBluescript or pGEM-T, Appendix A, Restriction Maps # L and 6,

respectively) to enable partial sequence analysis (refer to MateriøIs and Methods, Section

2.19.).The resultant nucleotide sequence was comPared with sequences submitted to the

Genbank/EMBL databases via standard "FASTA alignment analysis" and selected

examples of the results obtained are illustrated in Figure 4.2.L5. As demonstrated in Table

4.2.3, seqtence analysis of all the FDC-PI clone-derived PCR products confirmed that the

csM expression as detected by the mAbs was due to the viral transfer of the

corresponding cDNA. That is, the sequences obtained conformed entirely with the

published sequences for these genes. In all cases, with the exception of the MEM-43

(CD59), the 3' untranslated region of the mRNA, including the poly(A) tract was

detectable. This observation however, is in accord with the identification of 4 different
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Figure 4.2.19. Schematic Representation Of The Protocol Used To Recover cDNAs From Infected Cells Expressing HBMSC CSMs.

Following infection, the viral DNA is integrated into the host cell genome in a stable and predictable configuration. As such, PCR

amplification can be exploited to "rescue" the cDNA cloned into the MCS of the retroviral vector pRUF.zeo.

Genomic DNA isolated from infected cells is denatured and primers complementary to retroviral sequences which flank the MCS (RCFI,

RCRI and RCR2) are therewith annealed. Repeated rounds of denaturation, annealing and extension thus result in the specific amplification of the

cloned cDNA. PCR products are separated by agarose gel electrophoresis and subsequently isolated by gel purification.
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Figure 4.2.14. PCR Recovery Of Proviral cDNA Inserts From Genomic DNA Isolated

From FDC-PI Cells Expressing HBMSC Surface Antigens'

Conventional and long range (XL) PCR (refer to Materiøls ønd Methods, Section

2.22.g. þ)) was used to recover the cDNA inserts from genomic DNA isolated from FDC-

pL cells expressing HBMSC surface antigens. The PCR primers used were complementary

to the sequences adjacent to the MCS in the retroviral vector. After amplification the PCR

products were separated on a 1.0"/" agarose gel, visualised by ethidium bromide staining

and photographed. Lane L, 1E.4. 812; Lane 2,5E10; Lane 3, MEM-43; Lane 4,983; Lane

5,1.G2; Lane 6, P4C10; Lane7, uninfected FDC-PI; Lane 8, water control.
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Figure 4.2.15. FASTA Alignment Analysis Of 184.812 And 983 PCR Products.

Following partial sequence analysis, the resultant nucleotide sequence was

compared with sequences submitted to the combined Genbank/EMBL database via

standard "FASTA alignment analysis".
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Table 4.2.3. Summary Of Results Of Partial-sequence Analysis Of PCR-Rescued cDNA

Clones And Computer Analysis: "Clustered mAbs".

Monoclonal Antibody Approximate size of PcR cDNA Rescued (bp): Result of
Product (bp) "FASTA" Alignment Analysis

18,4.812

5E10

MEM-43

9B.3

1G2

P4C1O

1200

560

1400

1600

3000

3800

p2-microglobulin

Thy 1 (CDw90)

cD59

MHC class 1

Endoglin (CD105)

B l-integrin (CD29)

PCR products were gel purified and subcloned into the pGEM-T vector. Data

represents results of partial-sequence analysis (400-700 bp) and DNA homology search

(NCBD for each of the PCR-derived cDNA products'



CD59 6RNA species, differing only in their 3' unkanslated region as a result of complex

RNA secondary structure around the typical polyadenylation signal, AAUAAA.

(Sawada et ø1,1990; Tone ef a|,1992).

Application Of The Retroviral Expression Cloning Strategy To Define The CSMs

Identified By a-HBMSC mAbs of "unknown cluster" Designation: General

Considerations.

Three independent fusions of splenocytes from mice immunised with cultured

HBMSC yielded several thousand antibody producing clones. Using the differential

screening approach described in Materials ønd Methods (Section 2.7.),35 clones were

identified which exhibited extensive reactivity with surface antigens expressed by cultured

HBMSC and limited reactivity with peripheral blood-derived mononuclear cells. The

resultant hybridoma clones which met the above criteria were cloned three times to ensure

monoclonality of antibody production, and their reactivity with HBMSC re-assessed

(please refer to Figure 4.2.16.). The mAb preparations were subsequently isotyped and

subjected to a further screening protocol to assess their reactivity with a range of cell

lines/cell preparations including HUVECs (Figure 4.2.17.) and from this, six mAbs were

selected. Moreover, three additional mAbs of "unknown cluster" were obtained from

various sources (detailed in Table 4.2.4.) as part of ongoing collaborative research

endeavours. Where possible, the molecular weight of the CSM recognised by the various

mAbs were ascertained by immune-precipitation and SDS-PAGE analysis (Table 4.2.4.).

To determine the nature of the CSM recognised by these mAbs, the corresponding cDNA

was ultimately isolated utilising the above described retroviral expression cloning

procedure.

4.2.g. Selection Of An Alternative Target Cell Population For The Functional

Screening Of CSM Expression Due To Cross-Reactivity Of mAbs With FDC-PI Cells.

As detailed in Table 4.2.4., a number of mAbs reactive with HBMSC, including

CC9, WM85 and CAL¡ demonstrated significant cross-reactivity with the murine

haemopoietic factor-dependent cell line FDC-P1., necessitating the use of an alternative
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Figure 4.2.LG. HBMsc-Expression Of CSM identified By The "I-Inclustered" mAbs

Used In This Study.

Cultured HBMSCs were immunolabelled with the "unclustered" mAbs, detailed in

Table 4.2.4. or an isotype matched, non binding control (refer to Table 2'10.1.)' Data are

displayed as single-parameter fluorescence (FITC) histograms of L x LOa light-scatter

gated events, collected as list mode data.

- - - - -i isotype matched, non-binding control

: Iabelling mAb

mAb 7}{9

mAb 11D1.H10

mAb 11D3

mAb 12FL2

mAb HCC-I

mAb 9E10

mAb CC9

mAb WM85

mAb CA12

A.

B.

C.

D.

E.

F.

G.

H.
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Figure 4.2.L7. In Situ Immunofluorescence Staining Of Human Umbilical Vein

Endothelial Cells (HUVECs) With "Llnclustered" mAbs.

primary cultured HUVECs seeded 24 hours prior, were imrnunolabelled with the

"unclustered" mAbs detailed in Table 4.2.4. Bound mAb was detected with FITC-

conjugated F(ab')2 sheep anti-mouse Ig, and the samples examined with an Olympus BH2

fluorescence microscope. Cells were viewed at 200 X magnification and photographed.

mAb 7H9

mAb 11D1.HL0

mAb 1,1D3

mAb 12F12

mAb HCC-I

mAb 9E10

mAb CC9

mAb WM85

mAb CA12

A.

B.

C.

D.

E.

F.

G.

H.

I.
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Table 4.2.4. Cellular Distribution And Molecular Weight Of CSMs Identified By "Unclusteted" Monoclonal Antibodies'

Data represents a summary of the immunoreactivity profiles obtained when cultured haemopoietic and non-haemopoietic cell

lines and cell preparations were examined by single-colour indirect immunofluorescence and flow rytometry'

Immunoreactivity Key: - : negative, t: limited reactivity, + : low, ++ : medium, +++ : high'

NRP-No result possible, ND-Not done.

(*) Molecular weight deduced following immunoprecipitation of proteins from cultured HBMSC, and reducing-SDS-PAGE'



Table 4.2.4. cellular Distribution And Molecular weight of csMs Identified By "unclustered" Monoclonal Antibodies'

Antibody
Name

7II9
1lD1.H10
1lD3
12F12

HCCl

9E10

cc9

wM85

Reference / Source

A. Zannettino

Dr. L. Ashman

A. Zannettino

A. Zannettino
Ms. B. Swart & Dr

Simmons
A. Zannettino

S. Gronthos & A.
Za¡urettino
Dr. R. Filshie

S. Gronthos & A.
ZannettinoCA12

HBMSC, cultured human bone marrow stromal cells; HUVEC, human umbilical vein endothelial cells; CHBC, cultured human bone cells; IIFF-2' human foreskin

fibroblasts; MG63, osteosarcoma; BMMNC, bone marrow mononuclear cells.

ND
ND

3T3
Swiss-

ND
+

ND
ND

ND

Baf-3

+

+
++

FDC.Pl

0

0

subpopulation

subpopulation

0

subpopulation

subpopulation

subpopulation

CD34+ Cells

+ 0.5

.0+
.3+1

+ 4.1

! 2.3

4.L +

BMMNC
(% + ve) (n=3)

+ 4.5

ND

+

++
+

+++

MG63

+

+
+

+

+

++
+

+++

HFF-2

++

++

+++
+++

++

+
+

CHBC

+++

+
+

+

+
+

++
+

HUVEC

++
+++

++
+

++
++
++

+++

HBMSC

++

Cellular Distribution

95 - 1L0

100

ND

L9

4
NRP

75 -80

45-50

75-80

MWt Of
6g¡4(*)

IgGg

IgGze

IgGr

IgGt

IgGr
IgGr
IgGr
IgM

IgGr

Isotype



target cell. The mAbs in question were thus tested on two substitute cell lines, namely the

murine ll-3-dependent cell line, Baf-3 and murine fibroblastic cell line Swiss-3T3, with the

resulting reactivity profile summarised in Table 4.2.4. Although the rapid doubling-time

manifest by FDC-P1 is not shared by the Baf-3 and Swiss-3T3 cell lines, they do however

share a number of the features exhibited by FDC-PI cells (refer to Section 4'2.2), making

them suitable candidate target cells.

The library was introduced into Baf-3 cells by co-cultivation with the four different

pools of virus-producing Y2 cells. The efficiency of infection of the Baf-3 cells by the

various Y2 pools was 2L.5 + 1.5 % (mean * standard error of the mean; n=4), as

determined by plating in agar in the presence of G418 (Table 4.2.5 (A)). In contrast, virus-

containing supernatant was harvested from the various Y2 pools and used to infect the

Swiss-3T3 cells. As demonstrated in Table 4.2.5 (B), the average efficiency of infection

was determined to be 46 + 4.6 "/o (mean * standard error of the mean; n=4)'

To achieve proportionate transfer of all the cDNAs present in the library a total of

6 x 106 Baf-3 and Z x 106 Swiss-3T3 cells were infected with viral particles produced by

the virus-producing Y2 cells. To prevent the loss of cells expressing rare cDNA clones,

Baf-3 and Swiss-3T3 cells resistant to G418 (1.19 x 106 and 1.23 x L06, respectively

[determined as described above]), were cultured to expand their numbers as described

above for the FDC-P1 cells.

4.2.9.Isolation Of CSM-Expressing Target Cells Infected With The HBMSC Library.

To identify the cDNAs corresponding to the CSM identified by the mAbs, 7H9,

11D1.H10, 11D3, I2F12, HCC-1 and 9E10, L x 108 G4],8-resistant FDC-PL cells were

screened as described above. Similarly, to recover cDNAs corresponding to the CSM

identified by the mAbs CC9 and \4fM85, 5 x 1.07 and L x 107 G418-resistant Baf-3 and

Swiss-3T3 cells respectively, were incubated sequentially with these "unclustered" mAbs

followed by sheep anti-mouse lgG-coated magnetic Dynabeads. The CAlz mAb was

included in both the Swiss-3T3 and Baf-3 "screens" in order to maximise the potential for

retrieving a cDNA corresponding to this CSM. As described above (Section 4.2.3.)

magnetic bead selection and enrichment was carried out until homogeneity of antigen
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Table 4.2.5. Number Of Clones Derived By Infection Of (A) Baf-3 and (B) Swiss-3T3

Cells With Vírus Derived From Ecotropic Packaging (Producing) Yz Cells'

To determine the infection frequency following co-cultivation with the virus-

producing y2 cell line, Baf-3 cells were plated in soft agar (as described in Materiøls and

Methods) in the presence of G418. Following 10 days culture, colonies were enumerated.

Data represent the mean + SE of three experiments, where 300 cells were plated per dish

at day 0.

Alternatively, virus-containing supernatant, harvested from the the various pools

were used to infect Swiss-3T3 cells. Following24hours infection, cells were harvested by

trypsinization (as described in Materials and Methods) and 100 cells plated from each

group in the presence of G41.8. Following L0 to L4 days culture, colonies were

enumerated. The data represent the mean + SE of three experiments'



Table 4.2.5. Number Of Clones Derived By Infection Of (A) Baf-3 and (B) Swiss-3T3

Cells With Virus Derived From Ecotropic Packaging Yz Cells.

A
Number Of Baf-3 Colonies Following Co-cultivation With:

Plating Conditions Y2 (contol) YZ (Pool A) Yz (Pool B) Yz (Pool C) Y2 (PooI D)

-G418

+G418

173trc

0+0

152t6
29 t2

158t7

30+9

132 r 15

31r3
127t4
32r.2

Infection

Frequency (7o)

0 19 79 23 25

B

Number of swiss-3T3 coloníes Following Infection with virus

Derived From:

Plating Conditions YZ (control) YZ (Pool A) Y2 (Pool B) Y2 (Pool O Yz (Pool D)

-G418

+G418

79 t7
0f0

97 t5
33x4

86t7
42t1,

79 t7
44t3

85r4
38+4

Infection 0 34 49 56 45

(Vol



expression was achieved. In the case of the 'FDC-PL screen", five rounds of selection

were necessary to achieve homogeneity of Dynabead-rosetting cells, whilst the "Baf-3 and

Swiss-3T3 screens" required a maximum of 3 rounds of selection. This difference most

likely reflects the relatively large number of mAbs included in the screening "FDC-PL

cocktail".

Where applicable, the cocktail of mAbs was divided into its individual

components, and the nature of the CSM expressed determined (data not shown).

Following this, clonal populations of CSM-expressing cells were isolated by FACS and

single cell deposition as described above (Section 4.2.3.). Clones were exPanded, surface-

antigen expression assessed and genomic DNA isolated in preparation for proviral-

integration analysis and PCR-mediated cDNA rescue'

4.2.L0. The Analysis Of The Number Of Proviral Integrations And PCR Recovery Of

Proviral cDNA Inserts From Genomic DNA.

To ascertain the number of proviral integrations harboured by the various clones,

Southern blot analysis was performed as described above. As shown in Figure 4.2.18, the

number of proviruses varied between one (7H9-, 12F12-, 9E10-FDC-P1-'s and CCg-,

CAL2-Baf-3), two (1LD3-,11D1.H10-, HCC-1- FDC-PI's and WM85-Swiss-3T3)

integrations, confirming the relatively low frequency of infection for each of the clonal

populations as observed above.

As illustrated in Figure 4.2.13., primers complementary to sequences adjacent to

the multiple cloning site (MCS) in the retroviral vector were used to amplify the cDNA

insert responsible for conferring the expression of a particular antigen. A consistent lack of

amplification of cDNA inserts from several of the genomic DNA preparations, prompted

the investigation of sequences adjacent to, and including the RCR1 binding site. As stated

in the Materials and Methods, the oligonucleotide primer RCRI binds to the f9 polyomer

enhancer region of the MCI.neo cassette adjacent to the MCS (and results in the addition

oÍa47 bpsequence,3' tothePCRproduct,refertoFigure 4.2.L3.). Sequenceanalysis,

revealed that this region sustained a high frequency of mutation, with resultant

duplications/deletions of short nucleotide sequences (data not shown). This necessitated
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Figure 4.2.78. southern Blot Analysis Reveals The Number of Proviral Integrations In

Each Infected Clone.

Southern blot analysis of genomic DNA isolated from HBMSC surface antigen-

expressing clones was performed essentially as described by Rayner and Gonda' 1994'

Following restriction digestion wít:n BømH1, genomic DNA was seParated on a 0'8%

agarose gel, transferred to nitrocellulose, and probed with a 32P radio-labelled NeoR

cassette. The positions of the molecular weight markers (sPP-l DNA digested with

EcoRL), are shown on the right (in kilobase pairs). Refer to Table 4.2.4., as nomenclature

used in this figure pertains to the mAb used to select the FDC-PL clonal population' Lane

1,7H9; Lane 2, 12Ft2; Lane 3, 11D3; Lane 4,11D1.H10; Lane 5, HCC-L; Lane 6' 9810;

Lane 7,CC9; Lane 8, CALZ; Lane 9, WM85; Lane L0, uninfected FDC-P1 cells' Number

of proviral integrations vary from L to 2, confirming the relatively low frequency of

infection for each of the FDC-PI clonal populations'
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the design of an alternate primer (RCR2, please refer to Møterials and Methods, Section

Z.Z:^.g. (üXc)) which bound to a conserved region of the neomycin-resistance gene, 3' to

the RCR1 primer (results in the addition of.372bp sequence, 3' to the PCR product, refer

to Figure 4.2.13.). pCR amplification using RCF1 and RCR2 resulted in abundant

amplified product, as demonstrated in Figure 4.2.79. (A) and (B).

4.2.L1. partial-sequence Analysis Of cDNA Inserts And The Requirement For Re-

expression Analysis.

Gel-purified PCR products were subsequently subcloned into an appropriate

sequencing vector (pGEM-T or pBluescript, Appendix A, Restriction Maps # 6 and L,

respectively) or sequenced directly with the use of retroviral sequence-specific

oligonucleotide primers (1, 1F., 2, RCFL, RCR1 and RCR2, Section 2.21'.3-). The resulting

partial-nucleotide sequences were compared with the entries submitted to the

Genbank/EMBL databases via standard FASTA alignment analysis as described above'

Selected examples of these results are illustrated in Figure 4.2.20. and summarised in

Table 4.2.6.

As the number of proviral integrants varied between different clones (Section

4.2.10. and Figure 4.2.18.), the PCR products obtained (Figure 4'2'L9' (A) & (B)) were

exa-mined. for their ability to confer the pertinent CSM expression as demonstrated by

appropriate mAb binding. This was ratified in all cases by subcloning the recovered

cDNA into the pRUFneo vector and introducing these sequences into the either FDC-P1',

Baf-3 an¿ Swiss-3T3 cells (where appropriate) by retroviral transduction (refer to

Materinls ønil Methods, Section 2.26.). The resultant G4L8-resistant cell populations were

tested for their ability to bind the mAb in question by indirect immunofluorescence and

flow cytometry. As demonstrated in Figure 4.2.21, the predicted mAb-binding phenotype

was observed in each situation.
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Figure 4.2.L9. (A) And (B). PCR Recovery Of Proviral cDNA Inserts From Genomic

DNA Isolated From Infected Cells Expressing HBMSC Surface Antigens Identified

With The "Unclustered" mAbs.

Long range (XL) PCR (refer to Materiøls and Methods, Section 2.22.3. (b)) was used

to recover the cDNA inserts from genomic DNA isolated from infected cells expressing

HBMSC surface antigens detected with the "unclustered" mAbs. The PCR primers used

were complementary to the sequences adjacent to the MCS in the retroviral vector

pRUF.neo (refer to Figure 4.2.L3). Amplification was performed as detailed in the

Møteriøls ønd Methods, after which the PCR products were seParated on a 1'.0"/" agarose

gel, visualised by ethidiumbromide staining and photographed.

Gel (A)

Lane 1, 11D1.H10; Lane 2, CAL2; Lane 3, WM85; Lane 4, HCC-L; Lane 5, CC9

Gel (B)

Lane 1, 12F12; Lane 2, L1D3; Lane 3, 7H9; Lane 4, 9810.
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Figure 4.2.20. FASTA Alignment Analysis Of 11D3, WM85, 1.2Ft2, CA12 Of PCR

Products.

Following partial sequence analysis, the resultant nucleotide sequence was

compared with sequences submitted to the combined Genbank/EMBL database via

standard'FASTA alignment analysis".



A. FASTA A1ígmment Ànalysis Of 11D3 cDNÀ
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B. FÀSTA Aligrnment analysis Of vtM85 eDNA

gblþAg2'|'l lrnlmrcfae/Hìnnan isolate .IuSo MUC18 glycoprotei. 1341

gb 
| 
Ù28882 | 

nuloarcleeZHuTEn MUC18 glycoprotein mRlG,, conpl' 1341

gbllzg2'|'\ lfUOnrcfaa H.man isolate ,JuSo MUC18 glycoprotein mRIü\ (3' variant) ,
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C. FASTA Aligmment Nralysis Of L2EL2 cDNA
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D. FASTÀ Aligmment Ànalysis Of CÀ12 cDNA

gblH37944lf+37944 yp47b08.r1 Hono sapiens cr[ilA clone ]--.. 936
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1.8e-89 3
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Table 4.2.6. Summary Of Results Of Partial Sequence Analysis Of PcR-Rescued cDNA

Clones And Computer AnalYsis.

Results Of "FASTA Alignment Analysis"Monoclonal

Antibody

Name

Approximate Síze

ftp) Of PCRProduct

7H.9

11D1.H10

11D3

t2Ft2
HCC1'r

98rc#

ccg
wM85
cAl2

1500

2300

3600

1100

2000

3000

3150

3200

3000

Hyaluronate Receptor, CD44

4F2 Heavy Chain (CD98)

Membrane Co-factor Protein (MCP, CD46Q)

CDtr}

CD59

24 l,D Mutti-Glycosylated Core protein (MGC-24)

MUC-18

MUC-I8

Alkaline Phosphatase

pCR products were gel purified and subcloned into the pGEM-T vector. Data

represents the results of partial-sequence analysis (400-700 bp) and DNA homology

search (NCBI) for each of the PCR-derived cDNA products'

* : Please refer to Chapter 5.0 for detailed analysis.

# : Please refer to Chapter 6.0 for detailed analysis.



Figure 4.2.21. Re-Cloning And Expression Analysis

PCR-derived cDNA products were either cloned into the Hpal (bIunt-ended

cloning), or the BøwHI/XhoI (forced-cloning) sites of the retroviral vector pRUF.neo

(please refer to Figure 4.2.3.). The resultant recombinant plasmids were used to transfect

Y2 packaging cells. The virus thus produced was subsequently used to infect the

appropriate cell line (as detailed below).

Target cells were selected with G418, and subsequently assessed for CSM

expression by indirect immunofluorescence and flow cytometry. Data are displayed as

single-parameter fluorescence (FITC) histograms of L x 104 light-scatter gated events,

collected as list mode data.

A. FDC-PL cells infected with 7Í{9 /pRUF.neo-virus and stained with
: isotype matched, non-binding control; or

-: 

mAb 7H9

FDC-PL cells infected with 11D1.H10/pRUE.neo-virus and stained with
- : isotype matched, non-binding control; or

---: 
mAb L1-D1.H10

C. FDC-P1 cells infected with 11D3lpRUF.neo-virus and stained with
isotype matched, non-binding control; or
mAb 11D3

D FDC-PI cells infected with 12F12/pF.UF.neo-virus and stained with
- : isotype matched, non-binding control; or

: mAb 12FL2

E. FDC-PI cells infected with HCC-1/pRUF.neo-virus and stained with
isotype matched, non-binding control; or
mAb HCC-I

F. FDC-PI cells infected with 9ElolpRUE.neo-virus and stained with
isotype matched, non-binding control; or

---: 
mAb 9E10

Baf-3 cells infected with CC9/pRUF.neo-virus and stained with
-: isotype matched, non-binding control; or

-t 

mAb CC9

Swiss-3T3 cells infected with WM8S/pRUF.neo-vítus and stained with
isotype matched, non-binding control; or

-: 

mAb WM85

Baf-3 cells infected with CAL2 /pRtJF.neo-virus and stained with
isotype matched, non-binding control; or

B.

G.

H.

L

--- 
mAb CA12
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4.3. DISCUSSION

4.3.1. Retroviral Expression Cloning of cDNA Encoding cell surface Molecules

In recent years a broad range of cell surface molecules (CSM) have been identified

with recognised roles in regulating haemopoiesis and in augmenting the function of the

immune system. This increase in our understanding has been facilitated by the advent of a

number of cloning strategies that have permitted the molecular characterisation of many

novel integral membrane proteins (Kavathas et ø1,!984; Maddon et a|,1985; Young and

Davis, 1983; Seed and Aruff o, 1987; Seed, L987; Atuffo and seed, \987; Gearing et ø1,

1gg9; Yamasaki eú ø1,1988; Osborn et ø1,1989; Elices et a\,1990).

To date, the most successful approach used to clone cDNAs encoding CSM, has

been that of Aruffo and Seed (Seed and Aruff o, 1987; Seed, 1987; Atuffo and Seed,

Iggn. This expression cloning strategy involves the directional cloning of a cDNA pool

into a vector such as pCDM8 (Seed, lg87), which is able to replicate in bacteria and to

confer expression of cloned genes in a limited number of eukaryotic cell lines, including

Chinese Hamster Ovary (CHO) cells and monkey-derived COS cells. Following transient

transfection, mamrnalian cells expressing the desired antigen(s), are selected using

antibod,y capture and panning (wysoki and sato, 1975). Episomal plasmid DNA rescued

(Hirt, 1967) frornthe specifically selected cells is amplified in bacteria and the procedure

is repeated, until clone(s) of cells that render expression of the desired antigen(s) are

isolated (seed and Aruffo, 1987; Seed, 1987; Aruffo and seed, 1987)' Since its

development, a large number of CSM have been cloned using mAb (or variations thereof)

to screen transiently expressed cDNA libraries (reviewed in Simmons, DL', 1992)'

Recently, a number of reports describing the use of retroviral vectors for the

construction of cDNA libraries have appeared in the literature. Rayner and Gonda (1994)

recently described an efficient procedure for generating stable expression libraries by

cDNA cloning in a retroviral vector, pRUFzeo. They demonstrated the feasibility of this

approach by constructing a retroviral library from the activated murine T-cell line, LB3

and then isolating cDNAs for IL-3 and GM-CSF selected on the basis of their ability to

confer autonomous growth on the factor-dependent, murine haemopoietic cell line, FDC-
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p1. Similarly, Whitehead and collegues (Whitehead et a\,1995) illustrated the use of

retroviral transfer of cDNA libraries into the murine fibroblastoid cell line NIH-3T3 to

isolate cDNAs capable of inducing oncogenic transformation.

ln contrast to transfection, the retroviruses can efficiently infect and hence transfer

a complex cDNA library to a wide variety of cell types, including cells of haemopoietic

origrn. This flexibility with respect the target cell is one of the major advantages of this

system, particularly when the detection reagent (such as a mAb) demonstrates reactivity

with the target cell type. Furthermore, following transduction with a retrovirus, the

reverse-transcribed viral DNA stably integrates into the host cell genome in an anticipated

configuration, facilitating the recovery of cDNA sequences borne by the provirus (see

below). The creation of stably transduced cells also facilitates phenotypic selection of

target cells beyond the practical limitations of the current transient expression library

systems and conveniently provides cells for further fr'rnctional analyses'

The results presented in this chapter confirm the utility of retroviral cDNA libraries

and extend their use to cloning genes for CSMs. Given that the overall aim of this project

was to identify and characterise cell surface molecules (CSM) which are involved in the

interaction between the BM stromal cells and developing haemopoietic cells, a retroviral

cDNA library from HBMSC was prepared. Using the retroviral vector pF.IJF.neo, a large,

stable cDNA library was generated in the ecotropic-packaging cell line, Y2, providing a

renewable source of retrovirus capable of infecting target cell types of rodent origin' In the

initial studies outlined, the murine haemopoietic cell tine FDC-PL was chosen as the target

for selection of CSM expression. As demonstrated above however, alternate murine cell

lines (Baf-3 and Swiss-3T3) were required when demonstrable cross-reactivity was

observed with FDC-PL cells and several of the mAbs of "undefined specificity".

In the initial experiments, the representation and integrity of the library was tested

by performing an initial screen using mAbs of "known cluster" designation. These mAbs

were chosen because of their (i) reactivity with HBMSC, (iÐ their recognition of antigens

with widely varying molecular weights and cDNA sizes and (üi) the level of expression of

the antigens recognised by these mAbs varied considerably. Because initial experiments

using the established techniques of panning (Wysoki and Sato, 1978) and FACS proved
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ineffective in isolating rare antigen-expressing cells, this necessitated the development of a

sensitive, efficient and reproducible technique for selecting such cells from the HBMSC

library in FDC-PI cells. A screening procedure using immunomagnetic Dynabeads was

thus developed. In reconstruction experiments, this technique was shown to be both highly

sensitive and effective in isolating cells which were Present at a frequency of L cell in L06-

107 in the original pool FDC-PI cells (data not shown). Furthermore, this technique was

fognd to be rapid and efficient with an average of only 3 rounds of selection required to

obtain a homogeneous pool of antigen-expressing cells. Due to the rapid doubling time of

FDC-P1 cells, the Dynabead enrichment procedure was routinely performed every 4 to 5

days, which in practice enabled the isolation of a given cDNA clone within a 3 week

period.

The molecular mass of the proteins expressed by the various FDC-P1 clones were

determined and in all cases were found to be consistent with the published data (Figure

4.2.7I. (A) & (B) and Table 4.2.2.). Significantly, heterodimeric molecules such as p1-

integrin, MHC class L and p2 microglobulin were adequately expressed in FDC-PI cells in

the absence of their human counterparts. In the case of MHC class L and p2 microglobulin

it is evident from the immunoprecipitation data (Figure 4.2.11'. (A)) that each of these

polypeptides (recognised by mAbs 983 and IB4.BI2) is able to pair with its murine

homologue to form hybrid heterodimeric molecules. In contrast, the human p1-integrin

polypeptide, appears to be expressed in the absence of its murine u subunit. (Figure

4.2.11.. (B), lane 2). This is contrary to the published findings of Solowska et al (1989),

who demonstrated that expression of the avian p1. integrin subunit in rodent cells resulted

in the expression of functional hybrid heterodimers between the exogenous pl subunit and

endogenous murine a3 and a5 subunits. The functional status of the BL integrin expressed

by the FDC-P1 cells is currently under investigation (Dr. J-P. Levesque, personal

communication).

Following clonal isolation of target cells expressing a desired surface antigen

(Figure 4.2.10.), the cDNA inserts were rescued from the provirus by PCR amplification.

As many of the genes encoding cell surface antigens are large, long range PCR conditions

were employed. Interestingly, the average size of the cDNA derived from the infected
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clones selected with the "unclustered" mAbs (ie. of unknown cluster designation) was

approximately 3,000 bp. This would therefore imply that XL-PCR should be used when

target cells are selected using unclustered mAbs to ensure amplification of a cDNA insert

of indeterminent length. In most cases a single cDNA product was obtained following

pCR amplification from DNA derived from cells harbouring more than one provirus'

Recent work would suggest that this is due in part, to the additional inserts being

extremely large (6-8 kb) and unable to be amplified under the PCR conditions described

(d.ata not shown). Although no evidence exists to suggest rearrangement of the transduced

cDNAs (ie. amplified species were derived for all clones tested), there was some

indication for rearrangement of sequences in the f9 polyoma enhancer (region to which the

RCR1 oligonucleotide primer bound), necessitating the use of an alternate primer, RCR2.

Add.itionally, in circumstances where the infected cell had more than one proviral

integration, confirmation that the PCR product was able to confer the appropriate

phenotype was essential. This was achieved by re-transfection studies, where the cDNAs

were subcloned into the retroviral expression vectors (pRUF'neo, pRUF(NotI)neo) and

shown to be capable of transferring antigen expression by immunofluorescence and flow

cytometry.

As summarised in Table 4.2.6., following partial sequence analysis and a database

alignment analysis, it was apparent that in all cases, the "unclustered" mAbs identified

previously identified CSMs. Predicated on cellular reactivity (refer to Table 4.2.4.), the

results obtained in almost all cases were somewhat surprising. This observation is well

exemplified in the case of mAbs HCC-1 and 9E10 which were found to identify CD59

and the potymorphic epithelial MGC-24. Further studies relating to these mAbs constitute

Chapter 5 and 6 of this thesis, respectively.

Monoclonal antibody,Tltstg was not predicted to be an anti-CD44 mAb based on

the pattern of reactivity with BMMNC. CDM represents the well characterised, principle

cell su¡face receptor for hyaluronate (Aruffo et at, 1990) and is expressed by cells of

lymphoid and myeloid lineages and various cells of mesenchymal origin (reviewed by

stamenkovic et a1,1989;1991). However, since cD44 is highly polymorphic with respect

to its exon usage (Jackson et aI, t992; Günthert et a\,1991), mAb 7lH9 lølay identify the
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product of an alternatively spliced exon (or associated carbohydrate decoration) used by

HBMSCs. Alternatively, as CD4/^ exists in an inactive conformation on most cells, mAb

T1E19 may recognise an activated form of the molecule. While beyond the scope of this

thesis, complete sequence analysis of this cDNA clone is required to address these

questions.

To the author's knowledge, this represents the first report demonstrating CD46Q

and CD63 expression by HBMSC. Membrane cofactor protein (MCP, CD46Q) is a CSM,

expressed by numerous tissues and functions aS a comPlement regulatory factor by

binding to C3b or C4b,permitting the plasma serine Protease, Factor I, to degrade c3b or

C4b (Liszewski eú aI,I991i Seya et at, 1990).It is reasonable, therefore, to speculate that

CD46e may protect HBMSC from autologous complement-mediated lysis. CD63 is a

member of an emerging superfamily of tetraspan glycoproteins, which include CD9, CD37,

CDS3 and the recently cloned PETA-3 (Fitter et aI, 1995). Moreover, CD63 has been

shown to be identical to the melanoma associated antigen,MrE49], originally described as

an antigen associated with early stages of melanoma tumour progression (Metzelaar et al,

ßg1). CD63 is expressed on activated platelets (Metzelaat et ø1,1989) and endothelium

(Vischer and wagner, L993) and is a lysosomal membrane glycoprotein which is

translocated to the plasma membrane following activation. CD63 is also expressed on

monocytes, macrophages and is weakly expressed on granulocytes, B and T lymphocytes'

Recent studies have shown that mAbs to CD63 inhibit adhesion of neutrophils to

activated endothelium (Kitani et at, 199I) and monocyte adherence to serum-coated

plates (Toothill et al,1990), suggesting a role in adhesion. It would therefore be reasonable

to speculate that cD63, may play a similar role in the adhesion of BMMNCs to BM

stroma, through an as yet undefined ligand. Further studies are required to address this

hypothesis.

As detailed in Table 4.2.4., two independently generated mAbs, WM85 and CC9

exhibited limited reactivity with mononuclear cells from BM and PB. Molecular cloning of

the corresponding cDNAs revealed that both WM85 and CC9, identified the 1L0 kD

glycoprotein product of the MUC-18 gene. MUC-18 was originally described as a marker
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of advanced primary or metastatic melanoma, whose expression was absent on cells from

benign naevi (Lehmann et al, 1987).

Recent studies performed in collaboration with Dr. R. Filshie (Filshie, Zannettino,

Gronthos, Simmons and Bradstock, manuscript in preparation) revealed that, in contrast

to the findings of Lehmann et at (1987), all leukaemic T cell lines tested exhibited MUC-18

expression. Moreover, I/S B lineage, and L/5 myeloid leukaemic cell lines exhibited

su¡face MUC-18 expression. These findings were extended by the detection of MUC-L8

on cells from patients with acute leukaemia of lymphoid (T or B), or myeloid lineages, as

well as a proportion(3/7) with chronic B cell lymphoproliferative disorder. The cells

tested were derived from patients of various ages and stages of disease progression and

in cases where access to cells from patients in remission were available, a transition from

a positive to negative phenotype was observed. Moreover, CD34+ cells derived from PB

and BM were also unreactive with WM85 and CC9, suggesting the possibility that MUC-

1,g expression is correlated. with disease progression as has been described for malignant

melanoma (Lehmann et al, !987; Lehmann et a1,1989)'

This also represents the first report describing MUC-18 expression by HBMSC and

suggests that this molecule may function in normal haemopoiesis. Being a member of the

Immunoglobutin gene superfamily (IgSF) (Lehmann et al,L989; Sers ef al,t994), it would be

reasonable to speculate that it facilitates the adhesion of haemopoietic progenitor cells

(and their committed progeny) to elements of the BM stroma. Evidence for an adhesive

role for MUC-18, comes from the work of Shih et al (1994), who were able to demonstrate

MUC-l8-specific adhesion of melanoma cells to immobilised purified MUC-18 protein'

Moreover, the existence of an amino acid sequence in the second immunoglobulin loop,

very similar to the glycosaminoglycan (GAG) recognition sequence found at the same

position in the related IgSF molecules NCAM and PECAM-I, suggests that MUC-L8 may

bind to elements of the extracellular matrix (ECM) (Lehmann et al, L989). Additional

functional studies are required to ascertain the role played by MUC-18 in the

haemopoietic sYstem.

Monoclonal antibody CAr2 (refer to Table 4.2.4.) was identified on the basis of its

binding to the immunising stromal cells, but lack of reactivity with PBMNC, cultures of
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skin fibroblasts, keratinocytes and normal human bone cells. CAL2 was subsequently

found to identify a minor subpopulation of BMMNCs (<1%). FACS was employed to

isolate CA12+ and CA12- subpopulations which were both assayed for their content of

clonogenic stromal progenitor cells (also referred to as colony forming units-fibroblast

tCFU-Fl). The small CA12+ fraction was highly enriched in CFU-F while the

corresponding negative population was essentially devoid of these progenitors (Mr. S.

Gronthos, personal communication). In accordance with the reactivity of CA12 with CFU-

F, 2<olou¡ analysis of BMMNC demonstrated that cells reactive with the CFU-F-specific

mAb STRO-L (Simmons and Torok-Storb , L99'l.a; Gronthos and Simmons, 1995, Simmons

and Gronth os, L997; Gronthos et al, L994; Simmons et ø1, L994c) were also reactive with

the mAb C412. Collectively these data demonstrated that in adult human BM, the

antigen identified by CAlZis highly specific for stromal elements and their Precursors.

Comparisons with sequences in the combined EMBL/Genbank database

demonstrated identity with the bone form of the bone/liver/kidney form of alkaline

phosphotase ([ALP]; Weiss et a\,1986;1983). In accord with this, the cell line transfected

with the cDNA corresponding to the CAL2 antigen bound mAb B4-78 (Lawson eú ø1,

1985) which recognises an epitope conserved between each of the three isoforms, and also

mAb B+50 (Lawson et ø1,1985) which has been previously shown to be specific for the

bone ALp enzyme. Paradofcally, while B+50 was reactive with cultured human bone

cells, CA12, in accordance with the selection criteria originally employed to identify the

antibody, failed to bind to bone cells. Conversely, CAlz was reactive with cultured BM

stromal cells but B+50 was not. A variety of experimental strategies are currently being

employed to d.etermine the basis for this novel pattern of reactivity of CAl'2 for the bone

form of ALP (Gronthos, Zannettino and Simmons, manuscript in preparation)' These

experiments will provide valuable new information regarding the characterisation of the

bone cell lineage and the stages involved in the development of bone cells from

undifferentiated Precursors.

Although submitted to the fourth and fifth International Leukocyte Typing

Workshops, mAb 11D1.H10 remained unclustered. Retroviral expression cloning however,

revealed that this mAb id,entified the previously characterised molecule termed 4F2. The
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4F2 molecule (recently designated CD98), is a L25 kD disulphide-linked heterodimeric

molecule comprised of an 80-90 kD glycosylated heavy chain, and a 40 kD non-

glycosylated light chain (Haynes et ø1, L98I). The cDNA encoding the heavy chain of

CD98 has been cloned (Teixeira et ø1, 1987, Quackenbush et al, 1987), and found to be a

Type tr integral membrane protein containing 50-81 amino acids in the NHz-terminal

cytoplasmic domain (depending upon which AUG codon is used for the initiation of

translation [Quackenbush ef at, 19871), a single transmembrane sequence, and a large

extracellula¡ domain.

First identified by the mAb 4F2, Haynes et al (1981), demonstrated strong

reactivity with monocytes and activated leukocytes. Subsequent work however has

revealed that CDSB is expressed by all human cell lines studied (Gottesdiener et a\,1988).

Aithough the function of CD98 is not yet clear, studies have demonstrated that the mAb

4F2 was able to inhibit Ca2+ fluxes, mediated through a Na+/Ca+-exchanger in cardiac

and skeletal muscle (Michalak et at,1986). In addition, Flaynes et al (1981), also showed

that mAb 4F2 was able to inhibit lectin-induced mitogenesis of human T cells. To date, no

mAbs have been produced that clearly recognise epitopes on the light chain, suggesting

that the light chain represents a protein with functional significance that may be conserved

across species.

In summary, stabty infected FDC-PI clones have proven to be a valuable resource,

not only to screen for additional mAbs, but as tools to investigate the function of a

particular CSM. Although this is a particularly powerful application of the retroviral

cDNA expression library technique, it is envisaged that many more uses based on this

technologywillbe developed in the near future'
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CHAPTER 5

HIGH LEVEL EXPRESSION OF A NOVEL EPITOPE ON CD59

THAT IDENTIFIES A SUBSET OF CD34+ BONE MARROW CELLS

HIGHLY ENRICHED FOR PRIMITIVE HUMAN HAEMOPOIETIC
PROGENITORS



5.1. INTRODUCTION

5.1.1. Identification Of Cell Surface Molecules (CSM) Expressed By Primitive fluman

Haemopoietic Cells.

The capacity to purify human haemopoietic stem cells using immunological

methods has developed as a result of a large number of studies characterising the cell

surface phenotype and the molecules expressed by both primitive cells and cells

committed to a specific lineage (Bagby, 1994). To date, more than L50 different cell

surface molecules (CSM) have been defined on leukocytes, of which many have been

molecularly cloned (Simmons, 1gg2). An organised nomenclature, called the Cluster of

Differentiation or CD system has evolved over the past 1,5 years to assist in defining and

classifying leukocyte surface molecules (Barclay et ø1,1993).

Moreover, monoclonal antibodies (mAbs) to CSM expressed by subsets of bone

Íüürow (BM) cells have proven useful as markers of haemopoietic cell function. BM cells

can be sorted according to the binding of such antibodies and the haemopoietic functions

of the resulting populations compared. If the measurable functional properties of the

sorted BM cells are reproducible between donors, the binding of the antibody becomes a

reliable phenotypic correlate of the functional potential of a BM cell. For example, the

fir,diog that all BM progenitor cells are contained within the subset which is bound by

mAbs to the CD34 molecule, has greatly facilitated their isolation and analysis (Civin ef

al, 1984; Ogawa, \993; Katz et ø1, L985; Andrews et al, 1986)' Numerous studies

however, have demonstrated that this population is not uniform, but is comprised of a

hierarchy of closely related, yet functionally heterogeneous cell populations (Sutherland eú

ø1, L989a; 1989b; smith et ø1, L991, 1991a; Brandt et al, 1990; wagermaker, 1990;

Berenson, 1988); Berenson, 1991)'

Due to the paucity of mAb reagents specific for subsets of immature cells, initial

studies aimed at subdividing the composite CD34+ population were reliant on "negative

selection,,, a process whereby putative stem cells are selected, based on their lack of

expression of numerous lineage-specific markers including CD4SRA (Lansdotp et al,

7990; L992), CDLO, CDLï, CDz, CD7, CD38 (Baum et ø1, 1992; Udomsakdi et ø1, \992)'
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CD33 (Andrews et aI, 1989; Bernstein et ø1, 1991), CD71 (Sutherland et ø1, \989;

Lansdorp et ø1,1992) and HLA-DR (Sutherland et al,1989; Moore et ø1,1980; Keating ef

a|,7984; Brandt et al, \990)-

In recent years however, a number of promising reagents, including mAbs to the

Thy-1 molecule (CDw90; Baum et ø1,1992; Craig et al,1993) and the product of the c-kit

proto-oncogene (CD117; Gadd and Ashman, 1985; Ashman, 1987; 1988; L990; 1991;

1994; Simmons ef ø1, 1994; Udomsakdi et ø1, t992), have been identified, which have

enabled the definition of a subset of CD34+ cells, representing <0.5% of the BMMNCs,

which are highty en¡iched for pluripotent stem cells (Craig et al,1993; Baum et aI, 1992;

Sim-nrons et aI, 1994; reviewed in Ogawa et ø1, 1991). Therefore, mAbs which further

subdivide the CD34+ cell population, are of special interest, since they provide a means

to describe and isolate fr.rnctional subsets (a process of positive selection), present within

the CD34+ progenitor population at low frequency'

This chapter describes the generation of a murine mAb, HCC-1, which exhibits

limited reactivity with both peripheral blood and BM-derived cells and more importantly

identifies a subset of the CD34+ cell population which functionally exhibits

mulipotentiality in in aitro and in aiao model systems. The cloning of a cDNA

corresponding to the CSM recognised by this mAb was achieved following screening of a

human BM stromal cell cDNA library as described in Chapter 4. Surprisingly, HCC-L was

found to bind to a previously undescribed epitope of the CD59 molecule, an L8-20 kD

phosphoinositol glycan-linked membrane protein which protects cells against autologous

complement attack (Rother et al, 1994). Previously published work relating to this

molecule has demonstrated uniform expression of CD59 by most nucleated cells of the

haemopoietic system, including all the BM-derived CD34+ cells (TerstaPPen et ø1,1992;

Terstappen et aI,1993). In contrast, the HCC-1-defined epitope of CD59 was found to be

differentially expressed among CD34+ progenitors with the highest level present on a

subset which is highly enriched for pluripotent stem cells. Studies to elucidate the

physicat basis for this differential expression of the HCC-1 epitope on CD59 molecules

support the hypothesis that the binding of the HCC-1 mAb is physically obstructed as a
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result of the association of CD59 with an unrelated 80 kD (glyco)protein (gp80) whose

expression through haemopoietic cell development appears to be differentiation-related.
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5.2. RESULTS

5.2.1. Identification Of Cell Surface Molecules (CSM) Expressed By Primitive Human

Haemopoietic Cells: Summary Of Initial Studies

The murine IgM mAb, HCC-1 was generated by Ms. Bernadette Swart in partial

fqlfilment for the degree of Masters of Applied Science at the University Of South

Australia (Swart, l9g3). A summary of the features of this mAb are presented in Table

5.2.j.. Moreover, utilising tirte in uitro cobble stone area forming cell (CAFC) assay

(DiGuisto et aI,1994, Murray et al, 1995) and the SCID-hu bone and thymus mouse

mod.el (Chen et aI, L994; Murray et al, 1,995), recent studies performed in collaboration

with Drs B. Hill and B. Chen of SyStemix Corporation (Palo Alto, CA, USA) (}líIl et al,

tg96), have confirmed and extended these initial studies. As demonstrated in Table

5.2.1. (and associated figures below), mAb HCC-I identified a subset of BMMNC which

exhibit a pluriPotent PhenotYPe.

5.2.2. Molecular Characterisation Of The Antigen Identified By mAb HCC-I:

Nucleotide And Polypeptide Characterisation.

The finding that HCC-L was also expressed on various elements of the

mesenchyme (Swart, L9g3), including cultured human BM stromal cells (Figure 5.2.5.)'

enabled a cDNA corresponding to this antigen to be isolated (as described in Chapter 4).

Subsequent to the isolation of HCC-I antigen-expressing FDC-PI clones, genomic DNA

was isolated. and. the corresponding cDNA rescued by PCR (refer to Chapter 4, Section

4.2.10., Figure 4.2.79.). Following partial-sequence analysis, the resultant nucleotide

sequence was compared with entries submitted to the Genbank/EMBL databases via

standard 'FASTA alignment analysis" and found to be 100% homologous to the

previously reported cDNA encoding the L8-20 kD glycoprotein variously termed

Membrane Inhibitor of Reactive Lysis (MIRL), Homologous restriction factor (HRF20),

MEM-43, protectin, IF-S and CD59 (Figure 5.2.6.). The CD59 antigen is a structural

homologue of the murine Ly-6 antígens (Philbúck et al, 1'990) and represents a

ubiquitously expressed, glycosyÞphosphatidylinositol (GPl)-linked membrane protein
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Figure 5.2.1. (A) & (B). Summary Of The Expression Of HCC-IOn BM And PB Mononuclear Cells.

(A). The HCC-1 mAb was examined for its reactivity on normal BM and PB mononuclear cells by indirect immunofluorescence and

flow rytometry. The pie diagrams represent a suÍunary of the data from 8 normal individuals. HCC-1 antigen was exPressed by 459 + 4'1%

(mean + SEM, n=8) and 9.8 + 1.0% (mean t SEI\[ n=8) BMMNCs and PBMNC, respectively.

(B) Dual-parameter immunofluorescence analysis of the cells derived from the 8 normal donors (described above) were immunolabelled

simultaneously with mAbs HPCA-2-FTIC (ct-CD34) and HCC-1 (and subsequently detected with anti-p-FITC). HCC-1 antigen was expressed

by 69.2+ S.g% (mean t SEM, n=8) and 46.4+ 9.5% (mean t SEM, n=8) BM and PB derived CD34+ cells, respectively.

(data compiled from Swart, L993).
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Figure 5.2.2. (A) & ß). Two-Colour Immunofluorescence Analysis Demonstrating The Co-Expression Of HCC-IAnd CD34 On BMMNCs'

Low density BM mononuclear cells were immunolabelled with HCC-1 and HPCA-2-PE (a-CD34) mAbs. Quandrants were established

with isotype controls and used to define the HCC-L+ and HCC-L- populations. The HCC-LHI and HCC-1Lo/- PoPulations were arbitrarily

defined utilising the contour plots.

Dual-parameter histograrns was generated from 5 x t04 light-scatter gated events collected as list mode data using a Profile II flow

cytometer and analysed using Coulter ELITE software.
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Figure 5.2.3. Expression Of Lineage Antigens On HCC-I+ BM And PB Mononuclear

Cells.

To further characterise HCC-L expression in the BM and PB, two colour

immunofluorescence and flow cytometric analysis was performed using HCC-1 in

combination with a panel of mAbs which identify lineage restricted antigens or activation

markers. The HCC-1, bound, with varying degrees, to subpopulations of cells co-

expressing myeloid (CD33), erythroid (glycophorin A), T lymphoid (CD2, CD7)' B

tymphoid (CD10, CD19) and the progenitor cell marker CD34. Notably, mature

granulocytes and platelets found in the PB did not express the HCC-L antigen.

(data compiled from Swart, 1993).
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Figure 5.2.4. (A). Expression Of HCC-1By Cells Committed To The Lymphoid Lineage.

A schematic diagram, summarising HCC-L expression throughout lymphoid development. Data compiled from immunophenotypic

anaþes of tissues from bone marrow, thymus and peripheral blood. (compiled from Swart, 1993)
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Figure 5.2.4. (B). Expression Of HCC-IBy Cells Committed To The Myeloid Lineage.

A schematic diagram, summarising HCC-I expression throughout myeloid cell development. Data compiled from immunophenotypic

analyses of tissues from bone marrow and peripheral blood. (compiled from Swart, L993)
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Figure 5.2.5. In Sífz Immunofluorescence Staining Of Cultured Human BM Stromal

Cells.

Primary cultured bone marrow stromal cells, cultivated in 8 chamber culture

vessels were immunolabelled with either mAb HCC-1 or STRO-], as described in the

Materials and Methods (Section 2.10.8.). Slides were mounted and analysed using an

Olympus BH2-RFCA fluorescent microscope. Cells were photographed at 200 x

magnification.

While staining with the stromal cell-specific mAb STRO-L (Simrnons and Torok-

Storb, 1991b) appears uniform [Panel A], HCC-1 reactivity is largely restricted to sites of

cell-cell contact [Panel B].
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Figure 5.2.6. FASTA Alignment Analysis Of HCC-L cDNA.

Following partial sequence analysis, the resultant nucleotide sequence was

compared with sequences submitted to the combined Genbank/EMBL database via

standard "FASTA alignment analysis". The HCC-1. sequence was found to be 100%

homologous to the previously reported cDNA encoding CD59 (Sugita et ø1,L989; Davies ¿f

ø1,1989).
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which protects cells against autologous complement attack, by binding to the

complement conponents, C8 and C9, thus inhibiting the formation of the membrane

attack complex (MAC) (Meri et a\,1990; reviewed in Lachmann, 199L).

As indicated in Figure 5.2.7., complete sequence analysis of the PCR-derived

HCC-1 cDNA sequence revealed complete identity (ie. no nucleotide substitutions) with

the published CD59 sequence (Genbank accession number: X16447). Computer analysis

(MacDNASIS, Version 2.0) of the translated HCC-1 FDC-Pl-derived sequence revealed a

128 amino acid polypeptide with a putative molecular weight of 1L.5 kD concordant

with the molecular mass suggested by Davies et øl (7989). Following the amino-terminal

25 amino acid putative signal peptide, one potential site of N-linked glycosylation (Asn-

Xaa-Ser/Thr) was observed at position Asn18 (Figure 5.2.7.). Although a number of

potential sites of O-linked carbohydrate (Ser or Thr residues) are Present, previous

studies suggest that they are not utilised (Davies et aI, 1989; Ninomiya et aI, 1992;

Nakano et al,1994; Akami et al, 1994). Finally, the glycosyl-phosphatidylinositol (GPI)

anchor is attached to the carboxyl terrninus of the mature peptide at 78th amino acid

çGly78; Williaurs, I99I; Caras et ø1,1989; Caras, 1.99L).

5.2.3. Confirmation That mAb HCC-I Recognises The Product Of The CD59 cDNA.

As demonstrated in Chapter 4, (Section 4.2.L0), the HCC-L FDC-P1 clone from

which the above.described PCR product was derived, harboured 2 retroviral integrations.

Therefore to confirm that mAb HCC-1 did indeed identify the product of the CD59

cDNA, a 1.2 kb NotI-NofI restriction fragment of the CD59 cDNA (harbouring both the

enti¡e coding sequence and the 5' and 3' non-coding regions) was subcloned from the

sequencing vector into the pRUF(NoúI)neo vector (refer to Appendix A, Restriction Map

*É4) and subsequently introduced into FDC-PI cells by retroviral transduction (refer to

Materials and Methods, Section 2.26.). Although the G4l.8-resistant pool of FDC-P1 cells

were found to bind mAb HCC-L, the number of HCC-1+ cells was relatively low

(approúmately 30%), necessitating HCC-L/magnetic Dynabead enrichment (refer to

Chapter  ). Figure 5.2.8. illustrates the fluorescence profile of CD59-expressing FDC-PI

cells immunolabelled with HCC-1 mAb following one round of enrichment. This result
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Figure 5.2.7. Nucleotide And Inferred Protein Sequence Of CD59 (HCC-I).

The nucleotide and deduced amino acid sequence of CD59 (HCC-l). The putative

signal sequence is underlined. The one potential site of N{inked glycan attachment at
'Asn18 is indicated by asterisks, whilst no sites of O-linked carbohydrate are apparent.

Cysteine residues are indicated by boxes. The glycosyl-phosphatidylinositol (GPD anchor

is attached to the carboxyl terminus of the mature peptide at 78th amino acid (Gly78;

Williams, 7997). Please note that the nucleotide and amino acid sequence numbering is

based on that of Davies et al (1989).
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Figure 5.2.8. Confirmation That mAb HCC-I Identifies The Product Of The CD59

Gene.

A 2.1kb NofI-NofI restriction fragment of the HCC-1 (CD59) cDNA (harbouring

both the enti¡e coding sequence and the 5' and 3'non-coding regions) was subcloned into

the pRUF.neo vector and subsequently introduced into FDC-PI cells by retroviral

transduction (refer to Materials ønd Methods, Section 2.26.). The resultant G4L8-resistant

cell population, was subjected to one round of HCC-1./magnetic Dynabead enrichment

(refer to text), prior to staining by indirect immunofluorescence and analysis by flow

rytometry. Data are displayed as single-parameter fluorescence (FITC) histograms of L x

104 light-scatter gated events, collected as list mode data.

IgM control mAb

mAb HCC-1
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thus confirms that mAb HCC-1 identifies a previously undescribed epitope on the CD59

molect¡le.

5.2.4. Expression Of HCC-1 Ãnd,2124 (a-CD59) Reactive Epitopes By Haemopoietic

Cell Lines And Cell PreParations.

Immunofluorescence and flow cytometry was utilised to compare the pattern of

expression of CD59 by haemopoietic cell lines and cell preparations as detected by mAb

HCC-1 and a mAb previously identified to bind to a peptide-related epitope of CD59,

termed 2/24 (Fletcher eú øt, 1992). As demonstrated in Figure 5.2.9., dual colour

immunofluorescence of BM cells labelled with both HPCA-2 (cr-CD34) and my'.b 2/24

(Figure 5.2.9. (A)), reveals that all the CD34+ cells coexpress CD59. In contrast to (and in

accord with the findings of Swart, (1993)), only 60% of the CD34+ population coexPress

the epitope on CD59 molecules which is detected by mAb HCC-1 (Figure 5.2.9. (B)).

Figure 5.2.1,0., illustrates the comparative fluorescence histogram profiles obtained

when the haemopoietic cell lines K562, HL60, HEL-DR, KGla and MOTe were

inrmunolabetled with either mAb 2/24 or HCC-I. It is evident from Figure 5.2.10., that

the pattem of reactivity which resulted was significantly disparate in all cases, suggesting

that the epitope on the CD59 molecule identified by HCC-1 is not present in all cell lines.

This is best illustrated with the cell line HL-60, were CD59 expression is apparent (as

detected by mAb 2/24),but no HCC-I binding is evident.

5.2.5. Physical Basis For The Differential Expression Of The HCC-1 Epitope On CD59

Molecules.

In addition to the data presented above, previously published work relating to

CD59 (Terstappetr et ø1, L992; 1993) has demonstrated uniform exPression of this

molecule by most nucleated cells of the haemopoietic system, including all the BM-derived

CD34+ cells. As demonstrated above however, the HCC-1-defined epitope of CD59 was

found to be differentially expressed among CD34+ progenitors with the highest level

present on a subset which is significantly enriched for pluripotent stem cells.
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Figure 5.2.9. Expression Of HCC-I Ãnd,2t24 (a-CD59) Reactive Epitopes By Haemopoietic Progenitor Cells.

Dual-parameter immunofluorescence of BM cells labelled with both HPCA-2 (u-CD34) and mAb 2/24 (Panel A), or mAb HCC-L (Panel

B) reveals that all the CD34+ cells coexpress CD59, whilst onty 60% coexpress the epitope on CD59 molecules identified by mAb HCC-I. Each2-

colour plot was generated with 2 x 104 fight-scatter gated events, collected as list mode data.
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Figure 5.2.10. Expression Of HCC-I And, 2124 (cr-CDS9) Reactive Epitopes By

Haemopoietic Cell Lines.

Comparative fluorescence histogram profiles obtained when the haemopoietic cell

lines K562, HL60, HEL-DR, KGl,a and MoTe were immunolabelled with either mAb2/24

or HCC-L. Data are displayed as overlays of single-parameter fluorescence (FITC)

histograms of L x 104 light-scatter gated events, collected as list mode data.

The pattern of reactivity which resulted was significantly disparate in all cases/

suggesting that the epitope on the CD59 molecule identified by HCC-1 is not present in all

cell lines. This is best illustrated with the cell line HL-60 (panel B), were CD59 expression

is apparent (as detected by 
^1¡6 

//2a), but no HCC-1 binding is evident.

Panel A:K562

Panel B: HL-60

Panel C: Hel-DR

Panel D: KGl,a

Panel E: MoTe

'IgGze control mAb

: IgG2g control mAb

' m/\b2/24
: mAb HCC-1
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Through the use of mAbs, the study detailed here reveals a unique pattern of

CD59 epitope expression not observed in previous examinations of candidate

haemopoietic stem cells. The physical basis of the differential expression of the HCC-L

epitope on CD59 is the subject of the following studies.

(i) Do The CD59 Molecules Recognised By mAb HCC-I Exhibit Differential

Sensitivity To Phosphatidylinositol-specific Phospholipase C (PI-PLC)?

The release of alkaline phosphatase and acetylcholinesterase by an enzyme

present in the culture medium of several Bacillus species led to the identification of

phosphatidyl,inositol-specific phospholipase C (PI-PLC), and henceforth to the discovery

of the glycolipid anchor responsible for anchoring CD59 and other GPl-linked proteins to

the plasma membrane (Taguchi and lkezawa,1978; Low and Finean, 1977;Taguchi et ø1,

1980; Futerman et al, 1985; Tse et ø1, 1985; Holder, 1983; Low and Kincade, 1985;

Honrans et ø1,1988). Since this phenomenon was first discovered, the specific release of

cell surface proteins has become one of the key methods for demonstrating the presence of

glycotipid anchors on proteins (Ferguson et a|,1988; Stieger et aI, 1986; Clayton and

Mowatt, 1989; Conzelmann et aI, 1988; Sadeghi et al, 1988; Hortsch and Goodman, 7990;

Williams et ø1, 1988; and see reviews in Ferguson and Williams, L988; Low, 1987; 1988;

1989a; 1989b).

Pl-PlC-treatment of BMMNCs revealed that in most instances, HCC-1 binding

was lost in accord with the loss of the CD59 molecule from the surface of these cells. In

other words, the results obtained with mAb HCC-1 closely paralleled those obtained

with the bonø fide CD59 mAb, 2/24.This included the observation that CD59 (as

identified by both 2/24 and HCC-I) was released from BMMNCs, which co-express the

matu¡e myeloid antigen CD33 (Figure 5.2.1,1. (C) and (D)). Moreover, CD59 molecules

expressed by human erythrocyte precursors (gtycophorin A+, Figure 5.2.Lt. (E) and (F))

exhibited resistance to PI-PLC cleavage, which can be athibuted to a modification of the

inositol riog by a fatty acid chain in these cells, which prevents the release of this molecule

(Roberts et aI, 1987b; Toutant et al, 1989; Schmidt, L978).
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Figure 5.2.1T. Cleavage Of GPl-linked CD59 On BM Mononuclear Cells With

Phosphatidylinositol-Specific Phospholipase C (PI-PLC).

BMMNC were washed thrice with IMDM supplemented with 2"/" FCS, and

resuspended at a final concentration of 5 x 106 cells/ml. To this, 50 mU/ml of PI-PLC was

added, and the cells incubated at 37"C Lo1 2 hours (mock-treated cells were incubated in

an equivalent manner in the absence of PI-PLC). BMMNC were washed in ice-cold wash

buffer in preparation for 2-colour immunophenotypic analysis.

Mock-or PI-PLC-treated BMMNCs were immunolabelled with either HCC-1 or

2/24 incombination with FITC or PE-conjugated mAbs to CD33, CD34 and Glycophorin

A (or with appropriate isotype-matched FITC conjugated non-binding control

antibodies), as indicated. Each 2-parameter histogram was generated from 2 x 104 light

scatter gated events collected as list mode data using a Profile II flow cytometer and

analysed using Coulter ELITE software. Data represents the mean + SE of 3 experiments.

(Continued on next page)
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(Continued)

Figure 5.2.L1. Cleavage Of GPl-linked CD59 On BM Mononuclear Cells With

Phosphatidylinositol-Specific Phospholipase C (PI-PLC).
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Despite the observation that the loss of CD59 was paralleled in most instances,

one notable exception did exist. As demonstrated in Figure 5.2.1,I. (A) & (B), following

PI-PLC treatment, the progenitor population (as indicated by their expression of the

CD34 antigen), sustained a complete loss of HCC-1 expression, whilst 2/24binding was

only lost on a subset of the CD34+ cells (approximately 40%).

(ii) Does mAb HCC-I Recognise A Carbohydrate Epitope? z ln Vitro Mutagenesis Of

CD59 cDNA To Remove N-Linked Carbohydrates.

Although a number of studies have examined the role of glycosylation with respect

to its effect on the complement inhibitory function of CD59 (Nakano et ø1, 1994;

Ninomiya et ø1, 1992; Akami et ø1, 7994), no studies have exarnined whether CD59 is

differentially gtycosylated as a function of differentiation. Central to this hypothesis is

that mAb HCC-1 identifies a variant carbohydrate-epitope presented upon single site

glycan attachment at Asn18 of the mature polypeptide, whose expression is altered upon

haemopoietic cell differentiation. To test whether the binding of the HCC-1 mAb was

dependent upon carbohydrate, the solitary N-linked glycosylation consensus site of

CD59 was modified to eliminate carbohydrate attachment (as detailed in Figure 5.2.12.)

using the Altered Sitesru in aitro Mutagenesis System (detailed in Materials ønd Methods,

Section 2.23. and schematically illustrated in Figure 5.2.13.).

Briefly, a 65L bp SmaI and Sphl restriction fragment of the CD59 cDNA was

ligated into the 5680 bp pALTERT phagemid vector via analogous sites present in the

multiple doning site. As detailed in Figure 5.2.L3., the mutagenesis reaction involved the

annealing of the Ampicillin repair oligonucleotide, and the MUT59 mutagenic oligo-

nucleotide to the ssDNA, followed by synthesis of the mutant strand with T4 DNA

polymerase I. The heteroduplex DNA was then transformed into the repair minus E.coli

strain BMH 71-18 mut S and mutants were selected by overnight culture in Ampicillin. A

second round of transformation in the E.coli strain JM109, ensured appropriate

segregation of mutant and wild type (WT) plasmids. Mutant CD59 and WT constructs

were easily distinguishable due to the incorporation of a BøwHI restriction endonuclease

site in the sequence of the MUT59 mutagenesis oligonucleotide (please refer to Section
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Figure 5.2.12. Mutagenesis Of N-linked Glycosylation Consensus Sequence.

To test whether the binding of the HCC-1 mAb was dependent upon carbohydrate

recognition, the solitary N-linked glycosylation consensus site of CD59 was modified to

eliminate carbohydrate attachment. (please refer to text for details).
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Figure 5.2.13. Schematic Representation Of The Altered SitesrM In Vitro Mutagenesis

Protocol Used To Alter The N-Linked Glycosylation Site Of CD59

"Please refer to text for details".
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2.2L3. (Ð(b). and Figure 5.2.14.). Further confirmation of the alteration was achieved

following sequence analysis of this region and found to concur with expectations (data

not shown). To examine protein expression, the WT and mutant isoforms of CD59 were

subcloned into the unique HpaI and HindIIl sites of pRUF.neo (please refer to Appendix

A, Map #3). DNA was introduced into the transient ecotropic virus-producing cell line

BOSC-23 by calcium phosphate transfection, and the murine factor-dependent cell line

FDC-P1, was subsequently infected with recombinant retrovirus produced.

Following selection in G41.8, the MUT59 and WT59 FDC-PI cells were

immunolabelled with both mAb HCC-L and ßAb 2/24. As demonstrated in Figure

5.2.15. (A) & (B), a comparable binding phenotype was observed between the WT59 and

MUT59 FDC-P1 cells, suggesting that HCC-1 binding was not carbohydrate-dependent.

A uniform (or "normal") distribution of fluorescence was obtained when both the MUT59

and WT59 cell populations were immunolabelled with mAb 2/24 (Figure 5'2.16. (A) &

(B)). In contrast (and somewhat surprisingly), when the cell populations were

immunolabelled with mAb HCC-1, a bi-modal pattern of expression was observed. In

each instance, only 14"/" of. the MUT59 and WT59 cell population were found to express

the HCC-1. epitope at high levels. This observation was consistent with the findings in

Section 5.2.6. whereby magnetic bead selection, in conjunction with mAb HCC-I- was

required to achieve a homogeneous level of HCC-1 expression. The apparent difference in

the pattern of immunolabelling between these FDC-PI transfectants with mAbs 2/24 and

HCC-1 replicates what is observed with the haemopoietic cell line KGla (please refer

above, Section 5.2.S). Thus, the transfected WT59 and MUT59 FDC-PI cell lines indicate

that HCC-1 binding was not dependent upon carbohydrate, and furthermore, provide a

model system which replicates the disparate binding pattern observed between HCC-1

and other CDs9-defined mAbs on cells of the haemopoietic system.

(iii) Immunoprecipitation Of CD59 From Haemopoietic Cell Lines Reveals The

Presence Of An S0 kD (gpS0)- "Associated Protein".

Stefanova and Horejsi (1991), recently demonstrated that in addition to their

respective antigens, mAbs against human GPllinked leucocyte surface antigens CD59
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Figure 5.2.L4. Restriction Analysis Distinguishes The Wild Type (WT) And Mutant

(MUT) CD59 Constructs.

The WT and MUT CD59 constructs (cloned into the HpaI and HindlII sites of

pRUF.neo vector) were subjected to B ørnHI restriction endonuclease digestion, as

described in the Møterials ønd Methods. Samples were separated on a 1.2o/" agarose gel,

ethidium bromide stained and photographed under ultraviolet illumination.

Mutant and WT CD59 constructs were easily distinguishable due to the

incorporation of a BamÍÍ.I restriction endonuclease site in the sequence of the MUT59

mutagenesis oligonucleotide (please also refer to Figure 5'2.12.-)-
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Lane 2:
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Figure 5.2.15. The Binding Of mAb HCC-1Is Not Carbohydrate-Dependent.

To examine protein expression, the WT and mutant constructs of CD59 were

subcloned into the unique HpøI and HindIII sites of pRUF.zeo. DNA was introduced into

the transient ecotropic virus-producing cell line BOSC-23 by calcium phosphate

transfection, and the murine factor-dependent cell line FDC-PL, was subsequently

infected with recombinant retrovirus produced.

Following selection in G418, the MUT59 and WT59 FDC-PL cells were

immunolabelled with either mAb HCC-1 or mAb 2/24 and protein expression examined

by flow cytometry. Data is displayed as single-parameter fluorescence (FITC) histograms

of l. x 104 [ght-scatter gated events, collected as list mode data.

Panel A: WT CD59 transfectant

Panel B : MUT CD59 transfectant

IgGzn control mAb

: IgG23 control mAb

: mAb 2/24
: mAb HCC-1

A comparable binding phenotype was observed between the WT59 and MUT59

FDC-P1 cells, suggesting that HCC-1 binding was not carbohydrate-dependent.
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Figure 5.2.16. Schematic Representation Of The Protocol Used To Determine If Immunoprecipitation Of CD59 With mAb 224 Resulted In

The Co-Precipitation Of An 80 kd "Associated" Molecule

Immunoprecipitates from cell lines which exhibit no reactivity with mAb HCC-L will result in the coprecipitation of both CD59 (-20 kD)

and a non-covalently-associated 80 kD molecule (gp80) [refer to (B)1. In contrast, cell lines which exhibit reactivity with HCC-L will result in the

immune-precipitation of CD59 only [refer to (A)].
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and CDS5 consistently immunoprecipitated a common 80 kDa glycoprotein component

and (glyco)lipids from detergent lysates of the human T cell line, HPB ALL. These results

were attributed to the formation of large, noncovalent complexes resistant to dissociation

by mild detergents. The "GPl-complexes" were found to consist of the 80 kD glycoprotein,

CD59 and CD55 glycoproteins, relatively tightly bound (glyco)lipids and possibly other

so far unid.entified components including proteins with tyrosine-kinase activity

(Stefanova et aI, L991; Morgan et ø1,1993; Lund-Johansen eú ø1,1993). Subsequent work

(Kniep et ø1, \994; Cinek and Horejsi,1rgg2), identified the major (glyco)lipid bearing the

CD15, CD[I7, and CDw65 determinants and co-immunopurifying with CD59 was the

glycosphingolipid GM3. Although the nature of the 80 kD surface molecule has not been

fully elucidated, studies by Stefanova et øl (1991), have demonstrated that it is not

CDM. Furthermore, recent studies by Horejsi and collegues (Stefanova and Horejsi, L99L;

Cinek and Horesji, 1992) have demonstrated that the 80 kD protein may rePresent the

recently described leukoryte antigen, CDw108 (Dr. V. Horejsi, personal communication),

however a cDNA corresponding to this molecule has notbeen identified'

The observations detailed above, and the results obtained in Section 5.2.4.,

prompted an investigation of whether the existence of closely associated surface

molecules could perturb the binding of HCC-1. As the mAb HCC-L was unable to

inrmunoprecipitate or Western blot the CD59 glycoprotein from detergent lysates (data

not shown), this necessitated the design of an alternate strategy in order to test this

hlryothesis. As schematically represented in Figure 5.2.'1.6., the mAb 2/24was utilised to

immunoprecipitate CD59 (and any associated cell surface molecules) from NP-40

detergent lysates prepared from a number of haemopoietic cell lines which exhibited

disparate binding of HCC-L and 2/24 mAbs. According to this hypothesis,

immunoprecipitates from lysates which exhibit no reactivity with mAb HCC-I', should

result in the coprecipitation of both CD59 (-20 kD) and gp80'

Consistent with this notion (please refer to Figure 5.2.17' (A)), immuno-

precipitates from the myeloid cell line HL60 (lane 3), resulted in the co-precipitation of

both the CDS9 molecule (-20 kD) and a molecule of approximately 80 kD. In addition,

immuno-precipitates from the erythroleukaemic cell line K562 (lane L), resulted in only the
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Figure 5.2.17. (A) & (B). An 80 kD "Associated" Molecule May Perturb HCC-I

Binding To The CD59 Molecule.

(A) Biotinylated membrane preparations of Hel-DR+, K562, and HL-60 cells

exhibiting disparate binding of HCC-L and 2/24 were co-incubated with mAb 2/24 f.or

16 hours at 4"C.Immune complexes were precipitated using goat anti-mouse Sepharose,

resuspended in reducing SDS-PAGE buffer, resolved on a \2"/" SDS-polyacrylamide gel

and visualised with biotin-streptavidin-HRPO complex and enhanced chemiluminescence

(ECL). (A) Lane L, Hel-DR+; Lane 2,K562; Lane 3, HL-60.

(B) Biotinylated membrane preparations of WT and MUT CD59 transfectants

wereco-incubatedwithmAb 2/24(or isotypematched,non-bindingcontrol) forl-6 hours

at 4"C. Immune complexes were precipitated using goat anti-mouse Sepharose,

resuspended in reducing SDS-PAGE buffer, resolved on a L0% SDS-polyacrylamide gel

and visualised with biotin-streptavidin-HRPO complex and enhanced chemiluminescence

(ECL).

Lane L: WT CD59 FDC-PL transfectants; non-binding control

Lane 2: WT CD59 FDC-PI transfectants; mAb 2/24

Lane 3: MUT CD59 FDC-PI transfectants; mAb 2/24

Lane 4: MUT CD59 FDC-PL transfectants; non-binding control
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20 kD CD59 species being resolved, in accord with the proposed model (Figure 5.2'1'6.)

and immunophenotype of these cell lines (Figure 5.2.17. (A)). Moreover, the HEL-DR+

erythroleukaemic cell line revealed an intermediate phenot¡>e, with low but detectable

levels of the protein which migrates at approximately 80 kD'

Moreover, biotinylated detergent lysates of the WT and MUT59 FDC-PI

transfectants immunoprecipitated with mAb 2/24, similarly resulted in the co-

precipitation of an FDC-P1-derived molecule of approximately 80 kD (Figure 5'2.17. (B)).

Although the t7-20 kD CD59 protein is apparent in the lysate from the WT transfectant,

it is correspondingly absent in the MUT59 transfectant. This is due to the loss of

carbohydrate decoration at Asn18, arrd accompanied reduction in the molecular weight.

These results provide circumstantial evidence to support the hypothesis that the

HCC-1 epitope is obstructed by a closely associated 80 kD glycoprotein (gp80) molecule

which is upregulated as a function of differentiation. Although further studies are

required to define the nature of this molecule, it is likely the equivalent to the molecule

defined by Horejsi (personal communication).
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5.3. DISCUSSION

5.3.j.. Monoclonal Antibody HCC-1 Identifies An Epitope Expressed By Primitive

Haemopoietic Progenitor Cells.

Monoclonal antibodies to haemopoietic cells have been employed to define a

particular cell lineage or discrete stages of haemopoietic differentiation and/or activation.

The expression of certain antigenic determinants on haemopoietic progenitor cells often

correlate with their function and stage in ontogeny and if so, mAbs against these antigens

can be used to separate the more primitive haemopoietic cells from their committed

progeny within the BM (Andrews ei al, 1989; Sutherland et ø1, 1989; Terctappen et al,

1991; Simmons, 1993; Barclay et al,1993). The finding that all bone marrow progenitor

cells were contained within the subset which is bound by mAbs to the CD34 molecule,

has greatly facilitated their isolation and study (Civin et ø1, L984; Ogawa, 1993).

The CD34 antigen is expressed on 1-4 % of the normal adult BM, and includes all

the committed progenitors and their precursors (Civin et al, 1984; Katz et al, 1985;

Andrews et ø1,1986; Sutherland et aI, L989a;1989b; Smith et a\,1991, Brandt et al,1990)-

As haemopoietic cells differentiate, the gradual loss of CD34 expression is accompanied

by the acquisition of lineage-restricted antigens (Strauss et al, 1986; K.aPP et ø1, 1989).

Moreover, studies have demonstrated that the CD34+ population is not uniform, but is

functionally heterogeneous (Civin et aI, L984; Katz et al, 1985; Andrews et ø1, 1986).

Antibodies which further subset the CD34+ cell population are of special interest as they

provide the potential for the isolation of candidate haemopoietic stem cells.

The study detailed in this chapter describes one such mAb, HCC-1 which exhibits

reactivity with a subset of the CD34+ cell population (Figure 5.2.2.) which functionally

exhibits mulipotentiality in both in aitro and in aiao assay systems. Initial studies

performed by Swart (1gg3), and summarised herein, demonstrated that the HCC-L

antigen was expressed by cells which exhibited the capacity to initiate and maintain

haemopoiesis in standard LTBMC and pre-CFU assay conditions (Table 5.2.1.). Swart

(Iggg), also demonsrrated that myeloid (CFU-GM) and erythroid (BFU-E) progenitors

were recovered in both the CD34+HCC-1.+ and CD34+HCC-L- subpopulations, whilst
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multipotential clonogenic cells (CFU-GEMM) were recovered only in the CD34+HCC-1'+

population, suggesting that the HCC-1 antigen is lost uPon differentiation (Figure5.2.4.).

More recently, studies performed in collaboration with Drs B. Hill and B. Chen,

(Hill ef ø1, L996) revealed that CD34+ BM HPC exhibiting the highest level of HCC-1

staining were enriched 10-30 fold for cobble stone area forming (CAFC) activity relative

to the CD34+HCC-lLo/-. Even more striking was the observation that the CD34+HCC-

1ro/- cells were unable to reconstitute BM grafts which had been subcutaneously

implanted in immunodeficient (SCID-hu) mice. In contrast, the CD34+HCC-1HI cells

consistmtly supported multilineage engraftment potential, a capacity attributed only to

the most primitive stem cells (Hill ef a\,1996).

In contrast to the clear segregation of primitive stem cells by high level binding of

the HCC-1 mAb, expression levels of the HCC-1 defined epitope did not completely

segregate the thymus repopulating cells, since injection of either CD34+HCC-1'I or

CD34+HC C-ILI/- cells resulted in foetal thymus engraftment. Despite this, the

CD34+HCC-1Lo/- cells demonstrated a lower level and frequency of human thymus

engrafting activity relative to CD34+HCC-LHI cells (Hill et al, L996). This is most likely

due to a lower frequency, rather than a lesser potency, of the thymus engrafting cells

within the HCC-1-or- population since normal T lymphopoiesis was observed in the

CD34+HC CjlLø- reconstituted grafts. As both stem cell and T cell progenitor potential

can be measured using the sCID-hu thymus assay (Baum et al,1992; Murray et al, L995;

GaIy et al,I99S), the thymus engrafting activity observed in the case of the CD34+HCC-

1.or- population (which is depleted of stem cells), is likely due to small numbers of

CD34+Lin-CD10+ lymphoid progenitors, a view consistent with the recent observation of

Galy and collegues (personal communication). Therefore, the majority of CD34+

progenitors which "read out" in the SCID-hu thymus assay exPress high levels of the

HCC-1 epitoPe.

232



5.3.2. Monoclonal Antibody HCC-1 Identifies The Complement Regulatory Protein,

cD59.

The finding that the antigen identified by mAb HCC-1 was exPressed by BM

stromal cells, facilitated the cloning of a cDNA corresponding to this CSM utilising the

retroviral expression library, as described in Chapter 4. Significantly, HCC-1 was found

to bind to a previously identified, ubiquitously expressed (Lachmann, L991),18-20 kD

GPl-linked membrane protein most commonly referred to as CD59. This molecule was

discovered independently in a number of laboratories (Sugita et al, L989; Davies et al,

1989; Holguin ¿f al,1989; Whitlow et a\,1990; Taguchi et aI,1990; Tomita et a|,1991) and

maps to human chromosome 1LpL3 (Heckl-Ostreicher et ø1, 1993). CD59 functions to

protect cells against autologous complement attack (Rother et al, 1994; Davies and

Lachmann, 1gg3), and has been postulated to prevent the complete unfolding of

complement component C9, a process necessary for the subsequent binding of the

additional C9 subunits needed to form the pore of the membrane attack complex (MAC)

(Meri et aI, t99O). Although some antibodies to CD59 have been described to neutralise

the complement protective function of the CD59 molecule (Jokiranta and Meri, 1993), no

deleterious effect of HCC-L presence on cells in the in uiao and in aitro assays was

observed. In each case, the CD34+HCC-1HI cell population was at least as potent as the

CD34+ population and therefore indicates that HCC-I binding does not block the

complement protective function of CD59'

In addition to complement regulation, an adhesive function has also been ascribed

to the CD59 molecule. In two independent studies (Deckert et al, !992; Hahn et a\,1992),

CDS9 was identified as a second physiological ligand for the T cell glycoprotein CD2,

whose interaction was independent of the adhesion/activation pathway mediated by

CD2 and its counter-receptor CD58 (LFA-3). In addition, a recent study by Venneker and

Asghar (Lggz), suggests that CD59 may also be involved in antigen presentation.

previous studies describing the expression of CD59 by tissues of the haemopoietic

system have demonstrated uniform expression by all cells, including BM-derived CD34+

cells. In contrast, data presented here clearly demonstrate that the HCC-l-defined

epitope of CD59 was found to be differentially expressed among CD34+ progenitors with
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the highest level present on a subset which is highly enriched for pluripotent stem cells

(Figure 5.2.9.). This difference was again observed when a variety of haemopoietic cell

lines were examined in a similar manner (Figure 5.2.10.). These data therefore suggest that

the population of CD59 molecules expressed by CD34+ cells and numerous cell lines is

nothomogeneous.

5.3.3. Mechanism For The Differential Expression Of The HCC-I Epitope By Cells Of

Haemopoietic Origin.

Studies designed to address the physical basis of the differential expression of the

HCC-1 epitope on CD59 molecules initially contemplated the hypothesis that the mAb

HCC-1 identified a variant carbohydrate-epitope whose expression was lost uPon

differentiation. /z aitro rmtagenesis of this site however, revealed that HCC-1 bound

equally well to the mutagenised and wild type CD59 protein, thus indicating that

carbohydrate recognition was not responsible for the differential expression of the HCC-1

epitope.

Subsequent analysis of detergent lysates supported the hypothesis that the

binding of the HCC-1 mAb was influenced by a closely associated 80 kD glycoprotein

molecule that, by inference, is expressed as a function of haemopoietic cell differentiation

(Figure 5.3.1.). Previous studies (Stefanova and Horejsi, L99L; Stefanova et al, 1991';

Cinek and Horejsí,1992; Morgan et a\,1993; Kniep et a\,7994) have demonstrated that

CD59 can form detergent-resistant complexes in which CD59 is non-covalently

associated with other GPllinked proteins such as CD55 and with an 80 kD glycoprotein

component. Although the nature of the 80 kD surface molecule has not been fully

elucidated, studies by Horejsi and collegues suggest that it may be equivalent to CDw108

(Dr. V. Horejsi, personal communication). Monoclonal antibody HCC-1 may therefore

represent a probe for non-gp8O-associated CD59 molecules. Future studies to

unequivocally demonstrate that gp80 is responsible for inhibiting HCC-1 recognition of

CDS9 would require the molecular identification of a cDNA corresPonding to this

molecule. Furthermore, transfection of this cDNA into an appropriate cell type such as

234



Figure S.3.1. The Loss Of HCC-I Expression By Commited Progenitor Cells: Is It Due To The Acquisition Of A Non-Covalently-Associated

80 kD Molecule ?.

A schematic of the proposed molecular basis for the loss of HCC-I expression by cells committed to both myeloid and lymphoid

development. Based on the studies of Swart (Lggg) [please refer to Figure 5.2.3.]and those presented hereiry HCC-1 expression may be lost due

to the acquisition of an 80 kD proteiry whose expression is upregulated as a ftnction of differentiation (please refer to text for more details).
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BM stromal cells (which exhibit strong, constitutive expression of the HCC-1 epitope on

cD59 molecules), should result in the loss of HCC-1 reactivity.

As alluded to earlier, the carboxyl-terminal portion of the CD59 molecule is

covalently linked to an oligosaccharide which, in turn, is glycosydically linked to

phosphatidylinositol (PI) anchor. The GPI membrane attachment structure is utilised by a

large number of cell surface proteins and occurs in a wide variety of eukaryotes from

yeasts to mammals. Furthermore this structure is conserved in protozoa and mammals

(Ratnoff et aI,1992). Recent data from a number of groups have confirmed that the first

step of GPl-anchor biosynthesis is encoded by the PIG-A gene (Miyata et aL,1993, Miyata

et ø1,1994; Yamada et al, 1995). Mutations in this gene are responsible for the acquired

clonal haematological disorder referred to as Paroxysmal nocturnal hemoglobinuria

(pNH), where there is a deficiency in the synthesis of the GPI molecules that anchor

proteins to the cell membrane (Tomiyama et ø1, !990; Shichishima et ø1,199t; Schubeft et

al, L990; reviewed in Rotoli and Luzatto, L989).

phospharidylinositoÞspecific phospholipase C (PI-PLC) treatment of BMMNCs,

revealed that in most instances HCC-1 binding was lost/retained in accord with the

loss/retention of the CD59 molecule. This however was not observed within the CD34+

F{pC population, where the complete loss of HCC-1., was not associated with a complete

loss of CD59 expression. Notwithstanding that this maybe attributed to the phenomenon

of inositol acylation (reviewed by Toutant et ø1, L989), it is more likely due to the

retention of CD59 at the cell surface due to its association with gp80 (or other molecules)

present within these aforementioned macromolecular complexes (please refer to Figure

S.3.2.) (Stefanova and Horejsi, 199I; Stefanova et al, 1991; Cinek and Horejsi, 1992;

Morgan et ø1, L993; KnieP et ø1,1994).

As this study with HCC-L illustrates, mAbs provide sensitive probes of structural

detail beyond the determination of the presence of a given molecule. Compared to

previously d.escribed antibodies to CD59, the HCC-L antibody reveals a subtle difference

in the surface molecular detail of stem cells which can be correlated with a primitive

functional phenotype. Moreover, this study clearly indicates that the assignment of a
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Figure S.3.2. PI-PLC Resistant CD59 Molecules: Is It Due To The Acquisition Of A Non-Covalently-Associated 80 kD Molecule Or The Use

Of An Alternate PI-PLC-Resistant GPI-Anchor?

Proposed molecular basis for the Pl-PlC-resistance observed with a proportion of the CD34+ progenitor population' Based on the

finding of Swart (1993) [please refer to Figure 5.2.3.1and those presented herein, HCC-L expression may be lost due to the acquisition of an 80

kD protein, whose expression is upregulated as a function of differentiation (please refer to text for more details).

pI-pLC treatment of BMMNCs revealed that in most instances HCC-1 binding was lost/retained in accord with the loss/retention of the

CDS9 molecule (refer to Figure 5.2.13.). This however was not observed within the CD34+ HPC population, where the complete loss of HCC-1

(panel A), was not associated with a complete loss of CD59 expression. Although this maybe attributed to the phenomenon of inositol acylation

(panel C), it is more likely due to the retention of CD59 at the cell surface due to its association with gp80 (Panel B) present within these

macromolecular complexes (please refer to text for more details).
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cluster of differentiation predicated on the cellular immunoreactivity is unreliable, and a

molecula¡ doning approach should be adopted wherever possible.
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CHAPTER 6

IDENTIFICATION & FUNCTIONAL CLONING OF MGC-24, A
MUCIN-LIKE MOLECULE EXPRESSED BY HAEMOPOIETIC
PROGENITORS AND BONE MARROW STROMAL CELLS: A

NEGATIVE REGULATOR OF HAEMOPOIESIS



6.1. INTRODUCTION

6.1.1. Mucins: An Emerging Family Of Adhesion Molecules.

A wide variety of cell surface molecules participate in the regulation of

haemopoiesis. Of these, cell adhesion molecules (CAMs) play a major role in mediating

interactions between primitive haemopoietic progenitors (HPC) and various components

of the bone marrow stroma. Based on domain structure and function, these CAMs canbe

grouped into 5 main families, including the immunoglobulin superfamily, integrins,

cadherins, selectins and mucin-like molecules (Dianzani and Malavasi, 1995; Carlos and

Harlan, 7994).

Mucin-like molecules represent an emerging family of glycoprotein molecules of the

haemopoietic system, including CD34 (He eú ø1, L992; Imai ef ø1, 1'993), CD43

(leukosialin, sialophorin) (Shelley et al, \986; Cyster et ø1,1'990;1991,; Manjurrath et ø1,

I9g5), CD45 (Streuli et ø1, \987; Matthews et aI, L989; Dianzani and Malavasi, 1995),

CD68 (Holness and Simmons, 1993), CD96 (Tactile) (Wang et al, 1992), GIyCAM-1

(Lasky et ø1, 1992), PSGL-I (Sako et ø1, L993), and MAdCAM-1 (Briskin et ø1, 1993; Betg

et aI, 7993) (Figure 6.1.1.). Although exhibiting limited homology at the cDNA level,

mucin-like molecules all share the common characteristic of being highly glycosylated

polypeptides, containing predominantly O-linked carbohydrate side chains linked to

serine and threonine residues (Jentoft, L990; Devine and McKenzie, t992; Springer,

I990b; Shimizu and Shaw, 1993). Their non-globular, thread-like structure, resembles

that of "classical'1 mucins expressed at the surface of, and in the mucosal secretions of

epithelial cells. Carbohydrate chains in mucins are predominantly attached by an 4L,3

linkage between N-acetyl galactosarnine and the oxygen atom of serine or threonine (O-

glycosidic bond), although some oligosaccharides are attached by a linkage between the

nitrogen of asparagine and N-acetylgalactosamine (N-glycosidic bond) (Jentoft, 1990;

Devine and McKenzie, 1992).

The dense afiay of O-linked side chains in mucin-like molecules conveys at least
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Figure 6.L.1. Endothelial And Leukocyte Mucin-Like Molecules.

A schematic representation of the mucin-like molecules expressed at the surface of endothelial/stromal cells and cells of haemopoietic

origin. Although exhibiting timited homology at the cDNA level, mucin-like molecules all share the comrnon characteristic of being highly

glycosylated polypeptides containing predominantly O-linked carbohydrate side chains tinked to serine and threonine residues. Their non-

globtrlar, thread-like structure, enables them to extend well beyond the glycocaylx (a glycoprotein and polysaccharide covering) that surrounds

the cell.
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two important structural implications which may influence function (Shimizu and Shaw,

Iggg). The first is the extended structure; the average extension Per amino acid is

predicted to be 2.5 Å,, making many of the mucin-like molecules long enough to extend

beyond the 100 Å (fO nm) glycoprotein and polysaccharide covering that surrounds the

cell (glycoculy*).The second is the optimal exposure and high multiplicity of the terminal

sugars. These two features make mucinlike molecules powerful "two-edge-swords"; they

are both pro-adhesive and anti-adhesive (Shimizu and Shaw, L993). By virtue of their

negative charge and extended configuration, mucin-like glycoproteins may act as a

repulsive barrier around the cell, however when an opposing cell has specific receptors

for the mucin, adhesion surmounts repulsion.

This is well exemplified by the molecular partners for the members of the selectin

farnily including the P-lE- selectin ligand, PSGL-1 (Sako et a\,1993) and the L-selectin

ligands, GtyCAM-1 (Lasky et al, L992), murine CD34 (Imai et ø1, \990) and MAdCAM-1

(Briskin et ø1, \993;Betg et ø1,1993), which all mediate a rapid pro-adhesive "tethering"

under conditions of flow.

The mucin-like molecules CD43, CD45RA and CD68 represent three mucin-like

molecules that do not bind to selectin counter-receptors (Barclay et al, 1993). The

macrophage restricted marker CD68 (Holness and Simmons, L993; Rabinowitz and

Gordon, LggL), is related to the family of acidic, highly glycosylated lysosomal proteins

(LGPs) and is thought to protect cells from attack by hydrolases (reviewed in Fukuda,

lggl). Although it remains to be confirmed, CD68 is also postulated to bind to tissue

and organ-specific lectins which may allow macrophage subsets to home to a particular

site (HoLress and Simmons, L993).

CD43 (leukosialin, sialophorin) is a transmembrane molecule expressed by

numerous cells of the haemopoietic system, and represents the major sialoglycoprotein of

T cells and their precursors (Shelley et al, 1986; Bazil et al, 1995; 1996). The extracellular

domain is highly decorated with O-linked oligosaccharides (Pallant et a|,1989) and has

been shown to interact with ICAM-L (CD54) (Rosenstein et al, 1991). The cytoplasmic
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domain of CD43 is highly conserved across species, implying an important signalling

function (Pallant et aI, t989). Although constitutively phosphorylated on serine residues,

cross-linking of CD43 co-stimulates T-cell proliferation and homotypic aggregation of

leukocytes suggesting an ability to trigger "inside-out" signals which modulate cell

adhesion (Pallant et a\,1989; Piller et ø1,1991).

The leukocyte common antigen (CD45), as its name implies, is expressed by all

nucleated cells of haemopoietic origin (Matthews et a\,1989). Although CD45 probably

binds several ligands, only the B-cell antigen CD22 (a lectin-like adhesion molecule

belonging to the immunoglobulin superfamily) has been identified (Clark, L993). The

intracytoplasmic domain of CD45 has tyrosine phosphatase activity and signals through

this molecule are involved in B and T cell activation via the tyrosine kinase pathway

(Pingel and Thomas,1989; Ostergaard et a|,1989)'

The studies presented in this Chapter, describe the isolation of a cDNA clone that

encodes a novel mucin-like glycoprotein termed MGC-24v, expressed by both

haemopoietic progenitor cells and elements of the bone marrow stroma' MGC-24v was

id.entified using two novel mAb reagents (9E10 and 105.A5) and the expression cloning

strategy described in Chapter 4. Both antibodies detected MGC-24v protein expression

by subpopulations of the CD34+ cells, which include the majority of clonogenic myeloid

(CFU-GM) and erythroid (BFU-E) progenitors and the hierarchically more primitive

prec¡.rrsors (pre-CFU). Biochemical and functional characterisation of MGC-24v, revealed

that this protein exists as a homodimeric molecule of 160 kD, that is able to mediate the

adhesion of CD34+ cells to BM stroma. Finally, like PSGL-1 (Chapter 3), as yet

undefined signals through the MGC-24v resulted in a suPPression of in uitro

haemopoiesis, a feature that aPPeafS coÍunon to mucin-like molecules.
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6.2. RESULTS

6.2.1. Identification Of A Cell Surface Molecule (CSM) Expressed By Primitive

Human Haemopoietic Cells And Cultured Human Bone Marrow Stromal Cells.

The murine IgG3 mAb, 9E10 (generated as described in Chapter 4), was selected

primarily on the basis of its immunoreactivity with cultured HBMSC and contrasting lack

of immunoreactivity with peripheral blood (PB) mononuclear cells (PBMNC). In

addition, 9E10 reacted with a minor population of BMMNC, characterised by low

perpendicular light scatter (PLS) and low to moderate levels of forward light scatter

(FLS), properties shared with cells which lie within the lymphocyte-blast region (Figure

6.2.1 (A)). Moreover, dual-parameter flow cytometric analysis revealed that a significant

proportion of the 9E10+ BMMNCs co-expressed the CD34 antigen (Figure 6.2.1. (B)). A

mean of 31.43 + 9.25% (range 29.25%-35.90"/o; n=4) of the CD34+ cells were fot¡nd to co-

express the 9E10 antigen (CD34+9E10+).

6.2.2. Reactivity Of 9E10 With Lineage Restricted Clonogenic Progenitors.

To determine whether lineage-restricted haemopoietic progenitor cells were

present in the population of bone marrow cells which reacted specifically with9E10, in

aitro clonogenic assays were performed on BMMNC-derived, FACS isolated

CD34+9E10+ and CD34+gEl.0- fractions (Figure 6.2.1. (B)). Notably, essentially all the

detectable myeloid (CFU-GM), erythroid (BFU-E) and multipotential colony forming

cells (CFU-Mix), were recovered in the population of cells which expressed the antigen

recognised by the mAb 9E10 (Figure 6'2.2.).

6.2.3. The 9E10 Antigen Is Expressed By Primitive fluman Haemopoietic Cells.

Previous studies have demonstrated that primitive multipotential blast colony-

forming cells and cells that initiate long-term haemopoiesis in aitro ate restricted to a

minor proportion of CD34+ cells showing low to undetectable expression of CD33
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Figure 6.2.1.

(A) Dot plot demonstrating that 9E10 reacts with a minor population of BMMNC,

characterised by low perpendicular light scatter (PLS) and low to moderate levels of

forward light scatter (FLS), properties shared with cells which lie within the lymphocyte-

blast region.

(B) Dual-parameter immunofluorescence analysis demonstrating the expression of

CD34 and 9E1-0 antigen by BMMNCs. SBA-depleted BMMNC were stained with the

directly conjugated mAb HPCA-2-PE (o-CD3 ) and 9E10 (detected with anti-IgQ-FITC).

Data are displayed as dual-parameter histograms of 5 x LOa light-scatter-gated events

collected as list-mode data.
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Figure 6.2.2. Ãssay Of Clonogenic Progenitors In Populations Sorted On The Basis Of

CD34 And 9E10 Antigen Expression.

Fluorescence activated cell sorting (FACS) of the CD34+, CD34+98L0+, and

CD34+9E10- subpopulations demonstrates that clonogenic progenitors (CFU-GM, J
BFU-E, tr and CFU-Mix @) are present almost exclusively in the CD34+9E10+

subpopulation. Results are expressed as the number of CFU-GM at day L4 per 1x 103 cells

plated. Data represents the mean + S.E. (n=3).
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(Andrews et ø1, 1989), CD38 (Terstappen et al, 1991)' HLA-DR (Brandt et al, 1990), or

any of a number of lineage-restricted antigens (Baum et al, t992; Udomsakdi et ø1,1992).

Moreover, these cells express low levels of the GPl-linked molecule Thy-1 (Batxn et al,

1992; Craig et al, 1993), and high levels of the proto-oncogene, c-kit (Simmons et al,

I9g4). Therefore, to further characterise the CD34+9E10+ population, BM CD34+ cells

were prepared with 561-Dynabeads (refer to Materiøls ønd Methods, Section 2.10.5. (b)),

and subsequently immunolabelled by two-colour immunofluorescence, using biotinylated

9E10 (followed by streptavidin-PE) in combination with each one of a panel of FITC-

conjugated mAbs reactive with lineage-restricted or activation antigens. As shown in

Figure 6.2.3 (A) & (B) and Table 6.2.7 (data from a representative experiment),

essentially all of the CD34+HLA-DRLo/- and CD34+CD38to/- [please refer to Figure

6.2.g. (B)l cell fractions express the 9E10 antigen. In addition, CDw90 (Thy-1)

expression was more pronounced within the CD34+9E10+ (compared with the

CD34+9E10-) population, whilst the 9E10 antigen was found to be expressed by

essentially all the CD33Lo (and CD33-) and the CDTLLo (but not CD71-) subpopulations.

Finally, a majority of the CD34+9E10+ cells were found to coexpress CDI'17 (c-kit), thus

confirming that most of the earliest CD34+ haemopoietic progenitor cells identifiable in

BM, express the antigen identified by mAb 9E10.

This was subsequently confirmed at a functional level, when CD34+9E10+ and

CD34+9E10- fractions were isolated from normal adult BMMNC and assayed for their

ability lor de noao geîeration of CFU-GM and nucleated cell production in the cytokine

driven stromal cell-free suspension culture (pre-CFU) assay. Figure 6.2.4- (A) & (B),

illustrate respectively, the production of total haemopoietic cells and CFU-GM over time

in culture, from the various sorted populations. The CD34+9E10- cells failed to generate

CFU-GM in excess of those present in the input population, whilst an 85-fold expansion

in the number of clonogenic cells was achieved with the CD34+9E1.0+ sorted population,

within the 28-day period of the pre-CFU assay (Figure 6.2.4. (B)). Moreover, the

CD34+9E10+ population displayed a two-fold greater capacity to produce nucleated
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Figure 6.2.3. (A) Dual-Colour Immunofluorescence Analysis Demonstrating The Co-

Expression Of The 9E10 Antigen On Multiple Myeloid And Lymphoid Cell

Populations.

(A) 561-Dynabead purified BM-derived CD34+ (refer to Materiøls ønd Methods,

2.L0.5. (b)), were immunolabelled with biotinylated 9810 mAb (subsequently detected

with streptavidin-PE) in combination with FlTC-conjugated mAbs to HLA-DR, CD33,

CD38, CD7L, CDw90 and CDl,L7, or with appropriate isotype-matched FITC conjugated

non-binding control antibodies. Each 2-parameter histogram was generated from 2 x10a

CD34+ events collected as list mode data using a Profile II flow cytometer and analysed

using Coulter ELITE software. Data represent the mean + SE of 3 experiments.

(B) (Pleøse see next page) Dual-parameter immunofluorescence analysis

demonstrating the expression of CD38 and 9E10 antigens by CD34+ cells was performed

essentially as described above, with the exception that biotinylated 9EL0 mAb was

detected with streptavidin-FlTC and a PE-conjugated mAb to CD38 (LeuL7-PE) was

utilised. This afforded greater resolution of CD38 expression by the CD34+ cell

population. Data are displayed as dual-parameter histograms of 2 x 104 light-scatter-gated

events collected as list-mode data.
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Table 6.2.1. Distribution of 9E10 Antigen on cD34+ Cell subsets.

Antibody

Expression Of Lineage Antigen

By CD34+ 9810+ BM

Mononuclear Cells

Expression Of 9810 By Cells

Which Express Both CD34 And

Lineage Antigen

Quandrant
Number

Region 2l (7 + 2) - ExPressed as

Percentage Positive

Region 2 I (2 + 4) - Expressed as

Percentage Positive

cD33 50.7 34.3

cD38 99.2 3L.4

cD77 94.6 39.4

CDw90 53.4 49.3

cDttT 89.1 41..9

HLA-DR 96.8 30.5

Summary of the data obtained from dual-colour immunofluorescence and flow cytometric

analysis (please also refer to Figure 6.2.3.) demonstrating the co-exPression of 9E1'0 with

early myeloid and lymphoid populations on CD34+ cells. Information generated from

listmode data, and represent L x 104 CD34+ sorted events. A representative experiments

(one of three) is shown.



Figure G.2.4. (A) & (B). CD34+ Cells Initiating Haemopoiesis In The Cytokine-

Supplemented (pre-CFU) Assay Express The 9E10 Antigen.

BMMNC were sorted into CD34+ F) Cpe++9E10+ (a), CD34+9E10- p),

subpopulations (as described in Figure 6.2.2.) and assayed for their ability to initiate and

maintain haemopoiesis in a stroma-independent, cytokine supplemented culture.

Cultures were established in triplicate using 1 x 103 sorted cells per well in medium

supplemented with L0 ng/ml each of purified recombinant human IL-IP, IL-3,1L-6, G-

CSF, GM-CSF and SCF. Additional factors were added at the same concentrations on days

7, L4 and 2L. On days 7 , 14 and 2L, tlrre cells were harvested, washed and assayed for

nucleated cell number and CFU-GM as previously described. The results are expressed as

the mean number (t SE) of nucleated cell number (A) and CFU-GM (B), recovered at day

7,1.4,2L and 28 for each group. A representative experiment (one of three) is shown.
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cells than the comparable CD34+ population (Figure 6.2.4. (A)). These data demonstrate

that the majority, if not all the pre-CFU are Present within the CD34+9E10+.

6.2.4. The Nature Of The CSM Identified By mAb 9E10.

(i) Biochemical Characterisation Of The 9EL0 Antigen.

To ascertain the size of the CSM identified by mAb 9F10, membrane proteins

from a variety of haemopoietic and non-haemopoietic cell lines and cell preparations

were separated by denaturing SDS-polyacrylamide gel electrophoresis under reducing

and non-reducing conditions. Following transfer to nitrocellulose, the filters were

incubated with 9E10 mAb supernatant and immunoreactive proteins detected by

enhanced chemiluminescence (ECL) as described in the Materiøls and Methods (Section

2.29.5.). As demonstrated in Figure 6.2.5. (A), mAb 9E10 identified two differentially

migrating species with an estimated molecular mass of 80 and 160 kD respectively,

under non-reducing conditions. Upon reduction however, the intensity of the 160 kD

immunoreactive protein was considerably reduced, suggesting that the antigen recognised

by the 9E10 mAb may exist as a homodimer of two 80 kD monomers (Figure 6.2.5. (B)).

The protein recognised by the 9E10 mAb was expressed in a majority of the cells tested,

with the exception of peripheral blood erythrocytes, keratinocytes, ]urkat T cells and PB-

d.erived B cells. Interestingly, the molecular mass of the 9E10 CSM differed marginally

amongst the different cells tested, most likely due to cell-specific differential

glycosylation.

(ü) Molecular Characterisation

Given its reactivity with human BM stromal cells (refer to Chapter 4, Figure

4.2.16;, mAb 9E10 was used to screen the human BM stromal cell cDNA expression

library in the retroviral vector pRUF.neo as described in Chapter 4. Subsequent to the

specific-isolation of 9E10 antigen-expressing FDC-P1 clones, genomic DNA was isolated

and the corresponding cDNA rescued by PCR. Following partial-sequence analysis, the
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Figure 6.2.5. (A) & G). Determination Of The Molecular Mass Of The CSM Identified

By mAb 98L0.

Membrane preparations from a variety of haemopoietic and non-haemopoietic cell

lines/preparations were separated by 1.0% SDS-polyacrylamide gel electrophoresis

under non-reducing and reducing conditions and transferred to nitrocellulose. The filters

were successively incubated with 9EL0 mAb supernatant, anti-mouse-HRPo and the

immunoreactive proteins detected by enhanced chemiluminescence (ECL) as described in

t1¡e Møterials ønd Methods (Section 2.29.5.). Under non-reducing conditions (A), mAb

9E10 identifies two differentially migrating species with an estimated molecular mass of

80 and 160 kD. Upon reduction (B) however, the lower migrating 80 kD band is the

major immunoreactive Protein.

Panel (A) & G):

Lane 1, KGLa (progenitor cell line)

Lane2, HL-60 (promyelocytic cell line)

Lane 3, Hel-DR (erythroleukaemic)

Lane 4, K562 (erythroleukaemic)

Lane 5, red blood cells

Lane 6, MoTe (megakaryocyte)

LaneT,Jurkat (T cell line)

Lane 8, CD1g+ B cells

Laneg,human BM stromal cells (HBMSC)

Lane 10, human umbilical vein endothelial cells (HUVECs)

Lane 11, TL (keratinocytes)

LaneL2, MG63 (osteosarcoma cell line)
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resultant nucleotide sequence was compared with entries submitted to the

Genbank/EMBL databases via standard "FASTA alignment analysis" (Figure 6.2.6) and

found to be homologous to a previously reported cDNA isolated from KATO-III human

gastric carcinoma cells (Masuzawa et a\,1992). The cDNA isolated by Masuzawa and

colleagues, encodes a novel potypeptide backbone which is rich in hydroxyl amino acids

and cysteine residues, and lacks repeating motifs. This molecule, termed by the authors,

MGC-24 (for Multi-Glycosylated Core protein of 24 kD) represents a mucin-like

glycoprotein, containing multiple clustered sites of O-and N-linked carbohydrate side

chains linked to serine and threonine residues. Using a polyclonal rabbit antiserum,

Masuzawa et aI (7992), demonstrated that the mature MGC-24 glycoprotein derived

from tissues of epithelial origin behaved as a high molecular mass (> 200 kD)

polymorphic protein. Moreover, treatment of the epithelial-derived MGC-24 glycoprotein

with the enzyme endo-c-N-acetyl-galactosaminidase, confirmed the Presence of the

peanut agglutinin (PNA)-binding site (Galp1->3GalNAc sequence), a tumour-associated

carbohydrate marker, conunonly expressed by human carcinomas. Furthermore, the

authors found that in addition to some nude mouse-trarsplanted human colorectal and

pancreatic adenocarcinomas, MGC-24 mRNA was also intensely expressed in normal

tissues of the colon, small intestine and thyroid.

(iü) Nucleotide And PolyPePtide Characterisation

As indicated in Figure 6.2.7., complete sequence analysis of the region

encompassing the coding sequence (and the immediate flanking regions), revealed an

number of interesting differences to the sequence identified by Masuzawa and colleagues

(1992). Although sharing complete identity from nucleotide L to 383, the 9E10 cDNA

clone exhibited a deletion of 58 nucleotides at this site. This loss is presumably due to

the use of alternate 5' and 3' splice junction sites present within this region. In

accordance to the GT-AG rule described by Mount (1982), analysis of the MGC-24

sequence revealed two splice junction consensus motifs. Seven of the nine-nucleotides of
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Figure 6.2.6. FASTA Alignment Analysis Of 9E10 cDNA

Following partial sequence analysis, the resultant 5'-nucleotide sequence was

compared with sequences submitted to the combined Genbank/EMBL database via

standard "FASTA alignment analysis". The 9E10 sequence was fotmd to be homologous

to the previously reported cDNA encoding MGC-24 (for Multi-Gþosylated Core protein

of 24 kD, Masuzawa et ø1, 7992).
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Figure 6.2.7. Nucleotide And Inferred Protein Sequence Of MGC-24v.

The nucleotide and deduced amino acid sequence of a variant isoform of Multi-Glycosylated Core protetn of 24 kD (MGC-2av).

The putative signal sequence is underlined. Potential sites of N-linked glycan attachment a¡e indicated by asterisks (*¡. Cysteine residues

are indicated by boxes p¡ Nucteotide sequences which differ from the published sequence (Masuzawa et ø1,1992) are in bold. A 58

nucleotide deletion between position 383 and 384 is indicated by (Vl and results in a 55 amino acid sequence at the COOH-terminus

(italicised) which differs from the published sequence. The putative transmembrane domain (amino acid L40 to 1'64) is doubly underüned'
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the MGC-24 sequence [CAG:GTAAAC] conform with the well recognised 5' splice

junction consensus site [CAG:GTAAGT]. Moreover, the short consensus sequence for the

3' splice junction [CAG:G] is also present, suggesting that the 9ElO-derived cDNA

represents an alternative-spliced variant of MGC-24. Translation of this new open

reading frame (ORF) gives rise to a 178 amino acid polypeptide (from here on termed

MGC-24v), divergent from MGC-24 at the COOH-terminus. Examination of sequences 3'

to the MGC-24v ORF, also revealed the presence of 595 bp of sequence unique to the

MGC-24v (Figure 6.2.7.-bold script). As this region lies outside the ORF, the functional

significance of this additional sequence remains to be defined. Furthermore/ consistent

with the findings of Masuzawa et al, (L992), analysis of MGC-24v revealed a translation

start site in the context of a Kozak (Kozak, 199L) consensus sequence (ACACGATGT),

with a putative initiator methionine score of 60.

Computer analysis (MacDNASIS, Version 2.0) of the MGC-24v polypeptide,

revealed a putative molecular weight of approximately 19.1 kD' This polypeptide

sequence was not significantly related to that of any other core protein so far reported

(Swiss-PROT search, National Centre for Biological Information, National Institutes of

Health, USA). The initiation methionine is followed by a putative 22 amino acid signal

sequence, containing a hydrophobic core [amino acids Ala23-AsP24; Figwe 6.2.7]

(Barclay et a|,1993). Following this putative signal peptide, nine potential sites of N-

linked glycosylation (consensus sequence: AsnXaaThr/Ser, with the exception of

AsnProThr/Ser or AsnXaaThr/Ser-Pro; Barclay et ø1, 1993) are observed on Asn

residues at positipn s 26, 32, 4'1,, 72, 77, 94, 104, 121 and 127 (Figure 6.2.7 .)' Moreover,

the mature 178 amino acid protein is extremely rich in serine and threonine, with 37 (or

-20%) of the encoded amino acids made up of these residues. At least 32 of these

residues can serve as attachment sites for O-linked glycans (Devine and McKenzie,

IggZ), and in combination with Nlinked glycans make uP aPProximately 70"/" of. the

molecular mass of the mature protein. In addition, the MGC-24v sequence lacks the

acceptor site for the addition of a glycosaminoglycan glycan (GAG) chain (Kjellen and
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Lindahl, 1.991,) at position 5"t¡trs142 and Glycinel43 (SG) present within the MGC-24

polypeptide. Hyd.ropathy analysis (Kyte-Doolittle, GENETYX-MAC/I 3.0.1) of MGC-

24v,revealed that the majority of the encoded protein was highly hydrophilic, consistent

with the high hydroxyl amino acid content of the protein (Figure 6.2.8.)' However, in

contrast to the findings of Masuzawa et al (1992), examination of the C-terminus of

MGC-24v revealed a region (amino acids 140 to 164) of high hydrophobicity that may

represent a putative transmembrane-anchoring motif. This putative transmembrane

domain is followed by a very short COOH-terminal hydrophilic domain (amino acid

residues 165 to 1,78), corsistent with the requirements of a type I transmembrane protein.

A schematic d.iagram demonstrating the salient features of the haemopoietic form of

MGC-24v is presented in Figure 6.2.9.

(iv) Expression Of MGC-24v mRNA In HaemoPoietic Tissues'

Total RNA isolated from cultured HBMSCs and the candidate myeloid progenitor

cell line KGla (characterised by its high levels of CD34+ surface antigen expression;

Koeffler et al, 1980) was examined by Northem blot analysis for the presence of MGC-

24v transcripts (Figure 6.2.70.). A prominent MGC-24v transcript of approximately 3.0

kb (indicated by the closed arrow) was observed in RNA blots of both cell preparations'

Although weak hybridisation with two diffuse species of 4.8 kb and L.9 kb was also

observed in both lanes (Figure 6.2.1.0., open arrows), this most likely represents cross-

hybridisation of the MGC-24v probe with the 28s and l,8s ribosomal RNAs, respectively.

Therefore, the consistent detection of a single strong hybridising mRNA species, argues

agairrst a significant level of alternative RNA splicing, at least in haemopoietic tissues.

6.2.5. Distribution Of MGC-24v On Cell Lines As Detected By mAb 9E10 And An

Alternate a-MGC-24v mAb, 105.45.

Notably, tfuough the retroviral expression-cloning strategy described in Chapter 4,

an additional murine IgM rr"Ab 105.45 (generated independently in the laboratory of Dr'
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Figure 6.2.8. Protein Hydropathy Determination Of MGC-24v Amino Acid Sequence.

The hydropathy plot of MGC-24v polypeptide, according to the method of Kyte

and Doolittle (L982). Various regions are "bracketed" , and identified at the right of the

figure. Circled N's represent potential N-linked glycosylation sites.
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Figure 6.2.9. Schematic Representation Of MGC-24v.

Schematic diagram of MGC-24v, based on biochemical and nucleotide data

described in previous figures. The salient features of this molecule include; (i) the

numerous (up to 32) potential sites of O-linked glycan attachment, (ii) the 9 possible N-

linked glycosylation sites, (iii) the putative transmembrane-sPanning domain and (iv) a

short cytoplasmic domain.
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Figure 6.2.10. Northern Blot Analysis To Examine MGC-24v Expression In Both

Haemopoietic Progenitor And BM Stromal Cells.

Total RNA derived from human BM stromal cells (lane 1) and the primitive

myeloid cell line, KGLa (lane 2) were subjected to electrophoresis on a 1.0 %

formaldehyde-agarose gel and transferred to a nylon membrane by capillary action.

MGC-24v mRNA expression was examined by overnight hybridisation at 42'C with a32P-

radiolabelled full-length MGC-24v probe (9E10-derived PCR product). The membrane

was washed as described in Møteriøls and Methods (Section 2.20.4.). Membranes were

exposed to X-Omat AR film for 24hours with intensifying screens. Hybridisation to the

3.0 kb MGC-24v transcript is observed in both cell lines (indicated by arrow), whilst

possible cross-hybridisation with the 18s and 28s ribosomal RNA is indicated by open

arrows.
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H-1. Bühring, University of Tübingen, Federal Republic Of Germany) was subsequently

found to detect the product of the MGC-24v cDNA as illustrated in Figure 6.2.L1. This

result was somewhat surprising, as mAbs 9E1,0 and 105.45 displayed demonstrably

different immunoreactivity profiles when a large cohort of cultured haemopoietic and

non-haemopoietic cell lines and cell preparations were assessed by single-colour indirect

immunofluorescence and flow cytometry (Table 6.2.2). The reason for the disparate

pattern of reactivity between the 9E10 and 105.45 mAbs remains unknown and requires

further exarrination.

6.2.6. Confirmation That mAbs 9E10 And 105.45 Both Recognise The MGC-24v

Glycoprotein.

In light of the disparate reactivity profiles of mAbs 9E10 and 105.45, a number of

approaches were utilised to confirm that both mAbs 9E10 and 105.A5 recognise the

MGC-24v glycoprotein. Principally, the 2.7 kb BømHI-XhoI restriction fragment of the

MGC-24v cDNA (harbouring both the entire coding sequence and the 5' and 3' non-

coding regions) was subcloned into the pRUF.neo vector and subsequently introduced

into FDC-P1 cells by retroviral transduction (refer to Møterials and Methods, Section

2.26.). The resultant G418-resistant cell population was then tested (by indirect

immunofluorescence and flow cytometry) for their ability to bind mAbs 9E10 and

105.45. As demonstrated in Figure 6.2.12., both mAbs demonstrated specific reactivity

with the MGC-24v transfectant.

In agreement with this, dual-colour flow cytometric analysis of BMMNC (Figure

6.2.13.) revealed a precise co-distribution following immuno-staining with the 9EL0 and

105.45 mAbs, indicating that the mAbs identify distinct epitopes on the same

glycoprotein. As demonstrated above (Section 6.2.1,.), the expression of the 9E10 epitope

was largely restricted to a subpopulation of BMMNCs which co-exPressed the CD34

antigen. In accord with this, dual-parameter flow cytometric analysis revealed that a

significant proportion of the 105.A5+ BMMNCs (26.5 L 4.8%; range 21.5%-32%; n=4)
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Figure 6.2,\1. FASTA Alignment Analysis Of 105.45 cDNA.

Following partial sequence analysis, the resultant nucleotíde sequence was

compared with sequences submitted to the combined Genbank/EMBL database via

standard 'FASTA alignment analysis". The 105.45 cDNA sequence was found to be

homologous to the previously reported cDNA encoding MGC-24 (for Multi-Glycosylated

Core protein o124kD, Masuzawa et ø1, t992).
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Table 6.2.2. Cellular Distribution Of MGC-24 As Detected By mAbs 9E10 And 105.45.

Assessment on the distribution of MGC-24 as detected by the mAbs 9EL0 and

105.45, on a large cohort of cultured haemopoietic and non-haemopoietic cell lines and

cell preparations by single-colour indirect immunofluorescence and flow cytometry

(please also refer to Figure 6.2.3 (A)).

Information generated from listmode data, and represents L x LOa light-scatter

gated events. A representative experiments (one of three) is shown.

ImmunoreactivityKey: -: negative; *:low reactivity; + : mediumreactivity

(Data kindly provided by Dr. H-J. Bühring, University of Tübingen, Germany).



Table 6.2.2. Cellalar Distribution of MGC-24 As Detected By mAbs 9EL0 And 105.45.

Antibody

Cell Line Characteristics Of Cell Line 981,0 105.45

DV.4475

NCI-H128

NCI.H69

SK-MES

Calu 1

Calu 3

Calu 6

SK-LU1

HELA

5637

IMR-32

TE-671

^L724431

T.47D

HUVEC

UT-7

TF-1.

MOTe

MEG-O1

MOLM-1

K562

TMM
BV-L73

CML.T1

SPI-801

Breast Carcinoma

SCLC

SCLC

Lung Carcinoma

Lung Carcinoma

Lung Carcinoma

L.rng Carcinoma

Lung Carcinoma

Cervix Carcinoma

Urinary Bladder Carcinoma

Neuroblastoma

Medulloblastoma

Glioblastoma

Epidermal Carcinoma

Breast Carcinoma

Umbilical Vein Endothelial

Eryth./Meg. Leukaemia

Eryth./Meg. Leukaemia

Eryth./Meg. Leukaemia

Eryth./Meg. Leukaemia, Ph+ (CML)

Eryth./Meg. Leukaemia, Ph+ (CML)

Eryth./Meg. Leukaemia, Ph+ (CML)

B-Lymphoblastic, Ph- (CML)

B-Lymphoblastic, Ph+ (CML)

T-Lymphoblastic, Ph+ (CML)

Erythroid (K562-derivative), Ph+

(cML)

Myeloblastic

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

t
+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

EM-2

KU.812

+

+Basophilic +
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Table 6.2.2. Cell:ular Distribution of MGC-24 As detected By mAbs 9EL0 And 105.45.

(continued).

Antibody

Cell Line Characteristics Of Cell Line 9810 105.45

HEL

KG.1

KG-1a

HL60

DU.528

u937

OCI/AML.4

HSB-2

CCRF-CEM

Molt-4

Daudi

Reh

u266
Km3

Lymphocytes

Granulocytes

Monocytes

Erythrocytes

Platelets

Eryth./Meg. Leukaemia

Myeloblastic Leukaemia

Immature Subline Of KG-1

Myeloblastic Leukaemia

Myeloblastic Leukaemia

Myeloblastic Leukaemia

Myeloblastic Leukaemia

T-Lymphoblastic Leukaemia

T-Lymphoblastic Leukaemia

T-Lymphoblastic Leukaemia

B-Lymphoblastic Leukaemia

pre B-Lymphoblastic Leukaemia

B-Lymphoblastic Leukaemia

pre B-Lymphoblastic Leukaemia

Derived FromNormal PB

Derived From Normal PB

Derived FromNormal PB

Derived From Normal PB

Derived FromNormal PB

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

BMMNCS Derived FromNormal BM

CD34+ BM Cells Derived FromNormal BM

CML-BC

AML
c-ALL

+ (sub.

POP.)

+ (sub.

POP.)

25 /30
32/ 3s

0 /20

+ (sub.

POP.)

+ (sub,

pop.)

ND

ND

ND



Figure 6.2.12. Confirmation That mAbs 9E10 And 105.45 Both Recognise The MGC-

24v Glycoprotein.

A2.7 kb BømHI-XhoI restriction fragment of the MGC-24v cDNA (harbouring both

the entire coding sequence and the 5' and 3' non-coding regions) was subcloned into the

pRUFneo vector and subsequently introduced into FDC-PI cells by retroviral transduction

(refer to Materials ønd Methods, Section 2.26.). The resultant G4L8-resistant cell population,

was stained by indirect immunofluorescence and analysed by flow cytometry. Data are

displayed as single-parameter fluorescence (FITC) histograms of L x LOa light-scatter

gated events, collected as list mode data.

' IgGs control mAb

-'-'-'-'-'-: IgM control mAb

-i 

mAb 9E10

-: 

mAb 1.05.45



300

250

200

150

100

50
l,',

nv

,f

0

1 001 1 00 1

li
t
I

I
,
,
fi
¡t
li
t
I
t.
4
ll

$
lì
tt
¡l

fi

I
tl

I
tl
r'

il
+fl
jl
,,
I

1 000

É,
I¡Jo
=Ðz
JJ
IJJo
t¡J
¿l-
J
UJ
É

LOG FLUORESCENCE



Figure 6.2.13.9E10 And 105.45 mAbs Recognise The Same Glycoprotein Antigen On CD34+ Cells.

BMMNC were stained with 9E10 and 105.45 and subsequentþ detected with goat anti-mouse Ig-FTTC and

goat anti-mouse IgM-PE, respectively. Data are displayed as dual-parameter histograms of 2 x L}a CD34+ cells

collected as list mode data.
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also co-expressed the CD34 antigen (Figure 6'2.14. (B)). Moreover, mAb 1'05.45

consistently reacted with approximately tI-21% more of the BMMNC fraction which

lacked the expression of the CD34 antigen (CD34-105.45*). Subsequent morphological

analysis revealed that the CD34-105.A5+ fraction harboured cells of all the erythroid

stages, including normoblasts. This observation was subsequently confirmed by

immunolabelling BMMNCs with both 105.45 and the erythroid specific antigen,

glycophorin A (GLY-A) (data not shown).

To ascertain whether mAb 105.A5, like 9E10, bound to lineage-restricted

haemopoietic progenitor cells, in aitro clonogenic assays were performed on BMMNC-

derived, FACS isolated CD34+105.45+ and CD34+105.A5- fractions (Figure 6.2.14' (B))'

In consensus with the results obtained with 9E10 (refer Section 6.2.2.), virtually all

detectable myeloid (CFU-GM), erythroid (BFU-E) and multipotential colony forming

cells (CFU-Mix), were recovered in the population of cells which expressed the antigen

recognised by the mAb 105.45 (Figure 6.2.15.). Similarly, as demonstrated in Figure

6-2-16. (A) & (B), primitive haemopoietic cells with the capacity to initiate and maintain

haemopoiesis in the cytokine driven stromal cell-free suspension culture (pre-CFU) assay

(described above) were also restricted to the CD34+1-05.45+ subpopulation isolated

from normal adult BMMNC. In contrast, the CD34+105.A5- cells failed to generate Czu-

GM within the 28-day period of the pre-CFU assay. These data demonstrate that the

majority, if not all the pre-CFU are present within the CD34+105.A5+ subpopulation,

coûtmensurate with the results obtained with cells selected with the 9E10 mAb.

Finally, comparison of the molecular mass of the CSM identified by mAbs 105.45

and 9E10 by Western blotting revealed that under both reducing and non-reducing

conditions, both mAbs identified identical protein species from cultured HBMSCs (Figure

6.2.17.). Furthermore, Western blotting analysis of membrane extracts isolated from

FDC-P1 cells selected with the 105.45 and 9EL0 mAbs (105.45 and 9E10 FDC-P1

clones) revealed that identical recombinant proteins of 80 kD were detected with both

mAbs (Figure 6.2.78. (A)). Moreover, immune-precipitation of biotinylated-FDC-P1'
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Figure 6.2.14.

(A) Dot plot demonstrating that 105.45 reacts with a minor population of

BMMNC, characterised by low perpendicular light scatter (PLS) and low to moderate

levels of forward light scatter (FLS), properties shared with cells which lie within the

lymphocyte-blast region.

(B) Dual-parameter immunofluorescence analysis demonstrating the expression of

CD34 and 105.45 antigen by BMMNCs. SBA-depleted BMMNC were stained with the

directly conjugated mAb HPCA-2-PE (o-CD34) and 105.A5 (detected with anti-IgM-

FITC). Data are displayed as dual-parameter histograms of 5 x 104 light-scatter-gated

events collected as list-mode data.
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Figure 6.2.15. Assay Of Clonogenic Progenitors In Populations Sorted On The Basis Of

CD34 And The ct-MGC-24v mAb 105.45

Fluorescence activated cell sorting (FACS) of the CD34+, CD34+105.45+, and

CD34+105.A5- subpopulations demonstrates that clonogenic progenitors (CFU-GM, I
BFU-E, E and CFU-Mix l¡ are present almost exclusively in the CD34+105.A5+

subpopulation. Results are expressed as the number of CFU-GM at day L4per L x L03 cells

plated. Data represents mean + S.E. (n=3).
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Figure 6.2.16. (A) & (B). CD34+ Cells Initiating Haemopoiesis In The Cytokine-

Supplemented (Pre-CFU) Assay Express MGC-24v As Detected By The 105.45 mAb.

BMMNC were sorted into CD34+ G) cpe+*105.45+ (a), CD34+ros.es- Q),
subpopulations (as described in Figure 6.2.L4.) and assayed for their ability to initiate and

maintain haemopoiesis in a stroma-independent, cytokine supplemented culture.

Cultures were established in triplicate using L x L03 sorted cells per well in medium

supplemented with L0 nglml each of purified recombinant human IL-1P, IL-3,IL-6, G-

CSF, GM-CSF and SCF. Additional factors were added at the same concentrations on days

7, 1.4 and 2L. On days 7, L4 and 21, the cells were harvested, washed and assayed for

nucleated cell number and CFU-GM as previously described. The results are expressed as

the mean number (lSE) of nucleated cell number (A) and CFU-GM (B), recovered at day

7 , 14, 2l and 28 for each group. A representative experiment (one of three) is shown.
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Figure 6.2.L7. (A) & (B). Western Blot Analysis Cultured Human BM Stromal Cells

(HBMSC) With mAb 9E10 And 105.45.

Membrane preparations from cultured HBMSC were separated by 7.5% SDS-

polyacrylamide gel electrophoresis under non-reducing and reducing conditions and

transferred to nitrocellulose. The filters were successively incubated with either the 9EL0

(Panel A) or 105.45 mAb (Panel B) supernatant (or isotype matched, non-binding

controls) and anti-mouse-HRPO. The immunoreactive proteins were detected by

enhanced chemiluminescence (ECL) as described in the Møteriøls ønd Methods (Section

2.29.5.). Under non-reducing conditions, mAbs 9E10 and 105.45 identify two

differentially migrating species with an estimated molecular mass of 80 and L60 kD

(Panel A & B, lane L). Upon reduction however, the lower migrating 80 kD band is the

major immunoreactive protein (Panel A & B,lane 3).

Panel (A).9E10 (IgGs negative control) immunoblotted HBMSC proteins

Lane L, non-reduced: 9E1-0 mAb

Lane2, non-reduced: IgG3 negative control

Lane 3, reduced: 9E1.0 mAb

Lane 4,IgG3 negative control

Panel (B). 105.45 (IgM negative control) immunoblotted HBMSC proteins

Lane 1, non-reduced: L05.A5 mAb

Larre2, non-reduced: IgM negative control

Lane 3, reduced: 105.A5 mAb

Lane A,IgM negative control
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Figure 6.2.18. (A) & (B). Western Blot And Immunoprecipitation Analysis Of

Transfectant-Derived Recombinant MGC-24v Protein.

(A) Membrane extracts isolated from FDC-PI, cells selected with the 105.45 and

9E10 mAbs (105.45 and 9E10 FDC-PL clones) were separated by 10% SDS-

polyacrylamide gel electrophoresis under reducing conditions and transferred to

nitrocellulose. The filters were successively incubated with either the 9E10 (Panel L) or

105.45 mAb (Panel 2) supernatant (or isotype matched, non-binding controls), anti-

mouse-HRPO and the immunoreactive proteins detected by enhanced

chemiluminescence (ECL) as described in t}:re Møterials and Methods (Section 2.29.5.).

Under reducing conditions, mAb 9EL0 and 105.45 identify identical recombinant

proteins of 80 kD.

Panel (A) L.

Lane (a), reduced 9E10 FDC-PL protein blotted with IgG3 negative control

Lane (b), reduced 9E10 FDC-P1, protein blotted with mAb 9E1-0

Lane (c), reduced 9E10 FDC-P1- protein blotted with IgM negative control

Lane (d), reduced 9E10 FDC-PL protein blotted with mAb 105.45

Panel (A) 2.

Lane (a), reduced 105.A5 FDC-P1 protein blotted with IgG3 negative control

Lane (b), reduced 105.45 FDC-PI protein blotted with mAb 9E10

Lane (c), reduced 105.A5 FDC-PL protein blotted with IgM negative control

Lane (d), reduced 105.45 FDC-PL protein blotted with mAb 105.45

(B) Biotinylated membrane preparations of FDC-PL cells expressing MGC-24v (ie.

9E10 and 1-05.45-selected FDC-PI cells), were co-incubated with the indicated mAb for 1,6

hours at 4oC. Immune complexes were precipitated using goat anti-mouse sepharose,

resuspended in reducing SDS-PAGE buffer, resolved on a7.5o/" SDS-polyacrylamide gel

and visualised with biotin-streptavidin-HRPO complex and ECL.

mAb 9E10 immunoprecipitate a protein of the appropriate molecular mass from

lysates derived from both 105.45 and 9E10 FDC-PI cells.

Panel (B).

Lane 1,9E10 FDC-P1 lysate immunoprecipitated with mAb 9E10

Lane 2, 105.45 FDC-PI lysate immunoprecipitated with mAb 9E10

Lane 3,9E10 FDC-PI lysate immunoprecipitated with IgG3 negative control.

Lane 4,1,05.45 FDC-P1 lysate immunoprecipitated with IgM negative control
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lysates revealed that although the IgM mAb 105.A5 was unable to selectively precipitate

the MGC-24v protein, mAb 9E10 was able to immune-precipitate a protein of the

appropriate molecular mass from lysates derived from both 105.45 and 9EL0 FDC-PI

cells (Figure 6.2.18 (B)).

In summary, both mAbs 105.A5 and 9E1,0 identify a novel membrane-associated

isoform of the recently doned epithelial, mucin-like protein MGC-24. The studies thus far

described, extend its expression to tissues of haemopoietic origin where it exists as a

homodimeric cell surface molecule of L60 kD.

6.2.7. Conffibution Of MGC-24v In The Adhesion Of CD34+ Cells To Bone Marrow

Stromal Cells.

To date, the communication of Masuzawa et øl (1992) represents the only report

describing ìy'rcc-z4, and although it summarises the molecular isolation of the MGC-24

cDNA, it does not ascribe a function to this mucin-like protein. However, in light of the

recent findings that GIyCAM-1, MAdCAM-1, and PSGL-1 (counter-receptors for L- and

P-/E-selectin), represent novel mucin-like molecules which participate in adhesive

interactions, the possible adhesive function of MGC-24v on CD34+ cell was examined.

These assays demonstrated that mAb 9E10 (but not 105.45) partially blocked (by

approximately 30%) the adhesion of chromium-labelled CD34+ cells to allogeneic BM

stromal cells in u¡úro, confirming the adhesive ftrnction of MGC-24v (Figure 6.2.19.). The

lack of adhesion-blockade observed with mAb 105.45, under the identical conditions

probably reflects the low avidity of this IgM mAb, or more conceivably demonstrates

that it identifies an epitope not involved in MGC-24v ligand recognition.

6.2.g. Ligation Of MGC-24v On CD34+ Cells Results In The Suppression Of

Haemopoiesis : Studies Of Committed Haemopoietic Progenitor Cells And Primitive

Haemopoietic Precursors (Pre-CFU).

Studies on the ligation of PSGL-1 on human CD34+ cells and the resulting
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Figure 6.2.19. The MGC-24v Mucin-Like Glycoprotein Functions As An Adhesion

Molecule Expressed By CD34+ And BM Stromal Cells.

L x 10a allogeneic BM stromal cells were transferred to each well of an 96 well

plate 24 hours prior to performing the assay. BM CD34+ cells isolated with 56L-

Dynabeads were labelled with slCr and subsequently incubated on ice at L x 1gs/ml in

RPMI (supplemented with 2% FCS) containing either 20 ¡lg/ml of the mAb 105.A5 or

9E1-0 (or isotype matched, non-binding control mAbs/cocktail of mAbs to p1 integrins). L

x 104 cells (in a volume of L00 pl) were subsequently transferred (without washing) to

each well of the 96 well plate containing stromal cells. Incubation was carried out for 30

minutes at 37"C after which unbound cells were removed by washing. Adhesion was

quantitated by liquid scintillation counting of Triton X-100 solubilised lysates.

Data are presented as the percentage of control adhesion obtained in the Presence

of a cocktail of IgG3 and IgM non-binding control mAbs and represents the mean + S.E. of

3 experiments

cocktail of IgG3 and IgM non-binding control mAbs.

cocktail of mAbs to BL integrins (refer to Table 2.10.L)'
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suppression of haemopoiesis (please refer Chapter 3, Section 3.2.7.), prompted the

investigation of whether ligation of MGC-24V on Progenitor cells would have a similar

inhibitory effect. Since the natural ligand for MGC-24v has yet to be identified, mAbs

9E10 and 10545 were used as surrogate ligands.

To examine the effect of the mAbs on the growth and development of committed

haemopoietic progenitor cells, purified mAbs were added at incremental concentrations

over the range 0.01-30 Lr.g/ml in semi-solid clonogenic assays of committed human

haemopoietic progenitors. Following 14 days culture in the Presence of 9EL0 and 10545,

cultu¡es were scored according to standard criteria for the Presence of colonies derived

from progenitors of myeloid (CFU-GM) and erythroid (BFU-E) cells. Both 9E10 [Figure

6.2.20.(A)l and 105.45 [Figure 6.2.20.(B)] resulted in dose dependent inhibition of

colony formation of both CFU-GM and BFU-E as comPared with isotype matched

control antibodies added at the same concentrations. Half-maximal inhibition of both

CFU-GM and BFU-E production was obtained when mAb 9E10 was used at 3 pglml.

Similarly, hatf-maximal inhibition of both CFU-GM and BFU-E production was obtained

when mAb 105.45 was used at L0 and 3 pg/ml, respectively.

The pre{FU assay was subsequently performed to examine the effect of engaging

MGC-24v on hierarchically more primitive cells. L x 103 CD34+ cells per culture (in

triplicate) were established in serum-deprived medium supplemented with mAb 9E10

and 105.45 (or appropriate isotype-matched control mAbs) at a concentration of L0

pg/d. The production of myeloid (CFU-GM) clonogenic cells was monitored at weekly

intervals for 4 weeks as described in the Møterials and Methods (Section 2.5'4.). As

demonstrated in Figure 6.2.21. the addition of either mAb 9E10 or 105.A5 resulted in

dose dependent inhibition of haemopoietic cell production, as comPared to the non-

binding IgG3 and IgM isotype matched control antibodies added at identical

concentrations. More specifically, at day 28 of culture, mAb 105.45 resulted tn > 95o/"

inhibition of cell production when compared with the appropriate control mAb' In

comparison, mAb 9EL0 resulted in approximately 70% inhibition in cell production at
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Figure 6.2.20. (A) & (B). Ligation Of MGC-24v On CD34+ Cells Results In The

Suppression Of Haemopoiesis: Studies Of Committed Haemopoietic Progenitor Cells.

To examine the effect of the ligation of MGC-24v on the growth and development

of committed haemopoietic progenitor cells, L x 103 561-Dynabead purified CD34+ cells

were incubated with either purified 9E10 (panel A) or 1-05.45 (panel B) [or purified

isotype matched, non-binding control mAbs] at incremental concentrations over the range

0.01-30 þg/rnI for L hour at 4"C. Cells were plated in 0.9"/" methylcellulose (in IMDM)

supplemented with 10 ng/ml each of purified recombinant human IL-18, IL-3,IL-6, G-

CSF, GM-CSF, SCF and EPO. Relative to the negative control mAbs, both erythroid (BFU-

E) and myeloid progenitor (CFU-GM) numbers were consistently diminished in a dose

dependent manner in the presence of 105.45 and 9EL0. Results are expressed as the

number of clonogenic cells at day L4 per L x 1,03 cells plated. Data represents mean + S.E.

(n=3).
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Figure 6.2.21. Ligation Of MGC-24v On CD34+ Cells Results In The Suppression Of

Haemopoiesis : Studies Of Primitive Haemopoietic Precursors (Pre-CFU).

L x L03 CD34+ cells per culture (in triplicate) were established in serum-deprived

medium containing 10 ng/ml each of purified recombinant human IL-IB, IL-3,IL-6, G-

CSF, GM-CSF and SCF. Moreover, this mediumwas also supplemented with 10 pg/ml of

mAbs 9EL0 and 105.A5 (or appropriate isotype-matched control mAbs). Additional

factors (and mAbs) were added at the same concentrations on days 7,14 and 2L. On days

7,'L4 ,2'J. and 28, the cells were harvested, washed and assayed for nucleated cell number

as previously described.(Møteriøls ønd Methods (Section 2.5.4.)).

Monoclonal antibodies 9E10 10) or 105.45 (O) result in dose dependent inhibition

of haemopoietic cell production, as compared to the non-binding IgGe 1O) and IgM (tr)

isotype matched control antibodies. The results are expressed as the mean number (tSE)

of nucleated cells recoverd in each group at the designated time points.
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day 2g. The enhanced ability of mAb 105.45 (compare with 9E10) to perturb

haemopoiesis is probably due to the polyvalency of the IgM antibody and hence greater

ability to cross-link cell-surface MGC-24v. The molecular mechanism for this

haemopoietic suppression is yet to be defined, however consistent with the ligation of the

mucin-like P-selectin counter-receptor PSGL-I (Chapter 3), it would be reasonable to

speculate, that as yet undefined signals transmitted via the MGC-24v cytoplasmic

domain result in a marked suppression of cellular proliferation (cytostatic and hence

reversible response) or the induction of apoptosis. These questions require further

investigation.
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6.3 DISCUSSION

6.3.1. Identification Of A Mucin-Like Molecule Expressed By Primitive Human

Haemopoietic Cells And Cultured Human Bone Marrow Stromal Cells

Cellular interactions between primitive haemopoietic progenitors and their

contiguous stromal microenvironment are of major importance in the regulation of

haemopoiesis (Dexter, 1982; Weiss, 1976; Lichtman, 1981; Tavassoli and Friedenstein,

1983; Allen et al, 1990; Simmons and Torok-Storb, I991.a; t99tb; Dexter et ø1, \977;

Tavassoli and Hardy, 1990). Accordingly, cell surface antigens which are selectively

expressed by either or both components may play an important role in mediating these

interactions. The recent cloning of four molecular Pattners for the selectin family

(GIyCAM-I, CD34, MAdCAM-1 and PSGL-L), have led to the identification of a new

and emerging family of adhesion molecules variously termed, mucin-like proteins or

sialorrucins. Mucin-like molecules are characteristically, rod-like, serine- and threonine-

rich proteins which are heavily decorated with O-linked glycans.

This present study describes two mAbs, namely 9EL0 and 105.45, which exhibit

reactivity to both a minor subpopulation of the CD34+ HPC population and elements of

the BM stroma. Upon molecular cloning and partial sequence analysis, mAbs 9E10 and

105.45 were fot¡nd to identify a novel transmembrane-containing isoform of a previously

identified mucin-like glycoprotein termed MGC-24 (Masuzawa et a\,1992). MGC-24 (for

Multi{lycosylated Core proteín of.24 kD) was originally cloned from KATO-III human

gastric carcinoma cells and found to encode a novel polypeptide backbone, highly

decorated with both O-and N-linked carbohydrate side chains.

Complete sequence analysis of the ORFs of both the 9E10 and 105.45-derived

cDNA clones demonstrated that although sharing complete identity with MGC-24 horn

nucleotide 1 to 383, these cDNA clones exhibited a deletion of 58 nucleotides (a putative

alternative-spliced exon) which resulted in a frameshift and hence divergent COOH-

terminal domain. In contrast to the epithelial-derived }l4GC-24 protein, computer
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modeuing and hydropathy analysis of the 178 amino acid translated region, revealed the

presence of both a putative transmembrane-anchoring motif (residues 140-1'64) and a

short cytoplasmic domain (residues 1'65-178).

Using a polyclonal antiserum to the native deglycosylated core protein,

Masuzawa and collea gues (1992) demonstrated that the mature, epithelial-derived

MGC-24 glycoprotein behaved as a high molecular mass (>200 kD), principally soluble,

polymorphic mucin-like molecule, which contained numerous peanut agglutinin (PNA)-

binding sites. In contrast, using mAbs 9E10 and mAb 105.45 (independently generated

by Dr. H.-J. Bühring, university of Tübingen, Germany), western blot and

immunoprecipitation analyses of membrane extracts from cells representing various

haemopoietic cell lineages, revealed that MGC-24v exists in its native state, as

disulphide linked homodimers of two 80 kD subunits. As this variant isoform lacks the

consensus glycosaminoglycan (GAG)-attachment site, it would be fair to speculate that

GAG-association or differential glycosylation is responsible for the high molecular mass

of the epithelial-derived MGC-24 glycoprotein.

Utilising a variety of. in aitro haemopoietic cell assays, it was also found that

clonogenic myeloid (CFU-GM) and erythroid (BFU-E) progenitors were restricted to the

subpopulations of CD34+ cells which expressed MGC-24v. Moreover, the highest level of

MGC-24v expression was found on the most primitive progenitors characterised by the

CD34BR¡cFr /CD38- phenotype (Figure 6.2.6. (B)), and as demonstrated by the capacity

of these cells to initiate and sustain haemopoiesis in lhe in aitro cytokine stimulated pre-

CFU assay. Furthermore, in addition to being expressed by haemopoietic precursor cells,

Western blot and immunophenotypic analysis using mAb 9E10, revealed that MGC-24v

glycoprotein is expressed by GlyA+ erythroid precursors, but is subsequently lost during

erythrocyte development. This apparent differentiation-associated loss of MGC-24v

membrane expression appears to be a feature shared by lymphoid (B and T) cells,

however further studies are required to confirm this observation.

Since MGC-24v was molecularly cloned from a BM stromal cell library, it is
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unclear whether an alternate isoform, distinct from both MGC-24 and MGC-24v (but

reactive with 9E10 and 105.A5) may be expressed by HPCs and their Precursors.

Current data do not permit definitive conclusions to be drawn, however several

observations suggest that the isoform expressed by haemopoietic cells may be equivalent

to that expressed by BM stromal cells. For example, a 3 kb transcript was observed in

both BM stromal cells and the candidate myeloid progenitor cell line KGLa by Northern

blot analyses (Figure 6.2.L0.). In addition, both 9EL0 and 105.45 immunoreactive

proteins, derived from various cell preparations (including BM stromal cells and various

myeloid cell lines), were of approximately equivalent size (Figure 6.2.5. (A) & (B)).

Studies examining the mRNA species present in haemopoietic cells will be required to

address this question.

Although mAbs 105.A5 and 9EL0 exhibit disparate reactivity profiles (Table

6.2.2), it is clea¡ from the studies presented herein that both mAbs identify the product

of the MGC-24v cDNA (Figure 6.2.12.). The mechanism responsible for this phenomenon

remains to be determined, however due to the high degree of glycosylation, it is possible

that the mAbs 105.A5 and 9E10 identify glycosylation-dependent epitopes and/or

heterogeneous glycosylation of MGC-24v molecules. To address this question, future

studies could examine their capacity to bind MGC-24v following treatment with a

variety of carbohydrate-modifn.g enzymes to specifically remove sialic acid, O-linked

and N-linked glycans. Alternatively, the reactivity of both mAbs with bacterially

synthesised, recombinant (non-glycosylated) MGC-24v could be assessed, which will

enable the epitope binding-specificity to be determined in the absence of carbohydrate.

The preponderance of data to date, suggests that mucin-like molecules function in

a pro-adhesive manner (Sako et aI, 1993; Lasky et ø1, \992; Imai et ø1, 1994; BrÌskctn et al,

1993; Betg et al, 1993). In addition to the aforementioned selectin counter-receptors,

stud.ies by May et at (1994) suggest that high levels of human CD34+ can mediate the

selective adhesion of transfected murine cells to human, but not mouse stroma' However,

in contrast, a number of studies have attributed an anti-adhesive function to mucin-like
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molecules, by virtue of their negative charge and extended configuration. This was first

demonstrated for the neural cell adhesion molecule (NCAM, CD56) (Hoffman and

Edelman, L983; Rutishauser, L988; Gower et aI, 1988), and more recently for CD43

(Manjunath et al, 1995), episialin (Hilkens et al, 1992; Zaretsky et aI, 1990; Ligtenberg ef

a\,1992), and epiglycanin (Kemperman et a\,1993;1994).

Adhesion assays to examine a possible pro- or anti-adhesive role for MGC-24v

were subsequently performed. As demonstrated in Figure 6.2.7., the adhesion of CD34+

cells to allogeneic BM cells in uitro was partially inhibited (-30%) in the Presence of the

mAb 9E1,0, (but not 105.A5), thus confirming a pro-adhesive function of MGC-24v. The

high serine and threonine content of MGC-24v and the existence of nine potential N-

linked sites of glycan attachment, indicate that the high degree of glycosylation

contributes approximately 70% to the molecular mass of the mature protein expressed by

tissues of haemopoietic origin. Moreover, based on the finding with GIyCAM-1

(Lasky,1,992) and PSGL-L (Sako et al, 1993), it would be conceivable that the

carbohydrate chains of MGC-24v are involved in the adhesive interactions observed

between CD34+ and BM stromal cells.

The MGC-24v protein backbone may thus serve as a platform or scaffold for

carbohydrate presentation. Such a scaffolding function for a mucin-Iike glycoprotein is

plausible in view of what is currently known about mucin structure. The high

carbohydrate content in mucins and mucin-like domains of glycoproteins dominates the

physiochemical properties, such that the substituted peptide is highly extended into a

rigid rod with all the secondary and tertiary structure precluded (Jentoft, 1990), resulting

in a predicted average extension per amino acid of 2.5 Ä (Jentoft, 1990; Devine and

McKenzie, Lggz).In good agreement with this prediction, the leucocyte cell surface

nrolecule, leukosialin (sialophorin, CD43) (Cyster et al, 1'990; 1991; Fukuda, 1-99L,

Jentoft, L990; Devine and McKenzie, L992) contains an extracellular mucin domain of

approxima tely 225 amino acids and has an extracellular extension of 45nm (Cystet et al,

1991). Based on this model, the 139 amino acid extracellular domain of MGC-24V would

254



therefore extend 32 nm above the plasma membrane surface. It is presumed that the role

of the mucin domains is to extend the functional domain of these cell surface molecules

well beyond the glycocalyx of the cell, and these provide easy access to the opposing

counter-receptor or extracellular macromolecules (Devine and McKenzie,1992).

As MGC-24v appears to facilitate adhesive interactions between haemopoietic

and BM stromai cells, it would be tempting to speculate that like PSGL-1., MGC-24v

expressed by CD34+ cells may present glycan side chains to E- and/ot P-selectin on

endothelial cells (vascular or BM). Similarly, BM and stromal cell-expressed MGC-24v

may assist in the "tethering" of progenitor cells (and their mature Progeny) via

interactions with the lectin domain of L-selectin and the clustered carbohydrate side

chains presented by MGC-24v. Support for this notion is provided by the recent work of

Lenter and colleagues (1994), who have recently identified an alternate P-selectin ligand

from the human leukaemic cell line HL60. The molecular weight of this ligand under both

non-reducing and reducing conditions, approximates that of MGC-24v and in fact may

represent the equivalent cell surface molecule. Whilst an attractive proposition, further

studies are required to confirm this possibility.

A number of recent reports have demonstrated that like integrins (Hynes, 1992),

mucin-like molecules are capable of integrating external signals into the cytoplasm via

their cytoplasmic domains. This was well exemplified by a recent study by Majunith ef

ø1, (L995), who demonstrated using CD43 "knockout" lortice, that this cell-surface

sialoglycoprotein was able to negatively regulate T cell activation. Moreover, work by

Fackler et aI, (1995) demonstrated that enforced expression of the full-length form (but

not the truncated form) of CD34 inhibited terminal differentiation of murine myeloid ML

cells, strongly suggesting that region(s) in the cytoplasmic domain are resPonsible for the

observed matu¡ation arrest phenotype.

These studies, and those described in Chapter 3 demonstrating that PSGL-1-

mediated adhesion to P-selectin results in the suppression of human CD34+ HPC

proliferation, prompted the investigation of whether ligation of this MGC-24v on
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progenitor cells would have a similar inhibitory effect. Since the physiological counter-

receptor(s) for MGC-24v remain to be determined, mAbs 9E10 and 10545 were used as

surrogate ligands. Relative to control mAbs, addition of each of the two anti-MGC-24v

antibod.ies to input clonogenic assays resulted in dose-dependent inhibition of myeloid

(Cp-GM) and erythroid (BFU-E) growth, which was almost complete at doses between

10 and 30 pglmt. Similarly, ligation of MGC-24v on the more primitive culture inifiating

cells (pre-CFU), resulted in a significant repression of haemopoietic cell proliferation.

Whfüt the inclusion of mAb 1.05.45 resulted in the complete suppression of nucleated cell

production, the effect of mAb 9EL0 on CD34+ HSC provided only an initial inhibition,

atlowing the cells to recover from day 7 to day 28 (refer to Figure 6.2.27.)' The basis for

this differmce is unknown and requires further investigation.

These data identify that like PSGL-1., the mucin-like molecule MGC-24v represents

a signalling molecules on primitive HPC, and moreover imply that interactions between

mucin-like proteins and their counter-receptors negatively regulate HPC proliferation.

Despite this, very little is known of the signalling function of MGC-24v, and it remains to

be determined whether the inhibitory effect manifested by these molecules, involves the

induction of apoptosis, or an alternative cytostatic mechanism (refer to Chapter 3, Section

3.3.1.). Future studies examining the signal transduction mechanisms of MGC-24v should

provide an understanding of the mechanisms responsible for the inhibition of HPC

proliferation.

Whilst beyond the scope of this thesis, valuable information regarding the function

and significance of MGC-24v could be obtained with studies designed to; (i) determine

the chromosomal location of MGC-24v, which may identify closely linked molecules of

known function (see review by Baird et ø1, L995); (ii) determine the genomic organisation

and exon structure of MGC-24v, which may be predictive of the existence of splice

variants; (üi) identify the murine homologue and determine the phenotype exhibited by

MGC-24v "knockout" mice, and; (iv) identify the counter-receptor for MGC-24v, which

may ultimately indicate function.
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CHAPTER 7

GENERAL DISCUSSION



7.1. MOLECULAR DEFINITION OF STEM CELL-STROMAL CELL INTERACTIONS.

Haemopoiesis occurs in intimate physical association with the stromal elements of

the bone matrow (BM) (Trentin, 1970; Tavassoli, 1975; Price and McCulloch, 1978; Wolf.,

\979; Cltne and Golde , 1979; Dexter, 1979; Dexter, 1982; Torok-Storb, L988). The various

cellular elements of the stroma, together with their associated biosynthetic products

constitute the haemopoietic microenvironment (Filvl) of the BM (Trentin,1970; Tavassoli,

1975; WoIf, 1979; Dexter, 1982). All haemopoietic cells within the HM are subject to the

permissive and most likely directive environment provided by the heterogenous stromal

cell population (Tavassoli and Friedenstein, 1983; Allen et aI, 1990; Dexter et aI, 1977;

Flanagan et aI,1997). This level of control is mediated by the cellular interactions between

the haemopoietic cells and the stromal cell compartment, either through cell adhesion or

interaction with haemopoietic growth factors (HGF) produced and/ or presented by the

stromal cells (Heinrij:t et ø1,1993; Robefis et al, I987a;1988; Gordon, 1988; Gordon et øl;

7987a; 1988; L991; Metcalf, 1984; L989; 1993; Gabrilove, 1994). In addition, current

evidence supports the hypothesis that the restriction of primitive haemopoietic progenitor

cells (FIPC) to the BM involves developmentally regulated adhesive interactions between

FIPC and the stromal cell microenvironment (Dexter et al, 1977; Tavassoli and Hardy,

1990; Clark et ø1,1992).

There is now a considerable body of data demonstrating that primitive human

FIPC exhibit a multitude of cell adhesion molecules (CAMs) each with specificity for

distinct counter receptors on marrow stromal cells (Springer, 1990a; 1990b; Albelda and

Buck, 1990; Haynes et a\,1989; Bevilacqua and Nelson,1993). Although this may imply

redundanry within this repertoire, it most likely suggests that particular CAMs perform

separate functions associated with, for example, the homing of HPC to the bone marrow,

or their lodgement and retention within the extravascular HM (Figur e 7 .1'.1.). Given the

potential complexity of both phenomena, such an array of CAMs on HPC might be

anticipated.

Support for this notion comes from studies of the mechanism of entry of mature

leukocytes into tissues at sites of inflammation. From such studies has come the

realisation that this multi-step process is controlledby a d¡mamic interaction between an
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Figure 7.1.7. Hypothetical Scheme Illustrating The Potential Role Of CAMs And Their Stromal Ligands In The Homing And

Lodgement Of HPC To The Bone Marrow Microenvironment.

Selectins and Integrins are envisaged to participate in the homing of HPC to the marrow endothelium while other CAM-ligand

pairs may contribute to their subsequent lodgement in the extravascular haemopoietic compartment. Alternatively, multiple CAM ligand

pairs may be required to promote adhesion of HPC to a specialised stromal cell niche.
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ever increasing number of CAM families expressed by both leukocytes and endothelial

cells (Lawrence and Springer, 199I; Mackay and Imhof , 1993; Hogg, L99t; L992). As

illustrated in Figure 3.L.1. the initial attachment and "rolling" of leukocytes along the

endothelium is mediated by members of the selectin family binding to their carbohydrate-

bearing, mucin-like ligands. The next stage involves firm attachment which is accomplished

by a triggering event that causes activation of integrins thereby facilitating binding to their

counter-receptors, the various members of the immunoglobulin gene superfamily. The final

stage, extravasation, involves a change in the shape of the leukocyte and transmigration

through the endothelium. Thus, rather than being dependent on a single binding event, the

specificity and diversity of leukocyte-endothelial cell interactions relies on sequential and

combinatorial adhesive interactions (Butcher, 199L). Given that HPC exPress a similar

cohort of CAMs to those found on circulating lymphocytes (Figure7.1.2.) (Springer, L990;

Albelda and Buck, L990; Bevilacqua and Nelson, 'J-.993; Hemler, 1987a; 1987b; 1990;

Torimoto et øt,1992) a similar scenario of events may be involved in the "homing" of HPC

to the bone marrow (Figure 7.1'.1'.).

In order to enter the haemopoietic compartment, stem cells arriving at the marrow

must first recognise, or be recognised by, the luminal surface of the endothelium. Once in

the haemopoietic compartment, HPC interact with stromal elements that regulate their

subsequent growth and development. It remains to be determined if the CAMs responsible

for guiding HPC to the marrow endothelium are the same as those involved in binding to

ma¡¡ow stromal cells or whether distinct CAMs regulate the latter Process of "lodgement"

and retention within the "stromal cell niche" (Figure 7.1'.1').

The data presented in this thesis principally dealt with the molecular

characterisation of CSMs which are expressed by haemopoietic progenitor cells (and their

precursors) and cells of the bone marrow stïoma, which may function in (i) augmenting

haemopoietic cell development, (ii) homing and retention of HPC within the extravascular

haemopoietic compartment of the BM, and (iii) their egress into the peripheral circulation.
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Figure 7.L.2.Púmitive Human HPC Exhibit An Extensive Array Of CAMs.

Primitive human HPC exhibit an extensive array of CAMs, each of which interacts

with specific ligands expressed by cells of the stromal microenvironment. CAMs

expressed by HPC indude members of the integrins, the selectins, the sialomucins and the

immunoglobulin gene superfamily (refer to text for detøils).
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7.2. SUMMARY OF DATA.

7.2.7.Tl¡e Role Of P- And E- Selectin.

The selectins are a family of three structurally related integral membrane

glycoproteins that regulate leukocyte adhesion to vascular endothelium during

inflammation, by means of selective protein-carbohydrate interactions mediated by the C-

type lectin domain at the N-terminus of each family member (Lasky et a|,1989; johnston

et ø1, 1989a; 1989b; Bevilacqua et ø1, 1989; Bevilacqua and Nelson, 1993; Lasky et al,

7992; Watson et aI, 1990).

P-selectin (CD62P) is a 140 kD transmembrane protein which is stored pre-formed

in the Weibel-Palade bodies of endothelial cells, including BM endothelium (Bonf.antret ø1,

1989; Iohnston ef ø1, !989a;1989b; Beckstead et aI, L986; Schweitzer et al,1995,Rafti et ø1,

1994) and in the alpha-granules of platelets (Berman et aI,1986). Following stimulation by

a variety of agonists, P-selectin is rapidly translocated to the cell surface where it

supports the shear-resistant adhesion ("rolling") of mature leukocytes to sites of

inflammation (McEver and Martin, L989; Hsu-Lin et a\,1989; Hattori et ø1,1989a;1989b;

Gerig et ø1, 1990; Gamble et al, 1,990; Lawrence and Springer, 7991', Mayadas et ø1, 1993;

Springer, I990a; 1990b; Atherton and Boon, 1972; Butcher, L99L). Data presented in

Chapter 3, demonstrate that in addition to its well documented role as CAM for mature

leukocytes, P-selectin also supports the adhesion of candidate human haemopoietic

progenitor cetls (CD34+ HPC) and of their lineage-restricted clonogenic cell Progeny

(C1ry-GM, Bzu-E)). This represents the first report establishing a role for P-selectin as an

adhesion molecule for human CD34+ HPC.

Studies in a number of laboratories have demonstrated that P-selectin binds to a

single class of receptor on neutrophils and HL60 cells (Moore et aI, L992; Sako et a\,1993),

that through expression cloning was subsequentty identified as a 220 kD, disulphide

linked homodimeric sialomucin, termed by the authors P-selectin glycoprotein ligand-l

(pSGL-1) (Sako et at, L993). Data presented herein provides several lines of evidence to

demonstrate that PSGL-I is expressed by CD3 + HPC, and represents the sole ligand for

P-selectin on these cells: (i) RT-PCR and flow cytometric analyses demonstrated that

marrow-derived CD34+ cells express both PSGL-I mRNA and protein, (ii) adhesion of
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CD34+ cells to P-selectin is completely abolished by treatment with anti-PSGL-l antibody

and the higNy specific cobra venom metalloproteinase, mocarhagin (De Luca, 1995).

A number of reports (Sako et ø1, 1993; Moore et al, 7994; Asa eú al, 1995; De Luca

et ø1, 1995; ß et øl;1996) have demonstrated that in addition to serving as a ligand for P-

selectin, PSGL-L may also bind to E-selectin. E-selectin (CD62E) represents a 1L0-L15

kD, cytokine-inducible transmembrane protein whose expression is restricted to cells of

end.othelial origrn (Bevilacqu a et al, 1989; Bevilacqua and Nelson, 1993; Dercksen ef ø1,

1994; Schweitzer et at,1995). As E-selectin expression at the plasma membrane is reliant

on de nooo RNA and protein synthesis (reviewed in Carlos and Harlan, 1994), it is

postulated to be involved in the delayed recruitment of leukocytes to sites of

inflammation (Mulligart et al, 199L).

The requirements for E-selectin recognition are much less stringent than that for P-

selectin, as CD62E has been shown to bind (with high affinity) to a number of sialomucins

and glycoprotein structures that co-express sialyl Lex or the related structure, sialyl Lea

(Picker et al, 1990; 799La; Kishimoto et al, t99l; Kuijpers et ø1, \992; Kotovuori et al, 1993;

Steegmaier et al, 1995). Data presented in Chapter 3, demonstrate that BM-derived

CD34+ cells exhibit cation-dependent, neuraminidase-sensitive adhesion to E-selectin.

Adhesion of CD34+ cells to E-selectin however, was unaffected by treatment of the

CD34+ cells with nocarhagin, thus enabling the contribution of E- and P-selectin in the

adhesion of CD34+ cells to be readily discriminated.

Although data presented here and elsewhere (Pouyani and Seed, 1995; Sako et al,

1995) demonstrate that binding of CD34+ cells to E-selectin does not involve the N-

terminat region of PSGL-1, they do not preclude the possibility that E-selectin interacts

with PSGL-I via a more C-terminal region bearing clustered sialylated-carbohydrates

(refer to Figure 3.3.1.). Alternatively, CD34+ cell binding to E-selectin may involve

alternative glycoproteins (or glycolipids) which are capable of presenting sialylated-glycan

structu¡es to E-selectin. This view is consistent with the recent findings from two

independent groups (Lenter et al, 1994; Levinovitz et al, 1993), who described the

isolation of a 150 kD glycoprotein from both murine and human myeloid cells which

exhibited E-selectin-specific adhesion.
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7.2.2.Thc Role Of L-Selectin.

Human L-selectin represents the homologue of the 90 kD murine peripheral lyn ph

node homing receptor, originally identified by the mAb, MEL-14 (Gallatin et a\,1983).

Although initially described as a lymphocyte homing receptor, it was subsequently shown

to be constitutively expressed on most other peripheral blood leukocytes including

neutrophils and monorytes, and shown to be involved in leukocyte traffic in the systemic

microci¡culation (Teddet et ø1,1990; Griffin et ø1,1990).

Although a number of reports examining the expression of L-selectin by CD34+

HPC (Lund-Johansen and Terstappen, 1993; Turner et al,1,995; Dercksen ¿f ø1, 1995),

have been published, the data presented in Chapter 3, represent the first studies to

investigate the ln aitro potential of CD34+ progenitor cells selected on the basis of CD62L

expression.

In addition to subdividing the CD34+ cells into CD62L+ and CD62L- subfractions,

stringent dual colour FACS enabled the separation of the CD62L+ population into

CD34+CD62LBRrGFr and CD34*CD62LDIM subpopulations. In aitro assays to measure the

capacity to initiate and sustain haemopoiesis (LTBMC and pre-CFU assays),

consistently demonstrated that the CD}4+CD62LDM population had a significantly greater

capacity to sustain ttre de noao geîeration of both erythroid (BFU-E) and myeloid (CFU-

GM) clonogenic cells, when compared with the coincident CD34+CD62LBRIG¡Ir population.

Moreover, the CD34+CD62L- subpopulation exhibited virtually no capacity to generate

nascent Czu-GM and BFU-E'

Studies to examine which subpopulations harboured the lineage-restricted

clonogenic progenitor cells revealed that the myeloid progenitors were enriched in the

CD34+CD 62L+ fraction, whilst the erythroid progenitors were present in both the

CD34+CD62L+ and CD34+CD62L- subpopulations. Similarly, the erythroid progenitors

were consistently enriched in the CD34+CD62LDIM subPopulation, whilst in contrast to the

results obtained in pre-CFU/LTBMC assays, the CD34+CD62LBR¡Gm subpopulation

harbou¡ed the majority of CFU-GM.

A corollary of these data suggest that all myeloid and erythroid precursors (and
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their committed progeny) are contained within the CD34+CD62L+ subpopulation.

Moreover, the CD34+ myeloid progenitor cells and their precursors express L-selectin at

an intermediate level (CD62LDIM), whilst the maturation of erythroid precursors was

associated with a progressive up-regulation of L-selectin expression. Although the

fu¡ctional significance of these data are unknown, they do indicate that L-selectin

expression is modulated as a function of haemopoietic cell differentiation.

A recent communication by Spertini et aI (L991) demonstrated that L-Selectin was

abie to mediate the adhesion of both lymphocytes and neutrophils to a cytokine-inducible

(TNFa or IL-1p), neu¡aminidase-sensitive ligand on HUVECs. Data presented in Chapter

3 similarly demonstrate that a TNFcr, inducible ligand for L-selectin was expressed by

cultured human BM stromal cells. Although the nature of this ligand is unknown,

preiiminary data suggests that this inducible ligand for L-selectin is unlikely to be the

recently cloned glycosylation dependent cell adhesion molecule-L (GlyCAM-L) (Lasky ef

at, \992). Further studies are required to identify and characterise the nature of this CSM.

2.2.9. Retroviral Expression Cloning; An Alternate Approach To Isolate cDNAs

Conesponding To Novel CSMs.

The relative intractability of mammals to genetic analysis has precluded traditional

genetic approaches to haemopoiesis. Despite these formidable challenges, remarkable

progïess has been made with the use of a number of alternate approaches. The advent of

hybridoma technologies (Kohler and Milstein, L975), provided a means of generating a

wide variety of mAb probes, specific for molecules expressed at the surface of various

tissue and cell preparations (Knapp et al, L989). Furthermore, mAbs have enabled the

identification and characterisation of the function of many integral membrane

glycoproteins, including those which mediate cellular recognition, adhesion or

haemopoietic cell regulation (reviewed by Simmon s, L992).

The concornitant and unprecedentedly swift developments in expression cloning

and recombinant DNA technologies (Young and Davis, L983; Kavathas et ø1, L984;

Maddon et aI, L985) have enabled the isolation of functional cDNA clones corresponding

to many of these CSM, and has opened up a new era in biology and medicine. To date,
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the most successful approach has been that developed by Aruffo and Seed (Seed and

Aruffo, 1987; Seed,1987; Aruffo and Seed, 1987; Geating et aL,1989), however in recent

years, a number of reports describing the use of retroviral vectors for the construction of

stable cDNA expression libraries in eukaryotic cells have appeared in the literature

(Rayner and Gond a, !994; Wong et aI, 1994; Whitehead , 1995). These retroviral-vector

based systems appear to overcome a number of the inherent shortcomings of conventional

expression cloning techniques. In contrast to transfection, retroviruses represent one of the

most effective gene transfer systems available, and have Proven useful for the transfer of

genes into cells (including haemopoietic and primary cells) ordinarily refractory to

transduction by other methods (reviewed by Miller et al,1993).

Chapter 4 described studies which were principally designed to identify additional

molecules that participate in the regulation of haemopoiesis. A panel of mAbs reactive

with tissues of haemopoietic origin were generated and selected based on their

demonstrable effects in augmenting haemopoietic cell proliferation/differentiation in aitro,

or thei¡ ability to subset the prirnitive haemopoietic stem cell compartment. To determine

the nature of the molecules identified by these mAbs, a molecular cloning approach was

employed to functionally clone their corresponding cDNAs. A novel method for rapidly

isolating genes encoding CSMs from a human BM stromal cell cDNA library was

constructed in the retroviral vector, pRUF.neo. This was further facilitated by the

development of a highly efficient selection strategy, utilising mAbs and antibody-coated

magnetic beads. Following critical testing, this technique was employed to isolate cDNA

clones corresponding to surface (glyco)proteins expressed at the HBMSC and HSC

su¡face, recognised by mAbs of undefined specificify. The results detailed in Chapter 4

confirm previous studies demonstrating the general application of retroviral cDNA

libraries and further extend their utility to the expression-cloning of cDNAs encoding

CSMs. Moreover, these studies provided numerous observations that precipitated the

subsequent investigations detailed in Chapters 5 and 6.

7.2.4.Molecular Characterisation Of HCC-I: A CSM Expressed By A Primitive Subset

Of The Haemopoietic Stem Cell Compartment

ln recent years, mAbs to haemopoietic cells have been employed to (i) define
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particular cell lineages, (ii) discrete stages of haemopoietic differentiation/activation and

(iü) to detect the presence of CSMs with roles in mediating cell adhesion (Bagby,1994;

Simmons, 1992;Barclay et ø1, L993). Moreover, it is well recognised that the expression of

certain antigenic determinants on haemopoietic progenitor cells often correlate with their

function and stage in ontogeny and as such, can be used to separate the more primitive

haemopoietic cells from their comrnitted progeny within the BM (Andrews et a\,1989;

Sutherland et ø1, I989a; 1.989b; Terstappen et ø1,1,991. Watt et al, L987a). This is well

exemplified by the finding that all BM progenitor cells are contained within the subset

which was bound by mAbs to the CD34 molecule (Civin et ø1, L984; Ogawa, 1993).

The subject matter detailed in Chapter 5 represents an extension of the work

iniriated by Swart (1993) using the mAb HCC-1. Swart (1993) demonstrated that this

mAb delineated a subpopulation of CD34+ HPC from PB and BM, that are able to initiate

haemopoiesis ln aitro.In accord with these original observations, recent in aiao studies

(Hill ef al,1996), have demonstrated that CD34+ HPCs expressing the CSM identified by

mAb HCC-I, also exhibit multilineage engraftrnent potential in the SCID-hu mouse model.

The finding that the HCC-1 antigen was expressed by BM stromal cells, enabled

the cloning of a cDNA corresponding to this CSM, utilising the retroviral expression

library described above. From this, HCC-I was found to bind to the CD59 molecule, a

previously identified L8-20 kD phosphoinositol glycan-linked membrane protein with

reported roles in autologous complement regulation, adhesion and antigen presentation

(Rother et al, 1994; Deckert et al, L992; Hahn et al, L992; Venneker et aI, L992). Previous

studies have demonstrated uniform expression of CD59 by most nucleated cells of the

haemopoietic system, including all the BM-derived CD34+ cells (TerstaPPen et al, L992;

Terstappen et aI, L993). In contrast however, the HCC-1.-defined epitope of CD59 was

found to be differentially expressed amongst CD34+ progenitors, with the highest level

present on a subset which is highly enriched for pluripotent stem cells.

Studies to determine the physical basis of the differential expression of the HCC-1

epitope on the CD59 molecule, investigated the hypothesis that the mAb HCC-1

identified a variant carbohydrate-epitope presented upon a single site of glycan

attachment at Asn18, whose expression was lost upon differentiatio¡. In aitro
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mutagenesis of this site however, revealed that HCC-1 bound equally well to the

mutagenised and wild type CD59 protein, thus indicating that carbohydrate recognition

was not responsible for the differential expression of the HCC-1 epitope.

Stefanova and Horejsi (1991) recently demonstrated that in addition to their

respective antigens, mAbs against human GPl-linked leucocyte surface antigens CD59 and

CD5S consistently imnunoprecipitated additional glycoprotein and (glyco)lipid

components from detergent lysates of the human T cell line, HPB ALL. Studies to

investigate the hypothesis that molecules associated with CD59 were resPonsible for

perturbing HCC-1 binding, resulted in the identification of an 80 kD (glyco)protein.

Although gp80 expression through haemopoietic cell development appears to be

differentiation-related, further studies are required to define the nature of this molecule.

Pl-PlC-treatment of BMMNCs, revealed that in most instances HCC-1 binding

was lost/retained in accord with the loss/retention of the CD59 molecule. This however

was not observed within the CD34+ HPC population, where the complete loss of HCC-1

was not associated with a complete loss of CD59 expression. Notwithstanding that this

maybe atributed to the phenomenon of inositol acylation (reviewed by Toutant et aI,

:rgSg), it is more likely due to the retention of CD59 at the cell surface due to its

association with gp80 (or other molecules) present within these aforementioned

macromolecular complexes (please refer to Figure 5.3.2.) (Stefanova and Horejsi,199L;

Stefanova et al,199I; Cinek and Horejsí, 1992; Morgan et al, L993; Kniep et al, 1994).

Thus, based on the observations detailed in this Chapter, assignment of a cluster

of d.ifferentiation (CD) predicated on the cellular immunoreactivity of a particular mAb

reagent is fraught with pitfalls. As illustrated here, only through the expression cloning

strategy was it possible to assign a corresponding cDNA and hence protein to which mAb

HCC-Ibound.

7.2.5. The Identification And Molecular Characterisation Of MGC-24v: A CSM

Expressed By Primitive flaemopoietic Progenitors With A Role In Mediating Stromal

Cell-Stem Cell Adhesion.

Accumulating data suggests that numerous CSMs participate in the regulation of
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haenropoiesis (Springer, 1990a; 7990b; Albelda and Buck, 1.990; Bevilacqua and Nelson,

1993; Hemler, L990; Torimoto et ø1, 1992). Of these, cell adhesion molecules (CAMs)

play a major role in mediating interactions between primitive HPC and various

components of the marrow stroma. Based on domain structure and function, these

CAMs can be grouped into 5 main families of adhesion molecules including the

immunoglobulin superfamily, integrins, cadherins, selectins and mucin-like molecules

(Dianzani and Malavasi, 1.995).

Mucin-like molecules represent an emerging family of glycoprotein molecules

expressed by tissues of the haemopoietic system. An adhesive function for many of the

mucin-like proteins ca¡r be inferred from the recent molecular cloning of glycoprotein

counter-receptors for members of the selectin family. Studies presented in Chapter 6

described two mAbs, namely 9E10 and 105.45, with reactivity to both a minor

subpopulation of the CD34+ HPC population and elements of the BM stroma. Upon

molecula¡ cloning and partial sequence analysis, mAbs 9E10 and 105.45 were found to

identify a novel transmembrane-containing isoform of a previously identified mucin-like

glycoprotein termed MGC-24 (Masuzawa et al, 1992).

MGC-24 (for Multi-Glycosylated Core protein of 24 kD) was originally cloned

from KATO-Itr human gastric carcinoma cells and found to encode a novel polypeptide

backbone, highly decorated with both O-and N-linked carbohydrate side chains. Using a

polyclonal antiserum to the native deglycosylated core protein, Masuzawa and

colleagues (L992) demonstrated that the mature, epithelial-derived MGC-24 glycoprotein

behaved as a high molecula¡ mass (>200 kD), principally soluble, polymorphic mucin-

like molecule, which contained numerous peanut agglutinin (PNA)-binding sites. In

contrast, immunoprecipitation and Western blotting analyses (using the mAbs 9E10 and

10545) revealed that in tissues of haemopoietic origin, this glycoprotein behaved as a

membrane-associated, disulphide-linked 160 kD homodimer, comprised of two 80 kD

monomers. This apparent disparig in molecular weight was resolved following complete

sequence analysis of the ORFs of both the 9E1.0 and lO5.A5-derived cDNA clones.

Although sharing complete identity from nucleotide 1 to 383, the 9E10 and 105.A5-

derived cDNA clones exhibited a deletion of 58 nucleotides (a putative alternative-

266



spliced exon) which resulted in a frameshift and hence divergent COOH-terminal

domain. In contrast to the epithelial-derived MGC-24 protein, computer modelling and

hydropathy analysis of the 178 amino acid translated region, revealed the presence of a

putative transmembrane-anchoring motif (residues '1.40-L64), which was followed by a

short cytoplasmic domain (residues 1,65-178). Moreover, this variant isoform, termed

MGC-24v,lacked the consensus glycosaminoglycan (GAG)-attachment site, in accord

with the notion that GAG-association was responsible for the high molecular mass of the

epithelial-derived MGC-24 glycoprotein.

Immunophenotypic studies utilising mAbs 9E10 and 1,05.45 revealed that MGC-

24v was expressed by a subpopulation of the CD34+ cells, which included the majority

of clonogenic myeloid (CFU-GM) and erythroid (BFU-E) progenitors and their

hierarchicaily more primitive precursors (pre-CFU). Since MGC-24v was molecularly

cloned from a BM stromal cell library however, it is unclear whether an alternate isoform,

d.istinct from both MGC-24 and MGC-24v (but reactive with 9E10 and 105.45) may be

expressed by HPCs and their precursors. Current data do not permit definitive

conclusions to be drawn, however several observations suggest that the isoform

expressed by haemopoietic cells may be equivalent to that expressed by BM stromal

cells. For example, a 3 kb transcript was observed in both BM stromal cells and the

candidate myeloid progenitor cell line KGLa by Northern blot analyses (Figure 6.2.10.). In

addition, both 9E10 and L05.A5 immunoreactive proteins, derived from various cell

preparations (including BM stromal cells and various myeloid cell lines), were of

approúmately equivalent size (Figure 6.2.5. (A) & (B)). Studies examining the mRNA

species present in haemopoietic cells will be required to address this question'

To date, the communication of Masuzawa et al (1992) represents the sole report

describing the MGC-24 glycoprotein, and although it summarised the molecular isolation

of the MGC-24 cDNA, it did not ascribe a function to this mucin-like protein. In light of

the recent findings that both GIyCAM-1 and PSGL-L are also mucin-like molecules which

participate in adhesive interactions (counter-receptors for L- and P-selectin respectively),

the possible adhesive function of the membrane-associated MGC-24v glycoprotein was

examined. The data presented in Chapter 6 demonstrated that 9E10 (but not 105.45)
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was able to partially block (-30%) the adhesion of CD34+ cells to allogeneic BM stromal

cells ln aitro, thus confirming the adhesive properties of MGC-24v.

The high serine and threonine content (sites of O-linked glycosylation), and the

existence of 9 potential sites of N-linked glycosylation in the extracellular domain of

MGC-24v, may indicate that the protein backbone serves only as a platform or scaffold

for carbohydrate presentation. Such a scaffolding function for a mucin-like glycoprotein

is conceivable in view of what is currently known about mucin structure (Jentoft, 1990).

Comparing the structures of PSGL-L, GIyCAM-1 and CD34 with MGC-24v, it would be

plausible to speculate that MGC-24v may present sialic acid-containing glycan chains to

members of the selectin family. These hypotheses await further examination.

7 .2.6. Macin-Like Proteins: Negative Regulators Of Haemopoiesis.

As detailed in Chapters 3, the consequences of adhesion to CD62P on the growth

and development of HPC was also examined. In all the experiments performed, adhesion

to P-selectin was associated with an inhibition of colony formation. Similarly, (as

demonstrated in Chapter 6), ligation of MGC-24v on CD34+ HPC with either mAb 9E10

or 10545, resulted in a dose-dependent inhibition of CFU-GM and BFU-E growth in both

clonogenic and pre-CFU assay systems.

In accord with these observations, a recent study by Banu et al (1995),

demonstrated increased numbers of megakaryocytic progenitors in the BM of P-selectin

"knockout" mice. Similarly, progenitor cell numbers were also increased in mice deficient

in both E-selectin and P-selectin (Frenette et a\,7996), suggesting that retention of FIPC in

a quiescent state within the BM is in part, mediated by the interaction of P-selectin with

PSGL-1. These studies indicate a key role for PSGL-I (and by inference, MGC-24v) as

signalling molecules on prirnitive HPC, and moreover imply that interactions between

mucin-like proteins and their counter-receptors negatively regulate HPC proliferation.

Despite this, very little is known of the signalling function of either PSGL-1 orMGC-24v,

and it remains to be determined whether the inhibitory effect manifested by these

molecules involves the induction of apoptosis, or an alternative cytostatic mechanism.

Some insight into this question may be gained from the recent studies of Bazil and
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colleagues (Bazil et a\,1995;1996), who demonstrated that cross-linking of the mucin-like

molecule CD43 (leukosialin) on human HPC (using antibody MEM-59, which identifies a

sialic acid dependent epitope on human CD43) resulted in the induction of apoptosis of

the more committed HPC. Although expressing CD43 at high levels, the HSC were spared

the inhibitory effect mediated by signals transmitted through this mucin-like molecule.It is

likely that the growth inhibitory properties of CD43 on HPC are related to the adhesive

properties of this sialomucin. In previous studies, CD43 was shown to bind ICAM-I

(CD54) (Rosenstein et al, 1,991), however subsequent studies have failed to confirm these

observations (Bazil et ø1, L995;1996).

Moreover, a signalling function for the sialomucin CD34 has been recently

postulated by Fackler and colleagues (L995). Enforced expression of the full-length (but

not the truncated) isoform of the human CD34 protein in murine ML myeloid leukaemia

cells, (which can be terminally differentiated to macrophages by treatment with IL-6 or

LIF), resulted in the retardation of terminal differentiation. Significantly, while the

extracellular domain of CD34 shows little conservation between species, the cytoplasmic

region exhibits a high degree of sequence similarity with 90% amino acid identity and92%

nucleotide identity between human, murine and canine CD34 (Krause et aI, 1996).

Accordingly, Fackler et øl (1995), suggest that the cytoplasmic region of CD34 is therefore

responsible for the observed maturation arrest phenotype. Insight into the mechanism was

gained following examination of the cytoplasmic tail of CD34, where several potential

binding sites for candidate transducing proteins like protein kinase C (PKC) were found.

PKC, is well recognised to be involved in haemopoietic cell proliferation and

differentiation (Abrahm and Smiley, L981; Heywofth et al, L993; Resnitzky et al,1992).

Similar examination of the short cytoplasmic domain of PSGL-L revealed the

presence of a PKC and a casein kinase II (CaKII) phosphorylation site at Ser 336 and 348.

This indicates that these enzymes (or related enzymes) may play a pivotal role in the

transduction of PSGl-l--mediated growth inhibition. Although MGC-24v did not harbour

these recognised sites, alternate (and as yet undefined) enzymes/binding sites may

function in a similar manner. Whilst beyond the scope of this thesis, future studies

examining the signal transduction mechanisms of both PSGL-L and MGC-24v should
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provide valuable new information and understanding of the mechanisms responsible for

the inhibition of HPC proliferation.

7.3. CONCLUSIONS AND FUTURE DIRECTIONS.

Primitive human HPC exhibit an extensive array of CAMs (Figure 7.1'.2) , each of

which interacts with specific ligands expressed by cells of the stromal microenvironment

(Figure 7.3.I). CAMs expressed by HPC include members of the integrins, the selectins,

the sialomucins and the immunoglobulin gene superfamily.In documenting the expression

and function of these CAMs, one can begin to appreciate the true level of complexity of

adhesive interactions that are involved in the regulation of normal haemopoiesis.

Moreover, aberrant interaction between haemopoietic cells and stromal cells may

contribute to the evolution and pathophysiology of a number of haemopoietic disorders,

including myeloid leukaemias and lymphoid malignancies (Soligo et a\,1990; Gotdon et ø1,

I987c; Emerson et al, 1989; Denkers et ø1, 1992; Inghirami et al, 1988). While beyond the

scope of this thesis, it is likely that the abnormal interactions observed in these diseases

will be mediated through the modulation of one or more of the specific adhesive

interactions described here. A major objective for the future will be to understand the

mechanisms that regulate CAM expression and function in HPC and BM stromal cells.

It is now clear from numerous studies that CAMs, including members of the

integrin family, are signalling molecules (Kornb erg et ø1, 199I; Schwartz, 1,993; Juliano and

Haskill, 1993). Like integrins, data presented here demonstrates that the mucin-like

molecules (sialomucins), PSGL-L and the newly described glycoprotein, MGC-24v, also

exhibit signalling function. Thus the diverse CAM-ligand interactions Presented here,

rather than simply serving to initiate and maintain contact between HPC and stromal

cells, might also have an additional, more direct role in controlling the growth and

development of primitive haemopoietic cells as suggested by the 'niche' model depicted in

Figure 7.1.L.þased on that of Schofield,1978). Such a model has obvious implications for

the regulation of haemopoiesis, both normal and abnormal, and remains a Provocative line

of investigation for the future.
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Figure 7.3.1. Hypothetical Scheme Illustrating The Potential Role Of CAMs And Their Stromal Ligands In The Growth And

Development Of Haemopoietic Progenitor And Stem Cells.

Haemopoiesis occurs in intimate physical association with the stromal elements of the bone marrow (BM). The various cellular

elements of the stroma and their associated biosynthetic products (including haemopoietic growth factors and extracellular matrix

components) constitute the haemopoietic microenvironment (FWf) of the BM. Current evidence supports the hypothesis that the retention

of FIPC within the HM is reliant on a multitude of cell adhesion molecules (CAMs) each with specificity for distinct counter receptors on

marrow stromal cells. In addition to mediating cell-cell adhesion, this model proposes that signals transduced following receptor-ligand

binding may contribute directly to the regulation of HPC proliferation and development.
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Plasmid name:

Plasmid size:

pBlueScript KS+ and +SK
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Plasmid name: pRUF.Neo Vector
Plasmid size: 5661 bp
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Plasmid name: pALTER rM Vector
Plasmid size: 5680bp
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Plasmid name: pGEM-T Vector
Plasmid size: 3003bp
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