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ABSTRACT

The regulatory mechanisms that monitor the size of the peripheral B-cell pool and 
determine cell death or survival are poorly understood. In rodents, B-lymphopoiesis is 
maintained at a high rate throughout adult life and under resting conditions there is little 
recruitment into the long-lived peripheral pool; it therefore follows that the majority of 
newly-formed B lymphocytes have a very short life-span. The maturation stages of B- 
lymphocytes in man and experimental mammals appear to be similar. We have 
determined the phenotype of slgM and slgD-expressing cells from normal adult human 
bone marrow, peripheral blood and tonsil, by dual immunofluorescence with an extensive 
panel of monoclonal antibodies representative of major B cell clusters, in order to identify 
antigenic differences which might play a regulatory role.

All sIgM+ bone marrow, peripheral blood and tonsil lymphocytes expressed HLA class 
II antigens and the antigens recognised by the CD19, CD20, CD37 and CD40 clusters. 
Antibodies of the CD21, CD22, CD9 and CD54 clusters and anti-IgD were reactive with 
different proportions of sIgM+ cells in blood and bone marrow: 29.5% (range 5-60%) of 
sIgM+ cells in marrow were sIgD‘vc and most of these cells were also CD21've and CD22'VC, 
thus defining a unique marrow population. Almost all CD54+ bone marrow cells were 
IgD'vc. Newly-formed and mature recirculating cells comprising the sIgM+ sIgD+ 
population could not however, be distinguished by the panel of antibodies.

Whilst carrying out dual immunofluorescence phenotyping studies on human tonsil 
B cells using the fluorescence activated cell analyser, it was noted that in some 
experiments the fluorescence of one dye appeared to be quenched by the other. This 
phenomenon was investigated in detail. The dye pair fluorescein and R-phycoerythrin 
have been widely employed for dual fluorescence analysis using a single-laser 
fluorescence activated cell analyser and interaction between the two dyes has not been 
observed. Evidence is presented in this thesis that at high concentrations R-phycoerythrin 
can completely quench the fluorescein signal in dual fluorescence analysis of human tonsil 
lymphocytes labelled with pairs of monoclonal antibodies. Reduction of the fluorescein 
signal correlated with the amount of R-phycoerythrin attached and the relative intensity 
of emission from the two fluorochromes. This phenomenon can seriously compromise the 
interpretation of dual immunofluorescence carried out on a single-laser instrument.
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CHAPTER 1

INTRODUCTION

"The small lymphocyte seems a poor sort of cell, characterised by mostly negative 

attributes: small in size with especially little cytoplasm, unable to multiply, dying on the 

least provocation, surviving in vitro for only a few days, living in vivo for perhaps a few 

weeks." Trowell, 1958. During the last 33 years since this review of lymphocytes was 

published there has been an explosion of information on these small cells which are now 

recognised as playing a fundamental role in immune responses.

1.1. Cell-mediated and humoral immunity: historical aspects.

It is now established that the preceding account is not entirely accurate. Increased 

understanding of the mechanisms of immune responses have lead to their subdivision into 

cell-mediated and humoral components (Cooper et al., 1968). The cells responsible for 

the mediation of cellular responses require a period of maturation within the thymus gland 

and became known as thymus-dependent or T cells (Miller, 1961). More recently it has 

been recognised that during this period T cell receptor gene rearrangements occur followed 

by positive and negative clonal selection. The humoral immune system is concerned with 

the production and reactions of specific immunoglobulin (antibody) molecules. Antibodies 

mediate a variety of responses including opsonisation for phagocytosis, complement 

fixation leading to immune lysis and directed killing of targets by certain cell types 

(antibody-dependent cell-mediated cytotoxicity). In birds, cells mediating antibody 

(humoral) responses undergo a period of maturation in the bursa of Fabricius and hence 

were termed "B" cells (Glick et al., 1956; Cooper et al., 1966). Mammals including man 

do not have a bursa of Fabricius and this function appears to be subserved by the bone
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marrow (Abdou and Abdou, 1972). B cells are characterised by the expression of 

immunoglobulin on their cell membrane.

1.2 Outline of B cell development in primates and rodents

Development of the B lineage and the cell markers associated with the different stages 

will be discussed in detail in sections 2.6 and 2.16-2.19 and only an outline is given here 

(Figure 1.1). B lymphocytes in mammals are generated throughout life from precursors 

in the bone marrow (Osmond and Nossal, 1974; Ryser and Vassalli, 1974; Rosse and 

Press, 1978). B progenitors can be readily demonstrated in normal adult human marrow 

(Pearl et al., 1978; Nadler et al., 1984; Campana et al., 1985), although such cells are 

most prevalent in infancy (Campana et al., 1985). Early in their development bone 

marrow cells committed to the B lineage undergo a complex series of rearrangements of 

their immunoglobulin genes in preparation for the production of functional mRNA 

transcripts for immunoglobulin synthesis (section 2.6.2). The precursor cells of B 

lymphocytes (B progenitors) lack expression of surface immunoglobulin but give rise to 

the first cells in which immunoglobulin can be detected, the pre-B cells. Pre-B cells are 

characterised by the presence of p immunoglobulin heavy chains in their cytoplasm 

although they lack intact (heavy and light chain) immunoglobulin on their cell surface.

The earliest B cells express IgM only on their cell surface and prior to their encounter 

with specific antigen have been termed "virgin" B cells. The IgM expressed is the 

monomeric form which differs in its heavy chain structure from the secreted pentameric 

form (section 2.13). Other immunoglobulin isotypes may subsequently be expressed, 

either in combination with IgM as is frequently observed with IgD, or alone, with loss of 

IgM from the cell surface. These additional isotypes are based on the same antigen- 

binding (variable) regions although these may have been altered by somatic mutation
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within the rearranged V region genes. IgD is largely confined to the cell surface although 

some IgD-secreting plasma cells are produced. Contact between an IgM+ IgD+ "mature" 

B cell and its antigen initiates a complex series of activation steps which lead to cell 

proliferation (Section 2.6.7). Some of the cells undergo further differentiation to become 

antibody-secreting plasma cells, while others stop proliferating to become "memory" B 

cells.

1.3. The paradox between the longevity of most peripheral B cells and the high rate 

of bone marrow B cell production

Small peripheral B cells have an average life-span of approximately one month 

(Kumararatne et al., 1985). The recirculating peripheral B cell pool is comprised of both 

memory B cells and newly-produced virgin B ceUs. Animal experiments show the rate 

of bone marrow B cell production is sufficient to repopulate the entire peripheral B cell 

pool of the animal in 4 days (Osmond et al., 1981; Opstelton and Osmond, 1983; 1985). 

It follows that under resting conditions the majority of newly-produced cells are not 

incorporated into the long-lived peripheral B cell pool and must have a short life-span. 

However if peripheral B cells are selectively depleted, newly-produced virgin B cells are 

recruited to replace losses (MacLennan and Gray, 1986) (sections 1.4, 2.8 and 2.9).

1.4. Incorporation of newly-produced B cells into the recirculating pool

Two situations have been identified where newly-produced virgin B cells are 

incorporated into the recirculating pool: 1) during specific activation by antigen, and 2) 

when the peripheral B cell pool is depleted. Newly-produced virgin B cells are recruited 

by an antigen-independent mechanism to replenish the pool and the rate of recruitment in 

this situation seems to approach the rate of B cell production in the bone marrow (Bazin
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et al., 1985 a,b; Lane et al., 1986). This implies a selection mechanism which is able to 

monitor the number of cells in the peripheral B cell pool and recruit new cells at a rate 

sufficient to replace losses (MacLennan and Gray, 1986). There is no available 

information on how such a mechanism might act, but some cell surface marker(s) that 

distinguish(es) between newly-produced B cells and mature recirculating B cells would 

appear to be a prerequisite.

Such a mechanism for cell death or survival is of considerable interest in relation to 

the pathogenesis of some of the more differentiated B cell neoplasms such as low-grade 

non-Hodgkin’s lymphoma and chronic lymphocytic leukaemia. Neoplastic diseases of 

lymphocytes including acute lymphoblastic leukaemia (ALL), chronic lymphocytic 

leukaemia (CLL), non-Hodgkin’s lymphomas (NHL) and multiple myeloma (MM) are 

relatively common tumours, responsible for approaching 10% of cancer deaths in the USA 

between 1950 and 1967 (Wintrobe, 1981). The great majority of NHL and CLL 

neoplasms have B cell characteristics (Godal and Funderud, 1982). It is possible that 

some of these neoplasms arise by the survival of a B cell which would normally have 

been short-lived. This could result from a fault in the mechanism(s) which physiologically 

cause(s) the death of short-lived cells, or alternatively there might be an inappropriate 

activation signal.

1.5 The importance of cell phenotype

The cell surface molecules expressed on mature recirculating B cells from the blood 

and the B cells of peripheral lymphoid tissues such as tonsil, lymph node and the spleen 

have been extensively studied following the availability of specific monoclonal antibodies 

(sections 2.16-2.18). The phenotypic changes that occur during B lymphopoiesis and 

antigen-driven maturation of B cells to plasma cells have been analysed in detail (section
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2.19). These changes have been defined by a) expression of B cell-associated molecules 

identified by monoclonal antibodies, b) analysis of immunoglobulin gene rearrangements, 

c) responsiveness to a variety of growth and activation signals, d) ultrastructural changes 

and e) secretion of immunoglobulin. Some stages of the B cell differentiation pathway 

from haemopoietic precursor to plasma cell are much better characterised than others. The 

paucity of studies on pre-B and B cells in the bone marrow reflects the difficulty in 

obtaining and studying this tissue.

1.6. Aims of the study

The major aim of the present study was to characterise in detail the phenotype of B 

cells in bone marrow, blood and tonsil in order to detect differences which might identify 

the targets for selection of newly-produced virgin B cells for incorporation into the 

peripheral B cell pool. The markers identified might then be used to isolate newly- 

produced virgin B cells and allow comparison between the conditions required to activate 

them, with those required to stimulate mature recirculating B cells.
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CHAPTER 2

LITERATURE REVIEW

THE ORIGIN AND PRODUCTION OF B LYMPHOCYTES

2,1 Historical Aspects

Lymphocytes from lymph nodes were described and illustrated by Hews on (1777) and 

defined as a distinct cell type in the blood by Jones (1846). However, Ehrlich (1891) was 

the first to recognise the role of lymphocytes in immunological reactions. A detailed 

understanding of their biology did not however, begin to emerge until the 1960’s. Indeed 

Trowell (1958) quoting Rich (1936) noted; "the complete ignorance of the function of this 

cell is one of the most humiliating and disgraceful gaps in all medical knowledge."

The lifespan of the small lymphocyte was a source of controversy for many years. 

Initially it was suggested that lymphocytes had a lifespan of at most a few days (Yoffrey 

and Courtice, 1956). However Ottesen (1954) deduced the existence of two populations 

of cells by administering 32P to human subjects and observing the rate of decay of 

radioactivity in DNA isolated from blood lymphocytes: 20% had a mean life-span of 2-3 

days and the remainder a mean life-span of 100-200 days. Similar results were obtained 

by Hamilton (1959) in a study of patients with chronic lymphocytic leukaemia. These 

early studies may be criticised as the long persistence of label in the DNA might indicate 

re-use of the label by successive generations of cells, rather than prolonged survival of the 

original cell. Subsequent animal studies using continuous infusion of 3H-thymidine with 

assessment of the number of unlabelled cells, confirmed the earlier studies: 10% of small 

lymphocytes of the blood being unlabelled after 90 days infusion (Little et al., 1962). It 

soon became apparent that whilst 90% of small lymphocytes in rat thoracic duct lymph 

were long-lived and slowly labelled, very different results were obtained for other
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lymphocyte populations e.g blood (66% unlabelled) and spleen (25% unlabelled). Almost 

all of the small lymphocytes in the rat bone marrow were rapidly labelled within 5 days 

suggesting that they were a population of short-lived cells (section 2.6.1).

Measurement of the output of lymphocytes from the thoracic duct in animals showed 

that the numbers of these cells entering the blood greatly exceed the numbers present in 

the blood and this led to the concept of a continuous recirculation of lymphocytes between 

the lymph, tissues and blood (Gowans, 1966). Nowell (1960), demonstrated that 

lymphocytes were not end cells but capable of being activated and undergoing mitosis. 

More recent studies of lymphocyte kinetics in peripheral lymphoid tissues are considered 

in section 2.8.

2.2 Morphology and distribution of B lymphocytes

The small lymphocyte of the blood averages 10pm in diameter but around 10% are 

larger cells (12-16p). When stained by Romanowsky dyes, the nucleus stains deep purple, 

is characteristically round or slightly indented and is comprised of densely aggregated 

chromatin (Figure 2.1). The cytoplasm is scanty, blue and usually agranular. The larger 

forms have more abundant cytoplasm which may contain reddish granules (large granular 

lymphocytes). Under the electron microscope there are few organelles with only a small 

Golgi apparatus and almost no organised endoplasmic reticulum (Wintrobe, 1981). T and 

B cells cannot reliably be distinguished by their morphological features by light 

microscopy, although polar lysosomes may be seen in human T lymphocytes, but not B 

lymphocytes by electron microscopy.

B cells are present in all tissues of the body except the central nervous system. Under 

resting conditions lymphocytes do not cross the blood-brain barrier, but may do so in the 

presence of inflammatory disease.
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FIGURE 2.1

Photomicrograph of a small human blood lymphocyte 

Stained by May-Grunwald Giemsa. Magnification x 500

C

The bone marrow and thymus are considered to be the "primary" lymphoid organs where 

new lymphocytes are generated from precursor cells which proliferate in the absence of 

antigenic stimulation. Secondary lymphoid organs include the spleen, lymph nodes, tonsil 

and Peyer’s patches.

2.3. Numbers of B lymphocytes in normal human and rodent bone marrow

The bone marrow is now recognised as the major primary production-site of surface 

immunoglobulin-bearing (slg+) B cells in post-natal mammals. There is continuous 

production of new cells in the absence of stimulation by specific antigen (Osmond, 1975; 

Rosse and Press, 1978); newly-formed B lymphocytes migrate via the blood from the bone 

marrow and enter the spleen and lymph nodes (Osmond, 1975).
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2.3.1. Data from animal studies

Animal studies in guinea-pigs, rats and mice have shown that the bone marrow 

contains a large pool of lymphocytes. 30% of nucleated bone marrow cells in 2-4 week 

old mice have the morphological appearance of small lymphocytes, representing 0.625- 

0.65 x 106 lymphocytes per mm3 of bone marrow (Miller and Osmond, 1974). The 

population declines with increasing age but 8-10 week old mice have an estimated 1.2 x 

10® small lymphocytes in their marrow compared with the calculated value of 109 

lymphocytes in the whole animal. However, only approximately 50% of morphological 

small lymphocytes in murine bone marrow express immunoglobulin on their cell surface. 

Opstelten and Osmond (1983) calculated the percentages of bone marrow nucleated cells 

that were cytoplasmic IgM positive (cyIgM+) surface IgM negative (slgM ) pre-B and 

sIgM+ B cells respectively and found 12.4. + 4.0% pre-B cells and 15.1 + 5.2% B cells. 

A similar study of rat bone marrow (Deenen et al., 1987) showed 17.9 + 7.2% pre-B cells 

and 4.5 + 2.3% sIgM+ B cells. The pre-B cell population is in part self-renewing giving 

rise to more pre-B cells, and in part out of cell cycle, but capable of differentiation to slg+ 

virgin B cells (Figure 2.3). Although the capacity of the bone marrow to generate new 

B cells declines with age (Zharhary, 1988), B cell production continues throughout the life 

of the animal.

2.3.2. Bone marrow lymphocytes in man

De Gast and Platts-Mills (1979a,b) estimated the bone marrow lymphoid populations 

of adult man as a proportion of total marrow nucleated cells and found an overall value 

of 11.8 + 2.2% lymphocytes of which 5.3 + 3.3% were T cells and 3.7 + 1.2% B cells. 

Plasma cells comprised 2.1 + 1.6% of the total population. This study did not examine 

the number of pre-B cells. However Levitt and Cooper (1980) estimated that 0.1-5% of
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human bone marrow cells have the pre-B phenotype; this accords with the data of Pearl 

et al. (1978) where the frequency of pre-B cells was found to be 4.8 + 3.8% in adults and

7.1. + 7.5% in children. Bone marrow lymphocyte production is maximal during late 

foetal and early postnatal life in man and the percentage of lymphocytes declines with age 

(Table 2.1).

TABLE 2.1 (Data from Wintrobe, 1981)

Age % Lymphocytes among bone marrow mononuclear 
cells

Mean 95% Limits

Birth 14 3-25
1 month - lyr 47 34-63
1 -4 yrs 22 8-36
4 -12 yrs 18 12-28
Adult 17 10-24

2.4 Structure of human bone marrow and secondary lymphoid tissue

2.4.1 Bone marrow

In normal adults haemopoiesis is confined to the vertebrae, ribs, sternum, pelvis, 

scapulae, skull and the most proximal parts of the humeri and femora (Russel et al., 1966). 

The marrow cavity is divided into compartments by bony trabecular projections and the 

haemopoietic cells are interspersed with fat cells. The presence of so much bone has 

made detailed ultrastructural analysis of human marrow extremely difficult (Lichtman, 

1981). The bone marrow enjoys a rich blood supply predominantly from the nutrient 

artery of the bone, but also from the periosteal capillaries. The arrangement of blood 

vessels within the marrow is complex: the branches of the central nutrient artery terminate 

in capillary beds within the bone; some of the capillaries re-enter the marrow cavity and
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form large thin-walled venous sinuses. Haemopoiesis takes place in the spaces between 

the sinuses. The wall of the sinus is composed of a single layer of endothelial cells which 

are contractile. Newly-produced cells appear to leave the marrow by passing through 

fenestrations in the endothelial cells and enter the sinus and hence the venous circulation 

(Tavassoli and Yoffey, 1983).

The marrow also contains a population of specialised fibroblastic cells, the adventitial 

reticular cells which are in intimate relationship with the haemopoietic cells. This 

suggests a functional as well as structural relationship. Macrophages are also present in 

substantial numbers. Studies of bone marrow in long-term culture have demonstrated the 

dependence of normal haemopoiesis on the presence of normal stromal elements (Dexter 

et al., 1977). Indeed the failure of normal marrow precursors to grow outside the marrow 

even when injected intravenously as in a bone marrow transplant provides further evidence 

that there is a unique marrow microenvironment that determines normal cell development. 

Homing of intravenously transplanted stem cells appears to be a two-step phenomenon: 

firsdy there is recognition and interaction of circulating progenitor cells with the luminal 

surface of the marrow endothelium, and secondly passage of the progenitors through the 

endothelium to enter the extravascular haemopoietic compartment. Endothelial recognition 

of progenitor cells appears to be mediated by a lectin system with galactosyl specificity. 

Adhesion is followed by internalisation and then extemalisation of the cells on the ab- 

luminal side (Matsuoka and Tavassoli, 1989). Proteoglycans of the extracellular matrix 

may also play a role in strengthening the bond between progenitor cells and stroma 

(Tavassoli and Hardy, 1990). Lineage determination of lymphocytes is considered in 

section 2.5 and further aspects of lymphocyte-stromal cell interactions and the growth 

factors which may control lymphocyte development are considered in section 2.10.
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2.4.2. Secondary lymphoid tissue

The secondary lymphoid tissues comprise the lymph nodes, spleen, lymphoid tissues 

of Waldeyer’s ring including the tonsils and adenoids, and the gut-associated lymphoid 

tissue including Peyer’s patches. The anatomical structure of the secondary lymphoid 

tissues facilitates controlled lymphocyte activation by antigen and the subsequent 

dissemination of the immune response. The epithelium overlying the mucosal surfaces 

provides an incomplete barrier to the penetration of antigens and the concentration of 

lymphoid tissues in association with the mucosal surfaces of the body acts to limit the 

penetration of potentially pathogenic substances. Following entry, antigen is first taken 

up by macrophages and processed for presentation to T and B lymphocytes. Interaction 

of a lymphocyte via its surface receptor with its specific antigen results in activation of 

the cell and subsequently its proliferation. A proportion of these activated cells exit from 

the site of activation and pass via efferent lymphatics to regional draining lymph nodes. 

The cells may then enter the thoracic duct and become disseminated around the body via 

the blood. Interaction of activated T and B cells allows the terminal differentiation of 

some activated B lymphocytes to become antibody-secreting plasma cells while others stop 

proliferating and become memory cells (section 2.6.7). After antigen is removed cell 

proliferation gradually ceases.

Lymph nodes are comprised of two main areas, the outer cortex and inner medulla. 

The whole structure is surrounded by a fibrous capsule. Lymph draining from the tissues 

enters the node through the subcapsular marginal sinus. Within the outer cortex of the 

node there are collections of B lymphocytes in association with cells having long dendritic 

processes (follicular dendritic cells) and these cell clusters are termed follicles. After an 

antigenic challenge the structure of the primary follicles changes and becomes more 

complex. These secondary follicles consist of an outer zone or "mantle" of small B
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lymphocytes surrounding an inner "germinal centre" which contains large proliferating B 

cells. T cells are largely confined to the inner lymphocyte-rich region of the lymph node 

or "paracortical area". The medullary cords project between the medullary sinuses by 

which cells and lymph leave the node. The cords contain mainly plasma cells and 

macrophages with some basophils.

The lymphoid tissue of the spleen is also divided into T cell-rich areas and B cell- 

rich areas. Fresh sections of spleen can be seen to consist of two areas, the blood 

sinusoidal system of the red pulp containing erythrocytes and macrophages, and the white 

pulp or lymphoid areas arranged around the splenic arterioles. T cells and interdigitating 

cells are found around the central arterioles. Recirculating B cells traffic through the outer 

part of the zone on their way to and from follicles which are found on the outer surface 

of the T zones. The follicles, and in rodents the T zones, are surrounded by the marginal 

zone which contains a specialised population of slowly renewed B cells, the marginal zone 

cells (MacLennan and Gray, 1986) and macrophages some of which take up neutral 

polysaccharides (Humphrey and Grennan, 1981). Other secondary lymphoid tissues eg. 

tonsil show a similar division into T and B cell areas with arrangement of the B cells in 

follicles.

2.5. The origin of B cells from haemopoietic stem cells

B cell differentiation may be considered as a series of step-wise developments from 

the haemopoietic stem cell to a terminally differentiated plasma cell and has often been 

represented by a linear scheme such as that illustrated in Figure 2.2. Such schemes are 

at best an oversimplification: not only is there some evidence for the presence of more 

than one B cell lineage (section 2.17.8) but the different stages represent more a 

continuum with transitional cells than a series of discrete steps.
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All mature blood cells are derived from stem cells which arise during embryonic 

development. In adults, these stem cells are located in the bone marrow and are able to 

proliferate and either produce more stem cells or give rise to cells that are more 

differentiated, a process known as lineage commitment (Metcalf and Moore, 1971). 

Studies have also shown that the stem cell compartment is heterogeneous; some appear 

to be pluripotent and able to give rise to all the components of both the myeloid and 

lymphoid lineages, while others show varying degrees of lineage-restriction being able to 

produce only myeloid cells or even specific subtypes of myeloid cells eg. granulocytes. 

Relatively little is known of the mechanisms that underlie differentiation and self-renewal 

of stem cells. Evidence suggests that commitment occurs on a stochastic basis depending 

on the nature and metabolic state of the cell and environmental influences. These 

environmental influences may include interaction with stromal cells and with a variety of 

growth factors (Dexter and Spooncer, 1987).

Haemopoietic growth factors comprise a family of glycosylated polypeptides, many 

of which have been defined by their ability to support the growth and development of 

colonies of haemopoietic cells of various lineages in vitro. Thus many are termed colony 

stimulating factors (CSF’s), while others which were first recognised in other assay 

systems are referred to as interleukins (Dexter, 1989). The purification and molecular 

cloning of many of these growth factors in the past few years, together with recent 

advances in cell sorting techniques, has made it possible to examine the direct effects of 

growth factors alone or in combination on defined target cells (section 2.10.2). The 

nomenclature has also been revised to take account of this increased understanding.

2.5.1. Results of animal studies

The origin of B lymphocytes from a pluripotent haemopoietic stem cell was initially



demonstrated in animal studies. Sublethally-irradiated rats were reconstituted with small 

numbers of autologous stem cells, some of which gave rise to nodules in the spleen which 

contained erythrocytes, granulocytes and megakaryocytes (Becker et al., 1963; Fowler et 

al., 1967; Wu et al., 1967). Chromosomal analysis suggested that each nodule was the 

progeny of a single cell and although lymphoid cells were not visible in the splenic 

nodules, cells from such nodules were able to reconstitute immunological responsiveness 

in stem cell-deficient animals (Trentin et al., 1967; Yung et al., 1973; Abramson et al., 

1977). In other experiments, autologous stem cells were sublethally irradiated in order 

to induce chromosomal aberrations. These cells were inoculated into recipient animals and 

myeloid and lymphoid cells bearing the same chromosomal marker could subsequently be 

demonstrated, strongly suggesting that they were progeny of a common precursor cell (Wu 

et al., 1968; Edwards et al., 1970; Nowell et al., 1970). Similar experiments have 

exploited the ability of retroviruses to insert randomly into the genome (Abramson et al., 

1977; Lemischka et al., 1986 and Snodgrass and Keller, 1987). More direct evidence is 

provided by long-term bone marrow culture systems (section 2.10.2).

Studies in normal animals using 3H-thymidine to label dividing cells showed that the 

majority of the dividing lymphocyte progenitors were located within the marrow itself, 

providing the first direct demonstration of the lymphopoietic role of the bone marrow 

(Osmond and Everett, 1964). When systemically administered 3H-thymidine was excluded 

from tibial and femoral bone marrow, no labelled cells appeared in the marrow over 72 

h establishing that B cells or their precursors do not migrate to the marrow from another 

site. Following selective labelling of tibial and femoral marrow, labelled B cells rapidly 

appeared in the spleen and lymph nodes indicating that these tissues were continuously 

supplied with newly-formed B cells from the bone marrow (Rosse and Press, 1978).
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2.5.2. Bone marrow B cell production in vivo in man

Abnormal chromosome markers have also proved useful in identifying stem cells in 

man. In patients with Philadelphia chromosome-positive chronic granulocytic leukaemia 

(CGL) the abnormal chromosome may be demonstrated in cells with myeloid or lymphoid 

phenotype (Greaves et al., 1979). Normal cells from female CGL patients who are 

heterozygous for the allotypes of the X-linked enzyme marker glucose-6-phosphate 

dehydrogenase (G-6-PD) show a heterogeneous expression of both allotypes of the 

enzyme, although due to inactivation of one X chromosome, a single cell expresses only 

one allotype. Philadelphia chromosome carrying myeloid and lymphoid cells express only 

one allotype of G-6-PD, again suggesting that cells of the myeloid and lymphoid lineages 

have a common precursor cell (Fialkow et al., 1977). When transformation of chronic 

phase CGL to acute leukaemia occurs (blast crisis) the blast cells from up to one third of 

patients have the morphological and immunophenotypic characteristics of early lymphoid 

cells rather than myeloblasts (Janossy et al., 1976). These lymphoblasts more commonly 

show B rather than T cell characteristics, but occasionally a mixed population of lymphoid 

markers or lymphoid and myeloid markers is observed (Catovsky et al., 1981). There is 

thus no direct evidence for a committed lymphoid (B and T) precursor but the existence 

of such a cell is further suggested by the occurrence of congenital severe combined 

immunodeficiencies where both T and B cells are absent but the myeloid system develops 

normally. Uckun et al. (1989) have recently described a lymphoid population in normal 

foetal liver which expresses both early B cell and early T cell markers.

There are no data available for the rate of B cell production in man. However, studies 

of patients following bone marrow transplantation (BMT) for a variety of haematological 

disorders clearly demonstrate that adult human bone marrow is capable of repopulating 

the B cell pool (Elfenbein et al., 1982; Ault et al., 1985). In a different study, Bengtsson
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et al. (1989) could show no difference in the rate or extent of B cell regeneration in 

patients receiving bone marrow infusions that had or had not been purged of mature B 

cells and committed B cell precursors. Such observations support the concept that the 

regenerating B cells arose from differentiation of early haemopoietic precursor cells and 

not committed early B cells transferred with the marrow.

2.5.3. Evidence from in vitro bone marrow culture 

See section 2.10.2.

2.6. The stages of B cell differentiation (Figure 2.3)

As stated previously, cells of the B lineage are characterised by their ability to 

synthesise immunoglobulins and incorporate these molecules into their cell membrane 

where they function as receptors for antigen. Differentiation within the B lineage occurs 

in two main stages; the first stage is independent of specific antigen, whilst the second 

stage is characterised by specific activation by antigen, proliferation and differentiation 

into plasma cells. The antibody secreted is of the same specificity as that expressed on 

the B cell surface. Further information on the stages of B cell development has been 

obtained from several sources: 3H-thymidine labelling of precursor cells in rodent bone 

marrow; ontogeny of B cells in the rodent and human foetus; and the development of B 

cells in long-term in vitro bone marrow culture (Calvert et al., 1984).

2.6.1 High rate of lymphocyte renewal in experimental animals

As stated in the introduction, early studies using 3H-thymidine to label the DNA of 

cells and autoradiographic techniques to detect the marker in single cells, showed that 

small lymphocyte populations fall broadly into two categories with respect to their life-

32



FIGURE 2.3

The stages of B cell differentiation
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span; short-lived rapidly renewed cells and long-lived slowly renewed cells (Everett and 

Tyler, 1967). Kinetic analysis of the 3H-thymidine labelling of mouse bone marrow 

identified a majority (75-95%) of rapidly renewing cells but a minor set of slowly 

renewing long-lived cells (Miller and Osmond, 1975). The bone marrow of the adult 

mouse produces around 5 x 107 B cells per day (Opstelten and Osmond, 1983) which is 

approximately one fifth of the number of B cells in the peripheral lymphoid tissues 

(Opstelten and Osmond, 1985). A similar high rate of B cell production has also been 

documented in rats (Deenen et al., 1987). Localised bone marrow labelling with 3H-

33

ii
i

)



thymidine in vivo demonstrated rapid migration of many newly formed lymphocytes from 

the bone marrow (Brahim and Osmond, 1970; 1973; 1976). However, the length of time 

that the newly-produced cells remain in the bone marrow is not constant and cell loss is 

random once cell division has ceased (Osmond, 1986). Whilst many more pre-B cells 

appear to be produced than needed in both rats and mice it is not clear whether the loss 

from the B lineage is from post-mitotic small pre-B cells or from B cells (Deenen et al., 

1987). The available data are consistent with only a minimal cell loss before p chain 

expression and a substantial (75%) cell loss at the late pre-B cell stage (Osmond and Park,

1987). However, whilst there is evidence for cell death within the marrow, it remains 

controversial whether quantitatively this accounts for more than a fraction of the total 

lymphocyte production and it is possible that most newly produced lymphocytes survive 

to leave the marrow for peripheral lymphoid tissues (Osmond, 1986).

2.6.2. Rearrangement and expression of immunoglobulin genes in B cell development 

Many detailed reviews of this topic are available (Alt et al., 1986; Burrows and 

Kubagawa, 1987) and only the basic details are described below. Active immunoglobulin 

genes are formed by a series of DNA rearrangements that bring together separate gene 

segments during the development of the B lineage. This system allows the generation of 

a great diversity of immunoglobulin specificities and this is further increased by the 

occurrence of somatic mutation in the DNA of the V region genes. In man the 

immunoglobulin heavy chain genes are situated on chromosome 14 and comprise constant 

region (CH) genes coding for the different heavy chain isotypes and the variable region 

genes of which there are three types; diversity (D), joining (JH) and variable (VIL) region 

genes. During B cell development there is rearrangement of the V-region genes with 

juxtapositioning of a D and J segment and subsequently a VDJ segment is formed (Fig.



2.4a). This is transcribed with the p constant region exon CH to generate p heavy chain 

mRNA. The initial step appears to be a DJ joining on both chromosomes. The next step 

is the addition of the V region to the pre-existing DJ segment. The occurrence of a 

productive VDJ rearrangement feeds back and leads to the cessation of further V to DJ 

joining events (Alt et al., 1986). If the first attempt results in a non-productive 

rearrangement, rearrangement of the second VDJ allele occurs. If this is successful p 

heavy chain is produced and the cell becomes a p-positive pre-B cell. Failure of 

rearrangement of both alleles yields a dead-end null cell which is assumed to die within 

the marrow. Successful heavy chain rearrangement appears to contribute a cell signal 

allowing light chain gene rearrangement to proceed (Alt et al., 1986; Flanagan, 1988).

There are two groups of light chain genes; the k  light chain genes situated on 

chromosome 2 in man (Chromosome 6 in the mouse) and the X light chain genes on 

chromosome 22 (16 in the mouse). The DNA rearrangements in light chain genes are less 

complex than those for heavy chain genes requiring only a single VL to JL recombination 

event (Figure 2.4b). However, in order to express only one immunoglobulin the cell must 

allelically exclude the expression of one allotype and totally exclude the expression of the 

second pair of light chain genes. It appears that one of the K light chain genes is 

rearranged first; if this is successful further rearrangements of all other genes may be 

halted so that they remain in germ line configuration (Alt et al., 1986). If the initial 

rearrangement fails to produce a functional transcript, this gene is deleted and 

rearrangement of the second K allele occurs.

If this also fails, rearrangement of the X alleles is attempted until a successful 

transcript is produced. Failure of all attempted rearrangements appears to result in clonal 

abortion (Alt et al., 1986; Burrows and Kubagawa, 1987). A single proliferating early 

pre-B cell, following the productive rearrangement of one of its heavy chain alleles, can
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FIGURE 2.4 (reproduced from Korsmeyer and Waldmann, 1987) 
Rearrangement of Immunoglobulin heavy and light chain genes 
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give rise to a clone of B cells that express distinct light chain rearrangements (Caton, 

1990). There is also evidence for the transitory expression of two surrogate light chain 

proteins co and i in murine pre-B cell lines. Cell surface p chains in these lines are 

associated in disulphide-linked tetramers with the 0) protein, the product of the pre-B- 

specific X5 gene (Cherayil and Pillai, 1991). The demonstration in this study of a bone 

marrow population of transitional B cells expressing both surface ayfk and conventional 

K light chains indicates that activation of the k  locus precedes the inactivation of X5 gene 

expression and occurs either immediately before or concomitantly with the acquisition of 

the ability to transport p-chains to the cell surface.

In B cell development heavy chain gene arrangement appears to occur very early in 

the B lineage. Although a prerequisite for the differentiation to a mature B cell, partial 

heavy chain rearrangement with at least DJ joining and perhaps VDJ joining does not 

appear to be specific for the B cell lineage and has been observed in some neoplastic T 

cell clones and acute myeloid leukaemia cells (Greaves, 1986). Rearrangement of light 

chain genes appears to be more B lineage specific. Proliferative early pre-B cells which 

synthesise p heavy chains have light chain genes in germ line configuration suggesting 

that the expression of rearranged heavy chain genes alone is not a sufficient signal to 

induce light chain rearrangement. Some additional signal(s) perhaps either specific to the 

differentiation stage or provided by the inductive microenvironment of the bone marrow 

appears to be required (Burrows and Kubagawa, 1987).

From the time of expression of the first intact immunoglobulin molecule the specific 

antigen-binding region of any particular B cell is fixed. However B cells are able to vary 

either the form (membrane or secreted, section 2.13) of immunoglobulin that they secrete 

or the immunoglobulin heavy chain isotype which they express. The available isotypes 

in man are IgM, IgD, IgG1? IgG2, IgG3, IgG4, IgAlf IgA2 and IgE and an analogous series
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FIGURE 2.5 (Reproduced from Korsmeyer and Waldmann, 1987) 
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is available for other species. Change in the IgH isotype produced by a B cell is termed 

"heavy chain class switching". The phenomenon may result from a recombination/deletion 

mechanism with juxtaposition of the original VnDJ segment to a new CH segment with 

deletion of the intervening DNA (Gathings et al., 1981; Figure 2.5). However as B cells 

can express more than one IgH isotype at the same time this cannot be the only 

mechanism for class switching. It seems probable that switching can also result from 

differential splicing of the mRNA (Korsmeyer and Waldmann, 1987).

2.6.3. B cell progenitors

B cell progenitors do not express immunoglobulin on their cell membrane or within
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their cytoplasm but can be detected in kinetic assays as the proliferating cells that 

subsequently give rise to slg+ B cells. They are assumed to be the progeny of the 

pluripotent haemopoietic stem cell, but as discussed above, this cell has never been 

isolated and very little is known about the stages between stem cell and committed B 

progenitor. Immunoglobulin gene rearrangements as discussed above in section 2.6.2, take 

place during this phase of development. A variety of other markers have been recognised 

in association with B progenitor cells in both man and experimental animals. None of the 

markers discussed below, CD34, HLA class II antigens and the nuclear enzyme TdT are 

restricted to the B lineage but study of both normal and neoplastic cell lines suggest they 

are present from the earliest stages of B lineage commitment. Other surface antigens 

detected by monoclonal antibodies and present on B progenitors will be discussed in 

sections 2.17 and 2.18.

CD34

CD34 antibodies identify a heavily glycosylated transmembrane protein which is 

selectively expressed on immature human haemopoietic precursor cells (Civin et al., 

1989). Approximately 1-4% of normal human bone marrow cells, but essentially all of 

both the erythroid and granulocyte-monocyte colony-forming cells that can be assayed by 

in vitro culture express the CD34 antigen (Civin et al., 1984; Strauss et al., 1986). CD34 

appears to be most strongly expressed by the earliest progenitors and the intensity of 

expression declines with maturation. In normal human tissue, CD34 expression is 

confined to lymphohaemopoietic cells with the exception of capillary endothelial cells. 

Non-haemopoietic tumours are CD34 ’ whilst a large percentage of acute leukaemias (60% 

of B-lineage ALLs; 40% of AMLs) show strong expression (Civin et al., 1989). 

Consistent with the proposal that expression of the CD34 antigen is a stage-specific rather
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than lineage-specific leucocyte differentiation marker, chronic lymphoid leukaemias and 

lymphomas have been found to be uniformly CD34'VC. The function of the CD34 

glycoprotein is unknown and blockade of this molecule does not appear to prevent cell 

proliferation or differentiation (Civin et al., 1989).

Multiparameter flow cytometry has been used to investigate the co-expression of other 

markers on CD34 positive cells (Civin et al., 1987; Loken et al., 1987; Uckun et al., 

1989). All marrow cells that were reactive with the CD34 antibody expressed HLA-DR 

(Civin et al., 1987) but less than 50% were CD19+ (Loken et al., 1987). CD34 reactivity 

was associated with strong, but not weak CD10 (CALLA) expression and TdT positivity 

in the studies of Ryan et al. (1986). Loken et al. (1987) confirmed that the cells most 

intensely stained with CD10 were CD34+. In three colour experiments these few (<1% 

of total marrow cells) CD10+ CD34+ cells were the ones that expressed low CD19. 

Cytocentrifuge slides prepared from sorted cell fractions and examined for morphology 

and nuclear TdT expression showed that the most immature cells by morphology were 

CD34+, CD19"VC, CD10'VC. This population contained many undifferentiated blasts and a 

minor percentage stained for nuclear TdT. Whether such cells represent a true 

multipotential haemopoietic stem cell remains controversial. The double-labelled CD34+, 

CD10+ or CD10+, CD19+ cells had more characteristic lymphoblast or lymphocyte 

morphology and most were intensely labelled when stained for TdT and probably 

represent early B precursors.

MHC class II antigens

The HLA class II antigens include the products of the DR, DP and DQ loci of the 

human major histocompatibility complex (MHC) situated on chromosome 6. All the 

antigens are highly polymorphic; DR ,DQ and DP antigens may be typed by serological

40



methods whereas D specificities are defined and detected by a mixed lymphocyte reaction. 

HLA class II molecules are composed of two non-identical polypeptide chains non- 

covalently associated. A homologous histocompatibility antigen system is found in all 

other mammalian species studied.

Class II antigens are constitutively expressed by B cells and extrafollicular dendritic 

cells (Langeihans cells and interdigitating cells). HLA class II expression can be induced 

in many types of cells including endothelia, epithelia, macrophages and T cells. Immature 

myeloid cells and erythroid cells are also positive but mature granulocytes and 

erythrocytes are not. Neoplastic blast cells from patients with all B lineage leukaemias 

and lymphomas, most acute myeloblastic leukaemias and most stable phase CML patients 

react with anti-HLA class II antibodies, but T-ALL cells are usually negative. HLA class 

II antigens appear to be present on very early human B progenitors (Anderson et al., 1984) 

but their expression does not indicate commitment to the B lineage. In contrast, the 

equivalent histocompatibility molecule H2 in the mouse is not expressed on most early 

murine B progenitors (Kincade, 1987).

Terminal deoxvnucleotidvl transferase (TdT)

The activity and tissue distribution of this enzyme have been extensively reviewed 

(Bollum, 1975; 1978). TdT catalyses the polymerisation of deoxynucleoside triphosphates 

in the absence of a template and it has been suggested that its activity aids the generation 

of immunoglobulin diversity. The enzyme is present in the nuclei of all immature 

lymphoid cells of both T and B lineages during embryogenesis but in adult life is found 

only in the bone marrow and thymus. Blast cells from patients with acute lymphoblastic 

leukaemias other than the L3 subtype, but only from occasional patients with acute 

myeloid leukaemia, have high levels of this enzyme (Greenwood et al., 1977).
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Immunofluorescence studies demonstrated the enzyme in around 2% of bone marrow 

lymphocytes (Bollum, 1978) and this subpopulation was studied in greater detail by 

Janossy et al. (1979). TdT" cells from normal marrow appeared to have a phenotype 

similar to common acute lymphoblastic leukaemia cells which express HLA class II 

molecules and the common acute lymphoblastic leukaemia antigen (CALLA). Further 

studies by the same group (Campana et al., 1985) confirm that the majority of T dT  cells 

in adult marrow are B cell progenitors. However a very small population of T dT  cells 

bearing the immature T cell marker T6 has also been identified and may represent 

prothymocytes (van Dongen et al., 1986).

2.6.4. Pre-B cells

3H-thymidine when infused into experimental animals is incorporated into DNA and 

may be used to trace cells which went through S phase during the infusion. Such studies 

were used to identify the large, dividing cells in rodent bone marrow that give rise to 

progeny that express p immunoglobulin heavy chains within their cytoplasm. These cells 

are termed "pre-B cells" (Cooper, 1981). They are distinguished from cytoplasmic IgM+ 

plasma cells by their characteristic morphology, distinctive perinuclear and reticular pattern 

and relatively low intensity of cytoplasmic p-chains (cyp) identified using fluorescein- 

conjugated anti-p antibodies (Gathings et al., 1977) (Figure 2.6). Pre-B cells do not 

synthesise immunoglobulin light chains (Burrows et al., 1979; Levitt and Cooper, 1980) 

although rearrangement of the light chain genes appears to take place in late pre-B cells 

that have come out of cell cycle (Burrows and Kubagawa, 1987). Gathings et al. (1982) 

have however, described a minority population of "transitional" pre-B cells that expressed 

both p heavy chains and k light chains in their cytoplasm.

Kinetic studies using 3H-thymidine labelling have been used to demonstrate that large

42



FIG U RE 2.6

The appearance of B cells, pre-B cells and plasma cells stained by FITC-labelled sheep 
anti-human immunoglobulin

a) B cell b) pre-B cell

c) Plasma cell

or
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labelled pre-B cells divide and give rise to small pre-B cells after approximately 24 h. 

The small pre-B cells after a further period of maturation express light chains and 

incorporate whole IgM into their surface membrane to become B cells (Landreth et al., 

1981; Osmond, 1986). Thus there is considerable indirect evidence that pre-B cells in 

adult bone marrow give rise to sIgM+ B cells (Osmond and Nossal, 1974; Ryser and 

Vassalli, 1974; Burrows et al., 1978; Pearl 1983). Lau et al. (1979) used the difference 

in sedimentation velocity observed between pre-B and mature B cells to separate these two 

populations and in tissue culture demonstrated the differentiation of pre-B cells into 

functional small B cells.

Lymphoid differentiation in the adult appears to closely parallel B cell ontogeny in 

the foetus. In mammalian ontogeny haemopoiesis begins in the blood islands of the yolk- 

sac, continues in the foetal liver, foetal bone marrow and neonatal spleen and is 

maintained throughout life in the bone marrow. In mice genesis of B cells begins within 

the foetal liver at 16-17 days gestation (Nossal and Pike, 1973) and large surface IgM 

negative (slgM ) cytoplasmic p-chain positive (cyp+) pre-B cells are found 4-5 days earlier 

(Raff et al., 1976). In human foetuses pre-B cells are present in the liver at 7 weeks of 

gestation and sIgM+ B cells appear about 2 weeks later (Gathings et al., 1977; Asma et 

al., 1984).

2.6.5. Maturation of early slgM* B cells

Kinetic studies combining 3H-thymidine labelling and surface IgM labelling by 

radiolabelled anti-immunoglobulin show rapid renewal of sIgM+ cells within adult murine 

bone marrow (Osmond and Nossal, 1974; Osmond, 1975). Studies of adult murine 

marrow using either hydroxyurea to block DNA synthesis or 3H-thymidine labelling show 

that slgM-bearing cells are derived from rapidly dividing precursor cells by a process that

44



does not require DNA synthesis. Cells expressing slgM alone appeared first after about 

24 h and sIgM+ sIgD+ cells after 48 h, suggesting an intermediate stage when the cells 

express slgM alone (Aspinall and Owen, 1983). The first sIgM+ cells to become labelled 

are those with the lowest density of slgM and thus the relative density of slgM appears 

to be an age marker for the maturing B cell (Osmond, 1986). In mice all primary B cells 

appear to pass through a sIgM+ stage and B cell production is completely suppressed 

following anti-p treatment (Teale et al., 1981). There may, however, be small B cell 

populations in other rodents and humans which do not pass through a sIgM+ stage (Abney 

et al., 1978; Ling, 1983).

An overall similar pattern to B cell development in mice is seen in human foetal B 

cell ontogeny (Gathings et al., 1981). Surface IgM+ cells are the prevailing phenotype 

during the 9-12th week of gestation but from 13 weeks onwards the majority of B cells 

express both slgM and slgD. Surface IgA and IgG positive cells which are detectable in 

the foetal liver from 11-12 weeks gestation are derived from immature IgM+ cells by 

heavy chain isotype switching (section 2.6.2). Virtually all foetal cells that express IgG 

or IgA coexpress IgM and IgD as do a variable number of adult B cells (Gathings et al., 

1977; Vessiere-Louveaux et al., 1981) (section 2.13). There is good evidence that at least 

some sIgG+ cells appear before antigenic stimulation and without T cell help (Calvert et 

al. 1983) but most also express slgM. A general scheme for the expression of 

immunoglobulin isotypes during B cell development is shown in Figure 2.7.

Whilst animal studies have established that at least some newly-produced virgin B 

cells express IgD prior to their release from the marrow it is not clear that this is the case 

in man although available evidence is consistent with this notion (section 2.13).

Newly-formed virgin B cells are inactivated by cross-linking of their surface 

immunoglobulin by anti-immunoglobulin or antigen (Raff et al., 1975), while mature B

45



FIGURE 2.7

Immunoglobulin expression by B lymphocytes (reproduced from Ling, 1983; derived from 
Preud’homme et al., 1977)

slgM slgG (slgD) —>IgG secretion

pre-B —> immature B —> mature B —» slgD —> slgD secretion 
(cyp) (slgM) (slgM+sIgD)

slgM (IgD) —> IgM secretion
4

slgM slgA(IgD) —» IgA secretion

cells are activated by the same signal. Vitetta and Uhr (1977) suggested that the 

acquisition of slgD is the factor that determines the B cell response, although other 

workers dispute this (Layton et al., 1979a,b). More recent work using a murine B cell 

lymphoma cell line transfected with the IgD gene and expressing both slgM and slgD, 

showed that growth inhibition still occurred when the IgM was cross-linked but cross- 

linkage of the IgD was without effect (Tisch et al., 1988). In mice, the acquisition of a 

certain level of slgM appears to be a prerequisite for the appearance of slgD (Lala et al., 

1979). The incidence of sIgM+ sIgD+ cells is increased in fractions showing increased 

slgM levels but the expression of IgD is independent of stimulation by antigen. Similar 

results were obtained in studies using rhesus monkey tissues (Finkelman and Scher, 1979).

Kinetic studies of other markers show that most newly-formed virgin mouse B 

lymphocytes express la antigens (the murine equivalent of HLA class II antigens). 

Complement receptors (CR) and immunoglobulin Fc receptors (FcR) appear on slgM 

bearing cells after a short period in which the cells carry slgM alone (Yang et al., 1978). 

The appearance of complement receptors and other markers on human newly-formed 

virgin B cells is discussed in section 2.19.
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2.6.6. Migration of newlv-produced B cells

During B lymphocyte development it appears that the cells may actually migrate 

within the bone marrow. During systemic 3H-thymidine infusion, the highest labelling is 

seen first in the peripheral zones of the marrow with subsequent migration of the maturing 

cells toward the central zones (Osmond, 1986). Immunofluorescence labelling of TdT* 

cells and pre-B cells in histological sections of rat bone marrow has shown a concentration 

of the labelled cells in the peripheral zones (Hermans et. al., 1989). The localisation of 

B lymphocyte precursors in the bone marrow has been studied in mice recovering from 

sublethal total body irradiation. B precursor and B cells expressing the B220 glycoprotein 

were visualised by light and electron microscopy following in vivo binding of an 125I- 

labelled monoclonal antibody 14.8 (Jacobsen et al., 1990; Jacobsen and Osmond, 1990). 

Proliferating B220+ precursor cells were found within layers of bone-lining cells and in 

a sub-osteal area characterised by a prominent electron-dense extracellular matrix, often 

associated with stromal cells (Jacobsen et al., 1990). Additional studies using the 

techniques of vincristine-induced metaphase arrest and mice treated from birth with anti- 

IgM antibodies has allowed the formulation of a model of the micro-environmental 

organisation of primary B lymphopoiesis (Jacobsen and Osmond, 1990). This proposes, 

1) a centrally directed sequence of differentiation initiated by early precursor cells situated 

peripherally near the surrounding bone and closely associated with stromal cells, 2) 

deletion of ineffective B cells by macrophages and 3) an intravascular maturation phase 

before B lymphocytes are released into the blood stream. The use of radiolabelled anti- 

IgM antibodies in mice showed that slgM* small lymphocytes are grouped in clusters in 

the extravascular compartment of the bone marrow often close to the sinusoids. Some 

cells appeared to be in transit through the sinusoidal wall and cells within the sinusoidal 

lumen exhibited a higher density of slgM (Batten and Osmond, 1984; Osmond and Batten,



1984).

3H-labelling studies suggest that a large proportion of newly-formed virgin B 

lymphocytes are exported from the bone marrow. However the transit time of these cells 

in the blood is short (approx 30 min). The majority of the labelled newly-formed virgin 

B cells appear to localise in the spleen where they can be identified 24 h after intravenous 

injection (Yoshida and Osmond, 1978) and where they complete their development 

(Osmond, 1986). In the absence of the spleen, there is accumulation of less mature cells 

in other peripheral lymphoid tissues (Ron et al., 1981).

2.6.7. Mature B lymphocytes

Encounter of an IgM+ IgD+ B cell with its specific antigen triggers the cell and 

activates it to enter cell cycle. A detailed consideration of the stages of B cell activation 

and subsequent differentiation to plasma cells or memory B cells is beyond the scope of 

this literature review and will be considered in barest outline.

Activation of B cells in vivo requires both interaction with antigen and the delivery 

of additional signals which may be T cell or accessory cell derived. Response to the 

majority of protein antigens requires signals from activated "helper" T cells, while 

responses to polysaccharide and lipopolysaccharide-based antigens can occur in the 

absence of T cell help (Ratcliffe and Klaus, 1987). Communication between these cells 

is known to involve cell contact through specific receptor ligand binding at the cell 

membrane (Sanders et al., 1986; Kupfer et al., 1986; Sanders et al., 1987). In addition, 

intercellular signalling between B cells, T cells and monocytes can be mediated at a 

distance by soluble factors (cytokines) (Schimpl and Wecker, 1972). Activated T cells 

are known to secrete a variety of soluble factors including 11-2 and 11-4 which promote B 

cell activation. Activated macrophages produce factors including IL-1 and IL-6. Many
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of the soluble factors known to influence B cells have now been cloned and the 

availability of these recombinant cytokines has greatly assisted the deciphering of the 

various elements of this complex network.

The B cell response to antigen may be considered in three main phases (Gordon and 

Guy, 1988). Antigen or anti-immunoglobulin binding to the cell membrane 

immunoglobulin initiates a cascade of biochemical reactions which activates the cell to 

respond to other signals without inducing cell division (Callard, 1989). Membrane 

phosopholipid turnover, protein phosphorylation and intracellular calcium all increase and 

can be used as very early markers of activation. Slightly later events include increases 

in cell volume, expression of new cell surface proteins (activation antigens) e.g. MHC 

class II and the CD23 antigen (section 2.17.3) and loss of other proteins e.g. IgD from the 

cell membrane. A primary activation stimulus can also be induced through the CD20 

(section 2.16.3) (Golay et al., 1985) and CD40 (section 2.16.5) (Gordon et al., 1988) 

molecules. IL-4 is also able to activate resting B cells, and this activation is inhibited by 

gamma-Interferon (IFNy) (Justement et al., 1986; Zuber et al., 1990; Mond et al., 1986). 

IL-5 is also able to activate murine but not human B cells (Loughnan et al., 1987).

Although the different activation signals described above can alone induce transition 

from G0 to Gj in the cell cycle, costimulation with two independent signals appears to be 

required for progression to B cell proliferation. EL-2, IL-4, IL-5, tumour necrosis factor 

(TNF), and IFN (a  and y) have all been shown to be growth factors in costimulation 

assays (Callard, 1989). B cell surface antigens e.g. CD40 appear to function as receptors 

for progression signals in B cells (Clark et al., 1988). Some growth factors produced by 

B cells themselves, appear able to induce proliferation in an "autocrine" manner (Gordon 

and Guy, 1987). Most recently, the cellular receptor for CD23 antibodies, the CD23 

antigen has been shown to have a central role (Gordon et al., 1989). This molecule is
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expressed only weakly on a minority of peripheral blood B cells but its expression is 

rapidly increased following B cell activation. Following entry into cell cycle, B cells 

release a soluble cleavage product of the 45kDa membrane CD23 antigen that has 

autocrine growth-promoting activity (Gordon et al., 1988) and can function as a B cell 

differentiation factor.

Proliferating activated B cells can be induced to differentiate either to antibody 

secreting plasma cells or cease proliferation and become memory B cells. Cytokines IL-2 

and IL-6 will induce immunoglobulin secretion by normal human B cells that have been 

previously activated by a variety of stimuli (Ralph et al., 1984; Shields et al., 1987). 

IFNa and IFNy will both enhance immunoglobulin secretion (Sidman et al., 1984; Peters 

et al. 1986). Other factors such as IL-1 and TNF may augment the response to other 

factors (Kehrl et al., 1987; Jelinek and Lipsky, 1987). Three lymphokines (IL-4, IL-5 and 

IFNy have been implicated in immunoglobulin class switching (section 2.6.2) (Callard,

1989). Despite recent intensive research the complex mechanisms controlling the 

generation and maintenance of memory B cells remain controversial and this important 

aspect of B cell differentiation will not be considered further in this literature review 

(MacLennan et al., 1990).

2.6.8. Plasma cells

Plasma cells represent the terminal stage of B cell differentiation. They account for 

0.1-3.5% of nucleated cells in normal adult human bone marrow and the bone marrow is 

a major site of immunoglobulin production (Benner et al., 1981). Plasma cells are 

specialised for protein synthesis and contain an extensive endoplasmic reticulum and a 

well developed Golgi apparatus. Immunofluorescence staining has shown the presence 

of either IgG, IgA, IgM or occasionally IgD within the cytoplasm of the cells but in most
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cases they no longer express slg. Many of the other surface molecules associated with 

B cells are also lost on terminal differentiation (sections 2.16-2.19).

2.7, The long-lived bone marrow lymphocyte population

Kinetic analysis has shown that the bone marrow contains a minority population, (5- 

15% of the total small lymphocyte population in mouse bone marrow) of slowly renewing, 

long-lived cells (Miller and Osmond, 1975). The lifespan of such cells is in general 4-6 

weeks but some cells may survive longer. 3H-thymidine labelling of parabiotic mice has 

demonstrated that these long-lived cells enter the bone marrow from the blood and are part 

of the recirculating lymphocyte pool (Ropke and Everett, 1974). These recirculating 

lymphocytes appear to localise preferentially in the outer sub-cortical regions of the bone 

marrow (Osmond et al., 1981). The slowly-renewed lymphocytes include both T and B 

cells, but unlike the situation in blood where T cells greatly outnumber B cells, in the 

bone marrow the number of long-lived B cells equals or even exceeds the number of long- 

lived T cells (Press et al., 1977; Yang et al., 1978). At least a proportion of the long-lived 

B cells represent memory cells (Benner et al., 1981) and the number of long-lived cells 

increases with the age of the animal (Miller and Osmond, 1975).

2.8, Kinetic studies of B cells in peripheral lymphoid tissues.

The fate of newly-produced virgin B cells once they have left the bone marrow has 

been subject to much controversy. The rate of B cell turnover in peripheral lymphoid 

tissues has been measured by several techniques. Several studies have used long-term 3H- 

thymidine infusion in rodents and assessed the numbers of labelled lymphocytes in 

different tissues at intervals from the start of the infusion (Sprent and Miller, 1972; Sprent 

and Basten, 1973; Kumararatne and MacLennan, 1981). These studies have all shown a
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very slow rate of labelling of between 1-2.5% cells/day for small recirculating B cells. 

Over a 5 day period only 20% of the peripheral B cell pool was labelled and the average 

life-span of mature recirculating B cells was calculated to be of the order of 6-7 weeks.

The use of continuous infusions of 3H-thymidine to measure cell kinetics has been 

criticised for several reasons; firstly 3H-thymidine may have cytostatic or cytotoxic effects 

and thus underestimate the number of short-lived cells, and secondly the stress to the 

animal caused by the surgical intervention may also deplete short-lived cells. Freitas et 

al. (1986) used hydroxyurea to kill dividing cells and followed the disappearance of B 

cells. Their results suggested that the majority (80-90%) of the cells have a life-span of 

only a few days in direct contradiction to the work of Sprent and Basten (1973). In an 

attempt to resolve this controversy Gray (1988) used bromodeoxyuridine (BUdR) to label 

dividing cells. This substance can be administered to experimental animals via their 

drinking water and hence avoids the problems of operative stress-related artifacts which 

are a potential problem with 3H-thymidine infusion techniques. The results demonstrated 

that only 20% of B cells in the recirculating pool were derived from a cell division within 

5 days giving the estimated lifespan of recirculating B cells as 4 weeks which is in good 

agreement with the data obtained by 3H-thymidine infusion. Similar studies in mice have 

shown that in adult mice two-thirds of splenic B cells have a life-span of several weeks 

or months, whereas a more rapid turnover takes place in young mice (Forster and 

Rajewsky, 1990).

Alternative techniques have included the construction of chimaeras formed from 

congenic rat stains which differ in their K immunoglobulin light chain allotype. These 

animals were constructed so as to confine primary B lymphopoietic activity to stem cells 

of one allotype by total body irradiation with hind limb shielding, while filling the 

peripheral lymphoid organs with mature donor B cells expressing the second allotype.



Immunohistological study of these chimaeras has shown that at 5 months after their 

construction 10-20% of small follicular B cells still express the second allotype indicating 

that some of the donor B cells must have a lifespan of more than 5 months (Kumararatne 

et al., 1985).

The total B cell pool of the rat has been calculated to contain approximately 109 cells. 

An estimated 5 x 10® virgin B cells are produced per day from the bone marrow; if only 

5-10% of these cells are incorporated into the long-lived recirculating pool the majority 

(>4.5 x 10® cells/day) of the newly produced cells must have a very short lifespan (Gray,

1988).

2.9. Recruitment of newlv-produced B cells into the recirculating pool

The number of B cells within the peripheral pool appears to be relatively constant 

suggesting that when antigen-dependent recruitment is not taking place, only small 

numbers of newly-formed cells are recruited into the recirculating pool; the number being 

related to the rate of loss of peripheral B cells. Two situations have been identified where 

newly-produced virgin B cells are incorporated into the recirculating pool: 1) during 

specific activation by antigen, and 2) when the peripheral B cell pool is depleted 

(MacLennan and Gray, 1986). Newly-produced virgin B cells are recruited by an antigen- 

independent mechanism to replenish the pool and the rate of recruitment in this situation 

appears to approach the rate of B cell production in the bone marrow (Bazin et al., 

1985a,b; Lane et al., 1986). However once the peripheral B cell pool is reconstituted, the 

rate of recruitment of newly-formed virgin B cells rapidly declines. These observations 

suggest a mechanism that is capable of monitoring the size of the peripheral B cell pool 

and of transmitting a signal for cell death or survival to newly produced B lymphocytes. 

The nature of such a putative signal is unknown.
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2.10 Regulation of B lymphopoiesis within the bone marrow

2.10.1 Evidence from animal experiments

The possibility that the rate of bone marrow B lymphopoiesis is regulated by feedback 

control by the population of mature sIgM+ cells in the body has been investigated by 

administering and-IgM antibodies from birth, or in adult animals after cyclophosphamide 

treatment. Such treatments delete all B lymphocytes as they first develop (Osmond and 

Gordon, 1979) and result in the absence of mature B cells from all tissues of the body. 

In animals so treated, the rate of production of cyp+sp*v* pre-B cells in the marrow was 

found to be normal with no evidence of compensatory hyperplasia. In contrast, the rate 

of bone marrow lymphocyte renewal is reduced in animals raised in germ-free conditions 

but increases markedly when they are exposed to antigen, indicating that the rate of bone 

marrow lymphocyte production may to some extent be regulated by extrinsic 

environmental agents (Osmond, 1986). The increased rate of bone marrow proliferation 

in mice observed following the injection of sheep erythrocytes could be abolished by the 

injection of silica, providing indirect evidence that the augmentation of the bone marrow 

response may be mediated by macrophages (Fulop and Osmond, 1983a,b).

2.10.2. Evidence from long-term bone marrow cultures

Much of the current understanding of the cellular and molecular aspects of the control 

of B cell differentiation has come from the study of in vitro bone marrow culture systems. 

There is substantial evidence from in vivo and in vitro morphological studies that direct 

stromal cell-haemopoietic cell contact is important for optimal B cell development 

(Kincade et al., 1987). This requirement was further demonstrated by the experiments of 

Kiemey and Dorshkind (1987): B precursor cells enclosed in diffusion chambers failed 

to develop optimally as compared with cells grown in direct contact with stromal cells.
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The initial long-term bone marrow culture systems established by Dexter et al. (1977) 

supported the continuation of B precursor cells but not their proliferation or differentiation. 

Modification of the culture conditions by Whitlock and Witte (1982) allowed the 

development of sIgM+ B cells from precursor cells within the cultures although the 

response of these newly produced cells to standard stimuli is impaired (Witte et al., 1986). 

All these initial studies were performed using murine bone marrow but successful culture 

of human bone marrow B-lineage colonies has recently been described (McGinnes et al.,

1990).

In outline, following plating of bone marrow cells, there is formation of an adherent 

stromal cell layer over the first week in culture and almost all the non-adherent and 

granulocytic cells disappear. This stage is followed by the gradual appearance of 

lymphoid foci attached to the adherent layer and some small lymphocytes are liberated 

free in the supernatant culture medium. The lymphoid foci appear to adhere to specific 

stromal cells and not to macrophages which are also present in the cultures (Kincade, 

1987). There is growing evidence that the stromal cell population is non-uniform and 

cells with a similar morphological appearance may demonstrate considerable phenotypic 

and functional diversity (Kincade et al., 1989). Some of the characteristics of lymphocyte 

supporting stromal cells have been described (Witte et al., 1987; King et al., 1988; 

Henderson et al., 1990). In adults, the bone marrow stroma consists of at least three 

morphological phenotypes: fibroblasts or endothelial-like cells, macrophages and 

adipocytes. Transplantation, immunochemical and mRNA studies suggest that fibroblast/ 

epithelial and adipocyte stromal cells are not derived from haemopoietic precursors 

(Pietrangeli et al., 1988). The origin of these stromal cells remains controversial but may 

be mesenchymal in origin (Kincade et al., 1989). Some appear capable of further 

differentiation to adipocytes (Gimble et al., 1990).



Stromal cells appear to mediate their effects on B cell progenitors through cell-cell 

interaction and the secretion of soluble mediators (Kincade et al., 1989). Adhesion of 

human B cell precursors to stromal cells appears to be dependent on the stage of 

maturation (Ryan et al., 1990) with cells of the more primitive phenotype showing the 

greatest adhesion. The cell surface receptor(s) responsible for the adhesion of B cell 

progenitors is at present unknown but at least four major groups of protein molecules have 

been found to mediate cell-cell adhesion in a variety of experimental systems (Stoolman, 

1989). The complex proteoglycans molecules (e.g. heparan sulphate) that comprise the 

bone marrow extracellular matrix may also play an important regulatory role by binding 

and stabilising regulatory molecules, leading to very high local concentrations in discrete 

microenvironments (Gordon et al., 1987).

A great variety of soluble mediators including, colony stimulating factor (CSF), 

macrophage growth factor, interferon, interleukin-3 (IL3), interleukin-4 (IL4), interleukin-7 

(IL-7) and tumour necrosis factor (TNF) may influence lymphoid and haemopoietic cell 

development (Kincade et al., 1989). While many of these factors can be made by T 

lymphocytes and while T cells are present in bone marrow in small numbers there is no 

evidence that primary B lymphopoeisis is T cell-dependent. B cells themselves can make 

CSF and IL-6, opening the possibility of B cells acting in an autocrine fashion to promote 

further B cell development (Hutchins et al., 1990).

A potent growth factor for pre-B cells was isolated from culture derived murine 

marrow stromal cells. A 25kD protein termed interleukin 7 (IL-7) was subsequently 

cloned and a highly homologous molecule was isolated from human tissue (Henney,

1989). IL-7 causes proliferation of the earliest cells committed to the B lineage and pre-B 

cells but not of mature B cells. IL-7 appears to be primarily a replication factor and does 

not appear to induce B cell differentiation (Kincade et al., 1989). The cytokine IL-6 is
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also produced by stromal cell clones; among its effects on many cell types, IL-6 prepares 

multipotential haemopoietic stem cells to respond to other stimuli and also autoregulates 

its own production by stromal cells (Kincade et al., 1989). IL-4 is able to induce 

differentiation of human precursor B cells and pre-B cells in short term culture systems 

but appears to suppress cell proliferation (Hofman et al., 1988). King et al. (1988) were 

also able to demonstrate IL-4 induced B cell differentiation in culture. IL-1 had no direct 

effect on B cell maturation but appeared to stimulate the production of IL-4 by stromal 

cells. Dorshkind (1988) showed that addition of IL-1 to Whitlock-Witte cultures favoured 

the production of myeloid over lymphoid lineage cells. IL-3 also appears able to mediate 

proliferation of human B lymphocyte precursors (Wormann et al., 1989), although 

evidence from murine culture systems suggests that this cytokine is not essential for 

normal haemopoiesis (Kincade et al., 1989).

In addition to long-term bone marrow culture studies, most of the information 

regarding growth regulatory signals during early phases of human B cell ontogeny has 

been inferred from studies of leukaemic progenitors. However this model has limitations 

as leukaemogenesis may alter the pattern of growth factor response and there is 

experimental evidence that differences in receptor expression exist between leukaemic 

cells and their putative normal counterparts (Uckun, 1990). Even less is known about 

inhibitors of B cell formation, although TGF-6 can block kappa chain expression in a pre- 

B cell line (Kincade et al., 1989).

From this brief summary it is apparent that the regulation of B precursor development 

is highly complex and almost certainly requires the interaction of several cell types and 

numerous regulatory molecules.
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MONOCLONAL ANTIBODIES AND THE SURFACE MOLECULES OF B 

LYMPHOCYTES

2.11. Development of monoclonal antibodies.

Kohler and Milstein (1975) developed the technique of fusing lymphoid cells with 

non-secreting mouse plasmacytoma lines. Each hybrid cell line (hybridoma) produces 

antibodies of a single specificity; one antibody-producing cell is only able to synthesise 

antibody of the single specificity encoded by its rearranged immunoglobulin V region 

genes. The details of the technique have been reported in detail (Goding, 1980; Diamond 

et al., 1981) and are given in outline below.

Experimental animals are immunised with the antigen(s) of interest and their spleens 

subsequently removed. The spleen cells are induced by polyethelene glycol to fuse with 

a mouse plasmacytoma cell line. The various plasmacytoma cell lines now available have 

been selected for several important properties; 1) the cells are capable of continuous 

proliferation in culture; 2) they do not secrete immunoglobulin but possess the necessary 

cellular apparatus for secretion and 3) they lack the enzyme hypoxanthine phosphoribosyl 

transferase (HPRT). Fused hybridoma cells are selected by growing the cultures in a 

special medium (HAT) which contains hypoxanthine, aminopterin and thymidine. 

Unfused plasmacytoma cells lacking HPRT are unable to utilise hypoxanthine for purine 

synthesis and are thus prevented from proliferating in this medium, whilst hybridoma cells 

where the missing enzyme is provided by the non-malignant fusion partner, are able to 

proliferate. Unfused spleen cells gradually die out. The use of limiting dilution methods 

allows the cells to be grown from an initial concentration of approximately one cell per 

well of the tissue culture plate and the medium from the cell cultures may be screened for 

antibody content. The wells showing evidence of antibody production of the desired 

specificity may be selected and following cloning a large number of genetically identical
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cells can be produced. As the cells are all progeny of the same progenitor, only antibody 

of one specificity is produced, although rarely more than one isotype may be produced. 

Careful selection procedures can be used to isolate IgH switch variants. Antibody 

secreting hybridoma cells can be grown in tissue culture or within the peritoneal cavity 

of mice where they induce the formation of ascites which contains secreted antibody. 

Ascitic fluid or a purified immunoglubulin fraction may be used as the source of antibody.

2.12. Advantages of monoclonal antibodies

Monoclonal antibodies have many advantages over polyclonal antisera, these include; 

reactivity with a single epitope, uniform affinity for the antigen, uniform isotype and 

subclass, high-specific activity, and consistency of supply over a long time. Polyclonal 

antisera, by contrast, contain only a small proportion of antibody molecules directed 

against the antigen of interest, whilst the other antibody molecules may cross-react with 

other tissue components thus giving the antisera a high background reactivity.

2.13. Immunoglobulin expression as a B cell marker

Bone marrow B cells are known to exhibit great heterogeneity with respect to the 

intensity of surface immunoglobulin expression (Lala et al., 1979). This finding, 

combined with differences in the sensitivity of the experimental technique (e.g. 

immunofluorescence or direct antibody rosetting) used to detect the immunoglobulin, 

probably account for the variation in reported frequencies of B cells bearing different 

immunoglobulin isotypes in blood and bone marrow.

B cells produce two forms of p heavy chain, membrane and secretory, which arise by 

differential processing of the p gene mRNA transcript (section 2.6.2). The membrane 

form has an additional carboxyterminal sequence believed to be the transmembrane



component anchoring the heavy chain in the cell membrane. Normal resting small B cells 

do not secrete detectable amounts of IgM and appear to exercise a post-translational 

control over secretory IgM expression (Sidman, 1981).

The expression of Ig heavy-chain determinants on the membrane of small lymphocytes 

in normal human blood as determined in two different studies is given in Table 2.2. 

However, as demonstrated by Vessiere-Louveaux et al., (1981) some small lymphocytes 

bear more than two immunoglobulin isotypes. Coexpression of IgM and IgD has been 

studied in both man and experimental mammals (Scher et al., 1980) and the results of 

several studies are summarised in Table 2.3. All the studies agree that the sIgM+sIgD+ 

phenotype is predominant in blood; bone marrow appears to contain a considerably higher 

proportion of sIgM+ sIgD‘ve B cells.

TABLE 2.2

Expression of the different immunoglobulin heavy chain isotypes by morphologically 
defined small lymphocytes in human peripheral blood. Values are given as the mean ±  
standard deviation* or the median and range+

STUDY IgM IgD IgG IgA

Vossen and 14.0 22.6 4.4 2.4
Hijmans,1975+ (9-23) (13-31) (2-11) (1-3)

Vessiere- 9.3 9.2 0.6 4.0
Louveaux ± 1.6 ± 1.5 ±0.2 ±0.9

et al., 1981*

Gathings 9.0 7.0 3.0 1.0
et al., 1977* ±2.0 ± 1.0 ± 1.0 ±0.1

Rowe et al, 5.6 5.3 _

1973+ (2-7) (2-17)

Levitt and 41.6 35.4 6.1 5.7
Dagg 1981# ± 10.3 ±6.4 ±3.5 ±3.4

# Percentage of blood B cells
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TABLE 2.3

Coexpression of IgM and IgD by a) blood and b) bone marrow lymphocytes in man.

a)

STUDY p+8 ve p+8+ 8+p've 8+p+

Vossen and 
Hijmans, 

1975*
0.8 13.4 11.8 -

Preud’homme 
et al. 1977+

22.1%
(8-43)

74%
(47-88)

8.3%
(2-15)

-

Rowe et al., 
1973

- 82%#
(60-93)

- 15.5%®
(67-91)

Levitt and 
Dagg 1981

- 70.8 %# 
± 10.0

- 83.8%@
±6.9

Gathings et 
al., 1977

- 81%#
±2.0

- 99.0%® 
± 1.0

* % of small lymphocytes
+ % of IgM or IgD expressing cells
# % IgM+ cells that were IgD+
@ % IgD+ cells that were IgM+

b)

STUDY p+8 ve p+8+ 8+p'vc s y

Vossen and 
Hijmans, 

1975*
5.4 7.2 11.0 -

* % of small lymphocytes
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2.14. International Workshops on Human Leucocyte Differentiation Antigens and

the CD nomenclature

The advantages of monoclonal antibodies over previously available polyclonal reagents 

led to a very rapid expansion in the numbers of monoclonal antibodies raised against cell 

surface antigens other than immunoglobulin by laboratories all over the world. Different 

monoclonal antibodies raised in different laboratories appeared in some cases to show a 

similar pattern of reactivity. The Workshops on Leucocyte Differentiation Antigens were 

convened in an attempt to group together antibodies of similar reactivity and thus allow 

better definition and understanding of their target antigens. Four such workshops have 

now been held; the first in 1982 was primarily concerned with antibodies directed against 

T cells but established a nomenclature for groups of monoclonal antibodies shown by 

blind study in different laboratories to have an identical pattern of cell and tissue 

reactivity. This "cluster of differentiation" (CD) nomenclature has been widely adopted 

and will be used throughout this thesis. Each cluster is represented by a number eg. CD1 

and where necessary the original cluster has been further subdivided eg. CD la, CD lb  and 

CDlc.

The second workshop in 1984 defined many of the currently recognised B cell clusters 

which were expanded in the third workshop in 1986, held shortly after the commencement 

of the work described in this thesis and the fourth in 1989 during the preparation of this 

manuscript. The reactivity of the B cell antibody clusters studied is reviewed below and 

much of the data is derived from the 1st (Bernard et al., 1984), 2nd (Reinherz et al., 

1986), 3rd (McMichael et al., 1987) and 4th (Knapp et al., 1989) workshop reports.

2.15. Clustered B cell reactive antibodies

B cell reactive antibodies may be grouped into two broad categories; antibodies
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specific for cells of the B lineage and antibodies which react with B cells but also with 

cells of other lineages eg. antibodies against HLA class II molecules. Both these 

categories may be further subdivided according to the stage or stages of B cell 

differentiation during which the antigen they recognise is expressed. Pan-B antibodies 

react with antigens present on all B lymphocytes in peripheral tissues and in some cases 

also on B progenitors, while restricted B antibodies bind to antigens present on or in only 

some part of the B-progenitor and/or peripheral B-populations (Ling et al., 1987). Each 

of the B cell clusters and the non-clustered antibodies studied in this thesis are described 

in detail below and an account of the other major B cell clusters including those newly 

defined in the fourth workshop is also included.

2.16. Pan-B antibodies

2.16.1. CD19

The antigen recognised by this cluster of antibodies is a 90-95 kDa glycoprotein 

which is broadly distributed in the B lineage. Complementary DNA (cDNA) clones 

encoding the CD19 protein have been isolated and sequenced. The CD19 molecule is an 

integral transmembrane protein with two or three extracellular immunoglobulin-like 

domains and also an extensive cytoplasmic tail which might be involved in the generation 

of a transmembrane signal (Dorken et al., 1989a). Whilst the majority of antibodies 

studied by cross-blocking experiments seem to define a single epitope, recent evidence 

suggests the presence of a second distinct epitope (Tedder et al., 1989). Extensive studies 

in the second, third and fourth International Workshops have demonstrated that expression 

of the CD19 antigen is remarkably restricted to cells of the B lineage. The antigen is 

expressed on >90% of B cells isolated from blood, spleen, lymph node and tonsil but was 

not detected on peripheral blood T cells, monocytes or granulocytes. Virtually all non-T
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acute lymphoblastic leukaemias (ALLs), B chronic lymphocytic leukaemias (B-CLLs) and 

B cell lymphomas express the antigen as do all pre-B cell, B-lymphoblastoid and Burkitt’s 

lymphoma cell lines. Some, but not all cell lines from multiple myeloma patients express 

the CD 19 molecule but these cells are not necessarily representative of the myeloma 

plasma cell population. The majority of plasma cells isolated from patients with myeloma 

do not express the antigen suggesting that expression is lost in the terminal phase of B cell 

differentiation. The staining intensity obtained with CD 19 antibodies is less than that seen 

for some other B cell specificities eg. HLA class II and CD20. Some non-B lineage cells 

do appear to express the CD 19 antigen, in particular, follicular dendritic cells and some 

malignant myeloid progenitors particularly those of monoblastic type (Umiel at al., 1986; 

Campos et al., 1987). Reactivity of CD19 antibodies with normal myeloid cells has not 

been demonstrated (Nadler et al., 1984; Uckun et al., 1988).

The antigen recognised by CD19 antibodies appears to be present from the earliest 

stages of B cell differentiation. Nadler et al. (1984) used the prototype CD19 antibody 

B4, anti-HLA class II antigen (la) (section 2.6.3), anti-CALLA (CD10, section 2.17.6) and 

the antibody B1 (CD20, section 2.16.3) to study isolated non-T ALL cells. The leukaemic 

cells could be divided into four groups according to their reactivity with these antibodies; 

Ia+ alone (Group 1, 4%), Ia+B4+ (Group 2, 14%), Ia+B4+CALLA+ (Group 3, 33%) and 

Ia+B4+CALLA+B l+ (Group 4, 49%). Cells from all the patients studied in groups 2-4 

inclusive, showed evidence of immunoglobulin heavy chain gene rearrangements. Cells 

from group 2 patients had their light chain genes in the germ-line configuration, but all 

group 4 patients had rearranged heavy and light chain genes. These findings support the 

concept that the majority of non-T ALLs are of B cell origin and that there is sequential 

rearrangement of first heavy chain and subsequently light chain immunoglobulin genes. 

However, as previously discussed (section 2.6.1), Ig heavy chain gene rearrangement is
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not unique to the B cell lineage. Two human T cell leukaemia cell lines which contained 

rearranged Ig heavy chain genes lacked detectable expression of the antigen recognised 

by B4, which led Nadler et al. (1984) to suggest that reactivity with B4 provides the most 

important independent parameter by which to identify B cell derived non-T ALL. More 

recent work has confirmed these findings (Uckun et al., 1988).

The results discussed above indicate that the CD19 antigen is expressed prior to CD20 

during B cell development. Cells with a similar phenotype to the four groups of non-T 

ALL cells could be demonstrated in normal adult human bone marrow (Anderson et al., 

1984).

The function of the antigen recognised by antibodies of the CD 19 cluster is unknown. 

Pezzutto et al. (1987) found that CD 19 impeded the activation of human B cells in vitro 

and subsequent workers have confirmed this finding (de Rie et al., 1989; Pezzutto et al., 

1989a). Uckun et al. (1988) demonstrated that the CD19 antigen may act as a receptor 

regulating intracellular calcium levels. Most recently Matsumoto et al. (1991) have 

suggested that the B lymphocyte membrane complement receptor, CR2 which binds the 

C3dg fragment of C3 associates directly with the CD19 antigen to form a complex with 

ligand-binding and signal transduction properties. How these findings relate to the role 

of CD19 in vivo is unclear.

2.16.2. CD24

Antibodies of the CD24 cluster detect a single-chain sialoglycoprotein antigen with 

a molecular weight of 42 kDa; however, one antibody HB8 appears to detect an isoform 

of the CD24 molecule. The antigen is expressed on B cells, granulocytes and some 

monocytes, but not on T cells or T cell lines. CD24 antigen appears to be expressed from 

the earliest stages of B cell differentiation. Korsmeyer et al. (1983) studied the neoplastic
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cells from 20 patients with non-T non-B ALL and five ALL cell lines, for reactivity with 

the prototype CD24 monoclonal antibody BA-1, expression of CALL A, and rearrangement 

of immunoglobulin heavy and light chain genes. The neoplastic cells from all patients had 

Ig heavy-chain gene rearrangements and about half also showed evidence of light-chain 

gene rearrangements. In addition, all the cells studied displayed HLA-DR molecules on 

their surface and in 20 of 24 cases reacted with BA-1. In 18 cases, CALLA was 

expressed and the majority also displayed the transferrin receptor and reacted with the 

OKTIO antibody (CD38, section 2.17.7). Most non-T ALLs and pre-B cell lines 

subsequently tested with CD24 antibodies have proved to be positive and the antigen is 

expressed by almost all B cells isolated from peripheral blood. CD24 antigen expression 

is down-regulated in some activated B cells and B cell lines (Ling et al., 1987). Whilst 

typically expression falls on terminal differentiation to plasma cells, one of the antibodies 

of the cluster HB8, shows some reactivity with plasma cells. Campana et al. (1985) in 

normal adult bone marrow showed that 83+6% of TdT* cells, 95+10% of pre-B cells, 

99+1% of sIgM+ and 98+1% of sIgD+ coexpressed the CD24 antigen. The function of the 

CD24 antigen is unknown although some, but not all antibodies of the CD24 cluster have 

been reported to inhibit B cell proliferation and differentiation (Dorken et al., 1989b).

2.16.3. CD20

The CD20 antigen was reported by the second Workshop to be a 35kDa non

glycosylated phosphoprotein, but has subsequently been shown to be composed of two 

polypeptide chains with molecular weights of 35 and 37kDa (Moldenhauer et al., 1987). 

Complementary DNAs encoding the CD20 protein have been isolated by several groups 

(Tedder at al., 1988; Stamenkovic and Seed, 1988; Einfeld et al., 1988) and the CD20 

gene has been mapped to the long arm of chromosome 11 (Tedder and Penta, 1989). The
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CD20 antigen is strongly expressed on the B cell surface, in contrast with the weak 

expression of the CD19 antigen. Like CD19, CD20 antibodies react with >90% of B cells 

isolated from peripheral blood or lymphoid organs, but differ in their reactivity with pre-B 

cell lines and non-T ALL’s; the CD20 antigen is expressed on only around 50% of such 

cells (Anderson et al., 1984). Expression of the CD20 antigen is lost on B cell activation 

and is absent from plasma cells (Nadler, 1984). Nadler at al. (1981) observed that the 

neoplastic cells from 21/28 patients with ALL that expressed CALLA co-expressed the 

B1 antigen, but this antigen was absent from all 13 of the CALLA negative ALL cases 

studied suggesting that expression of the B1 antigen occurs after the expression of 

CALLA in B cell differentiation. Further evidence to support this suggestion was 

obtained by the same group (Nadler et al., 1984) in the later study of cells from non-T 

ALL patients previously discussed in section 2.16.1.

More recently, the transmembrane protein recognised by CD20 antibodies has been 

sequenced and shown to comprise a 297 residue polypeptide chain with 3 hydrophobic 

domains, one of which appears to span the membrane twice (Stamenkovic and Seed, 

1988). Tedder and Penta (1989) have suggested that the CD20 protein is similar in 

overall structure to liver gap junction proteins which function as ion channels. 

Immunoprecipitation studies (Tedder and Penta, 1989) have shown that there are multiple 

forms of CD20 resulting from differential phosphorylation of the protein.

The antigen appears to play a role in B cell proliferation; CD20 antibodies can 

stimulate human tonsil B lymphocytes to proliferate and the activation induced has 

similarities to that induced by anti-Ig (Clark and Shu, 1987). However, unlike stimulation 

by immunoglobulin, activation of B cells by CD20 does not induce the formation of 

inositol triphosphate and the subsequent release of intracellular free calcium ions (Dorken 

et al., 1989c). Activation of protein kinase C may be involved in the CD20 signalling
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pathway (White et al., 1989; Valentine et al., 1989). CD20 antibodies inhibited B cell 

proliferation induced by anti-p antibodies, activated T cells, or Epstein Barr virus (EBV) 

(Tedder at al., 1986). There is also evidence (Bubien et al., 1989) suggested by its 

structure, that the CD20 molecule may regulate, or be part of, a calcium ion channel. 

These results support the concept that the CD20 antigen plays a central role in the 

regulation of the activation process required for cell cycle progression and differentiation.

2.16.4. CD37

The antigen recognised by this cluster is strongly expressed on all peripheral B cells 

including germinal centre cells, but is lost on differentiation to plasma cells. Most B cell 

leukaemias and lymphomas express the antigen, whereas cells from most patients with 

non-T ALL and pre-B cell lines are negative, suggesting that the antigen is expressed 

fairly late in B lymphopoiesis. The molecular weight of the antigen is 45kDa and it has 

an exceptionally high carbohydrate content. Like the CD20 antigen, the CD37 molecule 

appears to have multiple transmembrane sequences (Dorken et al., 1989d). In addition to 

their reactivity with B cells, antibodies of the CD37 cluster also show weaker reactivity 

with T cells, neutrophils and monocytes. The function of the antigen is unknown.

2.16.5. CD40

This cluster was defined in the Third Workshop. The prototype antibody G28-5 

showed strong pan-B reactivity on immunohistology, but in addition identified 

interdigitating cells in T-cell-rich zones of secondary lymphoid tissue. The antibody 

identifies a 50kDa molecule which consists of a single polypeptide chain which spans the 

cell membrane (Dorken et al., 1989e). The CD40 molecule has structural similarities with 

growth factor receptors, in particular nerve growth factor (Braesch-Anderson et al., 1989).
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The CD40 antigen is expressed on all peripheral blood and tonsillar B cells, most B cell 

leukaemias and lymphomas and a number of pre-B cell leukaemias. The antibody does 

not react with non-T ALL cells, most B progenitor cell lines, or terminally differentiated 

plasma cells.

Binding of a CD40 antibody to its antigen appears to deliver a powerful cell cycle 

progression signal to B cells already activated by antigen (Ling et al., 1987). In addition, 

the CD40 antigen may have a role in the very early stages of B cell activation (Gordon 

et al., 1988) and may also induce the differentiation of germinal centre B cells to memory 

cells (Liu et al., 1989). Studies of mutant CD40 proteins suggest that the cytoplasmic tail 

of the molecule is essential for signal transduction (Iniu et al., 1989). The CD40 molecule 

is thus a major candidate as a receptor for either a cellular ligand, or a soluble factor that 

supports proliferation of B cells.

2.16.6. CD72

The 43 and 39kDa antigen recognised by this new pan-B cluster is, like CD 19, present 

from the earliest stages of B cell differentiation. The antibodies are reactive with most 

pre-B and B progenitor cell leukaemias and the CD72 antigen is also expressed by normal 

TdT* cyp'w B lineage cells (Campana et al., 1989; Dorken et al., 1989f). The CD72 

antigen is present on all mature B cells, but in common with most B cell antigens is lost 

during terminal differentiation to plasma cells. Expression of the antigen is generally 

restricted to the B lineage although subsets of tissue macrophages (but not peripheral 

blood monocytes) were found to be reactive. Different antibodies in the cluster also 

showed variable reactivity with epithelial cells. Although the function of the molecule 

detected by CD72 antibodies remains unclear, there is some evidence (Pezzutto et al., 

1989b) to suggest that the antigen may play a role in the regulation of B cell proliferation.
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2.16.7 CD74

The CD74 antigen is mainly expressed on the cell surface of B cells, both resting and 

activated. Weak reactivity with some monocytes was noted, but granulocytes and T cells 

were negative (Dorken et al., 1989g). Reactivity was seen with the blast cells from 

patients with both B-progenitor and pre-B cell leukaemias and also some cases of acute 

myeloid leukaemia. CD74 antibodies precipitate three molecules, a weak 41 kDa band, 

a 35kDa band and a predominant 33kDa band. The CD74 antigen has been shown to be 

the extracellular moiety of the invariant chain associated with HLA class II antigens. The 

exact function of the molecule remains unclear although it may be involved in intracellular 

transport or antigen processing and presentation.

2.16.8. CDw78

The antigen is expressed on both mature and immature B lineage cells, although the 

level of expression is markedly increased following B cell activation (Dorken et al., 

1989h). The majority of peripheral blood and tonsil B cells and pre-B cells were reactive 

with CDw78 antibodies, as were the cells from approximately one third of patients with 

acute non-T lymphoblastic leukaemia studied. Reactivity with normal granulocytes and 

monocytes was not seen, but one third of cases of acute myeloid leukaemia tested were 

positive. B cells in germinal centres showed a characteristic pattern of reactivity, with 

selective staining of B cells in the basal part of the light zone (Johnson et al., 1989). The 

molecular weight of the CDw78 antigen has not been defined and its function is unknown.

2.17. Restricted B antibodies

2.17.1. CD21

The CD21 cluster of antibodies recognise an integral cell membrane glycoprotein of
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140kDa. Expression of the CD21 antigen is restricted to cells of the B lineage with the 

exception of some T cell leukaemia cell lines, some freshly isolated cells from patients 

with T-ALL and possibly a subset of normal thymocytes (Behm et al., 1989; Tsoukas and 

Lambris, 1988). The antigen has not been demonstrated on myeloid leukaemia blasts or 

myeloid cell lines. Greater than 90% of peripheral blood and lymphoid tissue B cells are 

reactive with CD21 antibodies but expression of the antigen is very weak on peripheral 

blood B cells and absent from most bone marrow cells. In contrast, the antigen is strongly 

expressed by follicular dendritic cells and moderately strongly expressed by marginal zone 

cells of the spleen. The reactivity of CD21 antibodies with B lineage malignant cells is 

variable; very few non-T ALLs were positive but 80% of CLLs and 50% of B cell 

lymphomas showed reactivity. The malignant cells from only a few cases of large cell 

lymphoma expressed the antigen and as these lymphomas are believed to arise from 

activated B cells it has been suggested that the CD21 antigen is lost with differentiation. 

Plasma cells and myeloma cell lines are not reactive with CD21 antibodies (Ling et al., 

1987; Dorken et al., 1989i). At least four epitopes of the antigen have been defined by 

different monoclonal antibodies (Schwartz-Albiez and Moldenhauer, 1989).

The reported incidence of the CD21 antigen on bone marrow cells is variable. Nadler 

et al. (1981) using the antibody B2 did not demonstrate reactivity with bone marrow cells. 

However Tedder et al. (1984) using the antibody HB-5 showed that 45+26% of sIgM+ 

bone marrow cells were positive. This compared with 95+5% of sIgM+ peripheral blood 

cells and 96+2% of sIgM+ tonsil cells. Similar results were obtained by Campana et al. 

(1985) using the antibody RFB6; 77+6% of sIgM+ bone marrow cells were positive and 

95+1% of sIgD+ cells. Using infant or regenerating bone marrow samples, these same 

workers showed that pre-B cells and TdT positive cells were negative for the CD21 

antigen. Only occasional (1-4%) sIgM+ sIgD vc cells showed reactivity with RFB6. These
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results suggest that the CD21 antigen is expressed only after slgM in B cell 

differentiation.

CD21 antibodies have been shown to identify the CR2 receptor for the C3d 

component of complement. This is the receptor by which the Epstein Barr vims enters 

B cells. Several studies have shown that the CR2/CD21 molecule modulates B cell 

growth; aggregated C3d fragments of complement have growth stimulating activity, 

whereas soluble C3d inhibits growth. Some CD21 antibodies are able to induce a T cell 

dependent B cell proliferation (Dorken et al., 1989i). There appears to be an association 

between B cell membrane immunoglobulin and the CR2/CD21 molecule, but the exact 

physiological role of the CD21 antigen remains unclear. Ling et al.( 1989) have 

demonstrated a soluble form of the CD21 antigen in culture supemates of cells expressing 

surface CD21 and also in normal human serum.

2.17.2. CD22

The CD22 cluster of antibodies defines a glycoprotein antigen of 135kDa which is 

expressed on 5% of peripheral blood mononuclear cells and 75% of B cells isolated from 

peripheral blood and lymphoid tissues (Campana et al., 1985). The CD22 antigen appears 

to be a heterodimer composed of two glycoprotein chains of molecular weights 130 and 

140kDa. The cDNA encoding the CD22 molecule has been cloned and the deduced 

protein structure shows considerable homology to the myelin-associated glycoprotein and 

the neural adhesion molecule N-CAM (Stamenkovic and Seed, 1989; Wilson et al., 1991). 

Different antibodies in the cluster appear to react with several different epitopes, all of 

which are located on the carbohydrate moiety. Less than 1% of bone marrow mono

nuclear cells appear to express the antigen on their surface. The intensity of surface 

expression by peripheral blood B cells is slightly less than that of the CD20 antigen but
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stronger than the expression of the CD 19 or CD21 antigens. Expression of the CD22 

antigen appears to be restricted to cells of the B lineage with the exception of a small 

number of AML blasts. CD22 antibodies reacted poorly with a minority of non-T ALL 

cells and B progenitor cell lines and with less than 25% of cells from cases of B-CLL. 

In contrast, the antigen is expressed on most (70%) B cell lymphomas and is particularly 

strongly expressed on hairy cell leukaemia cells. Myeloma cells are negative for the 

antigen. Activation of B cells in vitro resulted in loss of the CD22 antigen after 2-3 days 

(Dorken et al., 1986).

Using the CD22 monoclonal antibodies Tol5 and RFB4 Campana et al. (1985) 

analyzed the phenotype of human bone marrow B cells and found that these antibodies 

did not show surface reactivity with TdT+ cells or pre-B cells but with 72+6% of sIgM+ 

and 97+1% of sIgD+ respectively. In infant and regenerating bone marrow a pattern of 

reactivity similar to that obtained with CD21 was observed, with the majority of sIgM+ 

sIgD~vc cells lacking the antigen and 98+1 (Tol5) or 94+1% (RFB4) of sIgD+ cells 

showing positive staining.

In contrast with the distribution of surface expression of the CD22 antigens discussed 

above, the studies of Campana et al. (1985) showed that normal TdT* cells, pre-B cells 

and sIgM+ sIgD‘ve B cells expressed the CD22 antigen in the Golgi region of their 

cytoplasm. This cytoplasmic expression of the CD22 antigen was also observed in cells 

from patients with common ALL as well as in pre-B cell lines. Studies in the third and 

fourth International Workshops have confirmed that cytoplasmic expression of the CD22 

antigen is a remarkably lineage-restricted early B marker (Dorken et al., 1986; Dorken et 

al., 1989j). The appearance of cytoplasmic CD22 reactivity appears to coincide with the 

surface expression of the CD 19 antigen, while surface CD22 reactivity appears to parallel 

the expression of slgM (Dorken et al., 1986). Stimulation of cyCD22+ sCD22've pre-B cell



lines with phorbol ester induced the expression of surface CD22 over 48-72h (Campana 

et al., 1985).

Like many of the other B cell clustered antigens described above, the CD22 antigen 

appears to play a role in B cell activation. The ability of B cells to respond to anti

immunoglobulin by an increase in intracellular free calcium appears to depend on the 

presence of the CD22 antigen (Pezzutto et al., 1988). CD22 monoclonal antibodies alone 

do not induce B cell proliferation or differentiation, nor do they costimulate with growth 

factors (Dorken et al., 1989j). It seen likely that the CD22 molecule is involved in 

regulating the transduction of signals within the cytoplasm, and might function by 

increasing the amount of substrates such as phosphatidyl-inositol 4,5-biphosphate (PDy 

within the B cell (Clark, 1989). B-cell lines that selectively lack sCD22 have an impaired 

colony-forming ability as detected by a clonogenic assay (Kiesel et al., 1988). The failure 

of CD22-deficient cells to form colonies might result from the absence of CD22-mediated 

cell adhesion (Wilson et al., 1991).

2.17.3. CD23

This cluster of antibodies recognises a 45kDa glycoprotein on the B cell surface. The 

gene encoding the antigen has been cloned and different monoclonal antibodies are 

reported to react with different epitopes of the molecule (Dorken et al., 1989k). The 

antigen is expressed by cells of the B lineage, some follicular dendritic cells, activated 

macrophages, natural killer cells, hypodense eosinophils and some platelets (Gordon and 

Guy, 1987) and is not expressed on myeloma cells. In contrast with all the B cell 

antibodies so far described, CD23 is not, or very weakly, expressed on resting B cells 

isolated from peripheral blood or lymphoid tissue. In lymphoid follicles, germinal centre 

B cells are characteristically strongly positive, but splenic mantle zone B cells are
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negative. In vitro activation of B cells induces the expression of the CD23 antigen. The 

antigen functions as the low-affinity receptor for IgE. Recently, considerable evidence has 

accumulated to suggest that the CD23 antigen in both cell-bound and soluble forms is not 

only an important molecule in B cell growth regulation, but may also have a more 

generalised function as a cytokine (Gordon et al., 1989; section 2.6.7).

2.17.4. CD39

This cluster was first defined by the third Workshop and comprised two antibodies 

which recognised an 80kDa antigen present on peripheral blood B cells, some tonsil B 

cells, follicular mantle and marginal zone B cells, monocytes and some plasma cells (Ling 

et al., 1987). CD39 is not expressed on germinal centre B cells (Ling et al., 1987) 

Smooth muscle and some endothelia also bind the antibody strongly. The antibodies did 

not react with resting or in vitro-activated T cells, but did bind to cells of some T cell 

lines. The majority of cells from patients with non-T ALL and B progenitor cell lines 

were negative but the antibodies showed striking discrimination between EBV-induced B 

lymphoblastoid cell lines and Burkitt’s lymphoma cell lines (Gregory et al., 1988). The 

function of the CD39 antigen is unknown (Dorken et al., 19891).

Some confusion has arisen over the putative CD39 antibody used in the studies 

reported here, G28-8. The sample of G28-8 studied in the fourth Workshop was reported 

to be not a CD39 antibody. However, the antibody sample submitted for investigation in 

the third Workshop and used in the present study does appear to have true CD39 

reactivity, whereas the identically named antibody submitted to the fourth Workshop 

shows a different pattern of reactivity (MacLennan, personal communication).
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2.17.5. CD9

This cluster was originally defined in the first Workshop in 1984 and identifies a 

protein of 24kDa and unknown function. The antigen is expressed by a wide variety of 

cells including platelets, myeloid progenitors, activated T cells and some B lineage cells. 

In addition the antibodies which comprise this cluster show a characteristic pattern of 

reactivity by immunohistology, with staining of the basal aspect of renal distal tubular 

cells and vascular basement membrane. Most non-T non-B ALL cells show reactivity, as 

do some cells from patients with CLL and pro-lymphocytic leukaemias (PLL) and the 

majority of follicular lymphomas (Ling et al., 1987). Like CALLA, the CD9 antigen 

appears to be expressed on early B progenitors at about the time of Ig heavy chain gene 

rearrangements (Korsmeyer et al., 1983). The majority of peripheral blood and small 

tonsil B cells lack this antigen, but it is invariably expressed on germinal centre B cells. 

A recent study (Zeleznik-Le and Metzgar, 1989) has demonstrated the CD9 antigen on a 

population of normal activated tonsil B cells and CD9 expression was associated with 

protein kinase C activation.

2.17.6. CD10

Like CD9, this cluster was also defined by the First Workshop due to its reactivity 

with B lineage leukaemia cells. However, the antigen recognised by this cluster, CALLA 

(common acute lymphoblastic leukaemia antigen) was well characterised before the advent 

of monoclonal antibodies (Greaves et al., 1975). The cDNA encoding the CD10 protein 

has been isolated and the antigen shown to be a type II integral membrane protein with 

a short amino-terminal cytoplasmic tail (Tedder and Isaacs, 1989; De Rie et al, 1989). 

The lOOkDa antigen is not restricted to the B lineage, being present on the luminal surface 

of the proximal renal tubule and the visceral epithelium of the glomerulus. Cells from
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occasional patients with T-ALL appear to express the antigen and a similar but non

identical antigen is present on neutrophils (McCormack et al., 1986). Within the B 

lineage, CALLA is expressed by some B progenitors and most pre-B cells. Janossy et al. 

(1979) first demonstrated the presence of TdT* CALLA+ cells in normal adult human 

marrow and the presence of a population of cells with the same phenotype was noted in 

the foetus (Hokland et al., 1983). The results of Korsmeyer et al. (1983) previously 

discussed in section 2.16.3 indicate that CALLA expression probably occurs after CD24 

expression and immunoglobulin heavy chain gene rearrangement.

Hokland et al. (1984) purified CALLA-positive cells from normal adult human bone 

marrow, analyzed their phenotype and compared the results with those obtained using 

foetal bone marrow (Hokland et al., 1983). The CALLA+ cells from adult marrow showed 

considerable heterogeneity with respect to both cell size and the expression of other 

antigens. 43-65% of CALLA+ cells were TdT* and 79- >90% were HLA-DR+. In 

contrast, only 13-22% and <5-5% of CALLA+ cells coexpressed the B1 (CD20) and B2 

(CD21) antigens respectively. 5-11% were pre-B cells as defined by the presence of 

cytoplasmic IgM. Nadler et al. (1984) from their study of non-T ALL concluded that 

CALLA expression follows the CD 19 antigen in B cell development. These same workers 

also studied B cell enriched fractions from normal adult bone marrow. 97+1% of CALLA+ 

cells coexpressed HLA-DR antigens, 95+3 CD19 (B4), and 83+7% CD20 (Bl). This 

suggests a much higher number of B progenitors coexpressing CD20 and CALLA than 

the study of Hokland et al. (1984). Although absent from peripheral blood and about 75% 

of tonsil B cells, CALLA is present on germinal centre B cells and the majority of 

centroblastic/centrocytic lymphoma cells and Burkitt lymphoma cells (Gregory et al., 

1988). CD10 antibodies also react with some antibody-secreting cells including some 

myeloma cells. Like CD9 and CD38, the antigen appears to be expressed both early and



late in B cell differentiation.

The aminoacid sequence of the CD10 molecule deduced from the cDNA has shown 

100% identity with that of human membrane-associated neutral endopeptidase 

(encephalinase) (De Rie et al., 1989). This enzyme cleaves peptides at the amino-terminus 

of the hydrophobic regions and inactivates several peptide hormones including glucagon, 

enkephalin and the chemotactic peptide fMLF. Although CD 10 antibodies can inhibit 

fMLF induced neutrophil chemotaxis (McCormack et al., 1986), the function of the CD10 

molecule on B cells is unknown.

2.17.7. CD38

The molecule identified by this cluster of antibodies is found principally on T cells 

in the cortex of the thymus, activated T cells, germinal centre B cells, haemopoietic cells 

and plasma cells. The antibodies recognise a 43 kDa protein which appears to be 

expressed early in B cell development then lost, but re-expressed with terminal 

differentiation. The neoplastic cells from most patients with ALL, most B progenitor cell 

lines and B lymphoblastoid cells have been found to be positive, but CLL and HCL cells 

generally do not express the antigen (Ling et al., 1987). The antigen was expressed by 

all foetal pre-B and B cells and 50% of adult bone marrow cells in the study of Tedder 

et al. (1984). Only a small minority of B cells (2-12%) from blood, spleen and tonsil of 

adults were positive, but plasma cells showed strong expression. Gobbi et al. (1983) also 

noted the presence of the antigen on normal pre-B cells but its absence from peripheral 

blood B cells. The function of the CD38 molecule is unknown.

2.17.8. CD5

Strong expression of the CD5 antigen is associated with thymocytes and most
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peripheral T cells. However, the 67 kDa glycoprotein antigen was subsequently detected 

at a much lower density on the neoplastic cells of patients with chronic lymphocytic 

leukaemia and some cases of centrocytic lymphoma (Royston et al., 1980). An infrequent 

(2-3%) B lymphocyte subpopulation was detected in normal tonsil and lymph node by 

Caligaris-Cappio et al. (1982) which has the characteristic phenotype of B-CLL cells 

namely; weak slg expression, Leu 1+ (CD5+) and formed rosettes with mouse 

lymphocytes. These findings were confirmed and small numbers of CD5 positive B cells 

were also detected in spleen and blood. Similar cells were not seen in the bone marrow 

of normal healthy adults but formed the majority population of B cells in the marrow of 

patients recovering from a bone marrow transplant (Ault et al., 1985). In addition to their 

expression of CD5, these cells were characterised by the presence of relatively low levels 

of surface immunoglobulins. Similarly the CD5+ B cell population is a major lymphoid 

subpopulation in human foetal spleen (Antin et al., 1986) and in the blood of children in 

their first year of life. It is also present on an increased proportion of B cells from 

patients with rheumatoid arthritis (Hardy et al., 1987).

An analogous population of B cells, the Ly-1 B cell is present in mice. Ly-1 B cells 

form a minority population in spleen and lymph node but comprise about 50% of B cells 

recovered from the peritoneal cavity. These cells are characterised by high slgM and low 

slgD expression and may be associated with autoantibody production (Hayakawa et al., 

1983). They are most numerous in foetal and neonatal tissues and decrease in number as 

the animal ages. Cell transfer studies (Hayakawa et al., 1985) demonstrated that unlike 

other B cells, the Ly-1 subpopulation was not reconstituted by transfer of adult bone 

marrow cells and they suggested that these cells represent a distinct B cell lineage which 

are not produced by the bone marrow of adults.

CD5+ human B cell malignancies show an apparent restriction in the repertoire of V
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genes expressed and this may reflect a genetically programmed restriction in the 

expression of antibody V genes by the CD5 B cell. Many of the antibodies produced 

have autoreactivity to a variety of self proteins including immunoglobulins and denatured 

DNA. However, the presence of such autoantibodies is not necessarily pathological. 

Recent studies suggest that such antibodies may contribute to a hypo-thetical network of 

idiotypic and anti-idiotypic antibody interactions that can pattern the expression of both 

T and B cells receptor specificities. The CD5+ B cell may play a vital role in the 

ontogeny and homeostasis of the immune system (Kipps, 1989).

2.17.9. CD45

The leucocyte common antigen (LCA) is expressed by virtually all leucocytes but is 

absent from non-haemopoietic tissues (Cobbold et al., 1987). LCA exists in at least four 

isoforms with molecular weights ranging from 170 to 220 kDa which differ in 

carbohydrate structure. From biochemical and genetic experiments it is clear that the 

different isoforms of LCA are multiple products of a single gene produced by alternative 

splicing of the mRNA (Ralph et al., 1987; Streuli et al., 1987). However, particular 

isoforms of the antigen appear to be expressed in a cell lineage restricted manner and the 

antibodies have been divided into two main groups designated CD45 (expressed on almost 

all leucocytes) and CD45R which is restricted to B cells, subsets of T cells and myeloid 

cells (Cobbold et al., 1987). A recent analysis of mouse cell lines transfected with the 

LCA gene has shown that CD45 antibodies recognise sequences common to all LCA 

isoforms whilst many CD45R antibodies selectively detect isoforms that include sequences 

encoded by exon A and have been designated CD45RA. Other antibodies appear to 

recognise sequences on exon B and have been designated CD45RB antibodies, while a 

third group recognises sequences not included in exons A,B or C and have been
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designated CD45RO (Schwinzer, 1989).

CD45 molecules have been identified as membrane-associated protein tyrosine 

phosphatases (Clark and Ledbetter, 1989) but the exact function of these molecules 

remains unclear. Reported effects of CD45 and CD45R antibodies include the blocking 

of NK cell killing, clustering of T cells and dendritic cells, the induction of T cell 

proliferation and a possible role in B cell activation (Schwinzer, 1989).

Ki-B3

This monoclonal antibody identifies a two polypeptide chain antigen on most but not 

all follicular mantle B cells in tonsil, lymph nodes and spleen but is not present on 

marginal zone cells. All Ki-B3 positive cells were found to be sIgD+. The antibody 

showed variable reactivity with cells from patients with ALL and CLL and had some 

reactivity with monocytes. This antibody appears to recognise a further LCA isoform but 

is as yet unclustered (Feller et al., 1987; Dorken et al., 1989m).

2.17.10. CD54

The antibody 7-F-7 was included but not clustered in the B cell section of the third 

Workshop. The antibody was shown to bind to germinal centre B cells, follicular 

dendritic cells and some follicular mantle B cells but had little reactivity with marginal 

zone B cells. It also appeared to detect a subpopulation of CD20 positive tonsil non-T 

cells and was positive with some but not all B lymphoblastoid or B progenitor cell lines 

(Ling et al., 1987). The molecular weight of the antigen detected by 7-F-7 was 85kDa. 

7-F-7 was included in the activation and non-lineage panels of the fourth workshop and 

grouped with seven other antibodies to define the CD54 cluster (Johnson and Shaw, 1989). 

Antibodies of the CD54 cluster are directed against the intercellular adhesion molecule-1 

(ICAM-1). This molecule has been shown to be a ligand for cell-cell adhesion mediated
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by the leucocyte function-associated antigen-1 (LFA-1) (Section 2.17.11).

ICAM-1 is a 90kDa membrane glycoprotein which is absent or weakly expressed on 

resting lymphoid cells but dramatically up-regulated in response to cell activation. 

Lymphocyte activation by antigen-presenting cells has been shown to be critically 

dependent on ICAM-1 and CD54 antibodies have been shown to block cell activation in 

a variety of experimental systems (Boyd et al., 1989a,b; Most et al., 1989).

2.17.11. CD11/CD18 Leucocyte function associated antigens

The leucocyte function associated antigens (LFAs) are a family of structurally related 

leucocyte glycoproteins LFA-1, Mac-1 and p i50,95 involved in mediating cellular 

adhesion. LFA-1, Mac-1 and p i50,95 are heterodimers each consisting of a unique alpha 

subunit of 150-180 kDa (CDlla, CD llb, C D llc, respectively) non-covalently associated 

with a common beta subunit of 95kDa (CD18) (Sanchez-Madrid et al., 1983, Kishimoto 

et al., 1987). LFA-1 is expressed by most leucocytes and enhances both regulatory and 

effector-cell functions of antigen-specific lymphocytes and acts as a general adhesion 

protein in antigen-independent cellular interactions of leucocytes with vascular endothelial 

cells (Springer et al., 1987; Warwyk et al., 1989). Mac-1 and pl50,95 are expressed both 

on the cell membrane and intracellularly by monocytes and granulocytes and some 

activated lymphocytes (Springer et al., 1987). Mac-1 is a complement receptor (CR3) that 

binds the ligand iC3b (Beller et al., 1982), however cell adhesion appears to be 

independent of iC3b binding and mediated by a different part of the Mac-1 molecule. An 

inherited deficiency of the common p-subunit of the LFA molecules results in a syndrome 

of severe combined immuno-deficiency termed the leucocyte adhesion deficiency (LAD) 

syndrome (Anderson and Springer, 1987). Patients with this syndrome characteristically 

suffer recurrent necrotic and indolent infections of the skin, mucous membranes and
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gastrointestinal tract. The severity of clinical infections appears to be directly correlated 

with the degree of glycoprotein deficiency.

A study of LFA-1 expression on lympho-haemopoietic precursors cells (Campana et 

al., 1986) showed that only 2-7% of TdT* bone marrow lymphoid-like cells were LFA-1+, 

whilst >98% of sIgM+ bone marrow B cells reacted with the anti-LFA-1 antibody. A 

minority (25-40%) of cyp+ slgM  pre-B cells show weak expression of LFA-1 consistent 

with the first appearance of this antigen at the pre-B cell phase of B cell differentiation. 

The majority of myeloblasts, erythroblasts and cells of the megakaryocytic lineage did not 

express LFA-1, whilst virtually all thymocytes including the large TdT* blast cells showed 

positive staining with the C D lla  antibody.

2.17.12. CD73

Antibodies of the CD73 cluster recognise the plasma membrane enzyme ecto-5'- 

nucleotidase (Dorken et al., 1989n). The enzyme is present on around 70% of CD19+ B 

cells and about 20% of CD3+ T cells. B cells express the enzyme at higher density than 

T cells. Many cases of pre-B and B progenitor cell leukaemias were CD73+ while T- 

ALLs were negative. Ecto-5'-nucleotidase (ecto-5'-NT) catalyses the dephosphorylation 

of purine and pyrimidine ribo- and deoxyribonucleoside monophosphates, and can regulate 

the cellular uptake of purines. The purine metabolic pathway appears to be important in 

normal B cell maturation as the enzyme ecto-5'-NT has been found to be reduced or 

defective in several immunodeficiencey states. The exact role of the enzyme in B cell 

maturation is unknown.

2.17.13. CDw75

This cluster of antibodies defined in the fourth Workshop recognises a molecule
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expressed only on mature slg+ B cells. The antigen was not detected on pre-B cell lines 

or the blast cells from patients with B-lineage ALL, but was strongly expressed by the 

neoplastic cells of all types of leukaemias and lymphomas of mature B cell phenotype 

(Dorken et al., 1989o). CDw75 antibodies reacted strongly with cells of a myeloma cell 

line and also with the neoplastic cells in the bone marrow of patients with multiple 

myeloma. The antigen is strongly expressed on germinal centre B cells especially in the 

outer zones, and more weakly on follicular mantle cells. Normal B cell progenitors from 

foetal tissues are negative for the CDw75 antigen as are the majority of sIgM+ cells in 

foetal but not adult tissues (Campana et al., 1989), suggesting that the antigen is expressed 

after slgM in B cell development. Flow cytometry studies indicate that CDw75 antibodies 

react weakly with a minority of normal peripheral blood T cells and by immunohistology 

also with various types of epithelial cells. The function of the CDw75 antigen is 

unknown.

2.17.14. CD76

The CD76 antigen is a B cell associated-antigen which is strongly expressed on 

mature B lymphocytes and moderately expressed on a fraction of mature T lymphocytes. 

The antigen is absent from normal and neoplastic B cell progenitors, and variably 

expressed by a variety of B cell leukaemias and lymphomas of more mature phenotype. 

(Dorken et al., 1989p). The most characteristic feature of CD76 antibodies is their 

reactivity with B cells of the mantle zone of secondary follicles and the absence of 

staining of germinal centre B cells (MacLennan et al., 1989). Strong staining by CD76 

antibodies was also noted on a subset of splenic marginal-zone B cells and MacLennan 

et al. (1989) suggested that the CD76 antigen might be differentially expressed on memory 

and virgin margin al-zone B cells. The CD76 antigen has no known function.
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2.17.15. CD77

Monoclonal antibodies of the CD77 cluster react with the sugar moiety of a neutral 

glycosphingolipid (globotriaosylceramide, Gt^) present on the cell membrane. This same 

sugar has blood group pk specificity. Cell surface expression of Gb3 within the 

haemopoietic system appears to be restricted to the B cell lineage (Dorken et al., 1989q). 

However, within the B cell lineage the CD77 antigen is only expressed at certain stages 

of maturation. Neoplastic cell lines derived from patients with Burkitt’s lymphoma are 

strongly positive as are normal germinal centre B cells particularly in the dark zone, but 

not mantle or marginal-zone B cells (Fyfe et al., 1987). The function of the Gbj molecule 

on B cells is unknown.

2.18. Non-clustered antibodies

Very many more antibodies reactive with B lineage cells have been produced and 

reported than have been studied in any of the International Workshops and it is not 

possible to review them all. In this section only those non-clustered antibodies included 

in this study will be discussed. Other antibodies of particular interest in B cell 

development will be considered in the discussion.

2.18.1. MA5

The antibody MA5 (Yip et al., 1987) appeared to show a similar pattern of reactivity 

to the CD40 cluster but was not fully studied in the third Workshop. Subsequent studies 

have shown this antibody to have anti-HLA class II reactivity (Dorken et al., 1989r).

2.18.2. 2-7

This antibody was included in the 2nd, 3rd and 4th Workshops but remains

85



unclustered. The molecular weight of the antigen has not been determined. The antibody 

reacts strongly with cells of the follicular mantle of both tonsil and lymph node, and also 

with interdigitating cells of the tonsil, lymph node and spleen. However, splenic follicular 

mantle and marginal zone cells are less strongly stained. The antibody failed to react with 

most ALL blasts and B progenitor cell lines, but about 50% of B-CLLs and the majority 

of B lymphoblastoid cell lines were positive. There was no reactivity with T cells or 

myeloid lineage cells (Ling et al., 1987).

2.19. B cell differentiation

The discussion in this section takes account only of studies of bone marrow B cell 

phenotype available at the time of commencement of the work described in this thesis 

(January 1986). More recent literature is discussed in detail in chapter 7.

2.19.1. Evidence from phenotypic studies of normal bone marrow

As already discussed (section 2.16.1) study of normal marrow demonstrated a TdT\ 

HLA class IT CD19+, CyCD22+ subpopulation which appears to represent the earliest 

human B progenitors. The next molecules to be expressed are CD10 and CD9. More 

detailed study of the CD10+ subset indicates that some of these cells express the CD20 

antigen, but the majority lack reactivity with CD21 suggesting that the antigens recognised 

by CD10, CD20, and CD22 appear sequentially during B cell differentiation (Ryan et al., 

1986). Gobbi et al. (1983) demonstrated a difference between the majority of p+ B cells 

in bone marrow and blood with respect to their reactivity with 4 monoclonal antibodies 

RFA-1, RFA-2, RFA-3 and RFA-4. A subset of the p+ cells (only 20% in this study) also 

expressed IgD and these cells had a different phenotype resembling the circulating B cells 

present in the blood. The most detailed phenotypic study of normal human B lineage cells



available at the time of commencement of this thesis was that of Campana et al. (1985). 

A limited panel of seven monoclonal antibodies plus anti-TdT, anti-IgM and anti-IgD was 

used. The findings suggest an orderly acquisition of B cell-associated membrane antigens 

during B cell development and a provisional scheme for the sequential appearance of 

different antigens was presented (Figure. 2.8).

FIGURE 2.8

Sequential appearance of cell surface antigens during B cell development 
(Reproduced from Campana et al., 1985)

7df prc — B /pAf /pf)

2.19.2. Evidence from normal B cell ontogeny

Studies of lymphocyte ontogeny in mammals have shown that the foetal liver is the 

initial site of B cell differentiation (Gathings et al., 1977). Hofman et al. (1984) 

demonstrated that BA-1 (CD24) and p+ cells are present at 12 weeks gestation and 

increase in frequency with age. IgD and CD20 were only detected later in foetal life. 

Purification of CD10+ cells from foetal liver (Hokland et al., 1983) shows that although
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morphologically homogeneous, the phenotype of the CD10+ population is strikingly 

heterogeneous when labelled with a series of monoclonal antibodies. Virtually all the 

CD10+ cells expressed HLA Class n , CD38 and CD9 antigens. Only a minority of CD10+ 

cells expressed TdT (5-25%), CD20 (40%) and cytoplasmic p chains (15-30%). 

Additional studies by the same workers (Hokland et al., 1985) on the differentiation of 

foetal bone marrow cells in vitro showed that as the number of CD10+ TdT+ cells 

decreased the number of CD20+ and sIgM+ cells increased and some cells expressed the 

CD21 antigen. The number of CD 19 positive cells did not alter suggesting that this 

antigen is continuously expressed throughout this phase of B cell development. A similar 

sequence of differentiation from CD10+ to CD20 and CD21 positivity was demonstrated 

in foetal liver, bone marrow and spleen by Rosenthal et al. (1983) and Bofill et al. (1985). 

These latter workers also demonstrated the appearance of a small subpopulation of IgM+ 

IgD+ CD5+ B cells in the spleen relatively late (22 weeks) in ontogeny. Subsequently, 

these CD5+ B cells appear to cluster in the developing lymph nodes around the follicular 

dendritic cells.

2.19.3. Evidence from regenerating marrow after bone marrow transplantation

After bone marrow transplantation (BMT) two distinct patterns of B cell regeneration 

have been observed (Asma et al. 1987). In some patients there is an early rise in the 

number of TdT" cells followed by a rise in the number of pre-B cells. Other patients 

show slower regeneration without evidence of a pronounced peak of progenitor cells. 

Treatment of the donor marrow prior to infusion with CD10 (Bengtsson et al 1989), CD20 

or CD 19 (Anderson et al 1987) antibodies did not affect the regeneration of B cells 

indicating that the antigens recognised by these clusters are not expressed by lymphoid 

stem cells.
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Although many patients show evidence of elevated numbers of B cells in blood and 

bone marrow at 6-12 months post BMT, B cell responses are often impaired. Serum 

immunoglobulin levels do not recover into the normal range for 9-14 months for IgM and 

IgG, and 2 yrs for IgA (Noel et al., 1978; Martin et al., 1987). CD23+ B cells are 

severely depressed for the first 3 months post transplant and this may, in part, explain the 

B cell non-responsiveness observed in such patients (Bengtsson et al. 1988, 1989). As 

mentioned in section 2.18.9 many of the regenerating B cells post BMT are CD5+ (Ault 

et al. 1985). Subsequently CDS'™ B cells appear but it is not clear if the CD5+ cells 

represent a stage in normal differentiation or a separate B cell lineage.

2.19.4. Evidence from B cell malignancies

Extensive use has been made of neoplastic cells in studying B cell development. A 

major advantage of using such cells is that large numbers of homogeneous cells can be 

readily obtained for study. Phenotypic and enzymatic characterisation of human 

leukaemias support the hypothesis that these diseases have a monoclonal origin and exhibit 

an apparent arrest of cell maturation at a particular stage of differentiation. Subsets of 

leukaemias and lymphomas have been identified and aligned with putative normal 

counterparts (Godal and Funderud, 1982; Galton and MacLennan, 1982; Gordon, 1984; 

Gobbi et al., 1983, Anderson et al 1984; Foon and Todd, 1986). The extent to which 

neoplastic cells reflect the characteristics of their normal counterparts has been a source 

of prolonged controversy and has been extensively discussed by Greaves (Greaves, 1986; 

Greaves et al., 1986).

In addition to aiding our understanding of normal cellular differentiation pathways and 

the events leading to neoplastic transformation, comparisons between malignant cells and 

their normal counterparts may have direct clinical value in the differential diagnosis of
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benign and malignant proliferations and the design of therapeutic strategies. Another 

invaluable use of these cells has been for the immunisation of experimental animals for 

the production of monoclonal antibodies against cellular differentiation antigens.

2.19.5. Evidence from in vitro bone marrow culture

The difficulties experienced by workers attempting to grow human bone marrow in 

long-term culture has limited this approach to unravelling the complexities of human bone 

marrow differentiation. Studies with rodent marrow have been discussed in section 2.10.2.

2.20. Sources of human bone marrow

Human bone marrow is a difficult tissue to obtain and study and is obtainable from 

two main sources: 1) by aspiration from normal volunteers, volunteer BMT donors or 

patients undergoing cardiothoracic surgery and 2) from segments of bone removed 

routinely as part of an operative procedure.

2.20.1. Bone marrow aspirates

Bone marrow aspirates contain a variable and unknown quantity of blood. This blood 

contamination may be up to 100% by volume (Fauci, 1975) and significantly effect the 

results of subsequent experiments. Park et al. (1972) studying the response of bone 

marrow cells to the mitogen phytohaemagglutinin (PHA) observed that the results obtained 

were dependent on the volume of marrow aspirated. Cells from 0.3 ml aspirates showed 

no response to PHA, whereas cells from a 10 ml aspirate showed a marked response. In 

addition, the concentration of nucleated cells was highest when a volume of 0.3 ml was 

aspirated and decreased as the volume of marrow aspirated increased. These results are 

consistent with dilution of the marrow samples by increasing numbers of contaminating



blood T lymphocytes as the volume of the aspirate was increased. Similar observations 

have been made by other workers (Alley and MacDermott, 1980a,b).

2.20.2. Rib segments

Surgical access to the thoracic cavity by the lateral approach in adults requires the 

removal of a short (1-3 cm) segment of rib which is normally discarded. Such segments 

were shown by De Gast and Platts-Mills (1979a,b) to be a rich source of B lymphocytes 

and these workers calculated that < 1% of the lymphocytes present in the cell suspensions 

could be attributed to contamination by peripheral blood.

2,21 Principles of flow cytometry

2.21.1 Description of the flow cvtometer

The first practical fluorescence activated flow cytometers were developed during the 

early 1970’s. Subsequently a variety of instruments from several manufacturers have 

become commercially available. Despite some differences, all work on a similar principle. 

Cells in suspension pass in a continuous stream into the centre of a fine nozzle and are 

confined to the centre of the liquid jet by a surrounding cell-free sheath of fluid. The 

cells contained in their jet of fluid then pass through a focused beam of high intensity 

light usually supplied by a laser and fluorochrome molecules attached to the cell surface 

are excited and emit fluorescent light (Fig. 2.9). This light is collected by a series of 

lenses and is directed to separate photomultiplier detectors by a dichroic reflector. The 

signals are amplified, processed electronically and fed to a computer for storage and 

analysis. Non-fluorescent light scattered by the cells at low angle and 90° may also be 

collected in a similar fashion. The degree of forward light scatter gives an assessment of 

cell size and the 90° scatter of cell granularity (Parks and Herzenberg, 1984). The signals



FIGURE 2.9

Diagrammatic representation of a fluorescence activated cell sorter 
(Reproduced from Parks and Herzenberg, 1985)
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obtained may be amplified in a linear or logarithmic manner depending on the 

distributions expected from the measurements.

Logarithmic amplification is particularly suitable for immunofluorescence 

measurements where the intensity difference between dull autofluorescent cells and bright 

positively stained cells may be several hundred fold (Parks et al., 1986). However 

quantitative comparison of fluorescence intensities between different populations is more 

easily performed with linear data. Methods have been described whereby microspheres 

of different predetermined fluorescent intensities are used to construct a calibration curve 

for the logarithmic intensity scale and hence allow the conversion of logarithmic to linear 

intensity measurements (Muirhead et al., 1983).

2.21.2. Data collection and display

Data may be collected as a list with a digital value for each measurement on each cell 

(list mode) and subsequently analysed by computer using commercial software. The 

simplest plot is the histogram where one parameter e.g. light scatter (as an intensity 

channel number) is presented on the abscissa and the frequency of cells on the ordinate 

(Fig 2.11a). For the simultaneous display of two measured parameters e.g. fluorescence 

and low-angle light scatter, dot plots and contour maps may be used.

In a dot plot display, each dot represents the x and y coordinates of the one cell that 

has been analysed. Dots representing equal numbers of cells may be joined together 

giving rise to the contour plot (Fig 2.11b). For more complex analyses it is possible to 

pre-select measurements ("gate") for two parameters e.g. forward angle and 90° light 

scatter (cell size and granularity) and then express only cells of the relevant subset in 

terms of their fluorescence. In addition to the facility to "gate" previously collected cell 

data in this way using the computer software, more sophisticated cell sorters allow such
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selection at the time of data collection and store fluorescent signals only from cells with 

pre-determined scatter characteristics.

2.22. Characteristics of fluorochromes used for flow cytometry and microscopy 

Several characteristics are important in a fluorochrome to be used for 

immunofluorescence measurements: 1) it must absorb light strongly at wavelengths for 

which a good excitation source is available, 2) the dye should have a high ratio of emitted 

to absorbed light (quantum efficiency), 3) the presence of a large Stokes shift (the 

wavelength difference between exciting and emitted light) allows easier discrimination of 

the emitted light from the exciting light source and 4) it must be possible to couple the 

dye to an antibody without disrupting the specificity of the antibody or the performance 

of the fluorochrome (Horan and Loken, 1985; Parks et al., 1986).

2.22.1. Fluorescein and rhodamine

The most widely used dye is fluorescein isothiocyanate which amply fulfils all the 

above criteria and in addition its apple green fluorescence is readily differentiated from 

blue tissue autofluorescence. For dual fluorescence a second colour is required and the 

first alternative to fluorescein, lissamine rhodamine B was introduced by Chadwick in 

1958 (Chadwick et al., 1958). Rhodamine compounds show peak absorbance/excitation 

at a longer wavelength than fluorescein derivatives and in the fluorescence microscope 

each marker is selectively excited and viewed by the use of appropriate filter combinations 

(Figure 2.11). Dual fluorescence studies based on the use of a fluorescence-activated cell 

analyser (FACS) equipped with a single laser, however, require a combination of dyes 

having different emission maxima but overlapping absorbance/excitation spectra 

appropriate to the emission of the laser employed. Rhodamine is not suitable for use with



the FACS as it is poorly excited by the 488 nm argon ion line used to excite fluorescein.

2.22.2. R-phvcoervthrin

The phycobiliprotein dye R-phycoerythrin (RPE) is well excited at 488 nm, has a 

good quantum efficiency and a large Stokes shift with emission in the orange-red at 595 

nm well separated from the emission peak of fluorescein at 525 nm (Glazer and Stryer, 

1984; White and Stryer, 1987). RPE has been extensively used with fluorescein since its 

introduction in 1982 (Oi et al., 1982) and has become the standard second label in double

labelling experiments using a single laser FACS.

2.23. Criteria for dual fluorescence analysis

For successful analysis it is essential that neither of the two fluorochromes should 

interfere with the signal generated by the other and spectral overlap between the emission 

of the fluorochromes (e.g., the red component demonstrable in the emission of fluorescein) 

requires that each fluorescence detector must be adjusted to maximise the sensitivity for 

one dye and minimise the signal contributed by the other, a process sometimes termed 

compensation (Parks et al., 1986). The overlap of the RPE absorption and fluorescein 

emission curves (Figure 2.12) introduces the possibility of energy transfer from one dye 

to the other with resultant quenching (Parks and Herzenberg, 1984; Horan and Loken, 

1985) although this has not been reported as a problem in practice.
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FIGURE 2.11

Excitation and emission spectra of dyes used for immunofluorescence (Reproduced from 
Parks and Herzenberg, 1986).
Excitation spectra (solid lines) and emission spectra (broken lines). The vertical scale is 
in arbitrary units. The arrow indicates the wavelength of the argon ion laser line normally 
used to excite these dyes.
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FIGURE 2.12

Absorbance and emission spectra for fluorescein

Absorbance curve (solid line) for the R-phycoerythrin-streptavidin conjugate used in these 
experiments (recorded on a Kontron Uvikon 860 spectrophotometer).
The fluorescein emission spectrum is shown superimposed (dotted line) (reproduced from 
Hansen, 1967) (not to the same scale).
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CHAPTER 3

MATERIALS AND METHODS

3.1. Sources of human tissues and preparation of cell suspensions

3.1.1. Human bone marrow from rib segments

Surgical access to the thoracic cavity necessitates the routine removal of short (1- 

3 cm) segments of rib. Such samples were readily available from patients undergoing 

thoracotomy for a variety of conditions as shown in Table 3.1. These rib segments would 

normally be discarded into the hospital incinerator. Each rib segment was collected from 

the operating theatre within 10 minutes of excision. Rib segments were washed with 

sterile Hepes-buffered RPMI 1640 to remove surface blood and cells were flushed from 

the marrow using a syringe and needle. In preliminary experiments an anticoagulant, 

heparin or EDTA, was included with the culture medium. This was subsequently found 

to be unnecessary and was omitted in definitive experiments to avoid possible cell toxic

ity. The cell suspensions were transported on ice to the laboratory. The fat rose to the 

surface forming a congealed layer that could be pipetted off. The cell suspension was 

filtered through sterile gauze to remove tissue debris and washed twice using Hepes- 

buffered RPMI 1640 with 2% foetal bovine serum (FCS). The suspension was counted 

in an improved Neubauer chamber and the cell concentration adjusted as required. All 

samples were tested for viability using the method of Trypan-Blue exclusion and 

suspensions showing less than 95% viability were discarded. Staining was either carried 

out on these suspensions or the cells were fractionated on a Ficoll-Hypaque gradient.
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TABLE 3.1

Sources of human bone marrow samples

TISSUE CLINICAL NUMBER AGE YRS. SEX
DIAGN OS IS CASES MEDIAN

M F

Rib Bronchial
carcinoma

28 63
(39-76)

17 11

Rib Other
malignancy1

2 39, 57 0 2

Rib Hiatus hernia 
repair

3 55
(40-65)

1 2

Rib other non- 
malignant2

3 48
(41-54)

2 1

Rib Diagnosis
unknown

10 46
(29-66)

6 4

Aspirate CABG3 12 58
(46-68)

9 3

Aspirate Heart valve 
replacement

4 63
(61-64)

1 3

Aspirate Other4 3 32
(18-47)

1 2

1 e.g. oesophageal carcinoma
2 e.g. pleurectomy
3 coronary artery bypass graft
4 e.g. pericardectomy



3.1.2. Bone marrow aspirates

These were obtained with full approval of the local ethical committee from patients 

undergoing cardiac surgery (Table 3.1). A 1-2 ml aspirate sample was taken from the 

sternum immediately prior to median sternotomy. This was placed in 5 ml heparinised 

(20 U/ml Monoparin, CP Pharmaceuticals Ltd.) RPMI 1640. Marrow particles were 

removed by filtration through sterile gauze, resuspended, sucked up and down a fine (23g) 

needle to release the cells and the suspension recombined with the rest of the sample. 

Any aspirate not containing marrow particles was discarded. A mononuclear cell 

suspension was then prepared using a Ficoll-Hypaque gradient (see below).

3.1.3. Peripheral blood samples

Peripheral blood was obtained from two sources: 1) healthy volunteers (20-32 yrs of 

age), 20 ml were collected into preservative-free heparin 15 IU/ml or 2) buffy coat 

fractions prepared from single unit donations from volunteer blood donors. These were 

kindly provided by the West Midlands Regional Transfusion Centre and were fully 

screened for hepatitis B virus and the human immunodeficiency virus (HIV).

3.1.4. Tonsil samples

Surgical specimens were collected from the operating theatre within 1-2 hours of 

removal, chopped into small fragments and teased with blunt forceps to release the cells. 

After the debris had been allowed to settle the supernatant was removed and the cells 

transferred to a sterile universal container. The suspension was centrifuged and the cells 

resuspended and layered onto a Ficoll-Hypaque gradient. The resulting mononuclear cell 

fraction was depleted of T cells by rosetting with sheep red blood cells (2 cycles) and 

stored at 4°C prior to use.
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3.2. Preparation of mononuclear cell fractions on Ficoll-Hypaque gradients. (Modified 

from Boyum, 1968)

Buffy coat suspensions were diluted 1:2 or 1:3 with Hepes buffered RPMI 1640 

containing 20 U/ml of preservative-free Heparin (Monoparin). Other cell suspensions 

were layered directly onto Ficoll-Hypaque (Pharmacia) at 18-20°C in a 10 ml sterile tube 

with an approximate ratio of cell suspension to separation medium of 3:1. The tubes were 

centrifuged at 1800 rpm (400g) for 20 min. The layer of cells at the interface was 

carefully removed and transferred to a fresh tube for washing. A slow centrifuge speed 

(lOOg) was used to sediment the lymphocytes but leave the platelets in suspension. The 

pellet was resuspended in medium containing 2% foetal bovine serum but no heparin. All 

cell suspensions were incubated at 37°C with a change of medium for at least 1 h to 

release cytophilically bound immunoglobulin (Petterson et al., 1978; Ling and Richardson 

1981).

3.3. Purification methods for mononuclear cell suspensions

3.3.1. T cell depletion by sheep red blood cell rosetting (modified from Saxon et al., 

1976).

The lymphocyte suspension was adjusted to 1 x 107 cells/ml. Equal volumes of 1% 

AET-SRBC (section 3.8.1) in 40% FCS and lymphocyte suspension were mixed and 

centrifuged at 60g for 5 minutes to gently pellet the cells. Cells were incubated for 10 

minutes at 4°C before being gently resuspended and layered onto Ficoll-Hypaque. Tubes 

were centrifuged at 400g as before. The interface layer consisted of non-rosetted non-T 

cells while the rosetted T cells could be recovered from the pellet.
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3.3.2. Removal of cells by indirect immune-rosetting (Figure 3.11

2 x 107 cells were incubated with a 1/50 dilution of monoclonal antibody in phosphate 

buffered saline (PBS) containing 10% FCS for 60 min on ice. Cells were washed twice 

in PBS and the pellet resuspended in 8 ml of Hepes-buffered RPMI 1640 with 2% FCS. 

Approximately 2.7 ml of a suspension of sheep anti-mouse immunoglobulin-coated SRBC 

were added to give a ratio of 40 RBC to 1 mononuclear cell. Cells were incubated at 

room temperature for 10 min before being very gently centrifuged (1 min at 60g). The 

cells were left pelleted for a further 10 min at room temperature before being gently resus

pended and separated on either a Fycoll-Hypaque or a 60% Percoll gradient. Cells from 

the pellet could be recovered by lysis of the SRBC using tris-buffered ammonium chloride 

(section 3.8.5).

3.3.3. Separation of cells using an avidin-sepharose column (adapted from Berenson et 

al., 1986a)

2 x 107 bone marrow cells were labelled in suspension with primary antibody and 

biotinylated sheep anti-mouse immunoglobulin and stored on ice (see section 3.6). The 

avidin-labelled sepharose was packed in a Pharmacia K9/15 column (Pharmacia Ltd). The 

volume of the column bed was determined using high molecular weight dextran (Dextran 

2000) and the column washed through with PBS containing 10% FCS. The labelled cells 

suspended in 1-3 ml of the same medium at a concentration of approximately 2 x 107 

cells/ml were layered onto the column and run in. The column was incubated for 10 min 

and the cells slowly eluted at a flow rate of approximately 0.5 ml/min. The first 1 ml of 

eluate was discarded and subsequent fractions were collected to a total of 10 ml. The cell 

content of the different fractions was counted and analysed by fluorescence and 

Romanowsky staining (Figure 3.2).



FIGURE 3.1

Separation of myeloid cells by indirect immune resetting
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FIGURE 3.2

Photomicrograph of myeloid cells adherent to avidin-coated sepharose beads

Bone marrow cells were labelled with the anti-myeloid cell antibody BU-28 and 
biotinylated sheep anti-mouse immunoglobulin. The sepharose beads were coated with 
avidin (section 3.8.3). The cell suspension was passed down the column and the beads 
together with adherent myeloid cells recovered from the column and stained with FITC- 
labelled sheep anti-mouse immunoglobulin. The photomicrograph shows a large sepharose 
bead with positively-stained myeloid cells attached.

3.4. Preparation of fixed cell monolayers

3.4.1. Cytocentrifuge slides

De-greased microscope slides were assembled with absorbent pads and centrifuge
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chambers into the holders of a Shandon 2 Cytospin. Cells were washed and suspended 

in tissue culture medium containing 2% FCS at a concentration of 5 x 105 cells/ml. 50 

pi of cell suspension were placed in the bottom of each chamber and centrifuged for 3 min 

at 500 rpm at the "Hi" acceleration setting. Slides were immediately removed from the 

holders and care was taken not to smear the preparations. Slides were dried under a fan 

for 15 min at room temperature and then fixed in acetone for 3 min and re-dried. The test 

areas were covered with obdurators and the slides lightly sprayed with Teflon 

(Klingerflon; Marshall-Howlett, Gravesend). The water-resistant film allowed better 

localisation of reagents to the test area during subsequent staining procedures. Slides not 

required for immediate use were stored in re-sealable polythene bags at -20°C.

3.4.2. Cell spreads

Cell spreads were made by placing 5 pi of a 5 x lOVml cell suspension in each well 

of a 6 mm Multispot slide (C.A. Henley Ltd, Essex). The drop was carefully spread over 

the entire spot area, just overlapping the Teflon, using a fine glass spreader prepared from 

the sealed tip of a Pasteur pipette. Slides were left to stand for 1 min to allow the cells 

to settle and any excess fluid was then sucked off with a pipette. The preparations were 

dried thoroughly under the fan before being fixed and stored as for the cytocentrifuge 

preparations.

3.5 Monoclonal antibodies and antisera used in this study

3.5.1 Monoclonal antibodies

Many of the monoclonal antibodies used in these studies were obtained as a result of 

the Department’s participation in the Third International Workshop on Human Leucocyte 

Differentiation Antigens (Oxford 1986). Other antibodies were available from clones

106



raised locally, purchased (eg. American Type Culture Collection) or gifted to the 

Department. Antibodies were selected to be representative of all the major B cell clusters 

defined in 1986 (sections 2.17 - 2.19) and are listed with their laboratory of origin and CD 

classification in Table 3.2. BU-12 (CD19) and BU-16 (CD9) were produced in this 

laboratory and validated in the 3rd Workshop. BU-25, BU-26, and BU-27 are potent 

antibodies (also produced in this laboratory) to human non-polymorphic HLA Class-II 

antigens and show the characteristic reactivity pattern of antibodies to DP + DQ + DR 

"backbone" determinants. BU-28, classified in the Fourth International Workshop as a 

CD15 antibody is a very potent anti-myeloid cell antibody. It stains an antigen present 

both on the surface and in the cytoplasm of myeloid lineage cells from the myelocyte 

stage to mature polymorphonuclear leucocytes. BU-15 (CD 11c) is reactive with human 

monocytes but not granulocytes. The mouse anti-human heavy chain monoclonal 

antibodies, CH6 (anti-IgM), AF6 (anti-IgM), JA11 (anti-IgD), 8a4 (anti-IgG), and 1/2D7 

(anti-IgA) were all prepared and evaluated within the Department. MAS was a gift from 

Prof. M.H. Ng (Hong Kong) and WR17 (CD37) from Dr. K. Moore (Southhampton). 

OKT1 (CD5), OKT3 (CD1) and OKM1 (CD11) were obtained from the American Type 

Culture Collection. A mouse ascitic fluid with no specific reactivity was used as the 

negative control in most studies. In other experiments, the antibody BU-10 which reacts 

with follicular dendritic cells but not lymphoid or myeloid cells was used as an irrelevant 

antibody control. The monoclonal antibodies were in general used as ascitic fluids at 

1/100 dilution. Where purified antibody preparations were employed the optimum dilution 

was determined in each case. Biotinylated BU-26 was prepared from a DEAE preparation 

of the antibody and conjugated with biotin (250 pg biotin to 1 mg antibody protein) as 

described below (3.5.2) for polyclonal antisera.



TABLE 3.2

Monoclonal antibodies used in this study

Antibody Cluster 
Designation 
or main 
reactivity

Mouse
Ig
isotype

Source Studied in 
Workshop 
no.+

Reference

BU-12 CD19 G1 BU* nr, iv Birmingham
University

B1 CD20 G2a Nadler i,n,m,iv Stashenko et 
al.(1980)

L27 CD21 G1 Ishii m Sapporo-City
Japan#

BL13 CD21 G1 Brochier n, m Brouchier et 
al.(1984)

F74 CD21 G2a LeBien m Minneapolis
USA*

Tol5 CD22 G2b Pulford m Abdulaziz et 
al.(1984)

HD39 CD22 G1 Dorken n, m, iv Dorken et al. 
(1986)

MHM6 CD23 G1 McMichael n, m, iv Rowe et al. 
(1982)

VIB-E3 CD24 M Knapp m, iv Wien, Austria* 
Southampton

WR17 CD37 G2a Moore m University* 
Remes, France*

T168 CD38 G1 Bourel m, iv Ledbetter et 
al.(1987)

G28-8 CD39 G1 Ledbetter m Rowe et al. 
(1982)

AC2 CD39 G1 Rickinson IV Clark et al. 
(1986)

G28-5 CD40 G1 Ledbetter m, iv Ritz et al. 
(1980)

J5 CD10 G2a Ritz i, m, iv Hercend et al. 
(1981)

J2 CD9 M Ritz n, in Birmingham
University

BU-16 CD9 G2a BU m, iv II

BU-25 HLA classll G1 BU if

BU-26

BU-27

HLA classll 

HLA classll

G l/
G2b
G2b

BU

BU

it
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TABLE 3.2 (Continued)

Antibody Cluster 
Designation 
or main 
reactivity

Mouse
Ig
isotype

Source Studied in 
Workshop 
no.+

Reference

AF6 anti-IgM G l/
G2b

BU m Lowe et al. 
(1982)

CH6 anti-IgM Gl BU Birmingham
University

JA11 anti-IgD Gl BU II

8a4 anti-IgG Gl BU II

2D7 anti-IgA Gl BU II

MA5 HLA-DQ M Ng m, iv Yip et al. 
(1987)

7-F-7 CD54 G2a Schulz m, iv Schulz et al., 
(1988)

2-7 Unci M Dupont n, m, iv New York, 
USA

KiB3 CD45
isoform

Gl Feller m, iv Kiel, FRG

Leul CD5 G2a Warner n, m Becton
Dickinson

OKT1 CD5 Gl A.T.C.C.4 USA

OKT3 CD3 G2a A.T.C.C. USA

BU-28 CD 15 M BU m, iv Birmingham
University

BU-15 C D llc Gl BU m I I

BU-10 FDC non 
clustered

M BU m, iv I I

OKM1 C D llb G2b A.T.C.C. n, m, iv USA

4 American Type Culture Collection
* Department of Immunology, University of Birmingham Medical school.
+ International Workshop on Human Leucocyte Differentiation Antigens.
# Antibodies gifted to the Department and also included for study in 3rd International 
Workshop.
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3.5.2. Polyclonal antisera

Direct immunofluorescence studies were performed using fluorescein isothiocyanate 

(HTC)-labelled sheep anti-human immunoglobulin heavy chain-specific antisera; IgM, IgG 

and IgA (Wellcome), IgD (The Binding Site Ltd, Birmingham University). Rhodamine 

isothiocyanate (TRITC)-labelled sheep anti-human IgM (The Binding Site Ltd) was used 

for the identification of pre-B cells.

The second-layer reagents used in indirect immunofluorescence assays were MI C, 

TRITC or biotin-labelled sheep anti-mouse immunoglobulin of appropriate isotype 

specificity. FTTC- and TRITC-labelled conjugates were available with the following 

specificities; anti-IgM, anti-IgGl, anti-IgG2a, anti-IgG2b (The Binding Site Ltd.). 

Biotinylated reagents were prepared in the laboratory according to the method of Goding 

(1980) (section 3.5.3). Streptavidin-R-phycoerythrin (RPE) conjugate was obtained from 

Becton Dickinson (Oxford, U.K) and purified unconjugated streptavidin and avidin-MTC 

conjugate from Sigma (Poole, U.K.). The optimal dilution of each conjugate was 

determined in preliminary experiments (section 3.7.1.).

3.5.3. Preparation of biotinylated antisera

A DEAE-purified preparation of sheep anti-mouse immunoglobulin was obtained (The 

Binding Site Ltd) and dialysed for 24 h at 4° C against 0.1 M sodium bicarbonate. The 

protein concentration was determined in a spectrophotometer and adjusted to 5 mg/ml with 

0.1 M sodium bicarbonate. A 5 mg/ml solution of biotin (Miles Yeda Ltd) in dimethly- 

sulphoxide (DMSO) was freshly prepared and immediately added to the immunoglobulin 

solution at a ratio of 1 mg of biotin to 5 mg of protein (i.e. 400 pi biotin to 2 ml of 

protein solution). The mixture was incubated on a Matbum rotator for 4 h at room 

temperature. The conjugate was dialysed against PBS at 4°C with two changes for 16 h.
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0.1% sodium azide was added to prevent bacterial growth and the conjugate was 

evaluated as described in section 3.7.1. A set of such biotinylated H-chain-specific 

antisera was prepared for the following specificities: sheep anti-mouse IgGAM ("total 

immunoglobulin"), IgGl, IgG2a, IgG2b and IgM.

3.6. Immunofluorescence staining systems (Johnson and Holborow, 1986) (Figure 3.3)

3.6.1. Indirect surface staining in suspension

0.5-1 x 106 cells (2 x 106 for bone marrow) were spun down and resuspended in 100 

pi of antibody diluted in PBS pH 7.4 containing 10% FCS and 0.1% sodium azide 

(antibody diluent). The inclusion of a high concentration of protein in the antibody 

diluent helps to prevent non-specific staining whilst the presence of sodium azide retards 

capping as well as preventing bacterial growth. The antibody, usually in the form of 

mouse ascitic fluid was present in saturating concentrations. Cells were incubated on ice 

on a shaker for 30-60 min and were then washed twice with cold PBS. As much fluid 

as possible was removed from the pellet which was resuspended in 100 pi of diluted sheep 

anti-mouse immunoglobulin conjugate.

The optimal dilution of the conjugate was determined in preliminary experiments 

(section 3.7). Following a further 30-60 min incubation, cells were washed twice in PBS 

and mounted for examination under the fluorescence microscope (Figures 3.4 and 3.5). 

Surface stained preparations for FACS analysis were either stored on ice immediately prior 

to analysis or stored in 1% paraformaldehyde in up to 48 h in the dark at 4°C (Lanier and 

Warner, 1981). No differences in relation to staining intensity or scatter characteristics 

(Figure 3.6) were obtained between the two types of cell preparation but autofluorescence 

increased on prolonged storage.
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FIGURE 3.3

Diagrammatic representation of the immunofluorescence staining systems employed
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FIGURE 3.4

Photomicrograph of surface immunofluorescence staining
Bone marrow mononuclear cell suspension stained using sheep anti-human IgM. One 
strongly positive and one weakly positive cell are seen.

3.6.2. Direct staining

A similar staining protocol was followed with omission of the first incubation with 

unlabelled antibody, the cells being treated directly with anti-human antibody conjugate.

3.6.3. Mounting of cell preparations for microscopic examination

The cell pellet was resuspended in 1 drop of PBS and 1 drop of mountant was added. 

Two alternative mountants were available; a) 90% glycerol in PBS (pH 8.6) or b) PVA- 

glycerol mountant (Freer, 1984; section 3.8.6). Each mountant also contained 2.5 g/100 

ml DABCO (l,4-Diazabicyclo-(2,2,2)-octane) (Johnson et al., 1982a) to retard fading of
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FIGURE 3.5

Photomicrograph of bone marrow mononuclear cells dual-labelled in suspension with BU- 
12 (CD 19) detected with TRITC-labelled sheep anti-mouse immunoglobulin and FITC- 
labelled sheep anti-human IgM.

a) Cell suspension viewed using the rhodamine filter combination. Four cells are strongly 
positive and one cell weakly positive.

b) Same field as a) viewed using the fluorescein filter combination. One strongly positive 
cell and three weakly positive cells are seen. The fifth cell is not stained.
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FIGURE 3.6

Effect of paraformaldehyde fixation and 24 h storage on fluorescence and scatter
characteristics of bone marrow mononuclear cells labelled with a CD24 antibody detected 
bvFITC

4 parameter histogram plots showing cell number on the ordinate and forward light scatter 
(FWR SCR), green fluorescence (FLUOR 1) linear scale, and 90° light scatter (90 SCR) 
on the abscissa.

a) fresh cells analysed directly after staining

b) same stained cells preparation as a) analysed after 24 h storage in 1% paraformaldehyde

In each case the percentage of cells with a fluorescence intensity greater than the threshold 
indicated by the marker bar is given.
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the fluorescence during microscopy. The tubes were flicked to mix the cells with the 

mountant and 1 drop of suspension added to each end of a Multispot slide. The PVA- 

containing mountant sets to a firm gel within 24 h which allows the slides to be stored at 

-20° C for long periods. However, the bone marrow cells tended to clump in this medium 

making subsequent analysis extremely difficult. Whenever possible surface-stained prepar

ations were read the same day as staining, but if this was not possible cells were stored 

in 1% paraformaldehyde and mounted in glycerol immediately prior to evaluation.

3.6.4 Staining of cvtocentrifiige preparations

Stored slides were allowed to warm to room temperature before the bags were opened 

to prevent damage to the preparations by condensation. One drop of diluted antibody 

solution was applied to each test area and the slides were incubated in a humid chamber 

for 30 min. The primary antibody was gently rinsed off using PBS and the slides placed 

in a carrier suspended over a magnetic stirrer in a bath of PBS. After 10 min washing, 

excess PBS was wiped off, but great care was taken to ensure that the test area remained 

wet at all times during the staining procedure as drying causes artifacts due to high local 

salt concentration. A drop of suitably diluted antiglobulin conjugate was then placed on 

the test area and the slides incubated for a further 30 min. After a wash period of 30 min, 

the slides were mounted using 90% glycerol containing DABCO as previously described. 

The stained slides were stored at -20°C and remained in good condition for many weeks.

3.6.5 Double staining procedures

A. Paired staining with unlike mouse immunoglobulin isotvnes

Pairs of mouse monoclonal antibodies having different immunoglobulin isotype were 

applied to the cell preparation as mixtures. After washing, the cells were suspended in
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a mixture of FTTC-labelled and TRTTC-labelled sheep anti-mouse immunoglobulin 

conjugates specific for the appropriate mouse isotypes.

B. Combined indirect and direct staining

This method was used for the double labelling of immunoglobulin-expressing cells. 

A potent FTTC-labelled sheep anti-human IgM or IgD heavy chain-specific reagent was 

combined with indirect staining using a mouse monoclonal antibody detected by a TRTTC- 

labelled sheep anti-mouse conjugate. Care was required that the anti-human immuno

globulin conjugate did not cross-react with the mouse monoclonal antibody. This was 

noted in the case of monoclonals of mouse IgM isotype where significant staining by the 

sheep anti-human IgM occurred. Although the intensity of such staining could be reduced 

by absorbing the anti-human conjugate with mouse liver prior to use, the reaction could 

not be completely abolished. Double fluorescence with B cell monoclonal antibodies of 

IgM isotype was therefore carried out using the unlike isotype method described above 

with a mouse IgGl anti-human IgM monoclonal antibody (CH6).

C. Reverse sequential staining of like isotvpes (Johnson and Walker, 1986)

This ingenious method was used to assess the frequency of double staining in order 

to take advantage of the higher sensitivity of the indirect immunofluorescence technique, 

where the only antibodies available for the required specificities were of the same mouse 

Ig-isotype. The first monoclonal antibody was detected with fluorescein followed by the 

second antibody which was detected with rhodamine. A second test where the order of
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application of the antibodies was reversed was also prepared.

Sequence 1 Sequence 11

1) Mouse anti-A 1) Mouse anti-B

2) Anti-mouse-FlTC 2) Anti-mouse-TRITC

3) Mouse anti-B 3) Mouse anti-A

4) Anti-mouse-TRITC 4) Anti-mouse-FITC

In sequence 1 the A and AB populations are stained by both fluorescein and rhodamine 

and the B population by rhodamine alone. In the second sequence the A population is 

defined by rhodamine alone and the B and AB populations by double staining. The AB 

population can therefore be calculated as a proportion of the total A and B positive cells 

by the difference between the double-stained and single-stained populations in either 

sequence.

3.6.6. Fluorescent nuclear counterstaining

Counterstaining of the nuclei in live cell suspensions was accomplished using the 

supra-vital dye Hoechst 33342 which emits a blue fluorescence when excited by UV light. 

A 20 pg/ml solution was added to the PBS used in the final washing step. This dye could 

also be used to detect the nuclei in fixed cytocentrifuge preparations (Figure 3.7). An 

alternative counterstain for fixed cell preparations is propidium iodide which emits a 

brilliant red fluorescence when viewed with the rhodamine filter combination. Propidium 

iodide can obviously not be used in the presence of rhodamine and care is required to 

avoid contamination of the glassware used for dual fluorescence staining with this very 

potent dye.

118



FIGURE 3.7

N uclear counterstaining with Hoechst 33342 
Cytocentrifuge preparation of bone marrow mononuclear cells
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3.6.7. Identification of surface and cytoplasmic immunoglobulin

Anti-IgM staining of methanol-fixed cytocentrifiige cell preparations allows staining 

of both surface and cytoplasmic p-chains. Although there are differences in the pattern 

of staining shown by slgM (discrete bright speckles) and cytoplasmic p-chains the two 

patterns could not always be clearly distinguished (Figure 2.6a,b). The following method 

(Johnson et al., 1982b) was therefore used to determine the site of anti-p reactivity. Bone 

marrow cells were surface-stained for IgM using a FTTC-labelled sheep anti-human p- 

chain reagent as described in section 3.6.2. Cytocentrifiige preparations of the FTTC- 

stained cells were made and the fixed slides restained using a TRTTC-labelled sheep anti

human p-chain reagent. Cells expressing slgM were therefore stained by both 

fluorochromes, while cells expressing cylgM, were stained by TRITC alone as the FTTC- 

labelled antibody is unable to penetrate unfixed viable cells.

3.6.8. Analysis of pre-B cells

For the phenotypic analysis of pre-B cells two tests were carried out in parallel: 1) 

cells were dual surface-stained with the monoclonal antibody of interest detected with 

FTTC and TRITC-labelled anti-IgM or 2) cells were surface-stained with the monoclonal 

antibody detected with FITC, cytocentrifuge slides of the stained preparation made and 

after fixation the slides were restained using TRTTC-labelled anti-IgM. The number of 

pre-B cells reacting with the monoclonal antibody of interest was calculated from the 

difference in the number of IgM+ cells detected by the two methods.

3.7. Assessment of anti-immunoglobulin conjugates

3.7.1. Determination of the optimal working dilution

The method of block titration was used to determine the optimum working dilutions
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for the antiglobulin conjugates. In this system a series of dilutions of a suitable middle 

layer antiserum are tested in chessboard fashion against a series of dilutions of the anti

immunoglobulin conjugate. The extent of the plateau, where a constant titre is obtained 

for the middle layer, is related to the amount of antibody in the conjugate while the height 

of the plateau is a function of the fluorochrome:antibody ratio in the conjugate (Johnson 

and Holborow, 1986). In this study the method was used to assess the newly-prepared 

biotin conjugates which were employed as the second layer in a three-layer antibody 

detection system (Figure 3.3).

A series of dilutions of primary antibody e.g. OKM1 were applied in chessboard 

fashion to peripheral blood cell spreads on Multispot slides prepared as described above, 

followed by a series of dilutions of biotinylated sheep anti-mouse immunoglobulin con

jugate. The staining was detected using a fixed dilution (1/400) of FITC-avidin. An 

ascitic fluid with no specific activity against the cells under test was used as a negative 

control to assess the background fluorescence. The working dilution of the biotinylated 

antiserum chosen was that containing twice the concentration of the plateau endpoint. The 

optimum dilution of the FITC-avidin conjugate was similarly determined using a fixed 

saturating dilution of the primary antibody and titration of the second and third layer 

conjugates.

3.7.2. Absorption of fluorescent conjugates with tissue homogenates

All rhodamine and fluorescein-labelled conjugates were absorbed with homogenised 

human liver with the exception of anti-human immunoglobulin conjugates which were 

absorbed with rabbit liver homogenates (Johnson and Holborow, 1986). The purpose of 

this was to remove any over-labelled molecules and reduce the propensity for the 

conjugate to stain tissue non-specifically (section A.2.1; Table A.1). The dehydrated
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defatted human liver powder was re-slaked with PBS to avoid loss of conjugate during 

absorption. 1 ml of conjugate was added to approx 0.5 ml of packed homogenate and the 

tube placed on a Matbum rotary mixer for 20 min. The conjugate was centrifuged twice 

to remove all tissue particles and 0.1% sodium azide added as a preservative.

3.8. Preparation of reagents

3.8.1. Preparation of AET treated sheep red blood cells

2 ml of sheep red blood cells (SRBC) (50% in Alsevers medium) less than 7 days old 

were washed 5 times in PBS (phosphate buffered saline pH 7.4). A 2% solution of AET 

(5,2-aminoethylisothiouronium bromide hydrobromide) was adjusted to pH 8.0, sterilised 

by filtration and 10 ml added to the washed SRBC pellet. The suspension was incubated 

at 37°C for 15 min with occasional mixing and the cells washed a further 5 times with 

PBS.

3.8.2. Coupling of sheep anti-mouse Ig to SRBC using chromic chloride

SRBC were washed 5 times in sterile saline as described above. A 10% suspension 

in saline was prepared and 1 ml aliquots transferred to small glass tubes. The red cells 

were spun down and the supernatant removed. 0.3 mg of protein solution were added and 

the tubes vortex-mixed during the addition of 0.8 ml of chromic chloride (0.1 mg/ml at 

pH 5.0). The sides of the tube were washed down with 1ml of sterile 0.85% NaCl and 

left overnight at 4°C. The following day 2 ml of Hepes-buffered R PM I1640 were added 

and the cells spun down. Cells were washed once and then resuspended in 4 ml of sterile 

medium and stored at 4°C.
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3-8.3. Coupling of protein to sepharose beads (manufacturer’s method)

1 g of cyanogen bromide-activated Sepharose 6MB beads (Pharmacia) were swollen 

on a glass filter with 200 ml of 1 mM HC1. The beads were washed with further HCL 

and then with 0.1 M NaHC03 in 0.5 M NaCl at pH 8.3 (coupling buffer). 3 mg of avidin 

(Sigma) were dissolved in 3 ml of coupling buffer and added to the packed beads. The 

mixture was incubated at room temperature on a rotary mixer for 2 hrs. Unbound material 

was washed away with coupling buffer and any remaining active groups were reacted with

0.2 M glycine in coupling buffer for 1-2 h. Three washing cycles were used to remove 

non-covalently adsorbed protein, each cycle consisting of a wash at pH 4 (0.1 M acetate 

buffer containing 1 M NAC1, (washing buffer)) followed by a wash at pH 8 (0.1 M 

bicarbonate buffer containing 1 M NaCl). The gel was finally washed with PBS pH7.4 

and stored in PBS with 0.1% NaN3 at 4°C.

3.8.4. Regeneration of the sepharose column after use

The column was regenerated by mechanical agitation to dislodge bound cells, 

combined with extensive washing with PBS. The gel was sequentially washed three times 

with washing and coupling buffers before being stored in PBS with 0.1% sodium azide 

for further use. Each batch of avidin-labelled gel was used a maximum of three times and 

then discarded.

3.8.5. Ammonium chloride lysis of erythrocytes

90 ml of 0.16 M (8.3 g/1) ammonium chloride were added to 10 ml of 0.17 M Tris 

buffer (20.6 g/1) pH 7.65. The pH of the mixture was adjusted to 7.2 with HC1. 1-2 ml 

was added to the cell pellet and left in contact for a maximum of 4 min.
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3-8.6. Preparation of PVA glycerol mountant

20 g of polyvinyl alcohol were dissolved in 80 ml PBS containing 0.1% sodium azide 

and stirred for 18 h at 4°C. 40 ml glycerol were added and the mixture stirred for a 

further 16-24 h. Following the addition of 2.5 g/100 ml DABCO (1,4-diazabicyclo- 

(2,2,2)-octane the pH was adjusted to 8.6 and the mountant centrifuged at 20,000g for 15 

min before being divided into aliquots and stored at -20°C.

3.9. Analysis of results

3.9.1. FACS analysis

Cells were analysed in a FACS 440 IV (Becton Dickinson) equipped with a 5 W 

Argon laser run at 0.2 W. At least 10,000 cells were evaluated per test and the data 

collected in list mode. Linear amplification was used for initial studies but owing to the 

wide range of fluorescence intensities observed, all subsequent analyses were made using 

logarithmic amplification for red and green fluorescence. The sensitivity of the detectors 

was standardised for each run with glutaraldehyde-treated chicken erythrocytes for green 

fluorescence and phycoerythrin-labelled microbeads (Becton Dickinson) for red 

fluorescence. The output of the laser was altered to ensure that the peak fluorescence 

channel for the two standards was the same for each experiment. Each fluorescence 

amplifier was adjusted so that there were 64 fluorescence channels per log decade. This 

was achieved by running the appropriate standard and noting the peak fluorescence 

channel number. The sample was then re-analysed with a 10% neutral density filter 

inserted in the light path of the detector and the peak fluorescence channel again noted. 

The gain of the detector was adjusted until there was a difference of 64 fluorescence 

channels between the two readings (Figure 3.8). Green fluorescence was detected through 

a 515-545 nm band-pass filter and red fluorescence through a 560-590 nm band-pass filter.
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Single-stained positive controls were run in order to adjust the instrument so that the 

output of each detector was zero for the other dye (Figure 3.9). This process is sometimes 

termed compensation (Parks et al, 1986). In addition to the two fluorescence parameters, 

forward (low angle) and 90° light scatter measurements were also collected.

A Consort 40 computer was used to process the data. The threshold was set at an 

intensity above which there were less than 5 percent cells in the negative control samples, 

and the percentage of cells with an intensity greater than this value was calculated for 

each antibody-conjugate pair.

3.9.2. Fluorescence microscopy

All samples were analysed with a 40 x objective and 10 x ocular using a Zeiss 

microscope equipped with a high-pressure HB050 mercury burner for incident illumina

tion. Selective excitation and viewing of the fluorochromes was achieved by use of 

appropriate filter combinations for fluorescein and rhodamine. Propidium iodide and R- 

phycoerythrin were viewed using the rhodamine filter set. The visualisation of Hoechst 

33342 required the use of an addition filter combination to permit excitation by U-V light. 

All slides were coded and the counts made by one observer (MRC) without knowledge 

of their identity. The cell-defining antibody was always detected with fluorescein to avoid 

possible errors caused by the higher sensitivity of the retina to green than to red - the 

detection of weak positive staining was indeed easier with the apple-green of fluorescein 

than the red of rhodamine. At least 200 cells positive for the cell-defining antibody were 

assessed for their expression of the second marker. In all studies a control slide positively 

stained for the cell-defining antibody but lacking specific antibody reactivity for the 

second colour was evaluated. Fluorescent nuclear counterstaining and phase-contrast 

microscopy were used to determine the morphology of the cells.
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FIGURE 3.8

Adjustment of logarithmic amplifiers of green fluorescence detector using chicken 
erythrocytes (a-c) and red fluorescence detector using RPE labelled beads (d-f).

The small peaks of higher fluorescence are due to cells passing the detectors as doublets, 
triplets etc. The channel number of the mode of the main peak is given (CH=).

a) chicken erythrocytes

b) suppression of 31 channels of the 1st log decade

c) introduction of a 10% neutral density filter; note drop of peak by 65 channels from b)
i.e. 1 log decade.

d) RPE beads

e) suppression of 36 channels of 1st log decade

f) introduction of 10% neutral density filter; note drop of 63 channels from e).
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FIGURE 3.9

Effect of the compensators on spillover from red to green and green to red fluorescence 
detectors.

Analysis of tonsil lymphocytes stained with CD1 detected with FTTC (a-d) or RPE (e-h). 
The intensity of staining detected by either the green (a,c,e,g) or red fluorescence detector 
(b,d,f4i) is shown on the abscissa and cell number on the ordinate. The percentage of 
cells above the background (BG) channel number (CH) is given for each test and the % 
of cells positively stained above background.

a,b,e,f) no compensation; note marked spillover of green fluorescence to the red detector 
due to the red component of the emission of fluorescein. There is very little spillover of 
RPE fluorescence to the green detector

c,d) red compensator at 450 (mid scale); the signal in the red channel has been eliminated 
but F1TC staining is still detected in the green channel.

g,h) green compensator at 200, red compensator at 600; There is now no spill from green 
to red or red to green. This setting was used for all subsequent analyses.
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CHAPTER 4 

INTRODUCTION TO THE RESULTS

4.1. Use of the fluorescence microscope and the fluorescence activated cell analyser 

for immunophenotypic studies

All the immunophenotyping studies described below were performed using either a 

fluorescence microscope or a fluorescence activated cell analyser (FACS). Initial studies 

were carried out using the fluorescence microscope. Phase contrast microscopy was used 

to determine the morphology of the cells under study and an individual cell was then 

examined for fluorescence using the appropriate filter combination for the fluorochrome 

of interest. The use of phase contract microscopy and fluorescent nuclear counterstaining 

allowed the exclusion of debris present in the cell preparations which non-specifically 

bound the fluorochrome conjugates. Preliminary studies showed that only a median of 2% 

(range 1-4.6%) of unfractionated bone marrow cells were of the B lineage as defined by 

the antibody BU-12 (CD19). This very low frequency of cells of interest made 

microscopic evaluation of the double-stained preparations difficult and tedious. Use of 

the FACS allowed the analysis of far larger numbers of cells, although the low frequency 

of cells of interest was again a problem.

The high level of background fluorescence caused predominantly by myeloid lineage 

cells (identified by phase contrast microscopy or their characteristic light scatter patterns 

on the FACS (sections 4.2 and A .l)) interfered with the analysis of genuine dual positive 

cells by both the fluorescence microscope and the FACS. Mononuclear cell suspensions, 

prepared on a Ficoll-Hypaque gradient were used for all subsequent studies and no 

systematic difference was observed in the results obtained (Table 4.1). The source of
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bone marrow cells from either surgically-excised rib segments or sternal aspirates is shown 

for each experiment. No systematic difference was observed in the results.

TABLE 4.1

The reactivity of CD 19* cells present in unfractionated bone marrow from rib segments 
compared with CD 19* cells in Ficoll-Hypaque separated mononuclear cell preparations of 
bone marrow aspirates.

MONOCLONAL RIB MARROW ASPIRATE
ANTIBODY n==6 n=6

CD20 77 ± 81 79 ± 7

CD9 39 ± 14 33 ± 19

CD10 33 ± 8 28 ± 142

1 The results are expressed as the mean number + SD of BU-12 (CD19) positive cells 
detected with fluorescein that are reactive with the antibody specified detected by 
rhodamine.

2 n=5

Preliminary immunofluorescence studies of the sIgM+ lymphocyte population in the 

bone marrow using the fluorescence microscope, showed a very wide range of staining 

intensities. A minor population with exceptionally bright fluorescence (15-22% of total 

IgM+ cells) (Table 4.2) could be distinguished, whilst the weakest staining was barely 

separable from background. However it was not possible to reproducibly assess the 

intensity of fluorescence using the microscope and use of the FACS allowed quantitative 

assessment of the intensity of fluorescence of each cell as well as the percentage of 

positively stained cells in a preparation.
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TABLE 4.2

Microscopic evaluation of the intensity of slgM expression by bone marrow cells.

STAINING
INTENSITY

PERCENTAGE OF POSITIVE 
CELLS1 

Test number 
1 2 3 4 5 6

MEAN
STD
DEV

WEAK 20 12 13 17 18 14 15.6 3.1
EXP MODERATE 57 65 61 58 62 72 62.5 5.5

1 STRONG 23 23 25 25 20 14 21.7 4.2

WEAK 18 18 18.0
EXP MODERATE 63 64 63.5

2 STRONG 19 19 18.5

WEAK 14 11 6 10 6 9.4 3.4
EXP MODERATE 68 79 77 72 81 75.4 5.3

3 STRONG 18 10 16 18 13 15.0 3.5

1 Only sIgM+ cells detected by fluorescein conjugated sheep anti-human IgM were 
evaluated. The number of sIgM+ cells falling into each intensity category (weak, moderate 
and strong) are expressed as a percentage of total slgM positive cells.
Test number = individual slides from a single staining batch of one bone marrow sample. 
EXP = individual staining batch of one bone marrow sample.

FACS analysis of the sIgM+ bone marrow population confirmed the wide range of 

fluorescence intensity and demonstrated a 100-fold difference in intensity between the dull 

and bright sIgM+ cells (Figure 4.1).

It seemed likely that subpopulations of bone marrow B cells that expressed slgM at 

differing intensities might be phenotypically and functionally distinct. It was therefore 

decided to carry out further phenotyping experiments using the FACS in preference to the 

fluorescence microscope. An extensive series of preliminary experiments were conducted 

to evaluate the Birmingham University Medical School FACS 440 for use with double 

fluorescence on bone marrow cells. A brief summary of these is included below and the 

detailed results documented in Appendix 1.
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FIGURE 4.1

Figure to demonstrate the wide variation in surface expression of IgM by bone marrow 
lymphocytes.

Histogram plots of cell number (ordinate) against fluorescence intensity (abscissa). Each 
division on the abscissa represents 10 fluorescence channels and the instrument has been 
calibrated to 64 channels per log decade.

a) Fluorescence of myeloid cell-depleted bone marrow mononuclear cells stained by an 
irrelevant monoclonal antibody detected by FITC. Less than 5% of cells have a 
fluorescence intensity greater than channel 44.

b) Same cell preparation as a) positively stained with FTTC-labelled sheep anti-human 
IgM. 10.4% of cells have a fluoresence intensity greater than channel 44 (background).

c) Selection of fluorescence positive cells from b) i.e. all cells with a fluorescence 
intensity greater than channel 44. Same scale as previously shown but the first 40 
channels of the display have been suppressed. Note the wide range of staining intensities 
extending over 2 log decades (128 channels).
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4.2 Development and validation of staining systems for the FACS

4.2.1. Selection of the bone marrow lymphocyte population bv scatter parameters 

The scatter characteristics of the different cell preparations were analysed and found

to be in agreement with published data (Parks et al., 1986; Loken et a t, 1987). Purified 

small lymphocytes e.g. tonsil B cells showed low levels of 90° light scatter and a range 

of forward light scatter according to the cell size (Figure 4.2a). Bone marrow cells 

showed a much more complex scatter pattern due to the presence of cells of different 

lineages (Figure 4.2b), with granular myeloid cells showing a particularly high level of 90° 

light scatter (Figure 4.2c). The computer was used to select from the total sample 

analysed only those cells with the scatter characteristics of lymphocytes. However, owing 

to the low percentage of B cells in the marrow samples and the high level of background 

staining, this method resulted in a very poor yield of B cells. From an initial file of 

50,000 cells, 8930 (18%) fell within the lymphocyte scatter window, while only 1948 

(22%) of these selected cells were positive with the pan-B lineage marker BU-12; an 

inadequate number of cells for satisfactory dual fluorescence analysis. Alternative 

selection methods for the B lymphocyte population were therefore developed.

4.2.2. Selection of bone marrow lymphocytes bv immunofluorescence staining

The bone marrow sample was positively stained with a cell-defining antibody e.g. 

anti-IgM or CD 19 detected by FTTC and only those cells with a fluorescence intensity 

greater than a predetermined threshold were selected for analysis. The threshold was 

chosen as the intensity channel where <5% of cells treated with a control ascitic fluid 

were positive. A clear cut-off point between positive lymphocytes and other cells was 

essential for satisfactory analysis. Initial results were disappointing; positive cells with 

lymphocyte morphology were clearly visible, albeit in small numbers on microscopy, but
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FIGURE 4.2

Figure to demonstrate the scatter characteristics of different cell populations.

2-D contour plots: 90° light scatter (cell density) is displayed on the ordinate and forward 
light scatter (cell size) on the abscissa,

a) Purified tonsil B lymphocytes.
Note the low levels of 90° scatter and the small variation in cell size.

b) Unfractionated bone marrow cells.
Note the wide variation in 90° and forward light scatter. Many of the large cells also have 
high 90° scatter.

c) Same cell preparation as b) stained with the anti-myeloid cell antibody BU-28 (CD 15) 
detected by a FTTC-labelled antiglobulin conjugate. The scatter characteristics of the 
fluorescence-positive cells only are displayed. This confirms that the large, high 90° 
scatter cells present in b) are of the myeloid lineage.
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could not be distinguished by the FACS as a separate population (Figure 4.3). Improved 

results were obtained using logarithmic amplification for fluorescence measurements in 

preference to a linear scale, as the use of the logarithmic scale tends to magnify small 

differences in intensity (Figure 4.4a,b). However, although good separation was obtained 

with some marrow samples this was not consistently reproducible mainly due to the high 

background fluorescence of some bone marrow preparations (Figure 4.4c,d). Measures 

were taken to reduce irrelevant staining and hence increase the contrast between specific 

and non-specific fluorescence (appendix A.3.). Using a combination of immune rosette 

depletion of myeloid cells and positive selection of cells stained with the cell-defining 

antibody it proved possible to satisfactorily analyse the bone marrow lymphocyte 

population (Figure 4.5). The results of single and dual fluorescence phenotypic studies 

are given in chapter 6.

4.3, Fluorescence quenching of fluorescein bv R-phvcoervthrin

During the course of dual fluorescence experiments with tonsil lymphocytes it was 

noted that low-intensity fluorescein signals appeared to be quenched by a strong R- 

phycoerythrin signal. This phenomenon was investigated in detail and the results are 

reported in chapter 8; the possible photochemical mechanisms which might result in a 

reduction of the fluorescein signal in the presence of R-phycoerythrin are discussed in 

chapter 9.

The definitive phenotypic studies of bone marrow lymphocytes reported in this thesis 

were therefore carried out using the fluorescence microscope. The use of diazobicyclo- 

octane to retard fading during microscopy (Johnson et al., 1982a) enabled detailed 

inspection of the cells, including assessment of morphology and the identification of 

artefacts.
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FIGURE 4.3

Failure to isolate a positively-stained lymphoid population

a) Histogram plots of bone marrow mononuclear cells showing forward scatter (FWR 
SCR), green fluorescence (FLUOR 1) linear scale and 90° scatter (90 SCR). The cells 
were stained with FTTC-labelled sheep anti-human IgM: 12.7% are positive above 
background (dotted line).

b) Histogram plot of cells from a) with fluorescence greater than background. Note the 
wide variation in FWR and 90° SCR.

c) FWR and 90° scatter data from b) expressed as a contour plot. The boxed area defines 
the small lymphocyte scatter window. The pattern obtained approximates that for 
unselected bone marrow cells with only 32% of these fluorescence positive cells having 
the scatter characteristics of small lymphocytes.
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FIGURE 4.4

The use of logarithmic amplifiers in the detection of positively-stained cells.

a) Histogram plot of bone marrow mononuclear cells stained with the pan-B MoAb BU-12 
(CD 19) detected by JKLl C-labelled sheep anti-mouse immunoglobulin. Fluorescence 
intensity is shown on a logarithmic scale (abscissa) and cell number on the ordinate as 
before. A small peak of positive cells is clearly distinguished from background (dotted 
line) (same cell preparation treated with an irrelevant MoAb) and negative cells in the 
same sample.

b) The same data as a) expressed as a 2-D contour plot of forward scatter (abscissa) 
against cell size (ordinate). The small fluorescence positive population is again clearly 
seen. Note the small size of the positive cells which falls within the range expected for 
small lymphocytes.

c) A different bone marrow sample stained and analysed as a). With this sample a clear 
separation between positive and negative cells is not seen.

d) Same marrow sample as c) analysed as b).
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FIGURE 4.5

Selection of slgM positive B cells bv fluorescence.

a) Contour plot of fluorescence intensity (log scale, ordinate) against forward scatfcr 
(abscissa). Density gradient separated, immune rosette-depleted bone marrov 
mononuclear cells were stained by FITC-labelled sheep anti-human IgM. The level of tie 
background fluorescence as determined using an irrelevant monoclonal antibody contol 
is indicated by the dotted line.

b) Contour plot showing 90° (ordinate) and forward (abscissa) scatter of the cdl 
population with a fluorescence intensity greater than the background threshold (dotted lire) 
from a). The cells form a discrete population with the scatter characteristics of smdl 
lymphocytes.
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CHAPTER 5

RESULTS OF DUAL FLUORESCENCE PHENOTYPING OF BONE MARROW, 

BLOOD AND TONSIL LYMPHOCYTES

5.1 Introduction

Bone marrow cells obtained from both aspirate samples and rib segments were used 

for these experiments and the origin of each cell sample is indicated on the figures. Owing 

to the small size of samples available, it was not possible to test all antibody pairs on the 

same marrow sample. The results of individual tests were pooled and the results are 

expressed as the median and range of the data obtained.

5.2 Comparison of the CD19* B cell population in bone marrow, blood and tonsil.

All B lineage cells defined by CD 19 expression were positive for HLA Class II 

antigens and the non-lineage specific antigen recognised by CD24 antibodies (Figure 5.1). 

CD20, CD37 and CD21 antibodies were reactive with almost all (>90%) blood and tonsil 

B cells, but only a variable subpopulation of bone marrow cells. In contrast CD9 and 

CD 10 antibodies reacted with a higher proportion of bone marrow B cells than blood B 

cells, suggesting the presence of bone marrow populations which lacked CD20, CD37 and 

CD21 antigens but preferentially expressed the CD9 and CD 10 antigens.

5.3 Morphology and immunoglobulin expression of CD19* bone m arrow  cells 

Only 48.5% (range 38-64%) of CD19+ bone marrow cells expressed slgM while a

further 20% (range 19-24%) weakly expressed cytoplasmic p chains in the absence of 

slgM. These sIgM vc cy-p+ pre-B cells were clearly distinguishable from strongly
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FIGURE 5.1a

The phenotype of CD 19* bone marrow, blood and tonsil cells.
Bone marrow from rib segments ( • ) ,  aspirates (O).
The number of cells reacting with each of the antibodies is shown as a percentage of the 
total CD19+ population. The height of the bar indicates the median value for each 
antibody specificity.
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FIGURE 5.1b

The phenotype of CD 19* bone marrow, blood and tonsil cells.
Bone marrow from rib segments ( • ) ,  aspirates (O).
The number of cells reacting with each of the antibodies is shown as a percentage of the 
total CD19+ population. The height of the bar indicates the median value for each 
antibody specificity.
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cytoplasmic p-positive antibody-secreting cells. IgD was present on the surface of 38% 

(range 25-47%) of CD19+ cells but very few expressed IgG or IgA (Figure 5.2).

From the median values given above and the numbers of sIgM+ cells expressing IgD 

(Figure 5.3) and sIgD+ cells expressing IgM (Figure 5.4) it may be calculated that 

approximately 28% of CD19+ cells lack either cytoplasmic or surface immunoglobulin. 

Cells having this phenotype were mostly large "blasts" by phase contrast microscopy and 

were interpreted to be B progenitor cells.

5.4 The phenotype of the CD19* and sIgM'vc B progenitor population

Although triple-marker studies were not performed, it is possible from the median 

values of the data in Figures 5.1 and 5.3 to calculate the percentage of the CD19+ sIgM vc 

cells that express the other antigens (Table 5.1). Approximately half the CD19+ slgM** 

B progenitor bone marrow population expressed the common acute lymphoblastic 

leukaemia antigen (CD 10/CALL A) and slightly fewer the antigen recognised by CD9. 

CD 10 expression was confined to the sIgM'vc subset, whilst small numbers of sIgM+ bone 

marrow cells and occasional sIgM+ peripheral blood cells expressed CD9 (Figure 5.3c). 

Tonsil cells were not tested with CD10 in the present study but 19% (range 6-44%) of 

sIgM+ tonsil cells were CD9+ and probably represent the germinal centre cell component 

of the tonsil cell suspensions (Figure 5.4c). The antigens recognised by CD21 and CD22 

were absent from the cell surface of B progenitors. The increased frequency of expression 

of these antigens with B cell maturation is well illustrated by Figures 5.6a and 5.6b. 

Staining for cytoplasmic CD22 was not performed.
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FIGURE 5.2

Surface immunoglobulin expression by CD 19* bone marrow cells.
Bone marrow from rib segments ( • ) ,  aspirates (O).
The number of cells reacting with each of the antiglobulin reagents is shown as a 
percentage of the total CD19+ population. The height of the bar indicates the median 
value.
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FIGURE 5.3a

The phenotype of slgM* bone marrow, blood and tonsil B cells.
Bone marrow from rib segments ( • ) ,  aspirates (O).
The number of cells reacting with each of the antibodies is shown as a percentage of the 
total s!gM+ population. The height of the bar indicates the median value.
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FIGURE 5.3b

The phenotype of slgM* bone marrow, blood and tonsil B cells.
Bone marrow from rib segments(#), aspirates (O).
The number of cells reacting with each of the antibodies is shown as a percentage of the 
total s!gM+ population. The height of the bar indicates the median value.
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FIGURE 5.3c

The phenotype of slgNT bone marrow, blood and tonsil B cells.
Bone marrow from rib segments(#), aspirates (O).
The number of cells reacting with each of the antibodies is shown as a percentage of the 
total sIgM+ population. The height of the bar indicates the median value.
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FIGURE 5.4

The phenotype of slgD* bone marrow and peripheral blood cells.
Bone marrow from rib segments ( • ) ,  aspirates (O). The number of cells reacting with 
each of the antibodies is shown as a percentage of the total sIgD+ population.
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TABLE 5.1

Calculated phenotype of CD 19* sIgM vc bone marrow cells

ANTIBODY SPECIFICITY PERCENTAGE POSITIVE*

HLA ClassB 100

CD20 61

CD37 44

CD9 41

CD10 51

slgD <8

CD21 <8

CD22 <10

* Calculated from the median percentage of CD19+ cells expressing slgM (48.5%) and the 
median percentage of CD19+ and sIgM+ bone marrow cells expressing the other antigens 
(Figures 5.1 and 5.4).

5.5 The phenotype of the CD9* population

41% (23-59%) of CD9+ cells were CD19+ and thus presumed to be of the B lineage. 

Surface IgM+ cells comprised only 18% (1-25%) of the CD9+ population; thus the 

majority of CD9+ B lineage cells are sIgM'w progenitors. However, unlike CD 10, the 

antigen recognised by CD9 was also present on a small number of cells of more mature 

phenotype (i.e. CD21+, CD22+ or sIgD+) (Figure 5.5).

5.6 CD20 reactivity precedes expression of the antigen recognised by CD37.

Whilst the majority of CD19+ cells were reactive with antibodies of both the CD20

(79%; range 66-88%) and CD37 (71%; range 54-77%) clusters, significantly (p = 0.029) 

more cells reacted with CD20 than with CD37 in the same marrow sample (Table 5.2). 

Almost all s!gM+ bone marrow cells were positive for both antigens. This observation
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suggests the presence of a CD19\ CD20+, 0037  ™, slgM ^ population within the bone 

marrow. This was confirmed by dual immunofluorescence using L27 (CD20) and WR17 

(CD37). Almost all (98-100%) of CD37+ cells expressed the antigen detected by CD20 

whilst only 89% (100-82%) of CD20+ cells were reactive with CD37. A CD37+ non-B 

population was not apparent in these studies.

TABLE 5.2

The expression of CD20 and CD37 by CD 19* bone marrow cells

EXPERIMENT
NUMBER

CD201 CD372

1 77 72

2 77 62

3 66 54

4 82 77

5 79 76

6 81 68

7 88 71

MEAN 78.6 71.0
± STD.DEV. ±6.7 ±8.16

p = 0.029 (Mann Whitney test).

1 Percentage of CD19+ cells that express CD20
2 Percentage of CD19+ cells that express CD37

5.7 Distribution of immunoglobulin isotvpe expression on the surface of B cells

5.7.1 Bone marrow

Double labelling with Ig class-specific conjugates and CD 19 showed that all surface 

membrane immunoglobulin-positive bone marrow cells were CD19+ (Figures 5.3 and 5.4). 

Dual labelling for slgM and slgD showed that 71% (40-85%) of sIgM+ cells expressed
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slgD (Figure 5.3) and 90% (72-98%) of sIgD+ cells expressed slgM (Figure 5.4). 

Although a complete analysis could not be performed on every bone marrow sample it 

was possible to calculate from the median values that 53% of CD19+ cells co-express 

slgM and/or slgD. The subpopulations of CD19+ cells expressed as a percentage of the 

total slgM and/or slgD positive cells were:- sIgM+, sIgD+ 65%, sIgM+, sIgD'w 27% and 

sIgM've, sIgD+ 8%.

5.7.2 Peripheral blood

The distribution of slg expression is shown in Table 5.4a. The proportions of cells 

expressing the three phenotypes were calculated for each individual sample (Table 5.4b). 

Only 8% of CD19+ bone marrow cells were slgM™, sIgD+, whereas cells having the same 

phenotype accounted for over 40% of CD19+ peripheral blood cells; conversely the 

incidence of sIgM+, slgD ̂  cells was 27% in marrow and only 7% in peripheral blood.

5.8 Antigens expressed by slgM* cells

All sIgM+ cells in blood, bone marrow and tonsil were CD19+, CD20+, CD37+, CD40+ 

and HLA class IT (Figure 5.3a). While IgD, CD21, CD22 and CD39 were all expressed 

on about 70% of bone marrow sIgM+ cells, only CD39 was found on a similar proportion 

of sIgM+ cells in the blood and tonsil; the median values for blood or tonsil sIgM+ cells 

expressing CD21 and CD22 were higher (80-90%) (Figure 5.3b). These results suggest 

that reactivity with CD21 and CD22 develops after slgM, but before slgD expression 

(Figure 5.6a and b). Surface-IgD was present on a higher proportion of blood than bone 

marrow IgM+ cells. Minor subsets of blood, bone marrow and tonsil sIgM+ cells 

expressed CD9, CD23, CD38 and CD54 (Figure 5.3c). CD9 and CD54 were reactive with 

a higher percentage of bone marrow cells (24% and 14% respectively) or tonsil cells



TABLE 53a

Surface co-expression of IgM, IgD and CD19 on peripheral blood cells

PHENOTYPE

SAMPLE
% sIgM+ 

co-expressing 
slgD

% sIgD+ 
co-expressing 

slgM

% CD19 
co-expressing 

slgD

% CD19 
co-expressing 
slgM ± slgD

A 82 55 83 85

B 81 55 79 88

C 88 55 82 89

D 74 62 80 88

MEDIAN 81.5 55 81 88

TABLE 53b

Calculated phenotype of CD 19* peripheral blood cells expressed as a percentage of the total 
slgM and/or slgD-expressing cells.

PHENOTYPE

SAMPLE sIgM+, sIgD ve sIgM+, sIgD+ sIgM ve, sIgD+

A 6 52 42

B 7 51 42

C 7 51 42

D 10 56 34

MEDIAN 7 51 42

(19% and 14%) than peripheral blood cells (5% and 7%). The activation associated-antigen 

recognised by CD23 was present on a suprisingly high percentage of bone marrow cells 

(23%; range 9-37%) as compared with peripheral blood cells (9%; range 2-13%) (Figure 

5.7). The unclustered antibodies KiB3 and 2-7 were present on 59% (46-64%) and 28% 

19-36%) of bone marrow cells respectively but insufficient antibody was available to



determine their reactivity with blood or tonsil cells.

5.9 Antigens expressed by slgD* cells

Similar proportions (79-99%) of sIgD+ cells in blood and bone marrow were CD21+ 

or CD22+ (Figure 5.4). 9% of the sIgD+ marrow population were CD9+ but no sIgD+ 

lymphocytes were CD54+.

5.10 Calculation of the range of expression of various antigens on slgM* sIgD*, slgM* 

slgD'™ and slgM ™ slgD* cells

Although triple marker analysis was not performed, it is possible to calculate the limits 

for the proportions of the surface immunoglobulin-positive subpopulations that express the 

other antigens (Tables 5.5 and 5.6). The sIgM+, sIgD+ cells comprised the largest B 

lymphocyte population in blood and bone marrow and this subset included almost all of 

the CD21, CD22 and CD23 positive cells. Although the phenotype of the sIgM've sIgD+ 

population in blood and bone marrow could not be accurately defined, the presence of a 

CD21*ve CD22 ve IgD+ population cannot be excluded. The sIgM+ sIgD've subset accounts 

for 27% of bone marrow cells. At most only a small percentage of such cells are CD21+, 

CD22+ or CD23+, while 52-78% are CD9+. Expression of ICAM-1 (CD54) by sIgM+ cells 

was restricted to the sIgM+ sIgD've subset. The presence of small numbers of sIgM+ sIgD vc 

cells with a similar surface phenotype (i.e. CD21*ve, CD22 ve, CD9+, CD54+) in peripheral 

blood cannot be excluded.



FIGURE 5.6

a)The expression of the CD21 antigen by bone marrow cells defined by their surface 
reactivity with CD19 (# ). CD37 (□), anti-IgM (O) or anti-IgD C ) .  Median values.

b)The expression of the CD22 antigen by bone marrow cells defined by their surface 
reactivity with CD19 (# ), CD37 (□), anti-IgM (O) or anti-IgD C ) . Median values.
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FIGURE 5.7

Expression of the CD23 antigen on bone marrow, blood or tonsil B cells defined by their 
surface reactivity with CD37 (# ), anti-IgM (O) or anti-IgD C ) . Median values.
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TABLE 5.4

Maximum and minimum values of cells with the phenotype indicated, expressed as the 
percentage of all bone marrow B cells expressing slgM or slgD.

PHENOTYPE sIgM+
Max

sIgDve
Min

sIgM+
Max

sIgD+
Min

sIgMve
Max

sIgD+
Min

CD21 5 0 60 55 8 0

CD22 4 0 62 58 8 0

CD23 6 0 21 15 8 0

CD9 21 14 7 0 7 0

CD54 13 12 1 0 1 0

All values are calculated from the following:

1) The proportion of all sIgM+ sIgD've, sIgM+ sIgD+ and sIgM vc sIgD+ B cells, each 
expressed as a median percentage value of all cells expressing slgM or slgD (see sain 
5.7.1).
2) The median percentage value of sIgM+ cells expressing the antigens indicated (Figure
5.3).
3) The median percentage value of sIgD+ cells expressing the antigens indicated (Figure
5.4).

TABLE 5.5

Maximum and minimum values of cells with the phenotype indicated, expressed as the 
percentage of all peripheral blood B cells expressing slgM or slgD.

PHENOTYPE sIgM+ sIgDve sIgM+sIgD+ sIgMvc sIgD+
Max Min Max Min Max Min

CD21 7 0 51 45 42 25

CD22 7 0 49 42 42 37

All values are calculated from the following:

1) The proportion of sIgM+ sIgDve, sIgM+ sIgD+ and sIgM ve sIgD+ B cells, as a median 
percentage value of all cells expressing slgM or slgD (Table 5.4b).
2) The median percentage values of sIgM+ cells expressing the antigens indicated (Figure
5.3).
3) The median percentage values of sIgD+ cells expressing the antigens indicated (Figure
5.4).
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CHAPTER 6

RESULTS OF PHENOTYPING USING THE FLUORESCENCE ACTIVATED 

CELL SORTER (FACS).

6.1. Bone marrow lymphocytes

The number of lymphocytes in the bone marrow preparations was very variable and 

in some cases was too small to quantify. Dual fluorescence analysis was carried out using 

either reactivity with a CD 19 monoclonal antibody (BU-12) or FITC-labelled sheep anti

human IgM to define the B lymphocyte population of interest. Where a second 

monoclonal antibody was used, this was detected using biotinylated sheep anti-mouse 

immunoglobulin of appropriate immunoglobulin isotype specificity and R-phycoerythrin 

(RPE)-labelled streptavidin.

6.1.1. Comparison of CD 19* and slgM* populations in the bone marrow

Figure 6.1 illustrates an experiment where bone marrow B lymphoid cells were 

detected using either FITC-labelled sheep anti-human immunoglobulin or BU-12 detected 

by biotinylated sheep anti-human IgGl and RPE-labelled streptavidin. When the stained 

cell suspensions were analysed using the FACS in both cases the majority of positively 

stained cells had the scatter characteristics of lymphocytes (Figure 6.1a and b). The 

computer was used to edit out the cells with high 90° scatter as these were predominantly 

contaminating myeloid cells that had non-specifically taken up the antibodies via their Fc 

receptors (Figure 6.1c and d). Only 40% of BU-12 positive cells were sIgM+ (Figure 

6.1e), a figure in close agreement with the median of 48.5% obtained by microscopy 

(section 5.3). In contrast, analysis of slgM positive cells showing green FITC 

fluorescence showed that, as expected, almost all (>90%) positive cells were also stained
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FIGURE 6.1

Dual fluorescence analysis of 0KM1 rosette-depleted bone marrow mononuclear cells
stained for slgM detected by FlTC and CD 19 detected by RPE.

RPE positive cells were selected and analysed for the expression of M I C, the sample re
run and FITC positive cells selected and analysed for the expression of RPE.

a) contour plot of forward and 90° scatter of RPE+ cells

b) contour plot of forward and 90° scatter of FTTC+ cells

c) cells from a) edited for forward and 90° scatter of lymphocytes

d) cells from b) edited for forward and 90° scatter of lymphocytes

e) dual fluorescence plot of RPE (CD 19) positive cells and FITC (IgM) positive cells.
40.1 % of CD19 positive cells co-express slgM.

f) dual fluorescence plot of sIgM+ cells against CD19+ cells. Over 90% of sIgM+ cell 
express CD 19.
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by the pan-B antibody BU-12 (CD19) detected by red RPE fluorescence (Figure 6.1f).

6.1.2. Dual fluorescence studies of slgM* bone marrow cells

Bone marrow mononuclear cells were stained using FTTC-labelled sheep anti-human 

IgM and a second antibody detected by RPE as described above. The dual fluorescence 

plots obtained in one such series of experiments are shown in Figure 6.2. The background 

-  channel was chosen such that <5% of cells in the control sample had a fluorescence 

intensity greater than this level. Most of the sIgM+ cells were reactive with CD 19, CD20, 

CD37, and anti-HLA Class 11 antibodies, while less than 50% co-expressed IgD and the 

antigens detected by CD21, CD22, CD23, and CD9 antibodies. The results of a group of 

similar experiments using different bone marrow samples are summarised in Figure 6.3. 

Small numbers of CD5+ B cells were detected within the marrow as shown in Figures 6.2 

and 6.3.

6.2. Tonsil lymphocytes

The use of purified preparations of tonsil B cells for these experiments simplified the 

analysis when compared with the bone marrow samples. The pan-B antibody BU-12 

(CD19) was used to define the study population and as expected the antibody reacted with 

almost all the tonsil cells (Figures 6.4 and 6.6b). Other pan-peripheral B markers 

including anti-HLA class II, CD24, CD20, CD21, CD40 and CD37 also gave nearly 100% 

reactivity either singly (Figure 6.4), or when paired with CD 19 for dual fluorescence 

analysis (Figure 6.5). The unclustered antibody MA5, (which has subsequently been 

shown to have anti-HLA class 11 reactivity), showed a similar pan-B pattern and was used 

in further experiments to define the B cell population in preference to BU-12 (CD19).

158



FIGURE 6.2

Dual fluorescence analysis of mveloid-depleted bone marrow mononuclear cells.

FITC-labelled sheep anti-human IgM was used as the cell defining antibody and the 
second antibody was detected by RPE-labelled streptavidin bound to biotinylated sheep 
anti-mouse immunoglobulin. For each antibody pair the green (FTTC) fluorescence 
intensity is shown on the ordinate and red (RPE) fluorescence intensity (RPE) on the 
abscissa, both on a logarithmic scale. The number of cells inside the dual positive 
window (indicated by the solid lines) is shown for each antibody specificity.

a) control ascitic fluid (Blank),

b) BU-26 (anti-HLA Class II)

c) BU-12 (CD19)

d) B1 (CD20)

e) WR17 (CD37)

f) JA11 (IgD)

g) Leu 1 (CD5)

h) OKT3 (CD3)
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FIGURE 6.3a

Histogram to illustrate the results of dual fluorescence studies on 5 separate bone marrow
samples.

Due to the small numbers of bone marrow cells available from some samples it was not 
possible to test every sample for every specificity.
The number of cells reacting with each of the antibodies is shown as a percentage of the 
total sIgM+ population. The height of the bar indicates the median value.
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FIGURE 6.3b

Histogram to illustrate the results of dual fluorescence studies on 5 separate bone marrow
samples.

Due to the small numbers of bone marrow cells available from some samples it was not 
possible to test every sample for every specificity.
The number of cells reacting with each of the antibodies is shown as a percentage of the 
total sIgM+ population. The height of the bar indicates the median value.
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FIGURE 6.4a

CM 
CM 

- Q

CM 
" Q

—I

o

co 
" Q

o  
CM 

‘ Q

o>
■ 5

oo o
00

o
CD

O o
CM

CD
CD7 1  -t—i

CD O  
lL Q_

- f —*

O

o
CD
CL

>*
“D
O
_Q
+-»
C<

Is -
x

CD

LO
□

A

CD
X I  00
£  ^
3
C
c
CD
E

CVI

CD
Q . T“  X

L U  O

162



FIGURE 6.4b

Histogram to illustrate the reactivity of purified tonsil B cells with a series of monoclonal 
antibodies having the specificities indicated.

The number of cells reacting with each of the antibodies is shown as a percentage of the 
total cells analysed. The height of the bar indicates the median value. The results of 
experiments using cell preparations from seven different tonsils are shown.
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FIGURE 6.5

The reactivity of pan-B antibodies with purified tonsil B cells.

BU-12 (CD 19) detected by biotinylated sheep anti-mouse IgGl and streptavidin-RPE 
was paired with other antibodies of unlike mouse immunoglobulin isotype detected by 
FITC. Red fluorescence intensity (RPE) is shown on the abscissa and green (FITC) 
fluorescence on the ordinate, both on a logarithmic scale. The solid lines are set at the 
upper limit of background fluorescence for each antiglobulin conjugate and thus define 
the dual-positive window. The percentage of cells positive for both CD 19 and the second 
antibody is shown for each antibody specificity.

a) B1 (CD20)

b) WR17 (CD37)

c) F74 (CD21)

d) VIBE3 (CD24)

e) MA5
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MA5 was chosen as this antibody gave higher intensity staining than BU-12 (Figure 6.6b 

and c) as indicated by the higher mean fluorescence channel number. In addition MA5 

has the IgM isotype which allowed pairing with many of the other mouse antibodies of 

interest, the majority of these having the IgG isotype (Table 3.2).

The percentages of MA5+ cells that expressed the different antigens are shown in 

Figure 6.7. The high and variable levels of slgG may reflect inadequate removal of 

cytophilically-bound immunoglobulin, or may represent centrocytes present in the tonsil 

lymphocyte preparations. About half the cells expressed IgM and/or IgD (Figure 6.7). 

Figure 6.8 illustrates the FACS contour plots obtained with one series of dual fluorescence 

experiments. During the course of these experiments it was noted that with certain 

antibody pairs the reactivity with fluorescein was apparently reduced or abolished, 

resulting in falsely low dual fluorescence results when compared with single colour 

experiments (Figure 6.8i). Further experiments as detailed in Chapter 8 were undertaken 

to investigate the cause of this phenomenon.
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FIGURE 6.6

Histogram plots of stained tonsil B lymphocytes showing the variable intensity of staining 
obtained with different antibodies.

The mean fluorescence channel number (MN) with the coefficient of variation (CV) is 
given for each antibody specificity.

a) BU-12 (CD19)

b) MA5
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FIGURE 6.7

Histogram to illustrate the reactivity of MA5* purified tonsil B lymphocytes with a series 
of monoclonal antibodies having the specificities indicated.

The number of cells reacting with each of the antibodies is shown as a percentage of the 
total MA5+ population. The height of the bar indicates the median value. The results of 
experiments using cell preparations from five different tonsils are shown.



LOCH

FIGURE 6.7

O)
k 0)

□(

I

O
00

 1-------
o
CO

+
< > ■ §

§
C  2  CD 
0  “ ■(/) 
O  C/)
0) “0  £  

CL O

~ 1“  
o

—r-
O
CM

<r o)

o
O)

Q  g
i ?  o  

(1) 
Q . 
C/)

1  > *^  “D
O

_Q
co
CM C  
Q  <  
O

CM
Q
O

CD
5
o

LO

CO
<D _Q

i <
c

©  w 
E •
<D
Q . <r- X

L U  O

0
O)

Cfl

167



FIGURE 6.8

Dual fluorescence analysis of purified tonsil B lymphocytes.

The pan-B antibody MA5 detected with FITC-labelled anti-mouse IgM was used as the 
cell defining antibody and the second non-IgM mouse monoclonal was detected by an 
isotype-specific biotinylated anti-mouse Ig and RPE-labelled streptavidin. Green 
fluorescence intensity (FITC) is shown on the ordinate and red fluorescence intensity 
(RPE) on the abscissa, both using a logarithmic scale. The solid lines are set at the upper 
limit of background fluorescence and thus define the dual positive window. The 
percentage of cells within the dual positive window is shown for each antibody specificity.

a) control ascitic fluid (Blank)

b) BU-12 (CD19)

c) BL-13 (CD21)

d) JA11 (anti-IgD)

e) CH6 (anti-IgM)

f) 8a4 (anti-IgG)

g) 1/2D7 (anti-IgA)

h) MHM6 (CD23)

i) BU-26 (anti-HLA Class II)
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CHAPTER 7

DISCUSSION OF THE PHENOTYPE OF B LYMPHOCYTES

7.1 Introduction

The relevance of defects in the selection of virgin B lymphocytes for incorporation 

into the mature recirculating pool to the pathogenesis of B proliferative disorders is 

unknown. Indeed, almost nothing is known about how such a mechanism may operate, 

although it seems likely that differences in surface antigen expression between immature 

and recirculating cells may play a central role.

It is clear from the studies of rodent B lymphocyte kinetics described in section 2.6.1, 

that primary B lymphopoiesis continues throughout life and that over a period of a week 

the number of short-lived B cells produced in the body greatly exceeds the total size of 

the long-lived B cell pool (Osmond, 1986). Short-lived B cells are produced either by 

primary B lymphopoiesis in the bone marrow, or by activation and antigen-driven 

proliferation of memory B cells. It seems likely that newly-produced B cells die within 

a day or two unless rescued by an appropriate signal (MacLennan and Gray, 1986) 

(section 2.9). Most phenotypic studies of human B lymphocytes have used readily 

available sources of cells, in particular peripheral blood and tonsil, and cells from patients 

with a variety of B-lineage neoplasms. In the case of the tonsil and peripheral blood, the 

majority of B cells derived from these sources belong to the long-lived pool of peripheral 

B cells (Sprent and Basten, 1973; Kumararatne et al., 1985), whereas neoplastic cells may 

not accurately reflect their putative normal counterparts. The purpose of this investigation 

was therefore to study B cells in the bone marrow in detail and identify the phenotype of 

the virgin B cell population.
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The availability of antibodies representative of major B cell clusters following the 

Third International Workshop on Human Leucocyte Differentiation Antigens (Ling et al., 

1987), enabled us to perform a detailed phenotypic analysis of the B lineage population 

of normal bone marrow. The use of dual immunofluorescence allowed the identification 

of the B cell population of interest among the many cell lineages present in bone marrow 

and the analysis of such cells with respect to their morphology and expression of a second 

marker. Difficulties in interpretation have arisen in previous studies (Campana et al., 

1985; Dorken et al., 1986; Loken et al., 1987) from the presence of peripheral blood B 

lymphocytes which inevitably contaminate bone marrow aspirates (Alley and MacDermott, 

1980a,b; Clark et al., 1986a). The use of bone marrow extracted from rib segments for 

many of the present studies, allows greater confidence that the results reflect true bone 

marrow populations. The phenotype obtained for the bone marrow population was 

compared with results obtained from peripheral B cells derived from blood or tonsil.

7.2. Advantges and disadvantages of use of the FACS as compared with conventional 

fluorescence microscopy

The fluorescence activated cell separator (FACS) has many theoretical advantages over 

conventional light microscopy for the analysis of lymphocyte subpopulations. It is capable 

of analysing within a few minutes vastly more cells than is possible by eye and in 

addition, provides a quantitative estimate of the intensity of the fluorescence emitted by 

the cells. The speed and greater precision of the FACS, particularly in the analysis of 

small subpopulations and dim fluorescence staining, as compared with the fluorescence 

microscope was demonstrated by Kreuzfelder et al. (1987). It was hoped that use of the 

FACS for phenotypic studies of B cells by dual immunofluorescence would allow the 

identification of subpopulations defined not only by the presence or absence of a given
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marker, but also by the relative intensity of expression of two surface markers. Animal 

studies have shown that newly-produced B cells show weak slgM expression, but the 

intensity of expression increases as the cell matures (Lala et al., 1979). The weak sIgM+ 

bone marrow population might therefore be expected to contain the earliest B cells, which 

were of particular interest in this study.

Adult bone marrow is a complex tissue and heterogeneous both with respect to the 

multiple cell lineages represented and to the presence of cells of different maturational 

stages within each lineage. The complex forward and right-angle scatter patterns obtained 

with bone marrow cells as compared with purified lymphocyte populations, reflected this 

heterogeneity (Figures A.l, A.2). The light scatter patterns obtained for blood and bone 

marrow in this study are essentially similar to those reported by Parks et al. (1986), Loken 

et al. (1987) and Patrick et al. (1987). This latter study undertook detailed morphological 

studies and immunophenotyping of the different populations defined by light scatter and 

demonstrated that although there was substantial overlap in the scatter properties of the 

different lineages, it was possible to define the limits of the light scattered by each 

population and use these values to set electronic "gates". Preset scatter criteria (gates) 

have been used in several studies to help define small subpopulations for further study 

(Ryan et al., 1984; Loken et al., 1987). Computer-generated polygonal windows have 

been shown in comparative studies to give better separation of peripheral blood 

lymphocytes from contaminating monocytes than conventional rectangular windows 

(Vitale et al., 1987) and have been used in some studies (Patrick et al., 1987). 

Unfortunately such sophisticated programmes were not available for use at the time this 

study was commenced.

Interference by myeloid cells with the discrimination of minor bone marrow 

subpopulations by immunofluorescence has been noted by several groups of workers



(Ryan et al., 1984; Loken et al., 1987) and proved a considerable problem in the studies 

reported here. Several mechanisms appear to contribute to the high background staining 

observed with myeloid cells and include: 1) high cellular autofluorescence (Civin et al., 

1987); 2) poor fluorescent conjugates containing either overlabelled molecules and/or free 

dye (Johnson and Holborow, 1986); 3) immunoglobulin bound nonspecifically to cellular 

Fc receptors and 4) cross species reactivity. The problem of autofluorescence was 

minimised by ensuring that all cell suspensions used showed >95% viability; dead cells 

have particularly high autofluorescence. The fluorescent conjugates utilised for all the 

immunofluorescence studies were fully evaluated and their performance optimised 

(sections 3.7 and A.2).

Receptors for the constant region of immunoglobulin Fc receptors are widely 

distributed on leucocytes and in particular, cells of the myeloid lineage. Human Fc 

receptors are known to bind immunoglobulins from other species (Alexander and Sanders, 

1977) and irrelevant binding of mouse monoclonal antibodies to human Fc receptors has 

been identified as a potent cause of non-specific staining and potentially erroneous 

phenotyping results by several groups (Gadd and Ashman, 1983; Lawlor et al., 1986; 

Woof et al., 1986). The results described in section A.2.2 suggest that mouse antibodies 

of the IgG2a subclass cause greater non-specific staining than monoclonal antibodies of 

other isotypes. Gadd and Ashman (1983) also found that mouse monoclonal antibodies 

of the IgG2a and IgG3 subclasses but not IgGl, IgG2b or IgM class bound to human 

monocytes. These observations were extended by Woof et al. (1986) in a detailed 

characterisation of human Fc receptor binding; mouse IgG2a antibodies bound to the 

human Fc receptor with a similar affinity to human IgG, whereas murine IgG2b antibodies 

bound 50-100 fold more weakly. The problem of unwanted Fc receptor binding may in 

part be overcome by the preparation and use of F(ab)2 fragments of the monoclonal
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antibody. In the present study insufficient quantities of the different antibodies were 

available for this to be undertaken. Cross-species reactivity was prevented by absorption 

of the labelled antiglobulin conjugates with human tissue (section A.2.3).

Purification of the lymphocyte population from the bone marrow samples was avoided 

initially, as cell selection procedures inevitably lead to cell losses and the risk of selective 

loss of a particular population of interest. In order to remove the bulk of the myeloid cell 

population, the well-established technique of density gradient separation was chosen from 

the many techniques available, as this method has the advantage of ease of performance 

and produces good cell yields (Vossen and Hijmans, 1975). A variety of separation media 

have been employed including sucrose gradients (de Gast and Platt-Mills 1979a), Ficoll 

Hypaque gradients (Boyum, 1968) and colloidal silica coated with polyvinylpyrrolidone 

(Percoll) (Gutierrez et al., 1979; Olofsson et al., 1980; Ellis et al., 1984). Better cell 

yields have been described by some workers using Percoll as compared with Ficoll 

Hypaque (Ellis et al., 1984), but in preliminary experiments little difference was observed 

in this study. Density gradient separation predominantly depletes mature granulocytes and 

does not remove the more primitive myeloid cells such as metamyelocytes and myelocytes 

which also express Fc receptors. An additional purification step to remove these cells was 

therefore required. Two methods were tried (section A.3):- 1) depletion of myeloid cells 

by treatment with an anti-myeloid monoclonal antibody, biotinylated goat anti-mouse 

immunoglobulin and then passing the cells down a column containing avidin linked to 

Sepharose beads (Berenson et al. 1986a,b) and 2) the methods of indirect (Anderson et 

al., 1983), or direct (Wilhelm et al., 1986) immune rosette depletion. Neither proved 

entirely satisfactory (section A.3). An alternative technique, that was not evaluated, is the 

use of the then newly-introduced paramagnetic beads (Hebell and Gotze, 1989).

As discussed, many methodological problems were encountered during the early phase
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of this study. The most serious problem, which prevented further use of the FACS for 

phenotypic studies was the observation of fluorescence quenching of fluorescein by 

R-phycoerythrin. This phenomenon is discussed in detail in chapter 9

7.3 The immunophenotvpe of the B progenitor cell population

The B progenitor population for the purposes of this study was defined as slgM™ 

CD19+, and although triple fluorescence studies were not performed it was possible to 

calculate the mean values of the population that expressed the other antigens (section 5.4). 

The choice of CD19 as the defining marker for B lineage cells was based on studies of 

non-T ALL in which CD 19 was identified as the most precise antigenic marker of the B 

lineage (Nadler et al., 1984). These observations were confirmed by the results of the 3rd 

and 4th International Workshops (McMichael, 1987; Dorken et al., 1989) and the studies 

of Uckun et al. (1988). In addition, all the cells that bound CD 19 in the present study had 

lymphoid morphology. The results show that almost 100% of these cells express CD24 

and HLA class II molecules which is in agreement with published studies (Nadler et al., 

1984; Campana et al., 1985; Ryan et al., 1986; Civin et al., 1987).

No attempt was made in this study to determine the phenotype of even earlier B cell 

precursors. Antibodies of the CD34 cluster have been shown to identify a 115 kDa cell 

surface glycoprotein expressed specifically by undifferentiated blast cells, constituting

1-4% of normal adult bone marrow leucocytes (Strauss et al., 1986). Dual fluorescence 

studies showed that mature granulocytes, monocytes, erythrocytes, NK cells, T cells and 

B cells were non-reactive with CD34 antibodies (Civin et al., 1987). All CD34+ cells 

were HLA class IT, but only a proportion of HLA class IT bone marrow cells expressed 

the CD34 antigen. Loken et al. (1987) were able to show that a proportion (<50%) of 

CD34+ cells expressed the CD19 antigen. This CD34+ CD19+ population in triple
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fluorescence studies was shown to strongly express CALLA. Cytocentrifiige preparations 

of CD34+ CD10+ or CD34+ CD19+ cells showed that most of these cells were intensly 

labelled when stained for TdT and by Romanowsky (Wright’s) staining had characteristic 

lymphocyte or lymphoblast morphology. Thus the evidence suggests that CD34 defines 

a haemopoietic progenitor cell that is capable of both lymphoid and myeloid lineage 

differentiation, but further study is required to determine if this represents the true 

lymphohaemopoietic stem cell in man. The removal of B progenitors (purging) from bone 

marrow using CD 19 antibodies and complement prior to autologous bone marrow 

transplantation does not prevent subsequent B cell regeneration (Bengtsson et al., 1989).

Uckun et al. (1989) undertook detailed immunophenotypic analysis of marrow blasts 

ffom a series of patients with ALL and showed a very small percentage of cells which co

expressed the CD2 (early T cell) and CD19 antigens. These blasts could be induced to 

differentiate to the pre-B cell stage with a phorbol ester (12 O-tetra 

decanolyphorbol-13-acetate). These same workers also demonstrated a small population 

of CD2+ CD19+ lymphoid cells in foetal haemopoietic organs which might represent the 

normal counterpart of the biphenotypic leukaemia cells.

Approximately 50% of CD19+ B progenitors in the present study expressed CALLA 

(CD10), an observation in broad agreement with the 38.6 + 17.9% reported by Loken et 

al., (1987), although Nadler et al., (1984) reported a considerably higher (78 + 10%) dual 

positivity rate. Hokland et al. (1984) purified CALLA* cells ffom normal adult bone 

marrow and showed that whilst 48-63% of these cells were TdT*, only 13-22% were 

CD20+ and 5-11% cytoplasmic-p+. Ryan et al. (1986) identified a minority population of 

strongly CD 10+ cells within the marrow and was able to show differences between these 

two populations with respect to their expression of a second antigen. This was 

particularly marked for the antibody pairs CD10/CD34 and CD20/CD10, where the
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majority of the strong CD 10* population were CD34+, whilst very few weak CD 10* cells 

expressed this antigen; in contrast, CD20 reactivity was confined to the weak CD 10* 

population. All the CD10+ cells lacked expression of cytoplasmic-p chains and CD21. 

These results suggest that the two populations of CD 10-positive cells may represent a 

maturation sequence within normal bone marrow with strong CD10+, CD34+, CD19+, 

Tdr, CD20ve cells differentiating to weak CDKT, CD34 VC, CD19+, TdTve CD20+ cells. 

A similar negative correlation between intensity of CD 10 expression and CD20 reactivity 

was noted by Loken et al. (1987). The timing of CALLA expression and that of the 

CD19 antigen remains controversial. Most studies have shown that almost all CD 10* bone 

marrow lymphoid cells were CD19+ (Nadler et al., 1984; Hokland et al., 1984; Ryan et 

al., 1986; Loken et al., 1987). Nadler et al., (1984) identified a group of B lineage 

leukaemias where the blast cells were CD 19* and CDIO'™ and therefore suggested that 

CD 19 expression precedes CD 10 in B cell differentiation. The results of Loken et al. 

(1987), Hurwitz et al., (1988) and Ryan et al. (1986) showed almost coincident appearance 

of these two markers on the B progenitor population. Uckun (1990) drew attention to the 

difficulties in accurately assessing the coordinate sequence of antigen expression in human 

B cell ontogeny by a single time point multiparameter flow cytometric determination, 

without analysing the dynamic changes in immunophenotype or a change in expression 

of the genes encoding the relevant antigens. Uckun and coworkers (Uckun et al., 1988) 

developed an in vitro clonal assay for purified human foetal liver B cell progenitors and 

was able to identify three populations; CD 10* CD19 VC (the largest population), CD10+ 

CD19+ and CD10 VC CD19+. CD19 VC cells acquired this antigen in vitro. It is of interest 

that the same workers showed a much smaller number of CD 10* CD19 VC in foetal bone 

marrow, and virtually none in adult bone marrow suggesting that there may be organ- 

specific microenvironmental differences in B cell development and /or multiple B cell

176



differentiation pathways.

The CD9 antigen like CALLA is present on B progenitor cells and on normal 

activated B cells (section 2.17.5). The results in section 5.5 show that around 40% 

(23-59%) of CD9+ cells in the bone marrow mononuclear cell fraction studied were of the 

B lineage as determined by CD 19 expression. Although the majority were sIgM'w B cell 

progenitors (Table 5.5) there was a small CD9+ slgM* population in bone marrow and in 

the blood. The larger CD9+ slgM* population in the tonsil cell preparations is consistent 

with the established reactivity of CD9 antibodies with germinal centre B cells (Ling et al., 

1987). Zeleznik-Le and Metzgar (1989) were able to induce the expression of the CD9 

antigen on human tonsil B cells activated in vitro with a variety of mitogens. Expression 

of the CD9 antigen by the tonsil B cells or cells from a pre-B cell line was associated 

with the acitvation of protein kinase C, an enzyme known to play a role in cell signalling 

(Hombeck and Paul, 1986). It is not clear whether the CD9+ bone marrow population also 

represents "activated" cells, or if expression of the CD9 antigen is associated with any 

particular phase of the cell cycle in proliferating precursors.

The immunofluorescence studies of Loken et al., (1987) on normal human bone 

marrow cells support the observations of Ryan et al., (1986), suggesting that CD10 and 

CD20 define distinct stages of B cell differentiation. By labelling for CD19, CD10 and 

CD20 they showed that CD20 was expressed on a subset of the CD 19* cells, this being 

in agreement with the results reported here, that all CD20* cells were CD 19*. 

Three-colour immunofluorescence showed that the CD 19* population was split into two 

almost non-overlapping fractions, by the combination of CD10 and CD20 and the more 

mature B lineage cells were CD20*. Experiments to determine the proliferation status of 

the CD 19* subpopulations demonstrated that both the CD 10* populations were actively 

proliferating; in contrast, the CDKT"5 CD20+ population had a very low proliferation index



(Hollander et al., 1988). Anderson et al. (1984) showed that CD20 reactivity appeared to 

follow CALLA expression in ALL blast cells, but Ryan et al (1987) showed that in 

contrast with normal bone marrow cells, TdT and CD20 expression by ALL blasts was 

not related to CD 10 density.

The timing of slgM expression with respect to CD20 expression is controversial. 

Loken et al., (1987) found that slgM and CD20 identified the same bone marrow 

population. However, the present study demonstrated that only 62% (37-74%) of CD20+ 

cells were slgM* while 15%-25% were cyp+ pre-B cells. These results are in agreement 

with the findings of Campana et al., (1985), Uckun, (1990) and Dorken et al., (1986) who 

showed that 98 + 1% of pre-B cells were CD20+.

This study showed almost coincidental reactivity of CD20 and CD37 in the sIgM ve 

B progenitor fraction of normal bone marrow. However direct comparison of these 

antibodies (Table 5.2) demonstrates a small CD20* CD37've population consistent with the 

slightly earlier expression of CD20 than CD37 in B lymphocyte differentiation. These 

conclusions are supported by the findings of Uckun (1990) who reported that CD20 is 

expressed before cyp, and CD37 during the pre-B cell stage.

In addition to the antigens studied in this thesis, a variety of other cell surface 

molecules have been identified on the B progenitor population. The leucocyte-common 

antigen recognised by antibodies of the CD45 cluster is first expressed on B lineage cells 

at approximately the same time as CD 19, but the intensity of expression gradually 

increases to a maximum on mature peripheral blood B cells (Caldwell and Paterson, 1987; 

Ryan et al., 1986). Whether the CD45 antigen itself has any controlling role in the 

differentiation process is unknown. The human leucocyte function associated antigen 

(LFA-1) is absent from TdT* cells, present on some pre-B cells, but uniformly expressed 

by all slgM* bone marrow B cells (Campana et al., 1985). CD40 antibodies were not
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included in our panel of monoclonal antibodies studied for reactivity with CD19+ bone 

marrow cells. However, as all sIgM+ cells were reactive with CD40 antibodies this 

antigen must be expressed at the pre-B or B-progenitor cell stage. This was confirmed 

by Uckun (1990) who also showed that antibodies of the new B cell clusters CD72, CD73, 

CD74 and CDw78 are expressed before (CD72 and CD73) or during (CD74, CDw78) the 

pre-B cell stage. In addition to the surface antigens described above, virtually all B 

progenitors express the CD22 antigen in their cytoplasm from an early stage (Campana 

et al., 1985; Dorken et al., 1986; Dorken et al., 1987). This cytoplasmic CD22 expression 

is highly B cell-specific and like sCD19 and sCD72 appears at around the time of 

commitment to the B lineage. The function of the cytoplasmic molecule and the reason 

for the apparent delay in its expression on the cell surface is unclear.

7.4 The phenotype of pre-B cells

The phenotype of cytoplasmic-p+ pre-B cells was not studied in the experiments 

reported here. There is at present no monoclonal antibody that specifically defines human 

pre-B cells. In mice, the antibody G-5-2 has been described which preferentially reacts 

with normal pre-B cells and also with plasma cells in bone marrow or foetal liver 

(Strasser, 1988). G-5-2 appears to recognise an antigen distict from the BP-1 glycoprotein 

present on murine pre-B and newly-formed B cells but not mature B cells (Cooper et al., 

1986) and the antigen recognised by antibody GF-1 (McKeam and Rosenberg, 1985). The 

GF-1 antibody recognises a subpopulation of mouse B progenitors and pre-B cells, but the 

antigen disappears shortly after expression of slgM. The C3b receptor, present on 99% 

of mature B cells was detected on 15% of large pre-B cells and 35-48% of small pre-B 

cells (Tedder et al., 1983) suggesting that this complement receptor is expressed earlier 

in B cell differentiation than the C3d (CD21) receptor (section 7.7). Other antibodies (see
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below) appear to react preferentially with early sIgM+ cells.

7.5. B cell differentiation in ontogeny, in vitro and following bone marrow 

transplantation

The preceding discussion of the phenotype of B progenitors may be summarised: the 

earliest cells express HLA class II molecules and the antigens recognised by CD34, CD 19, 

CD24, CD72, CD10 and CD9 and possibly also CD45. As the cells mature CD34 and 

CD 10 expression is lost and the cells begin to express CD20, CD37 and other antigens 

including LFA-1. It is not however established, that all developing B cells pass 

sequentially through all these stages. Indeed, it seems likely that cells may express 

antigens appropriate to their phase of the mitotic cycle as well as their lineage. The 

available data do not exclude several parallel lines of B cell development and indeed this 

has been suggested by studies of murine bone marrow, both for Ly-1+ B cells (Hayakawa 

et al., 1985) and by McKeam and Rosenberg, (1985) using the antibody GF1 which 

appears to define a subpopulation of marrow pre-B cells.

Studies of human B cell ontogeny (Asma et al., 1984; Bofill et al., 1985; Hokland et 

al., 1984; Antin et al., 1986; Le Bien et al., 1990; Uckun et al., 1989) have shown a 

similar pattern of sequential acquistion and loss of cell surface antigens to that described 

above for adult bone marrow cells. As might be expected, all studies showed a 

predominance of cells with an immature phenotype. Some differences have been 

identified particularly with respect to the expression of CD 10, which was not only 

expressed very early on some foetal tissues (Uckun et al., 1989, section 7.2) but LeBien 

et al. (1990) observed that >95% of sIgM+ cells were CD10+. Virtually no mature B cells 

expressing CD21, or CD22 (vide infra) were detected by these workers in foetal bone 

marrow.



Studies of bone marrow regeneration after transplantation have demonstrated an early 

rise in TdT* and CD10+ cells (Asma et al., 1987; Bengtsson et al., 1989; Small et al., 

1990) with the subsequent appearance of cells bearing other surface antigens (e.g. CD20). 

The majority of cells recovering post BMT are CD5+ and this cell population is discussed 

below (section 7.5).

The development of in vitro long-term culture systems for human bone marrow 

lymphocytes similar to those already established for murine marrow, may increase our 

understanding of inter-relationships of the cells present and the factors that control their 

growth and differentiation. Studies using short term cultures have demonstrated increased 

adhesion of CD10+ CD34+ B precursors to bone marrow-derived adherent cells than more 

mature CDKT* CD20+ cells. The binding activity was observed to decrease gradually and 

predictably during B lineage differentiation (Ryan et al., 1990). Two groups of workers 

(Wormann et al., 1989; Villablanca et al., 1990) have studied the in vitro differention of 

pre-B cell to B cells and shown that re-arrangement of immunoglobulin light chain genes 

occurs and is followed by cell-surface expression of IgM.

7.6 The CD5+ B cell

This cell population has already been reviewed in detail in section 2.17.8. A CD5+ 

B cell population could not be identified in blood or bone marrow by fluorescence 

microscopy in the present study, although very limited data from the FACS studies (Figure

6.2 and 6.3) suggest the presence of a small sIgM+ CD5+ population. This discrepancy 

is presumed to be the result of the lower sensitivity of the fluorescence microscope to 

weak fluorescence, as compared with the FACS. Other studies have shown that 5-10% 

of normal peripheral B cells and most cases of B cell chronic lymphocytic leukaemia 

express the CD5 antigen (Freedman et al., 1987). However, CD5+ B cells are generally

181



not detectable in adult bone marrow (Kipps, 1989).

The CD5+ B cell population is currently attracting interest because of the role it may 

play in the pathogenesis of a variety of autoimmune disorders and has been recently 

reviewed by Kipps (1989). It is not established whether these cells develop as a separate 

lineage from specific progenitor cells, as appears to be the case for the analogous Ly-1 

B cell population in the mouse, or whether B lineage cells express the CD5 antigen in 

response to a particular environmental signal (Freedman et al., 1989; Weme-Favre et al., 

1989). It is of interest that the first B cells to appear in the blood after bone marrow 

transplant were CD5+ (Antin et al., 1987), as are the majority of B cells in foetal tissues. 

After the first month post-transplant both CD5+ and CD5 VC B cells were found to co-exist 

in equal proportions and there was a gradual decline in the numbers of CD5+ cells with 

time. Another T cell-reactive cluster of monoclonal antibodies, CDlc, has recently been 

shown to react with a subpopulation of B cells in peripheral blood and lymphoid tissues 

but the function of the CDlc antigen is unknown (Delia et al., 1988).

7.7 The possible anatomical site and stage of B cell selection in experimental animals 

Opstelten et al., (1986) and Deenen et al., (1987) have studied the kinetics of early 

B cell formation in the rat and Osmond et al. (Opstelten and Osmond, 1983; Park and 

Osmond, 1989) have performed similar studies in mice. In both species a population of 

slgw T dr cells can be identified in addition to cyp+ pre-B cells and sIgM+ B 

lymphocytes. Substantial proliferative expansion of cell numbers occurred from the TdT* 

slg vc stage to the sIgM+ stage and for mice it was estimated that at least 4 mitotic cycles 

took place in the development of a clone of B cells (Osmond et al., 1988). Some 

reduction in B cell production has been observed at the transition from dividing cells to 

post-mitotic pre-B cells in mice, suggestive of substantial cell loss at this stage, but studies

182



using rats and mice show that many more pre-B cells are produced than are needed to 

replenish the peripheral B cell pool (Gray, 1988; Forster and Rajewsky, 1990). The 

available data do not show whether cell loss from the B lineage is from post-mitotic pre-B 

cells, or from slg+ B cells. However, as early contact with antigen is known to select 

newly-produced virgin B cells for incorporation into the long-lived pool it seems likely 

that selection occurs after the expression of surface immunoglobulin, the B cell antigen 

receptor.

7.8 The phenotype of slgM* bone marrow lymphocytes

In order to identify surface antigens by which newly-produced bone marrow 

lymphocytes might be identified and which might serve as selection markers, a detailed 

comparison of the phenotypes of the sIgM+ population in bone marrow, peripheral blood 

and tonsil was undertaken.

The only antibodies that discriminated between sIgM+ cells in bone marrow and blood 

were CD21, CD22, CD9, CD54 and anti-IgD. Antigens detected by antibodies CD 19, 

CD20, CD24, CD37,and CD40 were present on all sIgM+ B cells and are therefore 

unlikely to play a role in cell selection for long-term survival.

7.9 Subpopulations of B lymphocytes defined by slgM and slgD expression

B cells in blood or bone marrow that express slgM and/or slgD may be divided into 

three subsets; sIgM+ sIgD+, sIgM+ slgD'^ and sIgM_vc sIgD+. Considerable heterogeneity 

in the intensity of expression of these two immunoglobulin isotypes has been described 

(Rowe et al., 1973) and was readily apparent in the present study (Figure 4.1). All studies 

agree that the sIgM+ sIgD+ subset is predominant in blood (Ling, 1983) although there is 

considerable variation in the reported frequencies of s!gM+ slgD ™ and sIgM'w s!gD+ cells
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(Vossen and Hijmans, 1975; Vessiere-Louveaux et al., 1981; Table 2.3). The finding in 

this study that 17% of peripheral blood sIgM+ cells lacked slgD accords with the data of 

Rowe et al., (1973); Gathings et al., (1981) and Dorken et al., (1986); at least a proportion 

of the sIgD vc cells probably express slgA (Vessiere-Louveaux et al., 1981). By contrast, 

we found that 29% of sIgM+ bone marrow cells are sIgD've which is in agreement with the 

studies of Campana et al., (1985) (28% + 10) and of Dorken et al. (1986) (35% + 8). 

Bone marrow from other species e.g. mouse (Abney et al. 1978; Lala et al., 1979) and 

rhesus monkey (Finkelman and Scher, 1979) has also been shown to contain a significant 

sIgM+ sIgD+ lymphocyte subset. Quantitative measurements of the intensity of slgM 

expression (Lala et al., 1979) showed that slgD appeared only after the acquisition of a 

significant level of slgM.

Studies of B cell ontogeny in man (Gathings et al., 1981; Asma et al., 1984; Bofill 

et al., 1985) and mice (Ryser and Vassalli, 1974) have shown that the earliest B cells in 

foetal liver express slgM at low density. The density of slgM increases prior to the 

appearance of slgD-bearing cells. Suppression with anti-p chain antibody from birth 

largely prevents the appearance of slgD-expressing cells (Abney et al., 1978) which 

provides the best evidence available that sIgD+ cells develop from sIgM+ precursors.

3H-thymidine labelling experiments have shown that the time that newly-formed B 

lymphocytes reside in the bone marrow is not constant and cell loss is random once cell 

division has ceased (Osmond, 1986). Transfusion of labelled bone marrow cells to follow 

the fate of a cohort of newly-formed cells demonstrated rapid localisation of cells to the 

spleen, where immature cells appeared to complete their development. However, the 

experiments of Aspinall and Owen (1983) in mice suggest that at least a proportion of 

sIgM+ cells express slgD within the bone marrow prior to their migration into peripheral 

lymphoid tissue. This proportion of apparently newly-produced bone marrow B cells
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seems likely to exceed the proportion of virgin cells which are incorporated into the 

peripheral pool and implies that the selection of newly-produced B cells occurs after slgD 

expression. Although this may be the situation in mice, it is not established that 

newly-produced human B cells express IgD before leaving the marrow. Kroese et al., 

(1990) performed two-colour flow cytometrical analyses of rat peripheral lymphoid organs 

and demonstrated two distinct IgM/IgD-defined B cell populations, similar to those 

previously defined in the mouse (Herzenberg et al., 1986). The predominant B cell 

population in adult rat peripheral lymphoid organs expresses little IgM and high levels of 

IgD; in the spleen but not other peripheral lymphoid organs a substantial number of cells 

express high levels of IgM but little IgD. This latter high-IgM, low-IgD population 

predominates in adult bone marrow and foetal spleen. Using an additional monoclonal 

antibody directed against a rat B cell differentiation antigen, Kroese et al. (1990) 

subdivided the IgM-bright/IgD-dull cells of the spleen into two subsets according to the 

intensity of their reactivity with the antibody HIS24. The larger subset showed weak 

HIS24 staining and by immunohistochemistry were shown to be localised to the splenic 

marginal zone, while a second minor subset reacted strongly with HIS24. The 

IgM-bright/IgD-dull cells of the bone marrow were also HIS24-bright. Kroese et al. 

(1990) have proposed a model for rat B cell differentiation suggesting that the IgM-bright 

IgD-dull HIS24-bright population of the bone marrow represents the newly-produced 

virgin B cell population which subsequently migrates to the spleen where the cells may 

differentiate further to enter the marginal zones or become small follicular B cells.

7.10 The phenotype of the slgM* slgD' population

The sIgM+ sIgD'w bone marrow cells lack the antigens recognised by CD21 and CD22 

antibodies thus confirming previous studies (Campana et al., 1985; Dorken et al., 1986;



Tedder et al., 1984; Loken et al., 1987). In the present study the antibody that most 

clearly discriminated between the sIgM+ slgD '* and sIgM+ sIgD+ subsets was CD54. 

Antibodies of this cluster recognise the cell adhesion molecule ICAM-1 (section 2.17.10.). 

The presence of ICAM-1 on this population of normal lymphocytes has not been 

previously described. In view of the known function of this antigen in mediating cell-cell 

adhesion, and the dependence of certain phases of B cell differentiation on cellular 

interactions, it is tempting to speculate that this antigen could play an important role in 

cell selection. Reactivity with CD54 antibodies is also strongly associated with cell 

activation (Boyd et al., 1989a,b; Most et al.,1989). A minimum of 14% of sIgM+ sIgD've 

bone marrow cells were assessed to express the CD9 antigen which is associated with 

progenitor and germinal centre B cells (Ling et al., 1987) and also with cell activation 

(Zeleznik-Le and Metzgar, 1989).

Another antigen that is expressed both early and late in the B lymphocyte 

differentiation pathway is CD38. This antigen was detected on a minority of sIgM+ bone 

marrow (18%, range 10-40%) or blood (13%, range 12-17%) cells in this study. Gobbi 

et al., (1983) observed 70% CD38 positivity on bone marrow IgM+ cells and <5% on 

peripheral blood cells. The results of Tedder et al. (1984) are similar; 58% + 8 of IgM+ 

bone marrow cells expressed CD38 but only 6% + 2 of peripheral blood cells. However, 

Gobbi et al. noted that the sIgM+ sIgD+ bone marrow population was CD38 W. The 

unusually high proportion (80%) of early IgM+ IgD vc cells in their marrow samples may 

explain the difference in the results compared with the present study.

The phenotype of the sIgM+ sIgD‘w as determined in this study is summarised in 

Figure 7.1. Further studies using triple- or quadruple-labelling are required to determine 

the proportion of these cells that express the other antigens and whether the same 

population carries the activation-associated antigens ICAM-1, and the CD9 and CD38
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FIGURE 7.1

Changes in surface antigen expression during B cell differentiation
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antigens. The other activation-associated antigen included in this study CD23, appeared 

to be almost entirely confined to the IgD+ subset (section 7.9). However, the 

demonstration of an apparently activated population of cells amongst the early B 

population would be of considerable interest. Cells of the marginal zone of the spleen 

characteristically express slgM with little or no slgD. However these cells express CD21 

and CD22 and lack CD9 and are therefore distinct from the sIgM+ sIgD've bone marrow 

population (Table 7.1). This study has therefore identified the phenotype of a sIgM+ 

sIgD*w population which appears unique to the bone marrow.

7.11. The phenotype of the slgM* slgD* populations

This study of sIgD+ cells in bone marrow failed to reveal evidence of heterogeneity 

within this population and there was no clear difference between the phenotype of bone 

marrow and peripheral blood sIgD+ positive cells. Three possible explanations may 

account for these findings: 1) the newly-produced B cell component of the sIgM+ sIgD+ 

population was too small for detection; 2) none of the B cell antibody clusters studied 

recognised an antigen that discriminates between newly-formed and recirculating sIgD+ 

B lymphocytes; or 3) selection for long-term survival of newly-produced human B cells 

occurs at the sIgM+ sIgD*w stage.

The role of other surface antigens such as that detected by CD39 antibodies and also 

antibodies KiB3 and 2-7 which appear to be present on a subset of sIgM+ bone marrow 

cells and peripheral B cells (Ling et al., 1987) is unknown. In the case of CD39 the 

almost equal proportions of positive cells among the blood and bone marrow populations 

makes it unlikely that this antigen contributes to primary B cell selection, but the 

subpopulations defined by CD39 expression might well have functional differences.
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Since the start of this study many new monoclonal antibodies against human B cells 

have been described and several of these are of particular interest. The antibody MB-1 

described by Link et al., (1986) recognises a 42 kDa antigen restricted to the B lineage, 

that appears to be expressed on slg+ B cells but not on most leukaemic B progenitors. 

The timing of expression of this marker with respect to other early B cell antigens such 

as CD21 and CD22 was not reported. Antibodies HB-4 and FMC7 appear to recognise 

antigens on subsets of blood B cells. HB-4 was reactive with 64 + 16% of sIgM+ blood 

B cells and 55 + 29% of bone marrow B cells. The majority of B cells in spleen, tonsil 

and lymph nodes were negative as were most pre-B cell leukaemias (Tedder et al., 1985). 

The reactivity of this antibody with sIgM+ slgD ''® bone marrow cells was not reported but 

would be of considerable interest. Functional studies on the HB-4+ population in blood 

showed that these cells responded poorly to a variety of polyclonal B cell activators 

(Bloem et al., 1988). In contrast, FMC7 reacted with 30-50% of peripheral blood B cells 

and appeared to identify the relatively small B cell subpopulation that could be induced 

by activators (Bloem et al., 1988). Thus HB-4 and FMC7 appeared to identify 

overlapping peripheral blood B cell populations, with the FMC7+ HB-4've being the most 

readily activated.

Another group of monoclonal antibodies react only with activated B cells; newly 

produced or resting B cells lack the relevant antigen (Tedder et al., 1988; Suciu-Foca et 

al., 1988). The distribution of the only B cell activation antigen included in this study 

CD23, was interesting, as a significant subset of the sIgM+ bone marrow population 

expressed this antigen. However, reactivity was predominantly confined to the IgD+ 

subset and it is likely that at least a proportion of these cells represent mature memory B 

cells recirculating through the bone marrow. A minor subset (5-15% of total small 

lymphocytes) of slowly renewing, long-lived cells (Miller and Osmond, 1975) was



identified in addition to the rapidly labelled population, by analysis of the 3H-thymidine 

labelling curve for mouse bone marrow. The proportion of such cells increased with age 

(Osmond, 1986).

7.12 Summary

The extensive phenotypic studies described in this thesis were unable to demonstrate 

an antigen unique to IgD+ bone marrow cells on which selection for incorporation into the 

peripheral B cell pool might act. However the work confirms the existence of a unique 

"immature" B cell population within the marrow and characterises this sIgM+ sIgD‘ve 

population more completely than any previous study. Futhermore, the results suggest the 

presence of a small, (<10%) subpopulation of B cells with a similar "immature" phenotype 

in the blood, which might represent newly-formed B cells just released from the bone 

marrow and thereby suggests that in man selection of newly-produced B cells for long

term survival occurs prior to the expression of slgD. Further work is required to confirm 

the presence of this subpopulation, isolate the cells and determine the conditions required 

to activate them.
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CHAPTER 8

FLUORESCENCE QUENCHING OF FLUORESCEIN BY R-PHYCOERYTHRIN

8.1 . Staining systems in which quenching was observed

8.1.1. Quenching in the presence of anti-HLA class II antibodies

Initial observations were made on tonsil cells stained with the pan-B antibody MA5. 

As shown in Figures 8.1a and 8.If, this antibody gave a well-defined peak above 

background regardless of whether FTTC-labelled anti-mouse immunoglobulin, or 

biotinylated anti-mouse immunoglobulin and streptavidin-RPE conjugate were used as the 

detection system. The mean fluorescence intensity channel was used to compare the 

intensity of staining obtained with different primary antibodies and different anti-globulin 

detection systems (Figure 8.2; Table 8.1). The anti-HLA class 11 antibody, BU-26 when 

used in single labelling experiments gave brilliant staining whichever fluorochrome was 

used for detection (Figures 8.1b and e; 8.2d). If combined in a dual staining system MA5 

and BU-26 would be expected to double label the majority of cells. However, as 

illustrated in Figures 8.1c, 8.1d, 8.1g and 8.1h, the results obtained in practice varied 

according to which fluorochrome was used to detect a particular antibody. Thus when 

RPE was used to detect BU-26 the peak of fluorescein (MAS) positive cells was lost 

(Figure 8.1c and 8.Id). When the colours were reversed a clear dual positive population 

was obtained although the mean intensity of BU-26 staining was slightly reduced (Figures 

8.1g and 8.1h).

Further studies were performed using a different pan-B monoclonal antibody WR17 

(CD37). A similar loss of staining intensity was obtained when this antibody was 

combined with BU-26 (Figure 8.3); the use of RPE to reveal HLA class 11 antigen on the 

cell surface resulted in a marked reduction of the pan-B fluorescein signal. The pan-B
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FIGURE 8.1

The variation in fluorescence intensities shown by tonsil B lymphocytes stained using 
MA5 or BU-26.

Figures a,b,c,e,f, and g are histogram plots with the relative cell number (ordinate) plotted 
against fluorescence channel number, i.e., log fluorescence intensity (abscissa). A 
distribution of fluorescence intensities is obtained for each antibody-conjugate pair.

a) MA5 revealed by sheep anti-mouse IgM isotype-specific FTTC conjugate.

b) BU-26 (anti-HLA class 11) revealed by biotinylated sheep anti-mouse IgGl and 
streptavidin-RPE conjugate.

c) double staining using MAS and BU-26 detected as in a) and b) displaying the green 
fluorescence plot and showing a marked reduction of the MA5 positive peak as compared 
with a).

e) BU-26 revealed by sheep anti-mouse IgGl isotype-specific F1TC conjugate.

f) MA5 revealed by biotinylated sheep anti-mouse IgM and streptavidin-RPE conjugate.

g) double staining using MA5 and BU-26 detected as in d) and f) displaying green 
fluorescence plot with preservation of the BU-26 positive peak.

d) 64 x 64 channel dual fluorescence plot with 50,100,150 and 200 cell contours shown. 
The green fluorescence intensity is shown on the ordinate and red fluorescence intensity 
on the abscissa, both on a logarithmic scale. The lines indicate background fluorescence 
and thus define the dual positive window. The same cell preparation as c); MA5 is 
detected by FTTC and BU-26 detected by RPE. There are very few dual positive cells and 
the contour lines show stacking against the abscissa.

h) 64 x 64 channel dual fluorescence plot constructed as d). The same cell preparation 
as g); MA5 is detected by RPE and BU-26 detected by FITC. In contast with d) the 
majority of cells (85%) stain positively with both antibodies and a population of dual 
fluorescent cells is clearly seen.
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FIGURE 8.2

Histogram plots of stained tonsil B lymphocytes showing the variable intensity of staining 
obtained with different antibodies.

The mean fluorescent channel number (MN) with the coefficient of variation (CV) is 
given for each antibody specificity.

a) normal mouse ascitic fluid (blank)

b) BU-12 (CD19)

c) MA5

d) BU-26 (anti-HLA class II)
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FIGURE 8.3

Single colour fluorescence histograms of tonsil lymphocytes.

a) k>)

LOG FLUORESCENCE INTENSITY (FITC)

a) WR17 (CD37) revealed by sheep anti-mouse IgG2a isotype-specific FITC conjugate.
b) As a) with addition of BU-26, biotinylated sheep anti-mouse IgGl and streptavidin-RPE 
conjugate diluted 1/5.

monoclonal antibodies B1 (CD20) and F74 (CD21) were also studied and a comparison 

made of their reactivity when paired with either BU-12 (CD19) or BU-26 in dual 

fluorescence experiments (Figure 8.4). Again a marked reduction in the expected 

fluorescein signal was observed in the presence of the intense RPE staining shown by BU- 

26, but when the colours were reversed the weaker BU-12 RPE staining did not interfere 

with the strong BU-26 fluorescein signal.

8.1.2. Other staining systems that demonstrate quenching

Fluorescence quenching of FTTC was most marked when potent anti-HLA class II 

antibodies giving intense staining with RPE were employed, but could also be 

demonstrated with other antibodies. The pan-B clustered monoclonal antibodies BU-12 

(CD 19) and WR17 (CD37) for example, both show reactivity with nearly all tonsil B cells
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(sections 5.2 and 6.2). The actual reactivity observed and the intensity of staining as 

measured by the mean channel number when they were applied separately and revealed 

with either fluorochrome are given in Table 8.1 and illustrated in Figure 8.5.

TABLE 8.1

Intensity of pan-B staining

Monoclonal
Antibody

Fluorochrome 
used 

for detection

Mean channel number %Positive

Green Red

WR17 FITC 102 _ 97.9
RPE - 108 98.8

BU-12 FTTC 92 • 84.4
RPE - 86 91.5

WR17 gave strong staining and showed almost 100% positivity, irrespective of the 

fluorochrome used for its detection (Figure 8.5a and 8.5c); BU-12 gave moderate staining 

and a lower percentage of positive cells - especially with the fluorescein conjugate (Figure 

8.5b and 8.5d). When these monoclonal antibodies were tested on the same cell 

preparations by dual staining the results again varied according to which fluorochrome was 

used to detect a particular antibody. As shown in Figure 8.6a, 82% of the cells were 

positive for both antigens when RPE was used to detect BU-12; when the fluorochromes 

were reversed, coincident staining was observed in only 50% of the cells. It is clear from 

the contour plots (Figure 8.6b) that this is due to reduction in the fluorescein signal for 

BU-12 since the WR17-positive population was similar with both fluorochromes. A 

comparable reduction in the fluorescein signal for BU-12 was obtained with the pan-B 

antibody MA5 detected by RPE (Figures 8.6c and 8.6d).
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FIGURE 8.4

64 x 64 channel dual fluorescence plot of tonsil B lymphocytes.

The 10, 30, 50, 70 and 90 cell contours are shown. Green fluorescence intensity (FITC) 
is shown on the ordinate and red fluorescence intensity on the abscissa, both on a 
logarithmic scale.

a) Pan-B antibodies B1 (CD20) detected by FITC and BU-12 (CD19) detected by RPE. 
The majority (91.5%) of cells fall within the dual positive window.

b) B1 detected by FTTC paired with BU-26 (anti-HLA class II) detected by RPE. The 
expected dual positive population is greatly reduced (13.6%) and the contour lines show 
stacking against the abscissa.

c) Pan-B antibody F74 (CD21) detected by FITC and BU-12 detected by RPE. There is 
a clear dual positive population (91.6%).

d) F74 detected by FITC paired with BU-26 detected by RPE. The expected dual positive 
population is greatly reduced (21.6%).
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FIGURE 8.5

Single colour fluorescence histograms comparing the fluorescence intensity observed with 
two pan-B antibodies detected by FITC or RPE.

The fluorescence intensity given by channel number is plotted on the abscissa and cell 
number on the ordinate. The negative control for each conjugate is shown as a dotted 
line. The percentage of positive cells is given for each antibody/conjugate pair.

a) WR17 (CD37) detected by FTTC-labelled sheep anti-mouse IgG2a conjugate.

b) BU-12 (CD19) detected by FTTC-labelled sheep anti-mouse IgGl conjugate.

c) WR17 (CD37) detected by biotinylated sheep anti-mouse IG2a and RPE-streptavidin.

d) BU-12 (CD19) detected by biotinylated sheep anti-mouse IgGl and RPE-streptavidin.
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FIGURE 8.6

64 x 64 channel dual fluorescence plot of tonsil B lymphocytes.

The 50,100,150 and 200 cell contours are shown. Green fluorescence intensity is plotted 
on the ordinate and red fluorescence on the abscissa, both on a logarithmic scale. The 
FITC and RPE conjugates gave slightly different levels of background fluorescence 
(indicated by the solid lines) when used to detect the same monoclonal antibody.

a) Pan-B antibodies WR17 (detected with fluorescein) and BU-12 (detected with RPE); 
the majority of cells fall within the dual positive window.

b) Same pair of monoclonal antibodies as a) but the fluorochromes used for detection were 
reversed, with WR17 being revealed by RPE and BU-12 by fluorescein. Only 50% of 
cells are now within the dual positive window and there are a substantial number of 
WR17 positive, BU-12 negative cells as shown by the stacking of contour lines against 
the abscissa.

c) Pan B antibodies MA5 detected by fluorescein and BU-12 detected by RPE showing 
almost 100% coincident reactivity.

d) Same antibody pair as c) but with the fluorchromes reversed. There is a substantial 
reduction in BU-12 positivity.
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8.2 Quenching is attributable to the R-phvcoerythrin molecule.

In these studies a biotinylated second antibody was employed for the RPE staining 

whereas FITC staining was obtained with fluorochrome-antiglobulin conjugate. The 

experiments shown in Table 8.2 were therefore performed to confirm that the quenching 

of FITC was attributable to the RPE molecule and not another component of the staining 

system. Thus in the absence of the second monoclonal antibody the intensity of WR17 

detected by FTTC-labelled anti-mouse immunoglobulin was 108 (mean log channel 

number); when BU-26 and biotinylated antiglobulin were added, the mean channel number 

(FITC) showed little change, 102; however, the addition of the streptavidin-RPE conjugate 

caused the mean FITC intensity to fall to 24, i.e. a greater than ten-fold reduction, (64 

fluorescent channels represents a 1 log decade on the chosen scale). A second series of 

experiments showed that although free streptavidin blocked the subsequent binding of the 

streptavidin-RPE conjugate it did not cause quenching (Table 8.2b). This result confirms 

that the quenching observed was attributable to the RPE moiety in the streptavidin-RPE 

conjugate.

There was no experimental evidence to suggest that the strepavidin-RPE conjugate 

interacted with either of the monoclonal antibodies or the FITC-conjugate (Table 8.3). In 

an attempt to prove that the fluorescein molecule was still bound to the lymphocyte 

surface and had not been displaced by the binding of streptavidin-RPE to the biotinylated 

antiglobulin reagent, excess free streptavidin was added to the stained cells. However, 

there was no reduction in the intensity of RPE fluorescence consistent with a failure of 

the free reagent to compete significantly with the very avid binding of the labelled 

streptavidin (Table 8.3). It was therefore not possible to demonstrate reappearance of the 

quenched fluorescein fluorescence by the displacement of the RPE.
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8.3 Correlation of quenching with RPE concentration

Experiments were performed to test whether the degree of quenching of FITC 

fluorescence is a function of the RPE staining intensity. Serial dilutions of the RPE- 

streptavidin conjugate were used, the concentration of all other reagents being constant. 

The combined results of four separate experiments are shown in Figure 8.7; it is evident 

that the reduction in fluorescein emission was proportional to the intensity of the RPE 

staining. A parallel increase in the red phycoerythrin emission due to absorption of the 

green FITC emission could not be demonstrated with the software available.

Directly biotinylated BU-26 was used in some experiments. The mean staining 

intensity was 61 channels lower than that obtained with the same RPE concentration by 

the indirect (antiglobulin) method. This represents an approximately 10-fold reduction in 

sensitivity (64 channels/log decade). As shown in Figure 8.7, significant quenching of the 

fluorescein emission was detectable even at this lower level of staining.

8.4 Lack of quenching by rhodamine

FACS analysis of rhodamine and fluorescein double-labelled cells failed to show 

reduction of the fluorescein emission in the presence of rhodamine (Figure 8.8). The 

mean channel number (fluorescence intensity) was 76.89 in the absence and 80.32 in the 

presence of BU-26 detected by rhodamine-conjugated sheep anti-mouse IgGl. The 

rhodamine staining was measured by analysing the sample with the laser timed to the 

514nm line. Fluorescence microscopy confirmed that the rhodamine staining of the cells 

by the potent anti-HLA class II antibody was brilliant.
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FIGURE 8.7

Graph showing the correlation between the reduction in fluorescein emission and the 
intensity of RPE staining.

100

:z;wEd
PCo

sH
X
<s

50

!«□

50 100 150

MEAN CHANNEL NUMBER (RED) 
Serial dilutions of the streptavidin-RPE conjugate were added to tonsil lymphocytes 
labelled with WR17/F1TC sheep anti-mouse Ig and BU-26/biotinylated sheep anti-mouse 
Ig. The phycoerythrin staining intensity is displayed as the mean channel number (red). 
The fluorescein emission is shown as the percentage of the maximum green signal 
obtained in the same run in the absence of RPE. Pooled data from three experiments (•) . 
Results from an additional experiment using directly biotinylated BU-26 and serial 
dilutions of streptavidin-RPE (□).

8.5 Quenching may be observed in the microscope

Phycoerythrin viewed through the fluorescein filter set in the microscope appeared 

bright orange. When fluorescein and RPE staining were combined on the same cell 

preparations it was difficult to distinguish the green fluorescein fluorescence although 

single-stained controls showed that all components of the staining system were working 

satisfactorily. When fluorescein staining was combined with nuclear counterstaining with 

the dye Hoechst 33342 which emits blue light at 490nm (which corresponds to the 

absorbance peak of fluorescein), loss of intensity of the counterstain was observed in the
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presence of bright fluorescein staining. These observations suggest that the phenomenon 

of fluorescence quenching is not limited to the FACS or the fluorescein: RPE 

combination.

FIGURE 8.8

Single colour fluorescence histogram plots of WR17 positive tonsil lymphocytes. Cell 
number is shown on the ordinate and fluorescence intensity (log scale) on the abscissa.

a ) b )

7 6 . 8 9MN 8 0 . 3 2MN

_3

Wo

LOG FLUORESCENCE INTENSITY (FITC)

a) Control - WR17 detected by FITC-labelled sheep anti-mouse IgG2a isotype-specific 
conjugate.

b) Cells labelled as in a) with the addition of BU-26 and rhodamine-labelled sheep anti
mouse IgGl conjugate.
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CHAPTER 9

DISCUSSION OF THE PHENOMENON OF FLUORESCENCE QUENCHING

9.1. Fluorochromes used for single and multiple immunofluorescence

The use of a single-laser fluorescence activated cell analyser to analyse cellular 

subpopulations by immunofluorescence staining requires an additional dye to fluorescein 

which has overlapping absorbance/excitation spectra appropriate to the wavelength of the 

laser employed, but a different emission maximum. Rhodamime, which historically has 

been extensively used with fluorescein for double labelling for the fluorescence 

microscope (Chadwick et al.t 1958) is not suitable for use with the FACS, as it is poorly 

excited by the 488-nm argon ion laser line used to excite fluorescein. The phyco- 

biliprotein dye R-phycoerythrin (RPE) is well excited at 488nm, has a good quantum 

efficiency and a large Stokes shift with emission in the orange-red at 595 nm, well 

separated from the green emission peak of fluorescein at 525 nm (Glazer and Stryer, 

1984). RPE has been extensively used with fluorescein since its introduction in 1982 (Oi 

et al., 1982).

In addition to the dye pair RPE and fluorescein used with the argon ion laser, other 

fluorochromes have been developed to allow three and four colour analysis on a dual laser 

instrument. Texas Red, a rhodamine derivative with an absoption maximum at 596 nm 

and emission at 695 nm has been paired with allophycocyanin which has peak absorption 

at 650 nm and emission at 660 nm (Parks et al., 1986). Both these fluorochromes may 

be excited using a tunable dye laser.

For successful multicolour analysis it is essential that none of the fluorochromes 

should interfer with the signal generated by another, and spectral overlap between the 

emissions of the fluorochromes (e.g. the red component demonstrable in the emission of
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fluorescein) requires that each fluorescence detector must be adjusted to maximise the 

sensitivity for one dye and minimize the signal contributed by the other (Parks et al., 

1986). The overlap between the fluorescein emission curve and the RPE absoption curve 

(see chapter 2, Figure 2.12) introduces the possibility for energy transfer to occur between 

the two dyes with a resultant loss in the fluorescein signal; a phenomenon known as 

fluorescence quenching.

9,2, Mechanisms bv which fluorescence quenching may occur

The phenomenon of fluorescence quenching is not new to the field of 

immunochemistry (Kronick and Grossman, 1983). Some immunoassays depend on the 

fact that when appropriately labelled antibodies and antigens come into contact, quenching 

occurs and this can be expressed quantitatively, thus enabling concentrations of the 

relevant analyte to be determined (Kronick, 1986). Why should the combination of the 

fluorophores, fluorescein and R-phycoerythrin be prone to fluorescence quenching?

Fluorescence quenching occurs via three main processes (Turro, 1978).

(1) Trivial mechanism. In this process the fluorescence emitted by one species is 

absorbed by the second secies, i.e.,

A*-------------A„ + hv

B0 + h v ---------------- B*

where: * is excited singlet state; 0, ground state; A and B, two fluorophores; hv, amount 

of light. It follows that ea. > Eb* where E is the energy of the excited state. The 

efficiency of this process is dependent on the quantum yield of fluorescence of A* and the 

concentration of B, the overlap of the emission spectrum of A and the oscillator strength 

of the absorption band of B. The fact that phycoerythrins absorb in the region where
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fluorescein fluoresces, introduces the possibility of trivial mechanism operation. No 

significant increase in the intensity of red emission was detected in the presence of 

fluorescein. It is likely that at high red fluorescence intensity the detector was 

insufficiently sensitive to record a small increase in red emission attributable to energy 

transfer from fluorescein to phycoerythrin.

(2) Long distance energy transfer. This process occurs when there is overlap of the 

emission spectrum of the donor (in this case fluorescein) and the absorption spectrum of 

the acceptor (phycoerythrin). The mechanism does not require the donor and acceptor to 

be in direct physical contact and differs from the trivial mechanism in that emission and 

reabsorption of light does not occur. Three factors contribute to this process: a) emitting 

states of the donor which are isoenergetic with the acceptor, b) the fluorescence lifetime 

of the donor, and c) absorbtion efficiency in the region of spectral overlap. In the 

fluorescein/phycoerythrin system, conditions a) and c) are fulfilled, but the short 

fluorescence lifetime of fluorescein to some extent negates the process.

(3) Short distance energy transfer - The exchange mechanism. Provided that the 

energy of the donor molecule is greater than that of the acceptor (as occurs with the 

fluorescein/phycoerythrin system), then energy transfer will occur when the two species 

are in contact by electron exchange, i.e., an electron moves from the lowest unoccupied 

antibonding orbital of the donor to the equivalent orbital in the acceptor. This process 

also leads to quenching of the fluorescence of the donor and an increase in the 

fluorescence intensity of the acceptor.

In addition to the above mechanisms, fluorescence quenching can occur by processes 

other than energy transfer, the most common of which is electron transfer (Davidson, 

1983). Fluorescein, particularly in its anionic form is both an electron donor and acceptor 

in its excited singlet state. The phycoerythrins being linear tetrapyrroles probably behave
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similarly to porphyrins which are both electron acceptors and donors. As a consequence, 

the occurrence of fluorescein and phycoerythrin in close proximity may lead to both 

energy and electron transfer, which manifests as quenching of the fluorescein fluorescence.

93. Fluorescence quenching of fluorescein is attributable to the RPE molecule

The initial observations of fluorescence quenching of fluorescein by RPE using 

antibodies MA5 and BU-26 (anti-HLA class II) were thought to be the result of blocking 

of the binding of one monoclonal antibody by another binding to the identical, or an 

adjacent epitope. This seemed particularly likely with this antibody pair, as MA5 has anti- 

HLA reactivity. However, the recurrence of the problem with other antibody pairs which 

from previous studies were known to react with epitopes on different cell surface 

molecules (e.g. BU-12/CD19 and WR17/ CD37), made this explanation of the 

phenomenon unlikely.

Whilst protein molecules may absorb fluorescent light (Kronick, 1986), the 

experiments detailed in section 8.2 confirm that neither the primary antibodies, the 

antiglobulin conjugates, or unconjugated streptavidin caused quenching and demonstrated 

an absolute requirement for the presence of RPE in the system. In addition, the 

streptavidin-RPE conjugate did not bind to any of the primary antibodies or the FTTC- 

sheep anti-mouse immunoglobulin conjugates (section 8.2).

We were unable to displace bound RPE-streptavidin complex from the biotinylated 

immunoglobulin by the addition of free streptavidin, although we could successfully block 

the binding of the RPE conjugate by prior administration of free streptavidin (Table 8.3). 

The failure to achieve displacement was thought to be the result of the very high binding 

affinity of the streptavidin-biotin complex. We therefore failed to conclusively 

demonstrate that the FITC-antiglobulin conjugate was still bound to the cell surface and
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not displaced by the much larger RPE complex. It is therefore possible that the 

"quenching" observed in these experiments was the result of steric hindrance rather than 

energy transfer. However, the phenomenon was still observed when the biotinylated 

antiglobulin reagent was omitted and a directly biotinylated primary antibody applied 

(Figure 8.7) and the degree of quenching was related to the RPE concentration over a 

range of dilutions. Indeed, at the concentration required to produce significant red 

fluorescence above background, some loss of the fluorescein signal was observed.

9.4. The importance of fluorescence quenching in practical flow cytometry

The fluorescence-activated cell sorter plays an important role in the phenotypic analysis 

of cells by detection of surface antigens; the use of different fluorescent labels to study 

simultaneously the reactivity with two antibodies obviously increases the scope of the 

analysis. In its simplest application, determination of the number of single and dual 

positive cells in a sample, quenching may cause a reduction in the percentage of FTTC- 

positive cells. This is most likely to occur when antibody to an antigen that is weakly 

expressed (e.g. CD19), is paired with antibody detected by RPE, to an antigen that is 

strongly expressed (e.g. MA5). In the presence of exceptionally bright RPE staining as 

was seen when anti-HLA class II antibodies were used to label tonsil lymphocytes, the 

fluorescein fluorescence may be almost totally abolished. However, if single label 

controls for each specificity are included, such discrepancies become apparent and the 

problem may then be avoided by using RPE to detect the weaker of the two reactions 

(section 8.1).

It is possible to classify a mixed cell population not only in terms of the incidence of 

cells expressing one or both markers, but also by quantifying the reactions. In this way, 

heterogeneous populations expressing differing amounts of the two antigens may be
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analysed; additional information may be obtained by consideration of the low-angle 

(forward) and 90° light scatter properties of the cells. It is clear from the results reported 

here that such an analysis, where the expected results cannot be predicted, may be 

seriously compromised when the tests are performed with RPE and FITC in a single laser 

FACS.

Such quenching has not been previously described although many multi-parameter 

studies based on the use of RPE-conjugate monoclonal antibodies, or biotinylated 

antibodies detected by streptavidin-RPE conjugate have been reported. This study has 

shown that the degree of quenching is RPE concentration dependent. Its manifestation in 

this study reflects the high intensity of RPE staining obtained by the use of the indirect 

anti-globulin procedure (which results in a 7-10 fold increase in sensitivity (Coons, 1956)) 

and by direct application of a biotinlyated anti-HLA class II antibody which gave 

exceptionally bright staining.

Fluorescence quenching of fluorescein by rhodamine could not be demonstrated. 

However, unlike RPE, the absorbance maximum of rhodamine (555nm) is well separated 

from the emission maximum of fluorescein (525 nm). Thus in the absence of spectral 

overlap neither the trivial mechanism, nor the long-distance energy transfer mechanism 

can operate. In addition, rhodamine has a lower quantum efficiency than RPE. Similarly, 

Texas Red which is a rhodamine derivative with an excitation maximum of 590 nm, 

would not be expected to interfere with the fluorescein signal. However, other pairs of 

dyes such as Hoechst 33342 and fluorescein which also have overlapping excitation/ 

emission spectra might be expected to demonstrate this phenomenon. Quenching of the 

emission of Hoechst 33342 did appear to occur in the presence of bright fluorescein 

staining by microscopy but it was not possible to quantify this using the FACS, as the 

appropriate filter combination for the detection of the UV emission of Hoechst 33342 was

211



not available. An interaction between Texas Red and allophycocyanin might also be 

predicted but no suitable laser excitation sytem was available for this to be tested 

experimentally.

In these experiments we did not attempt to elucidate the physical mechanisms 

accounting for our observations, but such enquiries will form the basis of further studies. 

Quantitative measurements using the fluorescence microscope are in progress using both 

stained lymphocyte preparations and dyes and/or conjugates in polyvinyl alcohol film.

It is evident from the results reported here, that fluorescence quenching may be a 

problem in practical flow cytometry using a single laser instrument. Careful analysis of 

single colour controls is essential, but analysis of subpopulations with apparent differential 

intensity of antigen expression in dual labelled samples must be interpreted with caution.
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APPENDIX

This appendix describes in detail the extensive series of experiments performed to evaluate 

the Birmingham University Medical School Becton Dickinson FACS 440 for dual 

fluorescence studies on bone marrow lymphocytes

A.l Experiments to define the scatter parameters of the different cell lineages.

The FACS not only quantifies the fluorescent light emitted by each cell passing 

through the laser beam but also measures the light scattered at a low angle and at right- 

angles to the beam. The magnitude of the low-angle (forward) light scatter is proportional 

to cell size and the right-angle light scatter is a function of cell density. Mononuclear cell 

suspensions from the different tissues i.e. blood, tonsil and bone marrow have charact

eristic forward and 90° scatter profiles as illustrated in Figure A.I. The forward scatter 

plots of blood and tonsil cells (Figure A.la,e) show that most are small with low 90° light 

scatter (Figure A.lb, f). There is a tail of larger cells in the blood caused by monocytes 

and large lymphocytes. In contrast, bone marrow mononuclear cells show a much wider 

range of sizes and a second broad peak of cells in the 90° scatter plot (Figure A.lc, d). 

Specific staining of the bone marrow cells with an anti-myeloid cell antibody (BU-28) 

followed by selection of positively stained cells demonstrated that the fluorescence 

positive population had a high 90° scatter but variable forward scatter consistent with a 

mixed population of granular myeloid cells (Figure A.2 b). When bone marrow 

mononuclear cells were stained with an antibody selective for CD5+ T lymphocytes 

(Figure A.2c) or CD19+ B lymphocytes (Figure A.2d), the scatter characteristics of the 

fluorescent positive population were found to be very similar to those obtained using 

purified B cell preparations (Figure 4.2a, c). Use of a monoclonal antibody CD24 which



FIGURE A.1

Scatter characteristics of different cell preparations

Histogram plots showing cell number on the ordinate against forward or 90° light scatter 
on the abscissa.

a) Forward scatter of peripheral blood mononuclear cells (Ficoll-Hypaque preparation)

b) 90° scatter of peripheral blood mononuclear cells

c) Forward scatter of bone marrow mononuclear cells (Ficoll-Hypaque preparation)

d) 90° scatter of bone marrow mononuclear cells

e) Forward scatter of purified tonsil B lymphocytes

f) 90° scatter of purified tonsil B cells
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FIGURE A.2

2-D contour plots to show the scatter characteristics of different cell populations.

Forward light scatter is shown on the abscissa and 90° light scatter on the ordinate. The 
contours are drawn at 10 cell intervals starting from 5.

a) Ficoll-Hypaque-separated bone marrow mononuclear cells

b) BU-28 (CD15) positive bone marrow mononuclear cells (myeloid cells)

c) Leu-1 (CD5) positive bone marrow mononuclear cells (T lymphocytes).

d) BU-12 (CD19) positive bone marrow mononuclear cells (B lymphocytes).

e) CD24 positive bone marrow mononuclear cells (B lymphocytes and myeloid cells).
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detects both B lymphoid and myeloid cells, allowed the identification of two discrete 

populations defined by their light scatter (Figure A.2e). The scatter patterns exhibited by 

the different cell types were highly reproducible,, thus allowing the definition of scatter 

criteria to aid the analysis of complex cell mixtures such as bone marrow.

A.2 Methods to reduce irrelevant and non-specific staining of bone marrow cells

As outlined in section 4.2.2. a clear cut-off between positive lymphocytes and other 

cells was essential for satisfactory analysis of the lymphocyte population using the FACS. 

The experiments detailed below were undertaken to determine the cause and reduce the 

level of the irrelevant staining.

A.2.1. Inclusion of normal sheep serum and absorption of the FITC-antiglobulin conjugate 

with tissue homogenate.

Normal sheep serum at a final concentration of 4% was added to the staining mixture 

to reduce non-specific binding of the fluorescein-conjugated sheep anti-mouse Ig antisera. 

The percentage of cells that had a fluorescence intensity greater than a chosen FACS 

channel was determined for samples treated with diluent only, or diluent plus an irrelevant 

monoclonal antibody (BU-10). The results (Table A.l) show a small reduction in 

background fluorescence by the addition of the normal sheep serum to the sheep anti

mouse Ig conjugate absorbed with rabbit liver. Conjugate absorbed with human tissue 

gave consistently lower backgrounds, most strikingly shown by cells treated with BU-10 

where the number of positive cells dropped by one third. Addition of normal sheep serum 

to these tests gave no further improvement. Positive staining with an anti-myeloid 

antibody (BU-28), a pan-B antibody (BU-12) and anti-IgM (CH6) again showed that 

addition of normal sheep serum had at best a minimal effect. The percentage of
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TABLE A.1

Table to show the effect of absorption of the FITC-labelled sheep anti-mouse 
immunoglobuin conjugate with rabbit or human liver homogenate and the effect of the 
addition of normal sheep serum to the staining mixture.

The percentage of cells in the sample with a fluorescence intensity above FACS channel 
number 5 is given for each test.

ANTIBODY
SPECIFICITY

FTTC-anti-mouse Ig 
Rabbit liver absorbed 

+NSS

FTTC-anti-mouse Ig 
Human liver absorbed 

+NSS

DILUENT 5.0 4.1 4.7 4.0

BU-10 29.0 27.0 19.8 18.1

BU-28 45.0 53.0 51.0 56.0

BU-12 18.2 14.3 12.5 14.0

CH6 14.2 8.7 11.7 9.9

+NSS = the addition of normal sheep serum.

specifically-stained myeloid cells detected was little different whether human or rabbit 

tissue-absorbed FITC-antiglobulin conjugate was used. However, in the case of the B cell 

staining there was a reduced percentage of cells stained when the human tissue-absorbed 

conjugate was employed. This suggests that the rabbit-absorbed conjugate results in 

irrelevant myeloid staining and therefore in a falsely high reading. The unwanted staining 

was avoided by absorption with human rather than rabbit tissue.

A.2.2. Fc receptor-binding as a major cause of irrelevant staining

The experiments detailed in Table A.l demonstrate the much higher backgrounds 

obtained when an irrelevant monoclonal antibody (BU-10) was applied as the control, as 

compared with diluent alone. It seemed likely that this was due to non-specific binding 

of irrelevant antibody molecules present in mouse ascitic fluid to human Fc receptors 

which then specifically bound the second layer fluorescent conjugate. Table A.2 details
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a series of experiments that were performed using second layer conjugates specific for the 

different mouse immunoglobulin isotypes. Irrelevant staining was most marked with 

conjugates reactive with the IgG2a isotype, suggesting that IgG2a molecules present in the 

ascitic fluids were a major cause of irrelevant staining. Antibodies of the G2a isotype 

were avoided whenever possible and isotype-specific conjugates excluding G2a were used 

for subsequent staining. These measures resulted in a considerable improvement in the 

level of background fluorescence.

TABLE A.2

Table to show the different levels of background staining observed with HTC conjugates 
specific for the different mouse immunoglobulin isotvnes (IgGAM (total mouse 
immunoglobulin). IgGl. IgG2a. IgG2b. IgM and IgA).

The cells were stained by either antibody diluent alone, BU-10 (mouse IgM isotype) or 
BU-12 (mouse IgGl isotype) together with one of the six antiglobulin reagents. The 
percentages of cells in each test that had a fluorescence intensity greater than FACS 
channel 20 are shown.

MOUSE ISOTYPE SPECIFICITY OF ANTIGLOBULIN 
REAGENT

ANTIBODY
SPECIFICITY

IgGAM IgGl IgG2a IgG2b IgM IgA

DILUENT 2.4 10.7 3.8 6.0 5.7 3.4

BU-10 38.9 11.0 19.2 ND 8.8 ND

BU-12 45.7 15.3 34.2 4.4 4.5 4.3

ND = not tested.

A.2.3. Cross-reaction between sheep anti-mouse antisera and human immunoglobulin as 

a cause of irrelevant staining

Cross-reaction between the sheep anti-mouse immunoglobulin conjugates used to 

detect the monoclonal antibodies and human immunoglobulin on the B cell surface was
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FIGURE A.3

Histogram plots of purified tonsil B lymphocytes stained by 4 different sheep anti-mouse 
immunoglobulin conjugates in the absence of mouse monoclonal antibody.

Cell number is shown on the ordinate and fluorescence intensity on the abscissa. The 
background fluorescence channel number (BG CH) above which <5% of cells were 
positive is given for each conjugate.

a) FITC-labelled sheep anti-mouse total immunoglobulin (anti-GAM and light chains) 
conjugate absorbed with rabbit liver.

b) same sheep anti-mouse immunoglobulin conjugate as a) but absorbed with human 
spleen. Note the 10-channel reduction in background staining following absorption with 
human tissue.

c) FITC-labelled sheep anti-mouse IgGl, absorbed with rabbit liver.

d) FITC-labelled sheep anti-mouse IgM. Note the exceptionally high background (channel 
number 143) which was reduced after absorption with human liver tissue (not shown).

a) b)

BG CH 126 BG CH 116

c) d)

BG CH 110 BG CH 143

LOG FLUORESCENCE INTENSITY (GREEN)
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observed in studies of purified tonsil B cells (Figure A.3). Such staining was not visible 

in the fluorescence microscope which was used to evaluate all conjugates, and this 

presumably reflects the greater sensitivity of the FACS to low levels of fluorescence. The 

cross-reactivity was particularly marked with the sheep anti-mouse IgM conjugate 

reflecting the large number of tonsil B cells which carry this immunoglobulin isotype. 

The unwanted staining was abolished by absorption of the conjugates with human liver 

(Table A.3).

TABLE A.3

Interaction of sheet? anti-mouse antisera with human immunoglobulin

FTTC-
CONJUGATE

TISSUE USED 
FOR 

ABSORPTION

BACKGROUND CHANNEL 
NUMBER1

Control ascites2 Diluent3

anti-IgGAM rabbit liver 126 126

anti-IgGl rabbit liver 133 124

anti-IgM rabbit liver 125 130

anti-IgGAM human spleen 116 95

anti-IgM human spleen 90 80

1 Fluorescence channel number above which there were <5% positive cells.
2 Normal mouse ascitic fluid 1/100 dilution.
3 Antibody diluent.

A.3 Partial purification of bone marrow lymphocytes

Despite the measures taken to reduce irrelevant staining, myeloid cell contamination 

of the IgM+ bone marrow cells was still extensive and partial purification of the cell 

suspensions with removal of the bulk of the myeloid lineage cells was therefore 

undertaken. Initially such procedures had been avoided and other solutions sought 

because of the small size of samples available and the inevitable loss of lymphocytes that 

accompanies any attempt at purification. Two methods were tried:-
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1) Depletion on an avidin-biotin affinity column.

2) Immune-rosetting.

A.3.1. Affinity column depletion

The results of two separate experiments are summarised in Table A.4. In the first 

experiment a mixture of OKM1 and BU-28 followed by biotinylated sheep anti-mouse Ig 

were used to label the cells. In the second experiment BU-28 was used alone and a 

biotinlyated antiserum specific for the IgM isotype employed. Although good depletion 

(72% Expt 1, 81% Expt 2) was observed, this method was not found to be satisfactory as 

many of the residual myeloid cells were labelled with the primary antibody (BU-28) and 

gave intense staining with the anti-human IgM reagent used to detect the lymphocyte 

population. This was the result of cross-reaction between human and mouse IgM (BU-28 

is a mouse IgM antibody). This reaction was not completely eliminated by absorption of 

the anti-human conjugate by mouse tissue. Attempts to use other antibodies of different 

isotype for the depletion step avoided this problem, but restricted the choice of mouse 

isotypes that could be used in subsequent dual-labelling experiments.

A.3.2 Immune-rosette depletion

OKM1 was used to label the myeloid population as BU-28 failed to form satisfactory 

rosettes with sheep anti-mouse coated red blood cells. Good depletion of myeloid cells 

was obtained with a reasonable cell yield (Figures 3.1 and A.3). Cell suspensions 

prepared by an initial density gradient separation followed by immune rosette depletion 

of myeloid cells gave satisfactory staining and good separation of positive lymphocytes 

from background (Figure A.4) and were used in dual labelling experiments with bone 

marrow cells.
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TABLE A.4

Use of an affinity column for myeloid cell depletion

Experiment
Nucleated cells 

from F/H
Biotin-labelled 

cells layered onto 
column

%Cell loss

1 2.1xl07 2.0xl07 5%

2 5.4xl07 5.2xl07 4%

Recovery of cells from the column

Experiment Fraction 1 
(initial 3ml)

Fraction 2 
(subsequent 7ml)

1 5 X 1 0 6 3xl06

2 4 X 1 0 6 5 x l 0 6

Lineage of cells in different column fractions

ROMANOWSKY STAINING FITC-avidin

EXPERIMENT Myeloid Erythroid Lymph
/blast

Other Positive Total

Expt. 1 74 12 12 2 ND
Pre-

Expt. 2 53 25 7 16 193 300
(64%)

Expt. 1 52 14 33 1 ND
Fract. 1

Expt. 2 13 33 29 25 39 313
(12%)

Expt. 1 59 5 36 - ND
Fract. 2

Expt. 2 28 36 14 22 72 300
(24%)

Cell Recovery

Experiment Myeloid Erythroid Lymphoid

1 4.2x106 0.85xl06 2.1xl06
(28%) (35%) (87%)

2 1.92xl06 3.12x10s 1.9xl06
(6.9%) (24%) (53%)
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FIGURE A.4

Histogram plots of cell number (ordinate) against 90° light scatter (abscissa).

a) b)

psW

U

90° LIGHT SCATTER

a) Mononuclear cell fraction of bone marrow cells separated on a Ficoll Hypaque gradient

b) Mononuclear cell fraction prepared as a) with further depletion of myeloid cells by 
immune resetting with OKM1. There is a substantial reduction in the size of the high 90° 
scatter peak following the removal of myeloid cells.
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FIGURE A.5

The effects of the removal of myeloid cells on the detection of positively-stained bone 
marrow B cells.

Contour plots of fluorescence intensity (ordinate, log scale) against forward scatter 
(abscissa) for bone marrow lymphocytes. The 5 and 10 cell contours are shown.

a) Mononuclear cell preparation stained by normal mouse ascitic fluid (NS1) and FITC- 
labelled sheep anti-mouse IgGl.

b) Mononuclear cell preparation as a) stained by BU-12 and FITC-labelled sheep anti
mouse IgGl.

c) Mononuclear cells obtained after two consecutive density gradient separations, stained 
by NS1 detected by FITC-labelled sheep anti-mouse IgGl.

d) Cell preparation as c) stained by BU-12 detected by FITC-labelled sheep anti-mouse 
IgGl.

e) Mononuclear cells obtained following a single density gradient separation and immune 
rosette depletion of myeloid cells using OKM1. Rosette negative cells stained using NS1 
and FITC-labelled sheep anti-mouse IgGl.

No separation of positively stained cells from background is seen in Figures A.4 a-e. A 
population of medium sized positively stained cells is clearly seen in f).
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Fluorescence quenching of fluorescein by R-phycoerythrin 

A pitfall in dual fluorescence analysis
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The use of a single laser fluorescence-activated cell sorter (FACS) to analyse cellular subpopulations by 
immunochemical staining requires an alternative dye to fluorescein with appropriate spectral characteris
tics. R-phycoerythrin (RPE) is widely employed for this purpose. In this study the ability of RPE to 
quench the fluorescein emission when both are attached to the same cell has been demonstrated by dual 
labelling of tonsil lymphocytes with pairs of monoclonal antibodies. Reduction of the fluorescein signal 
correlated with the amount of RPE attached and the relative intensity of emission from the two 
fluorochromes. The possible photochemical mechanisms which result in a reduction of the fluorescein 
signal by RPE are discussed. The inclusion of control tests, in which RPE is omitted, is recommended in 
order to avoid misinterpretation of the results of subpopulation analysis by single laser FACS -  especially 

- when low levels of fluorescein staining are obtained.

Key words: Fluorescein; Phycoerythrin; Fluorescence quenching; Dual immunofluorescence; Fluorescence-activated cell sorter

Introduction

The first alternative to fluorescein as a fluoro- 
chrome for protein labelling, lissamine rhodamine 
B, was introduced by Chadwick in 1958 (Chad
wick et al., 1958). Rhodamine compounds show 
peak absorbance/excitation at longer wavelength 
than fluorescein derivatives and the combination 
of the two dyes is still widely employed for study
ing the reactivity of two antibodies by fluores
cence microscopy where each marker is selectively 
excited and viewed by the use of appropriate filter 
combinations. Dual fluorescence studies based on

Correspondence to: G.D. Johnson, Department of Im
munology, The Medical School, Vincent Drive, Birmingham 
B15 2TJ, U.K.

the use of a fluorescence-activated cell sorter 
(FACS) equipped with a single laser, however, 
requires a combination of dyes having different 
emission maxima but overlapping absorbance/ex
citation spectra appropriate to the emission of the 
laser employed.

R-phycoerythrin (RPE) is a phycobiliprotein 
obtained from algae; in the excited state it has a 
brilliant orange-red fluorescence which provides 
good contrast with the apple-green emission of 
fluorescein. RPE has a high extinction coefficient 
and good quantum efficiency and as shown in Fig. 
1 the absorbance curve includes a peak in the 
region of the argon laser output at 488 nm (Glazer 
and Stryer, 1984). These characteristics have led to 
the widespread adoption of RPE as a second 
fluorochrome in double-labelling experiments 
using a single laser FACS (Oi et al., 1982).

0022-1759/88/$03.50 © 1988 Elsevier Science Publishers B.V. (Biomedical Division)
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Fig. 1. Absorbance cvu/e (solid line) for the R-phycoerythrin- 
streptavidin conjugate used in these experiments (recorded on 
a Kontron Uvikon 860 spectrophotometer). The fluorescein 
emission spectrum is shown superimposed (dotted line) (repro

duced from Hansen, 1967) (not to the same scale).

Parks et al. (1986) have drawn attention  to  tw o  
im portant considerations w hich  arise w hen a pair 
o f  fluorochrom es is  excited  b y  light o f  the sam e 
w avelength. (1) Spectral overlap betw een  the em is
sions o f the fluorochrom es (e.g., the red com p o
nent dem onstrable in  the em ission  o f  fluorescein) 
requires that each fluorescence detector m ust b e  
adjusted to  m axim ize the sensitivity for on e dye  
and m inim ize the signal contributed b y  the other.
(2) N eith er o f  the fluorochrom es should interfere  
w ith  the signal generated b y  the other. T h is is  b est 
m onitored  b y  includ ing control tests in  w hich  one  
or other o f the fluorochrom e conjugates is om itted.
A s show n in  Fig. 1 the absorbance curve o f  R P E  - 
does indeed  overlap the em ission  curve o f  f lu o 
rescein  although Parks and H erzenberg (1984) re

ported  that resonance energy transfer from  fluo
rescein  to  phycoerythrin  w as n ot a problem  in  
practice.

W e n ow  present evidence that fluorescence  
quenching o f  the fluorescein  em ission  b y  phyco
erythrin d oes occur and that this can lead to  
serious m isinterpretation o f  results obtained with  
a single laser FA C S.

M aterials and m ethods

C ell preparation s
T on sil cells w ere obtained  from  surgical speci

m ens. A  m ononuclear cell suspension  w as pre
pared b y d en sity  gradient separation on  a F icoll- 
H ypaque gradient and depleted  o f  T  cells by  
rosetting w ith  sheep red b lood  cells. T he cells were 
w ashed in  m edium  R P M I 1640 prior to use.

M onoclonal antibodies  (see T able I)
Pan B antibodies: W R 17 (C D 37) was a gift 

from  D r. K . M oore, Southam pton; M A5 was 
donated  b y  Prof M .H . N g , H on g  K ong; B U -12  
produced  in  th is laboratory w as classified  as a 
m em ber o f  the C D 19 cluster in  the 3rd Interna
tional W orkshop on  L eucocyte D ifferentiation  
A ntigens (L ing et al., 1987). B U -26  is a very 
p oten t an tib ody (a lso  produced  in  this laboratory) 
to  hum an non-polym orph ic H L A  class II antigens 
and show s the characteristic reactivity pattern of 
an tib odies to  D P  +  D Q  +  D R  ‘backbone’ de
term inants. B U -25  is  an alternative H L A  class II 
antibody. A ll antibodies w ere used  as ascitic fluid; 
norm al ascitic flu id  w as used  as the negative con
trol. B U -26  w as purified  and b iotinylated  (G od- 
ing, 1980) for u se  in  the direct staining procedure. 
Second  layer antisera (T he B inding Site, Bi
rm ingham  U niversity) w ere b iotinylated  or fluo
rescein  (F IT C )-lab elled  sheep anti-m ouse im
m u n oglob u lin  o f  appropriate m ou se isotype  
specificity . Streptavid in-R PE  conjugate was ob
tained  from  B ecton  D ick in son  (O xford, U .K .).

Stain ing procedures
T hese w ere b ased  on  m ethods previously de

scribed (John son  and H olborow , 1986). 1 X 106 
cells w ere stained  in  suspension  for 1 h  on ice
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TABLE I

MONOCLONAL ANTIBODIES USED IN THIS STUDY

Moab Source Mouse Ig isotype Cluster designation Reactivity

WR17

MA5

BU-12

BU-25

BU-26

Dr. K. Moore 
Southampton

Prof. M. Ng 
Hong Kong

Birmingham
University

Birmingham
University

Birmingham
University

IgG2a

IgM

IgGl

IgGl

IgG l/2b

CD37

Possible
CDw40

CD19

Strong Pan B 
WeakT

Pan B

Pan B

HLA class II

HLA class II

using a pair of monoclonal antibodies (Moabs) of 
unlike mouse immunoglobulin isotypes. All ascitic 
fluids were used at a dilution of 1/100. After two 
washes in phosphate-buffered saline (pH 7.4) the 
cells were suspended in a mixture of biotinylated 
and FITC-labelled sheep anti-mouse immuno
globulin conjugates specific for the appropriate 
mouse isotypes. Optimal dilutions of these second 
layer antisera were determined in preliminary ex
periments. Cells were again washed twice and 
suspended in 50 /ri of streptavidin-RPE conjugate 
diluted as described below. In some experiments 
the cells were treated with the directly biotinylated 
anti-HLA class II antibody followed by the strep
tavidin-RPE conjugate. Fluorescein and RPE 
single-stained controls were prepared for each 
specificity. After staining the cells were either 
stored on ice immediately prior to analysis or 
stored in 1% paraformaldehyde in PBS for up to 
48 h in the dark at 4° C. No differences in relation 
to quenching were obtained between the two types 
of cell preparation but autofluorescence was in
creased on storage.

FACS analysis
Cells were analysed in a FACS 440 IV (Becton 

Dickinson) equipped with a 5 W Argon laser run 
at 0.2 W. 20000 cells were counted per test and 
the data collected in list mode using logarithmic 
amplifiers for red and green fluorescence set at 64 
channels per log decade. Green fluorescence was 
detected through a 515-545 nm band-pass filter

and red emission through a 560-590 nm band-pass 
filter. Single-stained positive controls were run in 
order to adjust the instrument so that the output 
of each detector was zero for the other dye. A 
Consort 40 computer was used to process the 
data. The threshold was set at an intensity above 
which there were less than 5% cells in the negative 
control samples and the percentage of cells with 
an intensity greater than this value was calculated 
for each antibody conjugate pair.

Results

Staining systems which demonstrate quenching of 
FITC fluorescence

Initial observations were made on tonsil cells 
stained with the pan B antibody WR17 (CD37) 
and FITC-labelled anti-mouse Ig. As shown in 
Fig. 2a this gave a well-defined peak above back
ground. However, when the anti-HLA class II 
antibody BU-26 was applied simultaneously as a 
second marker and revealed with biotinylated 
anti-mouse Ig followed by streptavidin-RPE, the 
CD37 fluorescein peak was lost (Fig. 2b). A simi
lar effect was observed with a different pair of 
antibodies MA5 (pan B) and BU-25 (anti-HLA 
class II); as shown in Figs. 2c and 2d the use of 
RPE to reveal HLA class II antigen on the cells 
resulted in marked reduction of the pan B fluo
rescein signal.
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Fig. 2. Single colour fluorescence histograms of tonsil lymphocytes; the relative cell number (ordinate) is plotted against channel 
number, i.e., log fluorescence intensity (abscissa), a: WR17 (Pan B, CD37) and sheep anti-mouse IgG2a isotype-specific FITC 
conjugate, b: As a with addition of BU-26, biotinylated sheep anti-mouse IgG l and streptavidin-RPE conjugate diluted 1 /5 . c: 
MAS (Pan B) and sheep anti-mouse IgM isotype-specific FITC conjugate, d: As c with addition of BU-25, biotinylated sheep

anti-mouse IgGl and streptavidin-RPE conjugate.

Fluorescence quenching of FITC was most 
marked when potent anti-HLA class II antibodies 
giving intense staining with RPE were employed 
but could also be demonstrated with other anti
bodies. The pan B clustered Moabs BU-12 (CD19)

and WR17 (CD37), for example, would both be 
expected to show reactivity with nearly all tonsil B 
cells. Fig. 3 shows the actual reactivity observed 
when they were applied separately and revealed 
with either fluorescein (Figs. 3a and 3b) or RPE
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Fig. 3. Single colour fluorescence histograms comparing the fluorescence intensity observed with two pan B antibodies stained with 
FITC or RPE. a: WR17 detected by FITC-labelled sheep anti-mouse IgG2a conjugate. b\ BU-12 detected by FITC-labelled sheep 
anti-mouse IgGl conjugate, c: WR17 detected by biotinylated sheep anti-mouse IgG2a and RPE-streptavidin. d: BU-12 detected by 
biotinylated sheep anti-mouse IgGl and RPE-streptavidin. The negative control for each conjugate is shown as a dotted line. The

percentage of positive cells is given for each antibody conjugate pair.

(Figs. 3c and 3d). WR17 gave strong staining and 3c); BU-12 gave moderate staining and a lower
showed almost 100% positivity irrespective of the percentage of positive cells -  especially with the
fluorochrome used for its detection (Figs. 3a and fluorescein conjugate (Figs. 3b and 3d). When the
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Fig. 4. 64 X 64 channel dual fluorescence plot of tonsil B lymphocytes. The 50, 100,150 and 200 cell contours are shown. The lines 
indicate background fluorescence obtained with each conjugate and thus define the dual positive window. It will be seen that the 
FITC and RPE conjugates gave slightly different levels of background fluorescence when used to detect the same monoclonal 
antibody, a: Pan B antibodies WR17 (detected with fluorescein) and BU-12 (detected with RPE); the majority of cells fall within the 
dual positive window, b: Same pair of monoclonal antibodies as a but the fluorochromes used for detection were reversed. Only 50% 
of the cells are within the dual positive window and there are a substantial number of WR17 positive BU-12 negative cells as shown 
by the stacking of contour lines against the abscissa, c: Pan B antibodies MA5 and BU-12 showing almost 100% dual positivity. d: 

Same antibody pair as in c but with the fluorochromes reversed. Shows substantial reduction in BU-12 positivity.
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TABLE II

Components of staining system Mean log channel

WR17
(mouse y2a)

Anti-Mo y2a 
FITC

BU-26 
(mouse y l)

Anti-Mo yl 
biotin

Streptavidin Streptavidin-
RPE

FITC RPE

+ + + 58 33
+ + 108 (-)

+ + + (-) 165
+ + + + 102 (-)
+ + + + + 24 169

+ + + 46 53
+ + + + 83 (-)
+ + + + + 28 113
+ + + + + 83 (-)
+ + + + ' + + 83 46

Key: + , component present; ( -)  cellular background only.

Moabs were tested on the same cell preparations 
by dual staining the results varied according to 
which fluorochrome was used to detect a particu
lar antibody. As shown in Fig. 4a, 82% of the cells 
were positive for both antigens when RPE was 
used to detect BU-12; when the fluorochromes 
were reversed, however, coincident staining was 
observed in only 50% of the cells. It is clear from 
the contour plots (Fig. 4b) that this was due to 
reduction in the fluorescein signal for BU-12 since 
the CD37-positive population was similar with 
both fluorochromes. A comparable reduction in 
the fluorescein signal for BU-12 was obtained 
with the pan B antibody MA5 detected by RPE 
(Figs. 4c and 4d).

In these studies biotinylated second antibody 
was employed for the RPE staining whereas FITC 
staining was obtained with fluorochrome-anti- 
globulin conjugate. The experiments shown in Ta
ble II were therefore performed to confirm that 
the quenching of FITC was attributable to the 
RPE molecule. Thus in the absence of the second 
monoclonal antibody the intensity of WR17 de
tected by FITC-labelled anti-mouse immuno
globulin was 108 (mean log channel number) and 
when BU-26 and biotinylated antiglobulin were 
added the mean channel number (FITC) only fell 
slightly to 102. However, the addition of the 
streptavidin-RPE conjugate caused the mean FITC 
intensity to fall to 24, i.e., a reduction greater than 
1 log decade. Furthermore although unconjugated 
streptavidin blocked the subsequent binding of the

streptavidin-RPE conjugate it did not cause 
quenching (Table II). This result confirms that the 
quenching observed was attributable to the RPE 
moiety in the streptavidin-RPE conjugate.

Correlation with RPE concentration
Experiments were performed to test whether 

the degree of quenching of FITC fluorescence was 
a function of the RPE staining intensity by using

100

5 0

•  •

%

5 0  100 150
M ean channel number (red )

200

Fig. 5. Graph showing the reduction of fluorescein emission in 
the presence of various intensities of phycoerythrin staining. 
Serial dilutions of the streptavidin-RPE conjugate were added 
to tonsil lymphocytes labelled with WR17/FITC sheep anti- 
mouse Ig and BU-26/biotinylated sheep anti-mouse Ig. The 
phycoerythrin staining intensity is displayed as the mean chan
nel number (red). The fluorescein emission is shown as the 
percentage of the maximum green signal obtained in the same 
run in the absence of RPE. Pooled data from three experiments 
(•). Results from an additional experiment using directly bio

tinylated BU-26 and serial dilutions of streptavidin-RPE (□).
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Fig. 6. Single colour fluorescence histograms of WR17-positive tonsil lymphocytes, a: Control -  WR17 detected by FITC-labelled 
sheep anti-mouse IgG2a isotype-specific conjugate, b : Cells labelled as in a with the addition of BU-26 and rhodamine-labelled

sheep anti-mouse IgG l conjugate.

serial dilutions of the RPE-streptavidin conjugate, 
the concentration of all other reagents being con
stant. The combined results of four experiments 
are shown in Fig. 5; it is evident that the reduction 
in fluorescein emission was proportional to the 
intensity of the RPE staining. A parallel increase 
in the phycoerythrin emission due to absorption 
of the green FITC emission could not be demon
strated with the software available (see Table II).

Directly biotinylated BU-26 was used in some 
experiments. The mean staining intensity was 61 
channels lower than that obtained with the same 
RPE concentration by the indirect (antiglobulin) 
method. This represents an approximately ten-fold 
reduction in sensitivity (64 channels/log decade). 
As shown in Fig. 5 significant quenching of the 
fluorescein emission was detectable even at this 
lower level of staining.

Lack of quenching by rhodamine
FACS analysis of rhodamine and fluorescein 

double-labelled cells failed to show reduction of 
the fluorescein emission in the presence of 
rhodamine (Fig. 6). The rhodamine staining was 
measured by analysing the sample with the laser 
tuned to the 514 nm line. Fluorescence mi
croscopy confirmed that the rhodamine staining

of the cells by the potent anti-HLA class II anti
body was brilliant.

Discussion

The phenomenon of fluorescence quenching is 
not new to the field of immunochemistry (Kronick 
and Grossman, 1983). Some immunoassays de
pend on the fact that when appropriately labelled 
antibodies and antigens come into contact, 
quenching occurs and this can be expressed 
quantitatively thus enabling concentrations of the 
relevant analyte to be determined (Kronick, 1986). 
Why should the combination of the fluorophores, 
fluorescein and phycoerythrin be prone to fluores
cence quenching?

Fluorescence quenching occurs via three main 
processes (Turro, 1978).

(1) Trivial mechanism. In this process the fluo
rescence emitted by one species is absorbed by the 
second species, i.e.,
A *  A 0 +  hv

B0 +  hv  B*

where: * is excited singlet state; o, ground state; 
A , B, two fluorophores; hv, amount of light. It 
follows that Ea*> Eb* where E  is the energy of
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the excited state. The efficiency of this process is 
dependent on the quantum yield of fluorescence 
of A* and the concentration of B , the overlap of 
the emission spectrum of B and the oscillator 
strength of the absorption band of B. The fact 
that phycoerythrins absorb in the region, where 
fluorescein fluoresces, introduces the possibility of 
trivial mechanism operation. No significant in
crease in the intensity of red emission was de
tected in the presence of fluorescein. It is evident 
that at high red fluorescence intensity the detector 
was insufficiently sensitive to record a small in
crease in red emission attributable to energy trans
fer from fluorescein to phycoerythrin.

(2) Long distance energy transfer. This process 
occurs when there is overlap of the emission spec
trum of the donor (in this case fluorescein) and 
the absorption spectrum of the acceptor 
(phycoerythrin). The mechanism does not require 
the donor and acceptor to be in direct physical 
contact and differs from the trivial mechanism in 
that emission and reabsorption of light does not 
occur. Three factors contribute to this process: (a) 
emitting states of the donor which are isoenergetic 
with the acceptor, (b) the fluorescence lifetime of 
the donor, and (c) absorption efficiency in the 
region of spectral overlap. In the fluorescein/phy- 
coerythrin system conditions (a) and (c) are 
fulfilled but the short fluorescence lifetime of fluo
rescein to some extent negates the process.

(3) Short distance energy transfer -  The ex
change mechanism. Provided the energy of the 
donor molecule is greater than that of the acceptor 
(as occurs with the fluorescein-phycoerythrin sys
tem), then energy transfer will occur when the two 
species are in contact by electron exchange, i.e., an 
electron moves from the lowest unoccupied anti
bonding orbital of the donor to the equivalent 
orbital in the acceptor. This process also leads to 
quenching of the fluorescence of the donor and an 
increase in the fluorescence intensity of the accep
tor.

In addition to the above mechanisms fluores
cence quenching can occur by processes other 
than energy transfer, the most common of which 
is electron transfer (Davidson, 1983). Fluorescein, 
particularly in its anionic form is both an electron 
donor and acceptor in its excited singlet state. The 
phycoerythrins being linear tetrapyrroles probably

behave similarly to porphyrins which are both 
electron acceptors and donors. As a consequence 
the occurrence of fluorescein and phycoerythrin in 
close proximity may lead to both energy and 
electron transfer which manifests as quenching of 
the fluorescein fluorescence.

The fluorescence-activated cell sorter plays an 
important role in the phenotypic analysis of cells 
by detection of surface antigens; the use of differ
ent fluorescent labels to study simultaneously the 
reactivity with two antibodies obviously increases 
the scope of the analysis. In its simplest applica
tion, determination of the number of single or 
dual positive cells in a sample, quenching may 
cause a reduction in the percentage of FITC-posi- 
tive cells. This is most likely to occur when anti
body to an antigen, that is weakly expressed, is 
paired with antibody, detected with RPE, to anti
gen that is strongly expressed. However, if single 
label controls for each specificity are included 
such discrepancies become apparent and the prob
lem may then be avoided by using RPE to detect 
the weaker of the two reactions. It is possible to 
classify a mixed cell population not only in terms 
of the incidence of cells expressing one or both 
markers but by quantifying the reactions. In this 
way heterogeneous populations expressing differ
ing amounts of the two antigens may be analysed; 
additional information may be obtained by con
sideration of the low angle and 90° light scatter 
properties of the cells. It is clear from the results 
reported here that both types of analysis may be 
seriously compromised when the tests are per
formed with RPE and FITC in a single laser 
FACS. Such quenching has not been previously 
described although many multi-parameter studies 
based on the use of RPE-conjugated monoclonal 
antibodies, or biotinylated antibodies detected by 
streptavidin-RPE conjugate have been reported. 
We have shown that the degree of quenching is 
RPE concentration-dependent. Its manifestation 
in this study reflects the high intensity of RPE 
staining obtained by the use of the indirect anti
globulin procedure (which results in a 7-10-fold 
increase in sensitivity (Coons, 1956)) and by direct 
application of a biotinylated anti-HLA class II 
antibody which gave exceptionally bright staining.

Fluorescence quenching of fluorescein by 
rhodamine could not be demonstrated. However,
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unlike RPE, the absorbance maximum of rhoda
mine (555 nm) is well separated from the emission 
maximum of fluorescein (525 nm). Thus in the 
absence of spectral overlap neither the trivial 
mechanism nor the long distance energy transfer 
mechanism can operate. In addition rhodamine 
has a lower quantum efficiency than RPE. Simi
larly Texas Red, which is a rhodamine derivative 
with an excitation maximum of 590 nm, would 
not be expected to interfere with the fluorescein 
signal.

It is evident from the findings reported here 
that the analysis of cellular sub-populations by 
dual fluorescence measurements obtained by 
single-laser flow cytometry must be interpreted 
with caution.
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A  phenotypic study o f B lymphocyte subpopulations in 
human bone marrow
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S U M M A R Y

The regulatory mechanisms that m onitor the size o f the peripheral B cell pool and determine cell 
death or survival are poorly understood. In rodents B lymphopoiesis is maintained at a high rate 
throughout adult life, and under resting conditions there is little recruitment into the long-lived 
peripheral pool; it therefore follows that m ost newly formed B lymphocytes have a very short life
span. The maturation stages o f  B lymphopoiesis in humans and in experimental mammals appear to 
be similar. We have determined the phenotype o f  slgM - and slgD-expressing cells from normal adult 
human bone-marrow and peripheral blood by dual immunofluorescence with an extensive panel of 
monoclonal antibodies representative o f  major B cell clusters, in order to identify antigenic 
differences that may play a regulatory role. Antibodies o f  the CD21, CD22 and CD9 clusters, the 
unclustered restricted B antibody 7-F-7 and anti-IgD were reactive with different proportions o f  
sIgM + cells in blood and bone marrow; 29-5% (range 5-60% ) o f  sIgM + cells in marrow were s lg D -  
and most o f these cells were also C D 21-  and CD22~, thus defining a unique marrow population. 
However, newly formed and mature re-circulating cells comprising the sIgM +sIgD + population  
could not be distinguished by the panel o f antibodies.

Keywords B lymphocytes bone marrow phenotypes

IN T R O D U C T IO N

B lymphocytes in mammals are generated throughout life from 
precursors in the bone marrow (Osmond & Nossal, 1974; Ryser 
& Vassalli, 1974; Rosse & Press, 1978). B progenitors can be 
readily demonstrated in normal adult human marrow (Pearl et 
al., 1978; Nadler etal., 1984; Campana eta l., 1985), but are most 
prevalent in infancy (Campana et al., 1985).

Small peripheral B cells have an average life-span o f  
approximately 1 month (Kumararatne et al., 1985). However, 
animal experiments show the rate o f bone marrow B cell 
production (Opstelten & Osmond, 1983) is sufficient to repopu
late the entire peripheral B cell pool o f  the animal in 4 days 
(Osmond et a l ,  1981; Opstelten & Osmond, 1985). It follows 
that under resting conditions, most newly produced cells are not 
incorporated into the long-lived peripheral B cell pool and must 
have a short life-span. Since there is no evidence for a high rate 
o f B cell death within the bone marrow (Gray, MacLennan & 
Lane, 1986) it follows that most newly produced cells migrate to 
peripheral tissues where they die. Two situations have been 
identified where newly produced virgin B cells are incorporated

Correspondence: Dr M. R. Chappie, Department of Haematology, 
West Middlesex University Hospital, Isleworth, Middlesex TW7 6AF, 
UK.

into the recirculating pool: (i) during specific activation by 
antigen; and (ii) when the peripheral B cell pool is depleted. 
Newly produced virgin B cells are recruited by an antigen- 
independent mechanism to replenish the pool and the rate o f  
recruitment in this situation seems to approach the rate o f  B cell 
production in the bone marrow (Bazin et al., 1985a, b). This 
implies a selection mechanism which is able to monitor the 
number o f  cells in the peripheral B cell pool and recruit new cells 
at a rate sufficient to replace losses (MacLennan & Gray, 1986).

The aim o f the present study was to characterize the 
phenotype o f  B cells in human bone marrow, blood and spleen 
in order to detect differences that may identify the targets for 
selection o f  newly produced B cells for incorporation into the 
peripheral B cell pool.

M A T E R IA L S  A N D  M E T H O D S

Cell preparations
Fresh adult human bone marrow (median patient age 55 ±  14 
years) was obtained from two sources: (i) rib segments removed 
routinely during thoracotomy for non-malignant conditions or 
localized non-lymphoid lung tumours (10 patients); or (ii) by 
aspiration immediately prior to median sternotomy in patients 
undergoing cardiac surgery (16 patients). Cells were flushed 
from the bone into tissue culture medium (HEPES-buffered
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R P M I1640) using a syringe and needle. The cell suspension was 
filtered through sterile gauze to remove tissue debris and washed 
twice. A  mononuclear cell fraction was prepared by density 
gradient separation on a Ficoll/Hypaque (Pharmacia) gradient. 
Peripheral blood cells were obtained as buffy coats from healthy 
blood donors and mononuclear cell fractions were prepared as 
above. The cells were incubated in medium at 37°C for at least 1 
h to remove cytophilic immunoglobulin after which they all 
showed >95%  viability by trypan blue exclusion.

Monoclonal antibodies ( M oAbs)
The antibodies used in this study are listed in Table 1. For a 
detailed characterization o f  the M oAbs used, see Ling, MacLen- 
nan & M ason (1987). CD19 was included as a pan-B marker as 
previous studies have shown that the antigen recognized is 
specific to the B lineage, expressed from the earliest stages o f B 
progenitor development and is lost on terminal differentiation 
to plasma cells. CD21 and CD22 are expressed on the cell 
surface at a later stage o f  B cell differentiation. CD21 antibodies 
recognize the receptor for C3d which is also strongly expressed 
on follicular dendritic cells and the antigen recognized by CD22 
appears to play a role in cell activation. Non-immune mouse 
ascitic fluid was used as the negative control. All M oAbs were 
used as ascitic fluids at 1/100 dilution.

Polyclonal antisera
Direct immunofluorescence studies were performed using fluor
escein isothiocyanate. (FITC) labelled sheep anti-human im
munoglobulin heavy chain antisera: anti-delta (The Binding 
Site, Birmingham, England); anti-gamma, anti-alpha and anti- 
mu (Wellcome).

The second-layer reagents used in indirect immunofluores
cence assays were FITC- or TRITC-labelled sheep anti-mouse 
immunoglobulin o f appropriate mouse isotype specificity (The 
Binding Site). The optimal dilution o f  each conjugate was 
determined in preliminary experiments.

Immunofluorescence procedure
This was based on methods previously described (Johnson & 
Holborow, 1986). One-million cells were surface-stained in 
suspension for 1 h on ice using either a pair o f  M oAbs o f  unlike 
mouse immunoglobulin isotype followed by FITC and TRITC  
sheep anti-mouse immunoglobulin conjugates o f  appropriate 
isotype specificities; or indirect staining with M oAb detected by 
TRITC-labelled sheep anti-mouse immunoglobulin combined 
with direct staining with FITC-labelled sheep anti-human IgM  
or IgD  conjugates. Initial attempts to perform the analysis by 
use o f a single-laser FACS were unsatisfactory, due to quench
ing o f  low-intensity fluorescein signals by phycoerythrin as 
reported elsewhere (Chappie, Johnson & Davidson, 1988). The

Table 1. Monoclonal antibodies used in this study

Antibody
Cluster

designation
Mouse Ig 

isotype Source
Studied in 

Workshop no. Reference

BU-12 CD19 G1 BU* H it
B1 CD20 G2a Nadler I, II Stashenko et al. (1980)
BL13 CD21 G1 Brochier II, III Brochier et al. (1984)
F74 CD21 G2a LeBien III Minneapolis USAJ
Tol5 CD22 G2b Pulford III Abdulaziz et al. (1984)
HD39 CD22 G1 Dorken II, III Dorken et al. (1986)
MHM6 CD23 G1 McMichael II, III Rowe et al. (1982)
WR-17 CD37 G2a Moore III Southampton University
T168 CD38 G1 Bourel III Remes, France
G28-8 CD39 G1 Ledbetter III Ledbetter et al. (1987)
AC2 CD39 G1 Rickinson Rowe et al. (1982)
G28-5 CDw40 G1 Ledbetter III Clark & Ledbetter (1986)
MA5 ?CDw40 M Ng Yip et al. (1987)
J5 CD 10 G2a Ritz I Ritz et al. (1980)
J2 CD9 M Ritz II Hercenel et al. (1981)
Bu-16 CD9 G2a BU III Birmingham University
BU-25 HLA class II G1 BU
BU-26 HLA class II Gl/G2b BU
BU-27 HLA class II G2b BU
AF6 IgM Gl/G2b BU III Lowe et al. (1982)
JA11 IgD G1 BU
8a4 IgG G1 BU
2D7 IgA G1 BU
7-F-7 — G2a Schulz III Innsbruck, Austria

* Department of Immunology, University of Birmingham Medical School, 
t  International Workshops on human leucocyte differentiation antigens.
% Antibodies gifted to the department and also included for study in III International Workshop.



use o f diazabicyclooctane to retard fluorescence fading during 
microscopy (Johnson et al., 1982) enabled detailed inspection o f  
the cells, including assessment o f morphology and identification 
o f artefacts. The tubes containing stained cells from individual 
marrow samples were randomized and the counts were made by 
one observer (M .R.C.) without knowledge o f their identity. The 
analysis was based on a minimum o f 200 cells stained by the cell- 
defining antibody labelled with fluorescein.

Immunoenzyme staining o f  spleen sections
Frozen sections o f human spleen were stained using the indirect
immunoperoxidase method.

RESULTS
Distribution o f  immunoglobulin isotype expression on the surface 
o f  B cells

Bone marrow. Double labelling with immunoglobulin class- 
specific conjugates and CD 19 {pan-B) showed that all surface 
membrane immunoglobulin-positive bone marrow cells were 
CD19+ (Figs 1 and 2). The proportions o f CD19+ cells that 
expressed each immunoglobulin class are shown in Fig. 3. Dual
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labelling for slgM  and slgD  showed that 71% (40-85%) of 
sIgM + cells expressed sIgD (Fig. 1) and 90% (72-98%) of sIgD+ 
cells expressed slgM  (Fig. 2). Although a complete analysis 
could not be performed on every bone marrow sample, it was 
possible to calculate from the median values that 53% o f CD19+ 
cells express slgM  and/or slgD . The subpopulations o f CD19+ 
cells expressed as a percentage o f the total slgM and/or slgD 
positive cells were sIgM + sIgD +, 65%; slgM +sIgD - , 27%; and 
sIgM ~sIgD +, 8%.

Blood. The distribution o f slg expression is shown in Table 2. 
The proportions o f cells expressing the three phenotypes were 
calculated for each individual sample (Table 3). Only 8% of 
CD19+ bone marrow cells were sIgM _sIgD +, whereas cells 
having the same phenotype accounted for over 40% of CD19+ 
peripheral blood cells; conversely the incidence o f sIgM +sIgD 
cells was 27% in bone marrow and only 7% in peripheral blood.

Antigens expressed by IgM + cells
All sIgM + cells in blood and bone marrow were CD19*, 
C D 20+, CD37+, C D w 40+ and HLA class 11+ (Fig. la). While 
IgD, CD21, CD22 and CD39 were all expressed on about 70% 
o f bone marrow slgM  + cells, only CD39 was found on a similar
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slgD CD23 CD9 7F7 CD38 CD 10 CD5 Control

Fig. 1. T h e  p h e n o ty p e  o f  s Ig M  + b o n e  m a rro w  (b la n k ) a n d  p e rip h e ra l b lo o d  (h a tc h e d )  cells. B one m a rro w  fro m  rib  segm ents ( • ) ,  
a sp ira te s  (O). T h e  n u m b e r  o f  cells re a c tin g  w ith  eac h  o f  th e  a n tib o d ie s  is sh o w n  as  a  p e rcen tag e  o f  th e  to ta l  s lg M  + p o p u la tio n . M edian  
va lues.
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Fig. 2. The phenotype of sIgD+ bone marrow (blank) and peripheral blood (hatched) cells. Bone marrow from rib segments (•) , 
aspirates (O). The number of cells reacting with each of the antibodies is shown as a percentage of the total sIgD+ population. Median 
values.
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Fig. 3. Surface immunoglobulin expression by CD19+ bone marrow 
cells. Bone marrow from rib segments (•) , aspirates (O). The number of 
cells reacting with each of the antibodies is shown as a percentage of the 
total CD19+ population. The height of the bar indicates the median 
value.

Table 3. Calculated phenotype of CD19+ peripheral blood 
cells expressed as a percentage of the total slgM and/or 

slgD-expressing cells*

Sample IgM+ IgD" IgM+ IgD+ IgM IgD+

A 6 52 42
B 7 51 42
C 7 51 42
D 10 56 34

Median 7 51 42

* Percentages as in Table 2.

Table 4. Maximum and minimum values of cells with the phenotype 
indicated expressed as the percentage of all bone marrow B cells 

expressing slgM or slgD

Table 2. Surface expression of IgM and IgD on peripheral blood cells

sIgM+ slgD" sIgM+ sIgD+ slgM sIgD+

Max. Min Max. Min. Max. Min.

CD21 5 0 60 55 8 0
CD22 4 0 62 58 8 0
CD23 6 0 21 15 8 0
CD9 21 14 7 0 7 0
7-F-7 13 12 1 0 1 0

Sample
sIgM+
sIgD+*

sIgD+
sIgM+t

CD19+
slgD+t

. CD19+ 
sIgD+/sIgM+§

A 82 55 83 88
B 81 55 79 85
C 88 55 82 88
D 74 62 80 89

Median 81-5 55 81 88

♦Percentage of sIgM+ cells expressing slgD. 
f  Percentage of sIgD+ cells expressing slgM.
{Percentage of CD19+ (BU-12+) cells expressing slgD.
§ Percentage of CD 19 + (BU-12+) cells expressing slgD and/or slgM.

All values are calculated from the following:
(i) The proportion of all values of IgM+ IgD", IgM +IgD+ and 

IgM " IgD+ B cells each expressed as a median percentage value of all 
cells expressing IgM or IgD (see Results); (ii) The median percentage 
value of IgM+ cells expressing the antigens indicated (Fig. 1); and (iii) 
The median percentage value of IgD+ cells expressing the antigens 
indicated (Fig. 2).

proportion o f sIgM + cells in the blood; the median values for 
blood sIgM + cells expressing slgD , CD21 and CD22 were 
higher (80-90%). Minor subsets o f  blood and bone marrow 
sIgM + cells expressed CD9, CD23, CD38 and the antigen 
recognized by the unclustered antibody 7-F-7 (Fig. lb). CD9
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and 7-F-7 were reactive with a higher percentage o f  bone 
marrow cells (24% and 14%, respectively) than peripheral blood  
cells (5% and 7%). The C D  10 antigen (CALLA) was present on  
28% (19-53% ) o f  CD19+ bone marrow cells but was not 
detected on the s!gM + population.

sIgM +sIgD~ populations in spleen have a different phenotype 
Cells o f  the marginal zone o f  the spleen characteristically 
express slgM  with little or no slgD . However, these cells express 
CD21 and CD22 and lack CD9 and are therefore distinct from 
the s lg D -  bone marrow population (Table 6).

Antigens expressed by sIgD + cells
Similar proportions (79-99% ) o f  sIgD + cells in blood and bone 
marrow were CD21 + or CD22+ (Fig. 2). 9% o f the sIgD + 
marrrow population were C D 9+ but none o f  the sIgD + 
lymphocytes were 7-F-7+.

Calculation o f  the range o f  expression o f  various antigens on 
sIgM +sIgD +sIgM +sIgD ~, and sIgM ~sIgD + cells 
Although triple-marker analysis was not performed, it is 
possible to calculate the limits for the proportions o f  the surface 
immunoglobulin positive subpopulations that express the other 
antigens (Tables 4, 5). The sIgM +sIgD + cells comprised the 
largest B lymphocyte population in blood and bone marrow and 
this subset included almost all the CD21+, C D 22+ and C D 23+ 
cells. Although the phenotype o f the sIgM - sIgD+ population in 
blood and bone marrow could not be accurately defined, the 
presence o f  a C D 21_ CD22 “ IgD + population cannot be 
excluded. The slgM +sIgD -  subset accounts for 27% o f  bone 
marrow cells. At most, only a small percentage o f  such cells are 
CD21+, CD22+ or CD23+, while 52-78% are CD9+. Ex
pression o f  the antigen recognized by 7-F-7 on sIgM + cells was 
restricted to the slgM +sIgD -  subset. The presence o f  small 
numbers o f  sIgM +sIgD~ cells with a similar surface phenotype 
(i.e. CD21 _C D 22“C D 9+7-F-7+) in peripheral blood cannot be 
excluded.

Table 5. Maximum and minimum values of cells with the phenotype 
indicated expressed as the percentage of all peripheral blood B cells 

expressing slgM or slgD

sIgM+ slgD s!gM+ s!gD+ slgM- sIgD+

Max. Min. Max. Min. Max. Min.

CD21 7 0 51 45 42 25
CD22 7 0 49 42 42 37

All values are calculated from the following:
(i) The proportion of sIgM+ slgD- , sIgM+ sIgD+ and slgM-  

sIgM+ B cells as a median percentage value of all cells expressing slgM 
or slgD (Table 4); (ii) The median percentage values of sIgM+ cells 
expressing the antigens indicated (Fig. 1); and (iii) The median 
percentage values of sIgD+ cells expressing the antigens indicated (Fig. 
2).

DISCUSSION
The relevance o f defects in the selection o f virgin B lymphocytes 
for incorporation into the mature recirculating pool to the 
pathogenesis o f  B proliferative disorders is unknown. Indeed, 
almost nothing is known about how such a mechanism may 
operate, although it seems likely that differences in surface 
antigen expression between immature and recirculating cells 
may play a central role. The availability o f  antibodies represen
tative o f  all the major B cell clusters following the Third 
International Workshop on Human Leucocyte Differentiation 
Antigens (Ling et al., 1987) enabled us to perform a detailed 
phenotypic analysis o f  the B lymphocyte population o f normal 
blood and bone marrow.

The only antibodies that discriminated between sIgM + cells 
in bone marrow and blood were CD21, CD22, C D 9,7-F-7 and 
anti-IgD. Antigens detected by all other antibodies are therefore 
unlikely to play a role in cell selection for long-term survival.

B cells in blood or bone marrow that express either slgM 
and/or slgD  may be divided into three subsets: sIgM +sIgD+; 
slgM +sIgD - ; and sIgM ~sIgD +. All studies agree that the 
sIgM +sIgD + subset is predominant in blood (Ling, 1983), but 
there is considerable variation in the reported frequencies of 
sIgM +sIgD _ and sIgM ~sIgD + cells (Vossen & Hijmans, 1975; 
Vessiere-Louveaux, Hijmans & Schuit, 1981). Our finding that 
17% o f sIgM + cells lacked slgD  accords with the data o f Rowe 
et al. (1973), Gathings, Kubagawa & Cooper (1981), and 
Dorken et al. (1986). By contrast, we found that 29% of sIgM+ 
bone marrow cells are s lg D - ; this is in agreement with the 
studies o f Campana et al. (1985) (28% ±  10) and o f  Dorken etal. 
(1986) (35% ± 8 ). Bone marrow from other species, e.g. mouse 
(Abney et al., 1978; Lala, Layton & Nossal, 1979) has also been 
shown to contain a significant sIgM +sIgD + lymphocyte subset. 
Quantitative measurements o f  the intensity o f  slgM  expression 
(Lala e t al., 1979) showed that slgD  appeared only after the 
acquisition o f  a significant level o f  slgM .

Studies o f  B cell ontogeny in man (Gathings et al., 1981; 
Asma, Langlois van den Bergh & Vossen, 1984; Bofill et al.,
1985) and mice (Ryser & Vassalli, 1974) have shown that the 
earliest B cells in fetal liver express slgM  in low density. The 
density o f  slgM  increases prior to the appearance of slgD- 
bearing cells. Suppression with anti-mu chain antibody from 
birth largely prevents the appearance o f  slgD-expressing cells 
(Abney et al., 1978); this provides the best evidence available 
that sIgD + cells develop from sIgM + precursors.

Table 6. The phenotype of splenic marginal zone B cells

Antibody - 
or Cluster CD19 CD20 CD37 CD21 CD22 CDw40 CD39

Anti-
IgM

Anti-
IgD CD9 CD38 CD23 7-F-7 CD10

+ +  + +  +  + +  + +  + +  + + +  + ± -

Scale from — negative to +  +  +  strong positive.



3H-thymidine-labelling experiments have shown that newly 
formed B lymphocytes leave the marrow once cell division has 
ceased (Osmond, 1986) and migrate to the spleen, where they 
complete their development. However, the experiments o f  
Aspinall & Owen (1983) suggest that at least a proportion o f  
sIgM+ cells express slgD  within the bone marrow prior to their 
migration into peripheral lymphoid tissue. This proportion o f  
apparently newly produced bone marrow B cells seems likely to 
exceed the proportion o f  virgin cells which are incorporated into 
the peripheral pool, and implies that the selection o f  newly 
produced B cells occurs after slgD  expression. Although this 
may be the situation in mice, it is not established that newly 
produced human B cells express IgD before leaving the marrow; 
however, the proportion o f  sIgD + cells in the marrow is 
consistent with this notion.

The sIgM +sIgD~ bone marrow population shows a pheno
type not shared by the slgM +sIgD -  population o f the spleen 
(Ling et al., 1987). The marrow cells lack the antigens recog
nized by CD21 and CD22 antibodies, thus confirming previous 
studies (Campana e t al., 1985; Dorken et al., 1986; Tedder, 
Clement & Cooper, 1984; Loken et al., 1987). In the present 
study the antibody that most clearly discriminated between the 
sIgM+sIgD~ and sIgM +sIgD + subsets was 7-F-7. The antigen 
recognized by this non-clustered antibody is present on normal 
germinal centre cells, follicular dendritic cells and inter-digitat- 
ing cells, and is expressed weakly on a subset o f follicular mantle 
or marginal zone cells; it is also present on some monocytes and 
a minority o f  acute lymphoblastic leukaemias and B-progenitor 
cell lines (Ling et al., 1987). A  minimum o f  14% o f  slgM +sIgD -  
bone marrow cells were assessed to express the CD9 antigen 
which is associated with progenitor and germinal centre B cells 
(Ling et al., 1987). We have therefore identified the phenotype o f  
a slgM +sIgD -  population which appears unique to the bone 
marrow.

An antibody (BP-1) has been described that recognizes a cell 
surface glycoprotein (MW 140000) present on pre-B and early B 
cells in mice but absent from mature B cell lines (Cooper et al.,
1986). An antibody with a similar pattern o f reactivity has not 
yet been identified for human cells. Our study o f  sIgD + cells in 
bone marrow failed to reveal evidence o f  heterogeneity within 
this population, and there was no clear difference between the 
phenotype o f  bone marrow and peripheral blood sIgD + positive 
cells. Two possible explanations may account for these findings: 
(i) the newly produced B cell component o f  the sIgM +sIgD + 
population was too small for detection; or (ii) none o f  the B cell 
antibody clusters studied recognized an antigen that discrimi
nates between newly formed and recirculating sIgD + B lympho
cytes. The extensive phenotypic studies were unable to demon
strate an antigen unique to IgD + bone marrow cells on which 
selection for incorporation into the peripheral B cell pool might 
act. However, our work confirms previous reports on the 
existence o f  a unique ‘immature’ B cell population within the 
marrow which is slgM +sIgD - .
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S U M M A R Y
Dual fluorescence analysis with a single-laser fluorescence-activated cell sorter is 

dependent on the use of two fluorochromes with similar excitation wavelengths but 
different emission wavelengths. T he dye pair fluorescein and R-phycoerythrin (RPE) 
have been widely employed for this purpose and interaction between the two dyes has 
not been observed. Here evidence is presented to show that at high concentrations 
RPE can completely quench the fluorescein signal in dual fluorescence analysis of 
human tonsil lymphocytes labelled with pairs of monoclonal antibodies. Reduction in 
the fluorescein signal correlated with the intensity of red (RPE) staining. This 
phenomenon can seriously compromise interpretation of dual immunofluorescence 
carried out on a single laser instrument and can best be avoided by careful analysis of 
single colour controls.

I N T R O D U C T I O N
T he use of a single-laser fluorescence-activated cell sorter (FACS) to analyse 

cellular subpopulations by immunofluorescence staining requires an additional dye to 
fluorescein which has an overlapping absorbance/excitation spectra appropriate to the 
wavelength of the laser employed but has a different emission maximum. Rhodamine, 
which historically has been extensively used with fluorescein for double staining for 
the fluorescence microscope (Chadwick et al., 1958), is not suitable for use on the 
FACS as it is poorly excited by the 488-nm argon ion line used to excite fluorescein. 
T he phycobiliprotein dye R-phycoerythrin (RPE) is well excited at 488 nm, has a 
good quantum efficiency and a large Stokes shift with emission in the orange-red 
at 595 nm, well separated from the emission peak of fluorescein at 525 nm  (Glazer & 
Stryer, 1984). RPE has been extensively used with fluorescein since its introduction 
in 1982 (Oi et al., 1982).

For successful analysis it is essential that neither of the two fluorochromes should 
interfere with the signal generated by the other, and spectral overlap between the

©  1990 T h e Royal M icroscopical Society

245



246 M . R . Chappiey G. D . Johnson and R . S. Davidson

if>c
4 )

C
<D
>

4 0 0 500 600
Wavelength (nm)

F ig .  1. A bsorbance curve (-------) for R P E -strep tav id in  conjugate used  in  these experim ents (recorded on a
K on tron  U v ik on  860 spectrophotom eter). T h e  fluorescein  em ission  spectrum  is sh ow n  superim posed (------)
(reproduced from  H an sen , 1967) (not to the sam e scale).

emissions of the fluorochrom es (e.g. the red  com ponent dem onstrable in the emission 
o f fluorescein) requires tha t each fluorescence detector m ust be adjusted to maxi
m ize the sensitivity for one dye and m inim ize the signal con tribu ted  by the other 
(Parks et al., 1986).

T h e  overlap o f the  R P E  absorption and  fluorescein emission curves (Fig. 1) 
introduces the possibility o f energy transfer from  one dye to the  o ther w ith  resultant 
quenching (Parks & H erzenberg , 1984). H ere evidence is p resented  to suggest that 
such phenom ena may well be m anifest in experim ental flow cytom etry and may 
seriously com prom ise the  results obtained.

M E T H O D S  
Cell suspensions

A purified suspension of hum an  tonsillar B lym phocytes was em ployed in all 
experim ents.

Monoclonal antibodies
Various m onoclonal antibodies d irected against hum an B lym phocytes were used. 

T h e  origin and  staining characteristics o f each antibody are given in Table 1. 
W R17 (CD37) was a gift from  D r  K . M oore, Southam pton; M A5 was donated by 
Prof. M . H . N g , H ong  K ong; B U -12 produced  in  this laboratory was classified as a 
m em ber o f the CD  19 cluster in the 3 rd  In ternational W orkshop on Leucocyte Dif
ferentiation A ntigens (L ing et al., 1987). T h e  an ti-H L A  class 11 antibody (BU-26) is 
very po ten t and  gave exceptionally b righ t staining. All antibodies were used as ascitic
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T a b le  1. M onoclonal antibodies used in this study.

Source
M ouse Ig  

isotype Cluster designation Reactivity

W R17
D r K. M oore, 
Southampton IgG2a CD 37

Strong pan B 
Weak T

M A5
Prof. M . N g , 
H ong K ong IgM

Possible
CD w40 Pan B

B U -12
Birmingham
University Ig G l C D 19 Pan B

B U -26
Birmingham
University Ig G l/2 b - H L A  class 11

fluid; normal ascitic fluid was used as the negative control. Second-layer antisera (The 
Binding Site, Birmingham University) were biotinylated, fluorescein (FITC)-labelled 
or rhodamine (TRITC)-labelled sheep anti-mouse immunoglobulin (Ig) of appropr
iate mouse isotype specificity. Streptavidin-RPE conjugate was obtained from Becton 
Dickinson (Oxford, U .K .) and free streptavidin from Sigma (Poole, U .K.).

Staining procedures
These were based on methods previously described (Johnson & Holborow, 1986). 

1 x 106 cells were stained in suspension on ice for 1 h using a pair of monoclonal 
antibodies of unlike mouse Ig isotypes. All ascitic fluids were diluted 1:100. After 
two washes in phosphate-buffered saline (pH 7*4) the cells were suspended in a 
m ixture of biotinylated and FITC-labelled sheep anti-mouse Ig conjugates specific for 
the appropriate mouse isotypes. Optimal dilutions of these second-layer antisera were 
determined in preliminary experiments. Cells were again washed twice and suspended 
in 50 jul of streptavidin-RPE conjugate diluted as described below. Fluorescein and 
RPE single-stained controls were prepared for each specificity. After staining, the cells 
were either stored on ice immediately prior to analysis or stored in 1 % paraformal
dehyde in PBS for up to 48 h in the dark at 4°C. No differences in relation to quenching 
were obtained between the two types of cell preparation but autofluorescence was 
increased on storage.

F A C S  analysis
Cells were analysed in a FACS 440 IV (Becton Dickinson) equipped with a 5-W 

argon laser run at 0 2 W. For each test 20,000-30,000 cells were counted and the data 
collected in list mode using logarithmic amplifiers for red and green fluorescence set 
at sixty-four channels per log decade. Green fluorescence was detected through a 
515-545-nm band-pass filter and red emission through a 560-590-nm band-pass filter. 
Single-stained positive controls were run in order to adjust the instrum ent so that the 
output for each detector was zero for the opposite dye. A Consort 40 computer was used 
to process the data. The positive threshold was set at an intensity above which there were 
less than 5% cells in the negative control samples and the percentage of cells with an 
intensity greater than this value was calculated for each antibody pair; in addition the 
mean fluorescence channel number was recorded as a measure of staining intensity.

R E S U L T S
Staining systems in which quenching was observed

Initial observations were made on tonsil cells stained with the pan-B antibody MA5. 
As shown in Fig 2(a and f) this antibody gave a well-defined peak above background 
regardless of whether FITC-labelled anti-mouse Ig or biotinylated anti-mouse Ig and 
streptavidin-RPE conjugate were used as the detection system. T he anti-H LA
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F ig .  2 . (a -c , e -g )  S in g le-co lou r, dual-fluorescence histogram s o f  ton sil B lym phocytes; the relative cell 
num ber is p lo tted  against channel n um ber, i.e . log  fluorescence in tensity , (a) M A 5 (pan B) and sheep  
an ti-m ouse Ig M  iso typ e-sp ecific  F I T C  conjugate, (b) B U -2 6  (H L A  class 11), b iotinylated  sheep anti-m ouse  
I g G l and strep tav id in -R P E  conjugate, (c) C om b in ed  stain ing as in  (a) and (b) d isp laying green  fluorescence  
p lot and sh ow ing m arked redu ction  o f  th e W R 17-p ositive  peak, (e) B U -2 6  and sheep anti-m ouse Ig G l  
isotyp e-sp ecific  F I T C  conjugate, ( f)  M A 5 , b iotinylated  sheep  an ti-m ou se Ig M  and streptavid in-R P E  
conjugate, (g) C om b in ed  stain ing as in  (d) and (f)  d isp laying green  fluorescence p lot w ith  preservation o f  
the B U -2 6 -p o s it iv e  peak, (d  and h) 64 x 64  channel d ual-fluorescence p lot. T h e  lines indicate background  
fluorescence and thu s define the dual p ositive  w in dow . In  (d) there are very few  (15% ) dual p ositive cells  
and th e contour lines sh ow  stacking against th e abscissa. In  (h) the m ajority o f  cells (85% ) stain positively  
w ith  b oth  antibodies.

class 11 antibody BU -26 w hen used in single labelling experim ents gave brilliant 
positive staining w hichever fluorochrom e was used for detection (Fig. 2b and e). I f  
com bined in a dual staining system  these two antibodies w ould be expected to double 
label the m ajority of cells. However, as shown in F ig 2(c, d, g and h) the results obtained 
in practice varied according to  w hich fluorochrom e was used to detect a particular 
antibody. T h u s , w hen R P E  was used to detect B U -26 the peak of fluorescein/M A5 
positive cells was lost (Fig. 2c and  d). W hen the  colours were reversed a clear dual 
positive population  was obtained (Fig. 2g and  h).

0>
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0>
o

( b  )

i -i | 1 1 1 1
Lo g f l u o r e s c e n c e  i n t e n s i t y  ( F I T C )

F ig .  3 . S in g le-co lou r fluorescence h istogram s o f  ton sil lym ph ocytes, (a) W R 17 (pan B) and sheep anti
m ou se IgG 2a  iso typ e-sp ecific  F I T C  conjugate, (b) A s for (a) w ith  addition  o f  B U -2 6 , b iotinylated  sheep 
an ti-m ou se I g G l  and strep tav id in -R P E  conjugate d ilu ted  1 : 5 .
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T a b le  2. Intensity o f pan-B staining

M ean channel no.

Green Red Percentage positive

W R17 102 — 97-9
— 108 98-8

B U -12 92 — 84-4 .
— 86 91 5

Further studies were performed using a different pan-B monoclonal antibody WR17 
(CD37). A similar loss of staining intensity was observed when this antibody was 
combined with BU-26 (Fig. 3); the use of RPE to reveal H LA  class 11 antigen on the 
cell surface resulted in a marked reduction of the pan-B fluorescein signal.

Fluorescence quenching of F IT C  was most marked when potent anti-HLA class 11 
antibodies giving intense staining with RPE were employed, but could also be 
demonstrated with other antibodies. T he pan-B clustered monoclonal antibodies 
BU-12 (CD 19) and WR17 (CD37), for example, both show reactivity with nearly all 
tonsil B cells. The actual reactivity observed and the intensity of staining as measured 
by the mean channel number when they were applied separately and revealed with 
either fluorochrome are given in Table 2. WR17 gave strong staining and showed 
almost 100% positivity irrespective of the fluorochrome used for its detection; BU-12 
gave moderate staining and a lower percentage of positive cells—especially with the 
fluorescein conjugate. When these monoclonal antibodies were tested on the same 
cell preparations by dual staining the results again varied according to which fluoro
chrome was used to detect a particular antibody. As shown in Fig. 4(a), 82% of 
the cells were positive for both antigens when RPE was used to detect BU-12; 
when the fluorochromes were reversed coincident staining was observed in only 
50% of the cells. I t is clear from the contour plots (Fig. 4b) that this is due to 
reduction in the fluorescein signal for BU-12, because the WR17-positive population 
was similar with both fluorochromes. A comparable reduction in the fluorescein 
signal for BU-12 was obtained with the pan-B antibody MA5 detected by RPE 
(Fig. 4c and d).

As different staining systems (biotinylated second antibody versus fluorochrome- 
antiglobulin conjugate) were employed, the experiments summarized in Table 3 were

T a b le  3. Components o f various staining systems.

Components o f staining system  : ■’
M ean log channel 

F IT C  RPE
(a) W R17  

(m ouse y2a)
Anti-M o

y2a-FITC
B U -26 A nti-M o Streptavidin- 

(mouse y l)  y 1-Biotin RPE
* * * 58 33

★ * ' 108 ( - ) t
★ * i f ( - ) t 165

★ ★ ★ * 102 ( - ) t
★ ★ * * ★ 24 169

(b) W R17 Anti-M o B U -26 A nti-M o Streptavidin- M ean log channel

(mouse y2a) y2a-FIT C  (mouse y l)  y 1-Biotin Streptavidin RPE F IT C RPE
★ ★ ★ 46 53

★ * ★ ★ 83 ( - ) t
★ * *  * ★ 28 113
★ * •k i f  ★ 83 ( - )
★ ★ i f  -k k ★ 83 46

: *Com ponent present. 
f ( — ) Cellular background only.
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F ig . 4 . 64 x 64 channel dual-fluorescence p lot o f  tonsil B lym phocytes. T h e  50, 100, 150 and 200 cell 
contours are shown. T h e  F IT C  and R PE conjugates are shown to give slightly different levels o f  background 
fluorescence w hen used to detect the sam e m onoclonal antibody, (a) Pan-B antibodies W R17 (detected with 
fluorescein) and B U -12  (detected w ith  RPE); the majority o f  cells fall w ithin  the dual positive window.
(b) T h e  sam e pair o f  m onoclonal antibodies as used  in  (a) but the fluorochromes used for detection were 
reversed. O nly 50%  o f cells are w ithin  the dual positive w indow  and there are a substantial number of 
W R 17-positive, B U -12-n egative cells as shown by the stacking o f  contour lines against the abscissa.
(c) Pan-B antibodies M A 5 and B U -12  show ing alm ost 100% dual positivity. (d) T h e  same antibody pair 
as in  (c) but w ith  the fluorochrom es reversed. T h is  shows substantial reduction in B U -12  positivity.

perform ed to confirm that the quenching of F IT C  observed was attributable to the 
RPE molecule. In  the absence of the second monoclonal antibody the intensity of 
W R17 detected by F IT C -labelled  anti-m ouse Ig was 108 (mean log channel number) 
and when BU-26 and biotinylated antiglobulin were added the mean channel number 
(F IT C ) only fell slightly to 102. However, the addition of the streptavidin-RPE 
conjugate caused the m ean F IT C  intensity to fall to  24, i.e. a reduction greater than
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F ig . 5. Graph showing the reduction o f fluorescein em ission in the presence o f various intensities o f RPE  
staining. Serial dilutions o f the streptavidin-RPE conjugate were added to tonsil lym phocytes labelled with  
W R17, F IT C  sheep anti-mouse Ig and B U -26, biotinylated sheep anti-m ouse Ig. T h e phycoerythrin  
staining intensity is displayed as the mean channel number (red). T h e fluorescein em ission is shown as the 
percentage o f  the maximum green signal obtained in the same n m  in the absence o f RPE. Pooled data from  
three experim ents are shown.
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F ig . 6 . Single-colour fluorescence histograms o f W R17-positive tonsil lym phocytes, (a) Control W R17 
detected by FIT C -labelled  sheep anti-mouse IgG2a isotype-specific conjugate, (b) Cells labelled as in 
(a) with the addition o f  B U -26  and rhodamine-labelled sheep anti-m ouse Ig G l conjugate.



one log decade. Furtherm ore, although unconjugated streptavidin blocked the sub
sequent binding of the streptavidin-R PE conjugate, it did not cause quenching. These 
results confirm that the quenching observed was attributable to the RPE moiety in the 
streptavidin-R PE conjugate.

i
Correlation o f quenching with R P E  concentration

Experim ents using serial dilutions of the streptavidin-R PE conjugate were per
formed to test if the degree of quenching of F IT C  fluorescence was proportional to the 
RPE concentration as m easured by staining intensity. T h e  combined results of three 
experiments are shown in Fig. 5; it is evident that the reduction in fluorescein emission 
is a function of the intensity of RPE staining. A parallel increase in the phycoerythrin 
emission due to absorption of the green F IT C  emission could not be demonstrated 
with this system (see Table 3).

Rhodamine does not cause quenching
A similar series of experiments using rhodam ine and fluorescein to double label the 

cells failed to show any reduction of the fluorescein emission in the presence of 
rhodam ine (Fig. 6a and b). Fluorescence microscopy showed brilliant dual labelling 
and the rhodamine staining of the cells could be dem onstrated in the FACS by 
retim ing the laser to the 514-nm line.

D I S C U S S I O N
Fluorescence quenching is well recognized in immunochemistry (Kronick & 

Grossman, 1983), and forms the basis of several assay systems as the phenomenon is 
concentration dependent (Kronick, 1986). Study of the spectral characteristics of the 
dyes RPE and fluorescein predicts that they are likely to interact as a result of energy 
transfer. This may occur when there is overlap of the emission spectrum of one dye 
by the absorption spectrum  of the other and if the dyes are sufficiently close together. 
Several mechanisms (T urro , 1978) including the trivial mechanism, long- and short- 
distance energy transfer systems may play a role in such phenomena as well as electron 
exchange (Davidson, 1983). In  these experiments we did not attem pt to elucidate the 
physical mechanisms accounting for our observations bu t such enquiries will form the 
basis of further studies.

T he increasing availability of FACS instrum ents has led to a considerable increase 
in the use of this type of analysis in many different fields. T he use of two different 
fluorescent labels to study the reactivity of two antibodies simultaneously obviously 
increases the scope of the analysis, and the dye pair fluorescein and RPE has been 
widely adopted for this purpose. Quenching of the emission of one dye in the presence 
of the second as described in this paper may have far-reaching consequences. In the 
simplest application, determ ination of the percentage of single or dual positive cells in 
a sample, quenching may cause a reduction in the percentage of FITC -positive cells. 
T his is m ost likely to occur when antibody to an antigen that is weakly expressed is 
paired with an antibody detected by RPE, to antigen that is strongly expressed. 
However, provided single label controls for each specificity are included such dis
crepancies become readily apparent and the problem may be avoided by using RPE to 
detect the weaker of the two reactions.

Considerably greater problems are encountered using mixed cell populations when 
attem pts are made to classify the cells not only by the incidence of cells expressing one 
or both markers, but also by quantifying the relative concentrations of two antigens on 
different subgroups of cells. I t  is clear from the results reported here that both types 
of analysis may be seriously compromised when the tests are performed with RPE and 
F IT C  in a single-laser FACS.
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Such quenching has not been previously described although many m ulti-param eter 
studies based on the use of RPE-conjugated antibodies, or biotinylated antibodies 
detected by streptavidin-R PE conjugate, have been reported. We have shown that the 
degree of quenching is dependent on the RPE concentration. Its manifestation in this 
study presum ably reflects the high intensity of RPE staining obtained by the use of the 
indirect anti-globulin procedure (which results in a 7-10-fold increase in sensitivity; 
Coons, 1956).

Fluorescence quenching of fluorescein by rhodamine could not be demonstrated. 
However, unlike RPE, the absorbance maximum of rhodamine (555 nm) is well 
separated from  the emission maximum of fluorescein (525 nm) and in the absence of 
spectral overlap, energy transfer mechanisms cannot operate. In  addition, rhodamine 
has a lower quantum  efficiency than RPE. Similarly, Texas Red, which is a rhodamine 
derivative, would not be expected to interfere with the fluorescein signal.

I t  is apparent from the results reported here that fluorescence quenching as a result 
of interaction between two fluorochromes may indeed be a problem in practical flow 
cytometry and m ust be avoided by careful analysis of single colour controls.
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