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ABSTRACf

To examine factors inf1uencing normal and disordered genesis of the
B lymphocyte Iineage in mouse bone marrow, precursor B cell
dynamics have been analysed in conditions predisposing to B cell
neoplasias and deficiencies. Double immunof1uorescence labeling and
stathmokinetic techniques have been used to quantitate the
population size and mitotic activity of pro-B cells before Il chain
expression. pre-B cells expressing cytoplasmic Il chains, and B
lymphocytes expressing surface IgM. Two conditions associated with
prolonged macrophage activation and B cell neoplasia. pristane oil
treatment and malaria infection. have been found to stimulate the
proliferation of pro-B ceIls but to produce increased cell loss at later
cell differentiation stages. suggesting that the stimulation of cells
undergoing Ig gene rearrangement may predispose to genetic errors
leading to cell death or oncogenesis. During a pretumorous period in
Ell-myc transgenic mice a marked stimulation of pro-B and pre-B
cells is associated with much subsequent cell loss. suggesting that
additional mutations are needed to promote B cell survi val and the
emergence of a tumorigenic clone. Many early precursor B cells
express c-kit but their development is not blocked by a neutralizing
anti-c-kit antibody in vivo, suggesting that the role of c-kit can be
replaced by alternative signalling systems. The introduction of Ig
transgenes in scid mutant mice, unable to rearrange endogenous Ig
genes. shows that the survival of successive stages in precursor B cell
development depends upon the successful progressive expression of
the IgM molecule. The work demonstrates that processes influencing
both cell proliferation and loss can be critical in regulating the
genesis of both normal and potentially neoplastic B cells in the bone
marrow.
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RÉSUMÉ

Dans le but d'examiner les facteurs influençant la genèse normale et
anormale des lignées lymphocytaires B dans la moelle osseuse de la
souris, la différentiation des cellules précurseurs des lymphocytes B a
été analysée dans des conditions prédisposant à des déficiences et
aux néoplasies des lymphocyte B. Des techniques de double
immunofluorescence et d'arrêt mitotique (stathmokinétique) ont été
utilisées afin de quantifier l'ampleur et l'activité mitotique des
populations des cellules pro-B avant le développement des chaînes
Il, des cellules pré-B présentant des chaînes Il intracytoplasmiques
et des lymphocytes B présentant des IgM de surface. Deux conditions
associées à une activation prolongée des macrophages et aux
néoplasies des lymphocytes B, soit le traitement avec l'huile miri:rale
pristane et l'infection par la malaria. se sont avérées en mesure de
stimuler la prolifération des cellules pro-B, conduisant toutefois à une
perte cellulaire augmentée au niveau des stades ultérieurs de
différentiation. Ceci suggère que la stimulation des cellules, au
moment où elles sont en processus de réarrangement des gènes des
immunoglobulines, prédisposerait à des erreurs génétiques
conduisant à la mort cellulaire ou à l'oncogenèse. Au cours de la
phase pré tumorale chez des souris transgéniques EIl-m y c, une
stimulation marquée des cellules pro-B et pré-B est associée à une
perte cellulaire augmentée au niveau des stades subséquents. Ces
résultats suggèrent que des mutations additionelles sont nécessaires
pour permettre la survie des cellules de la lignée B et l'émergence
d'un clone tumorigénique. Plusieurs cellules précurseurs précoces des
lymphocytes B présentent c-kit à leur surface. mais ceci n'est pas
empêché par un traitement in vivo avec un anticorps neutralisant
anti-c-kit, suggérant que le rôle du c·kit peut être remplacé par des
systèmes de signaux alternatifs. L'introduction d'immunoglobulines
transgéniques chez d::~ souris mutantes scid. incapables de
réarrangement endogène des gènes des immunoglobulines, montre
que la survie des stades successifs dans la différentiation des cellules
précurseurs du lymphocyte B dépend de la capacité progressive de
développer les molécules IgM. Les résultats de ce travail de
recherche démontrent que les processus influençant à la fois la
prolifération et la perte cellulaire sont d'une importance critique
dans la régulation de la genèse des lymphocytes B normaux et
potentiellement néoplasiques, au niveau de la moelle osseuse.
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CLAIM FOR ORIGINAL WORK

The results presented in this thesis represent the following original

contributions to the knowledge of the regulation and dysregulation of

B cell genesis in the bone marrow.

Firstly. this thesis demonstrates that the widely disparate agents

pristane oil and malaria parasites, both exert marked effects on the

genesis of B cel1s in mouse bone marrow. The earliest defined stages

of B cel1 genesis, ie. TdT+ cells. show sustained increases in population

size and proliferation rate. On the other hand, the later populations

show only normal or decreased levels of production. Thus, the

elevated level of cel1 production at the TdT+ cel1 stage is followed by

an unusually high level of cell loss at the subsequent stages of

development in the bone marrow.

Secondly, studies in E~-myc transgenic mice during the pretumorous

phase of Iymphoma development, demonstrate a marked increase in

numbers and rates of generation of earlier precursor B cells in the

bone marrow, without an increase in mature B lymphocytes.

Thirdly. double labeling procedures to detect the expression of the c

kit proto-oncogene on B cell precursors, as wel1 as their proliferation

dynamics demonstrate that many actively proliferating early precursor

B cells express c-kit in vivo. However, c-kit-mediated signaIs are not

essential for precursor B cell development in vivo.

Finally, this thesis provides a phenotypic analysis of precursor B cell

vii
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progenitors and their proliferation dynamics in 19-tnlnsgcnic scid

mice. This study demonstrates that the cells arc not in a statc of

developmental arrest but continue to enter the B ccII Iineagc to

differentiate and proliferate actively until thcy abort. thus allowing

the stage of abortion to be identified and correlated with the state of

Ig gene rearrangement.
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The present thesis analyzes the in vivo genesis of B cell precursors in

mouse bone marrow with special emphasis on conditions which can

alter the delicate balance between cell proliferation and cell loss. and

which may predispose to B cell neoplasias.

J. Hemopoietic Stem Cel/s.

The various hematopoietic lineages are derived and constantly

renewed from hematopoietic stem cells. In order to achieve this task.

stem cells must possess the capacity of self renewal. differentiation

and proliferation. and be able to respond to regulatory signaIs.

ln mammals, the hemopoietic stem cells migrate from blood islands

in the yolk sac to the fetal liver. from here to fetal spleen. and finally

to the bone marrow where they remain (Metcalf and Moore 1971,

Paige et al. 1979. Kincade 198Ia). In practice. stem cells are defined

by their ability to reconstitute the hematopoietic system under

appropriate conditions. The study of stem cells has been

complemented by in vivo and in vitro assays.

ln vivo assays test the ability of stem cells to repopulate lethally

irradiated mice or mutant mice with hematopoietic deficiencies. The

analyzed parameters include long term survival. hematopoietic

regeneration and long-term reconstitution (Till and McCulloch 1980.

Spangrude 1988. Fulop and Phillips 1989). The detection of stem

cells in hematopoietic tissues has been achieved by a variety of

methods which allow the identification of members of a single clone.

These methods include chromosomal markers. allophenic mice and

3
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chromosome integration sites of recombinant retroviruses (Abramson

et al. 1977. Till and McCuUoch 1980. Keller et al. 1985. Williams et al.

1984. Dick et al. 1985). The first in vivo repopulation assay was the

spleen colony forming unit (CFU-S) technique performed by Till and

McCulloch in the early 60's (Till and McCulloch 1961). The method

consisted of the intravenous injection of bone marrow into irradiated

mice. Within 7-12 days foUowing the injection. some nodules were

found in the spleen. each of them representing a clonai colony. The

hemopoietic lineages included early granulocytic. macrophage.

megakaryocytic and erythrocytic colonies. white later-appearing

colonies were of mixed Iineages. The injection of spleen colony cells

into secondary irradiated recipients generated spleen colonies again

(Barnes et al. 1968). These observations provided evidence of self

renewal. proliferation and differentiation. Work based on cell size by

sedimentation velocity revealed a heterogeneity of spleen colonies in

their reconstitution capacity (Worton et al. 1969). It also became

clear that early CFU-S appearing around 8-10 days after cell transfer

derive from more mature progenitors. and Jack self-renewaJ capacity.

in contrast to later-appearing CFU-S (11-14 days) which derive from

more primitive progenitors. and have a limited reconstitution

capacity in secondary transfers (Magli et al. 1982. Mulder at al. 1985.

Visser et al. 1984). ln vitro assays are based on a coJony-forming

assay. in which ceUs are cultured in soft agar over a feeder layer and

conditioned medium. In this assay. a variety of coJony-forming units

can be identified making it possible to identify cell-cell interactions

4
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and regulators for hemopoiesis. The development of long-term bone

marrow cultures by Dexter permitted sustained in vitro

hematopoiesis for months (Dexter et al. (977). However, under these

conditions lymphocyte production was not achieved. Whitlock and

Witte modified the conditions to permit the selective growth of B

lymphocytes (Whitlock and Witte (982). Such 10ng-term bone

marrow cultures revealed a requirement of stromal cell interactions

and colony stimulating factors for hemopoiesis. Early hemopoietic

progenitors require a combination of cytokines including IL-l. IL-3.

IL-6. CSF-l and c-kit ligand. The requirements for stimulation

factors var,. among later committed progenitors (Kincade et al. 1988,

Moore (991). Notably, IL-? is an essential factor for B

Iymphopoiesis. The in vitro and in vivo assays have permitted the

elaboration of a hierarchy of hematopoietic precursors. from stem

cells to fully differentiated terminal cells. in which the capacity for

self renewal rapidly diminishes and dissappears with differentiation.

Characterization and purification of stem cells have been difficult due

to their low frequency (about 0.01 %) in the hematopoietic tissues

(Jordan et al 1990, Spangrude (989). Stem cells are medium sized

(8-IOJlm). have Iymphoid morphology. slow sedimentation rate and

light buoyant density. They are mainly in GO. with only 15%-20% in S

phase (Musaschi et al. 1991). and thus are 5-FU resistant (Mulder et

al. 1985). They express in 10w amounts the glycoprotein Thy-l

(Muller-Sieburg et al.) and bind weakly the mitochondrial dye.

rhodamine 123 (Bartoncello et al. (985). They are Sca-l+ (van de

5
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Rijn et al. 1989), AA4.1 + (marker use for fetal stem cell purificacion)

(Jordan et al. 1990), and Lin- (8220-, Mac-I-, Gr-. CD4-, CD8-)

(Spangrude et al. 1988). Recently, Huang and Terstappen (1992)

reported a CD34+ HLA-DR- CD38- human fetal bone marrow cell able

to give rise to both hemopoietic stem cells and stromal cells.

2. B ceU development.

8 lymphocytes are one of the main components of the immune

system. Their primary function is the production of antibodies

capable of binding to antigens potentially harmfuI.

B lymphocyte development in adult mice can be divided into two

main phases, antigen-independent and antigen-dependenl. The first

phase includes the development of early precursors to form virgin

sIgM+ B cells, and occurs in the bone marrow. The second phase

includes the differentiation from B lymphocytes to antibody

secreting plasma cells and memory cells, and takes place in the

peripheral lymphoid organs (Osmond 1985).

During ontogeny, B lymphocytes (sIgM+) appear at day 17 of mouse

gestation (Raff et al. 1976). However, B cell precursors can be

detected transiently at day 10 of gestation in placenta and embryonic

blood, and at day Il in fetal liver (Melchers and Abramczuc 1980,

Paige et al. 1979). Small clusters of B220+ cells can be seen in 12

day fetal liver, and 3-4 days later, sIgM+ cells are detected in fetal

Uver, spleen and bone marrow (Paige et al. 1979, Kincade 1981).

Postnatal spleen and Uver produce a transient wave of B cell

6
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precursors and B lymphocytes over the first 2-3 weeks of Iife. By

this time the bone marrow has assumed the hematopoietic function

(Melchers and Abramczuc 1980). The first cell to be committed

solely to the B cell Iineage has not been identified. In in vitro

cultures. Cumano and Paige (1992) detected hemopoietic precursors

from 11-12-day fetal Iiver able to give rise to B lymphocytes. These

B cell precursors have the characteristic of bipotentiality. giving rise

to both B cells and macrophages but to no other myeloid Iineages

(although the T cell capacity was not analyzed) (Cumano et al. 1992).

B cells in fetal and neonatal mice show immature features. The ceIls

lack antigens on their surface and can easily be tolerized (Carnbier et

al. 1976. Metcalf and Klinman 1976). They show a preferential use

of lH proximal VH genes (Wu 1990. Ait 1987). and lack N regions in

IgH sequences (Feeney 1991). Newly produced B lymphocytes in the

bone marrow can also be easily tolerized (Melcalf and Klinman 1977).

They express slgM in increasing density with time. Other markers.

including la antigens. complement receptors and Fc receptors

develop after the beginning of slgM expression. a process that

probably takes place partly within bone marrow sinusoids (Osmond

and Batten 1984. Batten and Osmond 1984).

Virgin B lymphocytes leave the bone marrow via the marrow

sinusoids and central vein. and reach the spleen where they mature

fully by expressing IgD. becoming able to process and present

antigens. and to respond to immunological challenge (Brahim and

Osmond 1970. Yoshida and Osmond 1978, Osmond and Nossal 1974•

7
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Jacobsen et al. 1990. Allman et al. 1992). Recognition of foreign

antigens may activate B lymphocytes to proliferate and to

differentiate into antibody-secreting plasma cells and memory B

cells. Memory B cells represent a potentially long-Iived pool of

recirculating cells. A second encounter with the antigen triggers the

proliferation and differentiation of memory B cells. giving rise to a

secondary humoral immune response (Rajewsky et al. 1990.

Rajewsky et al. 1987).

2.1. B cell production in the bone marrow.

The bone marrow is the primary organ in the production of B cell

precursors in adult mice (Osmond and Everett 1964. Osmond and

Nossal 1974). B lineage cells represent approximately 25-30% of total

nucleated cells in adult bone marrow (Park and Osmond 1987). Their

number is age dependent. peaking in postnatal life and declining

with age (Miller and Osmond 1974). Aproximately 80% of bone

marrow lymphocytes are small (less than 8f.lm in diameter). are in

Go phase and have a high nuclear:cytoplasmic ratio. The remaining

Iymphoid cells are large and show proliferative activity (Miller and

Osmond 1975). Experiments with 3H·TdR continous infusion have

revealed two distinct populations of small lymphocytes in the bone

marrow, a major compartment of rapidly renewing ceIls and a minor

recirculating pool of slowly renewing, long Iived cells. The rapidly

renewed population. approximately 90% of bone marrow small

lymphocytes, has a renewal time of 3-4 days (half renewal lime, 18h;

8
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renewal rate, 3.9%/h) and derives from bone marrow precursor ce lis

(Miller and Osmond 1975). A combination of 3H-TdR labeling and

surface IgM radiolabeling has revealed that approximately 50% of

the bone marrow small lymphocytes are sIgM+ cells derived from

bone marrow small sIgM- lymphocytes, which in turn are renewed

from proliferating precursors (Osmond and Nossal 1974, Landreth et

al. 1981). The bone marrow production of B lymphocytes is

approximately 107 cells per day (Opstelten and Osmond 1983). If

they succesfully complete the differentiation process, most of the

newly-formed sIgM+ lymphocytes leave the bone marrow, and

migrate to the spleen and Iymph nodes.

2.2. B cell diversity.

B cell genesis generates a diversified repertoire of B cell specificities

able to respond to a wide variety of antigens. This is achieved by

immunoglobulin (lg) diversification. The B cell antigen receptor is a

glycoprotein consisting of the assembly of two identical polypeptide

heavy (H) chains and two identical light (L) chains bound by disulfide

bonds and non-covalent bonds. H and L chains are composed of a

variable (V) region at the amino-terminal, each consisting of one

folded domain of approximately lia amine acid residues, and a

constant (C) region at the carboxy-terminal end, consisting of one

domain in the L chain and of three or four domains in the H chain.

The constant region of the H chains (CH) forms the Fc portion of the

antibody, has the biological functions of fixing complement and

9
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binding to Fc receptors. and it is the antibody anchoring site. The CH

region determines the different classes or isotypes of antibodies

(IgM. IgO. IgG. IgE. and IgA). A B lymphocyte may "switch" isotypes

but keep the same V region. The VH region contains three

complementarity determining regions (CORs) intercalated into a

framework of highly conserved amino acids. The CORs are

hypervariable regions. and form. with the corresponding CORs of the

V L region. the antigen-binding surface of the antibody. There are

two types of L chains. kappa and lambda. Either type can be

associated with any of the different H isotypes. Antigen recognition

by the variable domains of the Ig is achieved by an ordered set of Ig

gene rearrangements which occur during the differentiation of

. precursor B cells. First. a diversity (OH) segment is brought to a

joining (JH) segment. Then a variable (VH) segment joins OJ. resulting

in a functional VOJ-CI! gene (Tonegawa 1983. Yancopoulus and Ait

1986). This is followed by rearrangements of kappa or lambda L

chain genes in which a VL segment is joined to a JL segment to yield

a functional L chain gene. The functional genes are transcribed into

precursor mRNA. which in turn becomes mature mRNA after splicing.

Mature mRNA is transcribed into polypeptide chains. The H and L

polypeptide chains further assemble to produce a complete IgM

molecule that is expressed on the surface membrane of a virgin B.

cell. The precise mechanisms of gene recombination are not well

understood. Flanking each Ig gene there are conserved ONA

recombinational signal sequences (RSS). The RSS are composed of

10



•

•

conserved heptamer and nonamer sequences separated by a

nonconserved spacer of 12 or 23 nucleotide pairs. Appropriate

joining occurs when a 12 spacer combines with a 23 spacer. The

recombinational complex recognizes the RSS. produces

endonucleolytic cuts at coding and recombination signal sequences

and exonucleolytic degradation of coding sequences. and ligates the

coding regions and RSS (Aguilera et al. 1987. Yancopoulos and Ait

1986). Terminal deoxynucleotidyl transferase (TdT) inserts

nucleotides at the DH-JH and VH-DHJH junctions. contributing to

antibody diversity (Ait and Baltimore 1983. Desiderio et al. 1984).

The components of the recombinational enzymatic complex are not

fully characterized. RAG-/ and RAG-2 gene products are invo1ved

either directly with recombinase activity. or as gene regulators or

activators of recombinase proteins (Schatz et al. 1989, Oettinger et al.

1990). The lack of either RAG-/ or RAG-2 in mice produces a

combined immunodeficiency due to the absence of VOJ

rearrangements in T and B lymphocytes (Shinkai et al. 1992,

Mombaerts et al. 1992).

Combinatorial diversification. resulting from ail the possible

combinations of V. (D) and J gene segments and the loss and gain of

nucleotides during gene rearrangements. accounts for an estimated

10 8 possibilities. This number is further increased by somatic

hypermutation in V region genes after antigenic stimulation

(Rajewsky et al. 1987. Golub 1987); a process for selecting of high

affinity B-cell clones (Liu et al. 1989).

1 1
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In order to ensure the monospecificity of the 8 cells, allelic exclusion

occurs. Once a functional H chain gene rearrangement is produced.

furtner rearrangements on the homologous chromosome wi!h the H

chain gene are inhibited. A similar effect occurs between L chain

alleles. and between kappa and lambda (isotypic exclusion). The

mechanisms of allelic exclusion are not fully understood. but may

depend partially on a feedback regulation of gene rearrangement

(Coleclough et al. 198\). Work with transgenic mice. in which H, L, or

HL rearranged genes are introduced. has revealed that the presence

of a functional transgene elicits allelic exclusion, although in an

incomplete form (Neuberger et al. 1989, Weaver et al. 1985,

Reichman-Fried et al. 1990. Ritchie et al. 1984). Expression of the

membrane form of the IJ. chain in association with the Ig~ -1 g lX

heterodimer seems to be required in order to produce allelic

exclusion (Manz et al. 1988, Iglesias et al. 1991). The products of

Vpre-B and À.-S genes (Kudo et al. 1987. Kudo and Melchers 1987),

iota and omega respectively (Pillai and Baltimore 1987), which

associate with IJ. chains forming a surrogate L chain. have been

proposed to signal pre-B cells to stop further H chain rearrangements

and to initiate L chain rearrangements (Tsubata and Reth 1990, Hollis

et al. 1989).

2.3. B ceU antigen receptor.

The sIgM molecules on mature B lymphocytes are non-covalently

associated with a disulfide-Iinked heterodimer (Hombach et al. 1988.
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Hombach et al. 1990, Campbell and Cambier 1990, Parkhouse 1990).

The heterodimer consists of two glycoproteins of 34 KOa (lgex) and 39

KOa (Ig~), products of the m b - J and B29 genes, respective1y

(Sakaguchi et al. 1988, Hermanson et al. 1988). Both genes are

expressed in early B cell progenitors, prior to f.1 expression, while

B29 expression is turned down in plasma cells (Sakaguchi et al. 1988,

Hermanson et al. 1988). Ea.ch IgHC associates with one ex - ~

heterodimer. In pre-B cells, the heterodimer associates with the

surrogate Iight chain complex. Cross-Iinking of the B cell receptor

produces autophosphorylation in Iga. and Ig~, as well as activation of

tyrosine kinases (Burkhardt et al. 1991), as in T lymphocytes after

activation through the T-cell receptor (Veillette et al. 1991).

However, the association of tyrosine kinases with the B cell receptor

is less weil characterized (Brunswick et al. 1992). Candidates are c

lyn (Yamanashi et al. 1990) and c-blk (Oymecki et al. 1989).

2.4. Cell sl/rface molecl/les defining B cell differentiation.

CD45 (Lel/kocyte common antigen). C045 defines a family of

glycoproteins present on ail nucleated hematopoietic cells. Its

expression is controlled in a tissue-specific manner and the different

forms are derived from alternative exon splicing of the same gene

(Thomas and Lefrançois 1988). The higher molecular form (220 KOa,

B220) is expressed by B cell progenitors as early as pro-B cells,

before the expression of f.1 heavy chains (Kincade 1987. Park and

Osmond 1987). The cytoplasmic domain of the C045 molecule is a
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tyrosine phosphatase (Ostergaard et al. 1989). implicated in T cel1

signalling in dephosphorylating the tyrosine kinase p56/ck (Veillette

and Davidson 1992). However. its role in Ig-mediated signais remains

unclear.

BP-l/6C3. The antibodies. BP-I (Cooper et al. 1986) and 6C3

(Whitlock et al. 1987). recognize a glycoprotein of 135-140 KDa

expressed on B cel1 precursors (Iate pro-B cel1s and pre-B cel1s) but

absent on mature B cel1s (Wu et al. 1990. Hardy et al. 1991). The

antigen is also expressed on sorne stromal cell Iines (Whitlock et al.

1987). BP-1/6C3 is a member of the metal10peptidase family of

ectoenzymes. suggesting a possible role in hydrolyzing potential

physiologically active peptide hormones (Wu et al. 1990).

Thy-l. Thy-I is a 25-30 KDa glycoprotein bound to the membrane

through a glycosyl-phosphoinositol-binding domain (Tse et al. 1985).

The antigen is expressed on pluripotent hemopoietic stem cells. early

B cel1 progenitors. T lymphocytes. early myelo- and erythropoietic

progenitors. as wel1 as certain non-hemopoietic cells. The intensity of

expression varies. Il is expressed in low amounts on mouse B cel1

progenitors. (Mul1er-Sieburg et al. 1986. Spangrude et al. 1988.

Reichman-Fried et al. 1990). The expression of Thy-I also differs

between species. In the rat. Thy-I is expressed strongly on al1 B

lineage cel1s (Hermans et al. in press). EI!-Thy-1.2 transgenic mice

develop bone marrow and Iymph node Iymphoid hyperplasia .

14



•

•

suggesting a possible role in proliferation of early B cell precursors

(Chen et al. 1987).

c-kit. The proto-oncogene c-kit encodes a transmembrane tyrosine

kinase receptor (Chabott et al. 1988) expressed on hematopoietic

progenitors (Ogawa et al. 1991). Mutations of the c-kit gene result in

a variety of defects of hemopoietic stem cell. germ cell. and

melanocyte development (Copeland et al. 1990. Hayashi et al. 1991).

Upon interaction with its ligand. autophosphorylation of c-kit. as weil

as phosphorylation of other signal transducers. occurs (Miyazawa et

al. 1991). The block of c-kit function by non-cytotoxic anti-c-kit

mAb impairs the development of myeloid and erythroid progenitors.

but not B Iymphopoiesis (Ogawa 1991). The expression of c-kit on B

cell . progenitors and its role on B Iymphopoiesis is described in

Chapter 6.

CDS (Ly-/). CD5 is a glycoprotein of 67 KD expressed on T cens and a

minor B cell population (Herzenberg et al. 1986. Lanier et al. 1981).

CD5+ B cel1s in adult mice represent 20%-40% of peritoneal cells. but

only 1%-2% of spleen cel1s. and they are even more rare in Iymph

nodes. Peyer's patches and bone marrow (Hayakawa et al. 1986).

Reconstitution experiments demonstrate the capacity of liver. spleen

and bone marrow of neonatal mice. and the failure of adult bone

marrow cells to reconstitute CD5+ B cel1s (Hayakawa et al. 1985). Ly

1+ B ceIls' appear to present a unique self-renewal capacity. Anti

IgM treatment eliminates permanently the population (Hayakawa et
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al. 1986). CD5+ B cells differ in their distribution among different

mouse strains. They are in low numbers in CBNN and DBA/2H. in

medium numbers in CBA. C3H and C57BLl10. high in BALB/c. and

extremely high in Motheaten and NZB mice (Hayakawa et al. 1983).

CD 5 + B ceIls have been implicated in the production of natural

polyreactive autoantibodies (Casali and Notkins 1989). CD5+ B cells

differ from CD5- B cells in their failure to undergo somatic

hypermutation after antigen encounter (Foster et al. 1988).

CD72 (Lyb-2). CDn is a transmembrane type Il protein of 40-45K.

Ils external domain is homologous to CD23 (von Haegen et al. 1990).

CDn is expressed on B cell precursors and is lost at the antibody

producing stage (Tung 1986. von Hoegen et al. 1990). Anti-Lyb-2

antibodies induce B cell proliferation and differentiation. either alone

or in combination with IL-4 (Snow et al. 1986. von Hoegen et al.

1990). Recently. CDn was found to be the ligand for CD5 (Van de

Velde et al. 1991).

3. B lymphopoiesis in the bone marrow.

3.1. Phenotypic differentiation of B cell precllrsors in the bone

marrow.

Based on thre·~ cytological markers. a scheme of B cell differentiation

in the mouse bone marrow has been proposed by Osmond et al. (Fig. 1).
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Figure 1. A scheme of B Iymphopoiesis in mouse bone marrow.

17



•

•

Pro-8 cells Pre-8 cells 8 cell

Early Intermedlate Late Large Small Immature

~~~
Stem cell 8220 8220 8220 8220

VHgenes G DJ DJ+VDJ VDJ VDJ VDJ

VL genes G G G G G+VJ VJ

Stromal adheslon Stromal Stroma-Independent
and factors

factors



•

•

The markers include 1) TdT. responsible for nucleotide insertions at

gene segment junctions. and restricted to lymphocyte precursors

(Park and Osmond 1989. Desiderio 1984). 2) the B220 (Ly-5. CD45)

B-Iineage associated glycoprotein (Kincade 1981 a. Landreth et al.

1983. Coffman et al. 1983). and 3) ~ heavy chains. expressed either

as intracytoplasmic (c~) or surface (s~) molecules in sIgM (Opstelten

and Osmond 1983). The use of these markers in double

immunofluorescence labeling has resulted in the identification of six

phenotypically distinct populations. and in the proposai of a scheme

of differentiation for B cell precursors in the bone marrow. The

scheme comprises three presumptive pro-B cell populations before ~

expression: 1) Early pro-B cells; TdT+B220-. 2) Intermediate pro-B

cells; TdT+B220+. and 3) Late pro-B cells; TdT-B 220+ (Park and

Osmond 1987). The next three populations. ail of them expressing

B220. include l) large dividing pre-B cells. c~+sW. 2) small non

dividing pre-B cells. c~+sW. and 3) B lymphocytes. s~+ (Landreth et

al. 1981, Opstelten and Osmond 1983).

A combination of double immunofluorescence and stathmokinetic

techniques has revealed that the population size and production rates

of early progenitors increase progressi vely at successive

differentiation stages. The cell size increases ur to the late pro-B cell

and large pre-B cell stage and decreases thereafter. with the

production of the small non-dividing pre-B cells. The scheme

provides for a sequence of at least 5-6 cell divisions. and a total

18



•

•

maturation time of 3.5 days from early pro-B cells to B lymphocytes.

(Park and Osmond 1989. Opstelten and Osmond 1983).

3.1. CeU loss during B ceU genesis.

The population dynamics of B cell precursors shows that in addition

to much proliferative expansion, a substantial cell loss of

approximately 75% occurs. Sorne loss may occur at any stage, but it

is most evident at the pre-B cell stage (Deenan et al. 1990, Park and

Osmond 1987, Opstelten and Osmond 1983, Landreth et al. 1981).

The mechanisms initiating cell loss may include· the development of

either non-functional or autoreactive Ig genes (Coleclough 1983,

Nemazee and Burki 1989, Murakami et al. 1992). Studies with

severe combined immunodeficient (scid) mice, in which H chain gene

rearrangements are defective (Bosma et al. 1983), have shown ail B

cell precursors are deleted at the late pro-B cell stage (Fulop and

Phi\lips 1988. Osmond et al. 1992). Disruption of the I! membrane

exons by gene targeting results in pre-B cell development arrest

(Kitamura et al. 199\). Cell loss in the bone marrow can also result

from deletion of autoreactive cells (clonai abortion). Nemazee and

Burki (1989) demonstrated the elimination of autoreactive cells in

transgenic mice expressing MHC 1 molecules with H2k haplotype in

an H2k environment. Thus autoreactive cells may be deleted in the

bone marrow following recognition of membrane-bound self antigen

(Hartley et al. 1991). Transgenic mice expressing an anti-erythrocyte
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autoantibody revealed in vivo deletion of autoreactive cells upon

encounter with the self-antigen (Murakami et al. 1992).

3.2. Regulation of B lymphocyte genesis in bone marrow.

B cell genesis in vivo is a delicately controlled homeostatic process.

Osmond et al. have shown that B cell genesis depends on a basal level

of production. as weil as a polyclonal expansion resulting from

environmental stimulation (see below).

Experiments with anti-lgM treatment of mice from birth have

revealed that B cell genesis is not dependent on a feedback control

from peripheral B lymphocytes (Fulop et al. 1983. Opstelten and

Osmond 1985). The finding that germ-free mice have a reduced

bone marrow lymphocyte production suggested that environmental

microbial stimulation may play a substantial role in determining the

level of bone marrow lymphocyte production (Osmond 1986).

Similarly. sheep RBC injection produced a transient increase in B cell

production. a T cell-independent mechanism. Repeated sheep RBC

·stimulation produced a sustained increase in B cell genesis (Fulop and

Osmond 1983. Fulop et al. 1986). Silica treatment or splenectomy

abrogated these effects (Fulop and Osmond 1983. Pietrangeli et al.

1985). which couId be transferred by the injection of spleen cells

from stimulated donors into naive recipients (Pietrangeli and Osmond

1987). The results indicate a role of activated splenic macrophages

in mediating the stimulatory effect.
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Macrophages may contribute to B cell genesis by releasing soluble

systemic factors. Such cytokines may have the capacity of controlling

cell proliferation by altering the cell cycle. as weil as regulating cell

differentiation and maturation. Cytokines activate intracellular

signais which may give rise to biochemical changes in targeted cells

or may induce the release of secondary cytokines. The release of

cytokines with local. paracrine or pleiotropic actions among other cell

types is characteristic of macrophages.

Stimulated macrophages are one of the main sources of tumor

necrosis factor (TNF). Ils production is induced by IL-I. which in

turn can be induced by TNF (Phillip and Epstein 1986). TNF has a

broad variety of actions. including the stimulation of cell growth.

induction of expression of adhesion molecules and histocompatibility

molecules. synergy with several cytokines. and induction of apoptosis

(Kehrl et al. 1987. Moore 1991). TNF enhances proliferation and

differentiation of human B cells (Kehrl et al. 1987. Jelinek and Lipsky

1987). TNF can enhance radioprotection. as weil as promote the

proliferation and differentiation of granulocytic and monocytic

Iineages (Urbaschek et al. 1987).

IL-I has many activities which overlap those of TNF in regulating

early hemopoietic progenitors. growth activity. induction of

expression of adhesion molecules. and release of secondary cytokines.

IL-6 and IL-4. by stromal cells (Moore 1991. Dinarello 1987. King et

al. 1988. Gimble et al. 1991). In vitro. IL-I synergizes with other

cytokines in promoting the proliferation of human B lymphocytes
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(Bertoglio 1988. Jelinek and Lipsky 1987). It induces the synthesis

of Iight chains and proliferation of a murine pre-B cell line (Giri et al.

1984. Billips at al. 1990). IL-I has generally been regarded as

suppressing B cell genesis. Recent in vivo experiments with

continous infusion of small doses of IL-1. however. show an increase

in the number and proliferative activity of pre-B cells. an effect

thought to be mediated by stimulating bone marrow stromal ceIls to

release short-range factors (Fauteux and Osmond. unpublished

results).

In response to stimulation. macrophages produce both IL-I and TNF

(Dinarello 1992. Titus et al. 1991. Semenzato 1990). In chronic

inflammatory granulomata. macrophages produce IL-!. TNF. both of

which induce and maintain the granulomas. as weil as IL-6 (Kindler

1989. Libert et al. 1990. Nordan and Potter 1986). IL-6 overlaps

with IL-I and TNF in its activities (Hirano et al 1986. Hirano 1992).

The hemopoietic actions of IL-6 include stimulating the growth and

differentiation of Band T lymphocytes and hemopoietic stem cells

(Vink 1988. Vam Damme 1988. Moore 1991. Muench et al. 1992).

IL-6 has been implicated in plasmacytoma genesis and myeloma

growth (Nordan and Potter 1986. Kawano et al. 1988. Suematzu et al.

1989. Suetmatzu et al. 1992).
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4. Bane marrolV microenvironment and B ceU genesis.

4.1. Bane marrolV architectllre.

The bone marrow is composed of two compartments. intravascular

and extravascular. Hemopoiesis occurs in the extravascular

compartment. where hemopoietic cells co-exist with stromal cells.

Among these stromal cells are reticular cells. macrophages and

adventitial reticular cells (Weiss 1984). The stromal cells are

localized around the venous sinuses and near the endosteum. Their

long processes are associated with hemopoietic cells. B cell

progenitors start to differentiate in association with reticular cells

near the endosteum. in discrete clusters (Jacobsen and Osmond

1990). With maturation. the cells would tend to move along the

stromal processes towards the more centrally located sinuses.

Newly-formed slgM+ B lymphocytes traverse the sinusoid wall and

accumu1ate temporarily within the lumen of restricted segments of

the sinusoids before their release into the b100d (Hermans et al.

1989. Jacobsen et al. 1990). Aberrant B cells. undergoing a

programmed cell death. are recognized and deleted by macrophages

a10ng the way (Osmond et al. 1992. Jacobsen and Osmond 1991).

4.2. Stroma/-ceU interactions and short-range mediators.

The deve10pment of the long term bone marrow culture system by

Whitlock and Witte permitted the study of interactions between B

cell precursors and bone marrow stromal cells (Whitlock and Witte

1982. Witte et al. 1987). B cell precursors depend for their survival
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on stromal cells. an interaction which requires adhesion to stromal

cel1s and stromal cell factors (Kincade et al. 1988, Kincade 1991).

Adhesion molecules fal1 into three families: 1) Ig superfamily

adhesion receptors which include dimeric forms, C08, MHC-I and II.

TCR components. and monomeric molecules. LFA-2 (C02). LFA-3

(C058). ICAM-!, ICAM-2, YCAM-I and C04; 2) the integrin family,

heterodimers of non-covalemly associated ex and ~ subunits. Three

integrin subgroups may be differentiated based on their ~ subunits:

~·I (C029) represented by YLA-!,-2,-3,-4.-5,and -6; ~-2 (CD 18).

LFA-!, Mac-l and pI50-95; and ~-3 (C061) including vitronectin

receptor and plate!et GP lIb/lIa. 3) the selectin family. which

includes LAM-I (Mel-14), ELAM-I and C062 (PAOGEM, GMP-140)

(Reviewed by Springer 1990). The roles of adhesion molecules are

diverse. Sorne are used to promote cel1-cell interactions, as in the

case of LFA-l which binds to ICAM-l and ICAM-2, YLA-4 binding to

YCAM-I, or C02 to YLA-4. Other molecules are involved in cel1

extracellular matrix interactions. Thus, YLA-4 binds to fibronectin.

and YLA-2 binds to laminin and collagen. Adhesion molecules also

work as signalling receptors (Schwartz 1992, Tanaka et al. 1993).

The distribution of adhesion molecules is variable. Sorne members

are widely expressed by different cel1 types. while others are

restricted to particular cells. The ~-2 subfamily is restricted to

leukocytes (Springer 1990. Kincade et al. 1988). The disruption of

cel1-cel1 interactions between lymphocyte progenitors and stromal

cel1s by enzymatic digestion or antibodies against adhesion molecules
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can arrest the development of precursor B cells (Miyake et al. 1990a.

Miyake et al. 1990b. Witte et al. 1987). Stromal cells produce many

extracellu1ar matrix components. including fibronectin. laminin. type

IV collagen and glycosaminoglycans (Witte et al. 1987). Components

of the cel1ular matrix have been implicated in cell adhesion. as weil

in binding short-range factors (Dorshkind 1990. Miyake et al 1990c.

Bernardi et al. 1988. Miyake et al. 1991). Recently. the i" vivo

expression of a stromal cell marker localized to areas of contact

between B cell precursors and stromal cells suggests that stromal

cel1s may polarize surface antigens. forming special restricted niches

for hemopoiesis (Jacobsen et al. 1992). Stromal cells produce short

range mediators. including IL-4. IL-7. and TGF-~. which affect B cells

in culture (Kincade 1991). IL-7 has been shown i" vitro to be the

most relevant interleukin in the production of early B ccli

progenitors. probably before the rearrangements of light chains

(Namen et al. 1988. Lee et al. 1989. Henderson et al. 1992). Recent

studies i" vivo show that conti nous infusion of IL·7 produccs a

sustained increase in the proliferation of both pro-B cells and pre-B

cel1s in murine bone marrow (Valenzona and Osmond. unpublished

results). IL-4 increases the i" vitra survival of pre-B cells. and is a

cofactor for pre-B cell differentiation (King et al. 1988. Simons et al.

1989. Billips et al. 1990).
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5. B œil genesis and its implications in neoplasias.

The B cell lineage is prone to neoplastic changes. B cell tumors

include a wide variety of phenotypes. from early precursors to late

differentiated forms. The etiology of neoplasias in volves a

combination of more than one genetic accident (Marshall 1986. Croce

1987. Bishop 1987). Chromosomal abnormalities can be

demonstrated in many B cell tumors. occurring alone or in

combination with deletions. inversions. hyp... diploidy. hypodiploidy

and pseudodiploidy. The associations of non-random chromosomal

translocations with Band T cell leukemias and 1ymphomas are

particularly intriguing. Many chromosomal translocations probably

occur when precursor ce Ils are active1y rearranging antigen receptor

genes. A role of recombinase enzymes in chromosoma1 translocations

has been suggested (Haluska et al. 1987. Altiok et al. 1989).

Oncogenes coincide with positions of specifie translocation

breakpoints (Bishop 1987). which may be directly implicated in

dysregulating oncogene activity (Graves 1986. Felix 1987. Haluska

1987). Burkitt's lymphoma arises as a consequence of chromosomal

translocations occuring in B cell progenitors. and is associated with

endemic malaria. Epstein-Barr virus and AlOS (Klein and Klein 1985.

Lenoir and Bornkamm 1987. Lombardi et al. 1987). Ali

translocations in Burkitt's lymphoma involve a chromosome 8

breakpoint. q24. containing the c-myc oncogene. The other

breakpoint includes one of the chromosomes containing 19 gene loci:

heavy chain (14q32) in aproximately 75% of cases; À chain (22q13) in
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• 15%. and le chain (2qI2) in sorne 5%. In each case. C-IIl)'C lies adjacent

to the Ig gene sequences (Kirsh et al. 1982. Yunis 1983). Murinc

plasmacytomas induced by minerai oil also contain a characteristic

chromosomal translocation involving the IgH locus and C-IIl)'C (12; 15)

(Potter and Wax 1983. Piccoli et al. 1984). The C - III )' C / 1g

•

translocations result in a constitutive expression of C-III)'C and cell

cycle deregulation (ar-Rushdi et al. 1983. Nishikura et al. 1983. Croce

1987). Transgenic mice bearing a C-III)'C oncogene influenced by the

IgH chain enhancer (EJl-m)'c transgenic mice) develop B ccII

neoplasias after a prelymphomatolJs state (Langdon et al. 1986). The

appearance of tumors is hastened in mice expressing two deregulated

oncogenes. evidencing the cooperation between oncogenes in the

development of neoplasias (Sinn et al. 1987. Vaux et al. 1988. Nunez

et al. 1989. Strasser et al. 1990. McDonnell and Korsmeyer 1991).

Dysregulations. possibly predisposing to oncogenesis. may result from

perturbations at a number of different points in the chain of B cell

regulatory events. However. the B cell precursors may be

particularly susceptible to genetic accidents while proliferating at the

time when Ig genes are being rearranged. If so. any condition

associated with increased levels of B precursor cell prol iferation

might also carry an increased probability of producing genetic errors.

6. Purpose of the study and introduction to the experimental work.

The present series of studies has been designed to evaluate the

effects of several mechanisms that may serve to regulate or to
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perturb the proliferation and loss of precursor 8 cells in mouse bone

marrow. and to consider the possible relevance of these effects to

normal B cell genesis and oncogenesis. ln vivo quantitation of

phenotypically defined precursor 8 cells and of their population

dynamics has been performed by double immunofluorescence

labeling and mitotic arrest techniques.

The model of Osmond et al. proposes that B cell genesis in the bone

marrow reflects two regulatory mechanisms; a basal production

regulated by microenvironmental conditions. and a polyclonal

amplification regulated by environmental stimuli. macrophage

activation. and the systemic release of factors that may have

modulatory effects on stromal ceIls (Fig. 2). From this model. two

propositions can be made: l) The in vivo clonai size and total

number of 8 lymphocytes produced in the bone marrow can be

influenced by external stimuli; 2) Conditions associated with external

stimuli may produce sustained increases in proliferation of 8

lymphocyte progenitors in the bone marrow at the stage of Ig gene

rearrangements. which in turn may increase the probability of genetic

errors. dysregulation and initiation of neoplasia. In Chapters 3 and 4

we test this hypothesis that conditions associated with excessive non

specifie macrophage activation may increase the proliferative activity

of early B cell precursors in the bone marrow at a stage when Ig gene

rearrangements occur. thus predisposing to 8 cell neoplasias. These

studies comprise conditions of pristane-treatment and malaria-
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infection, both of which are associated with chronic macrophage

activation and with B cell neoplasias.

Dysregulations predisposing to oncogenesis may result from

perturbations in a number of different regulatory events. In Chapter

5 we examine the cellular perturbations in the prolifeflltive

dynamics and microenvironmental associations of B cell precursors

produced by dysregulation cf the c - 11/ Y c oncogene in Efl-m y c

transgenic mice, ail of which eventually sucumb to B cell tumors.

The hemopoietic cell lineages undergo processes of differentiation

from stem cells and proliferative expansion. /11 vivo, B cell

precursors pass continuously from one phenotypically defined

compartment to the next. Cell growth factors and cell associations

regulate the process of B cell differentiation and proliferation.

However, the precise interactions and factors regulating early B

precursor compartments remain largely unknown. Regulatory

mechanisms operating during pro-B cell stages of development could

have important implications for the normal clonai development of B

cell lymphocytes as weil as perturbations leading to B cell neoplasias

and deficiencies. Chapter 6 deals with the stages in the development

of B cell precursors at which the proto-oncogene c-kil is expressed

under physiologieal conditions, examines their normal proliferative

dynamics, and assesses the functional significance of c-kit activity on

precursor B cell development, by using a neutralizing anti-c-kit

antibody in vivo.
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Dysregulation of B cell genesis is also produced by mutations which

impair Ig gene rearrangement. In Chapter 7 we analyse the

proliferative dynamics of B cell precursors in mice with the severe

combined immunodeficiency mutation (sc id) and the effects of

introducing Ig heavy chain and Iight chain transgenes. thus

evaluating the role of IgM expression in the differentiation and

survival of precursor B ceIls in mouse bone marrow.

The rationale and objectives of each of these studies are presented

more fully in the introductory sections of the appropriate Chapters.
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Figure 2. Model of the influence on B cell genesis of macrophage

derived systemic cytokines.
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Materials and Methods
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MATERIALS and METHOOS

The following materials and methods are common to chapters 3. 4. 5.
6 and 7.

Antibodies.

Fluorescein isothiocyanate (FITC)- and tetramethyl rhodamine

isothiocyanate (TRITC)-conjugated affinity-purified goat anti-mouse

J.l. heavy chain (Kirkegaard and Perry Laboratories. and Southern

Biotechnology Associates Inc.. Birmingham. AL). were both used at

50J.l.g protein/ml. Affinity-purified rat mAb 14.8 (Kincade et al

1981b) was used at 13J.l.g protein/ml to bind to B220 surface

glycoprotein. FITC-conjugated goat anti-rat IgG (Kirkegaard and

Perry Laboratories) was used as the secondary antibody at 50J.l.g

protein/ml. mAb 14.8 was also used for direct immunofluorescence

labeling after being FITC-conjugated and diluted 1:5. Rabbit anti-TdT

(Supertechs Inc.. Bethesda. MD) was used at 13J.l.g protein/ml. and

detected by the binding of TRITC-conjugated goat anti-rabbit IgG

F(ab'h (Jackson Immunoresearch Laboratories Inc.. Missisauga. ON)

at 136J.l.g protein/ml. Ali antibodies were diluted with PBS (pH 7.2)

and centrifuged for 30min at 120.000g using an air-driven

ultracentrifuge (Airfuge. Beckman Instruments. Palo Alto. CA) to

remove aggregates just before use.
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Metaphase arrest.

Mice were given vincristine sulfate (Sigma Chemical Co.. St. Louis.

MO) ip at a dose of 1mglkg body weight to stop ceIls in metaphase

2h40min before sacrifice. a time interval which corresponds with the

middle of the Iinear phase of accumulation of mitotic ceIls (Opstellen

and Osmond 1983. Wright and Appleton 1980).

Bone marrow and spleen cell suspensions.

After killing mice by cervical dislocation. bone marrow was flushed

from the femoral shafts using Eagles' MEM (pH 7.2) containing 10%

(v/v) newborn calf serum (NCS) (Gibco Laboratories Life Technologies

Inc .• Grand Island. NY). Spleens were suspended by passing through a

stainless steel sieve in îce-cold MEM-NCS. Particles were removed

from bone marrow and spleen cell suspensions by sedimentation into

lml NCS. Cells were centrifuged at IIOOrpm for 7min at 4oC.

resuspended in MEM-NCS and the number of nucleated ce Ils was

determined using an electronic particle counter (Coulter Electronics

Ltd.• Burlington. ON).

lmmunofluorescence labeling.

Double labeling of surface and cytoplasmic Ji. chains.

Bone marrow and spleen cell suspensions (501l1: 40x 106 cell s/ml)

were .incubated in microwell plates with an equal volume of anti-Il

FITC for 30min on ice to label surface Il chains (sil). The cells were

washed three times by centrifugation (llOOrpm. 5min. 40 C) in PBS

(pH 7.2) containing 2.5% NCS. and resuspended in 0.95ml of medium
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containing 0.I5M NaCI. 2.7mM EDTA (Fisher Scientific Co.. Fairlawn.

NJ) and 5% (wt/v) BSA (Boehringer Mannheim. Germany). pH 7.4.

Samples of 4xI05 cells were cytocentrifuged at 1l00rpm for 5min

(Shandon Cytospin. Shandon Southern Instruments Inc.. Sewickly,

PA) cnte glass slides previously coated by centrifugation (lOmin.

1500rpm) with lOO1l1 of PBS/BSA (3% w/v) and quickly air-dried.

The cells were fixed in 5% (v/v) glacial acetic acid in absolute ethanol

(12min. on ice). hydrated in PBS. and incubated with 30111 of anti-Il

TRITC (30min. on ice) to label cytoplasmic Il chains (Cil). and

washed.

Double labeling of 8220 glycoprotein and J.L chains.

Bone marrow and spleen cell suspensions (501l1; 40xI06 cells/mI)

were incubated with an equal volume of mAb 14.8 (30min. on ice).

washed. and exposed to FITC-conjugated goat and-rat IgG (30min. on

ice). The cells were washed. cytocentrifuged' and fixed as above.

Cytospot preparations were exposed to TRITC-anti-Il. as above. to

label Il chains. including both cil and sil.

Double labeling of 8220 glycoprotein and TdT.

After B220 labeling. as above. cytocentrifuge preparations were fixed

in absolute methanol (30min, on ice). exposed to gradually reducing

concentrations of methanol in PBS. incubated with normal goat

serum. washed. and exposed to rabbit anti-TdT (overnight. room

temperature) followed by TRITC-conjugated goat anti-rabbit IgG

F(ab'h (30min. room temperature).
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Immunofluorescence analysis.

Cytocentrifuged immunolabeled ceUs were mounted in 90% (v/v)

glycerol (Fisher Scientific. Nepean, ON) in PBS (pH 8.0), containing

0.1 % (w/v) para-phenylenediarnine (Sigma Chemical Co., St Louis,

MO). to reduce fading of the fluorescein during microscopy (Wright

and Appleton 1980). and sealed with nail polish. The preparations

were examined using a phase-contrast. epifluorescence microscope

(Carl Zeiss of Canada. Don Mills. ON) equipped with a 100X neofluar

PH2 oil immersion objective and an HBO 50 Mercury lamp.

Individual ceUs were scored for a) single labeling with either FITC

alone (B220+1J.") or TRlTC alone (cl1+slJ.". TdT+B220-). b) double

labeling with FITC plus TRITC (TdT+B220+. cl1+sl1+). Labeled ceUs

were examined by phase contrast to detect ceUs in Metaphase.

The incidence of TdT+B220- ceUs. TdT+B220+ ceUs. B220+11- cens.

cil+ slJ." ceUs and sl1+ ceUs. as weU as the proportion of ceUs in

Metaphase. were derived in each case by examining at least 2000

nucleated cens. including 100 cens of each phenotype. The incidence

of labeled ceUs was multiplied by the total ceUularity of the bone

marrow and spleen suspensions to determine the absolute number of

B lineage ceUs of each phenotype.
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CHAPTER3

Perturbation of B cell genesis in the bone marrow of pristane-treated

mice: implications for plasmacytoma induction
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SUMMARY

Previous work has demonstrated that the activation of splenic

macrophages can stimulate primary B cell genesis in mouse bone

marrow. We hypothesise that conditions of prolonged macrophage

activation may predispose to oncogenesis in the B cell lineage by

stimulating the proliferation of early precursor B cells. thus

increasing the probability of genetic errors during 19 gene

rearrangement. The present work has tested whether primary B cell

genesis in the bone marrow is aItered by intraperitoneal injection of

pristane oil. a treatment which produces macrophage-rich

granulomata in the peritoneal cavity and leads to plasmacytoma

formation. lmmunofluorescence labeling of intranuclear terminal

deoxynucleotidyl transferase (TdT). cell surface B220 glycoprotein.

cytoplasmic /.1. chains (c/.l.) and surface (s~) chains together with

mitotic arrest techniques. have been used to quantitate precursor B

cell population dynamics. After a single intraperitoneal injection of

0.5ml pristane oil in BALB/cAn mice. a plasmacytoma-susceptible

strain. the TdT+ early and intermediate pro-B cells (TdT+B220-;

TdT+B220+) showed sustained increases in population size and in the

number of cells flowing through mitosis. returning towards normal

values by 12-20 weeks. ln contrast. the later precursor cell

populations of late pro-B cells (TdT-B220+). pre-B cells (c/.l.+s/.l.") and

B cells (s/.l.+) were consistently depressed for 4-12 weeks. BALB/cAn

mice treated in the drinking water with indomethacin. a
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• prostaglandin synthesis inhibitor, showed similar responses to

pristane treatment. Pretreatment with silica particJes, toxic to

macrophages, prevented the proliferative response of TdT+ pro-B

cells to pristane injection. Injection of washed peritoneal cells from

pristane-treated BALB/cAn mice produced sorne stimulation of pro-B

cells in the bone marrow of normal recipient BALB/cAn mice. In

DBA/2 mice, although resistant to pristane-induced

plasmacytomagenesis. the responses of precursor B cells to pristane

resembled those of BALB/cAn mice. The results reveal a prolonged

proliferative stimulation of early precursor B cells. presumptively at

the stage of VH gene rearrangement, in the bone marrow of pristane

injected mice during the latent period before plasmacytoma

development. This effect appears to be at least partially

macrophage-mediated but not dependent on prostaglandin synthesis.

The concurrent depression of late pro-B cell. pre-B cell and B cell

populations suggests an exaggerated degree of cell loss. possibly

reflecting an increased incidence of aberrant cells. The findings are

consistent with the hypothesized causal link between high levels of

macrophage activation and a bone marrow origin of B cell neoplasias.

If so. strain-dependent resist2nce to pristane-induced plasmacyto

magenesis appears to operate at a later stage in the oncogenic

process.
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INTRODUCfION

The B cell Iineage is prone to neoplastic changes which can lead to a

variety of phenotypically distinct tumors. Recent evidence suggests

that B cell tumors develop as a result of a series of deregulatory

steps which may start as mistakes in the rearrangement of

immunoglobulin (lg)l variable region (V) gene segments during the

primary genesis of B cells in the bone marrow (1-11). The identity of

susceptible precursor B cells and the factors which may initiate

neoplastic change are unknown. Possible candidates are suggested

by studies of primary B cell genesis in mice (12).

A sequence of proliferating precursor B cell stages in mouse bone

marrow has been defined by immunofluorescence labeling of 3

molecular markers of B cell differentiation; terminal

deoxynucleotidyl transferase (TdT), an intranuclear enzyme

expressed during VH gene rearrangement inserting nuc!eotide

sequences at gene segment junctions (13,14), the B Iineage-associated

cell surface glycoprotein, B220 (15,16), and 1.1. heavy chains of IgM,

expressed either as free 1.1. chains in the cytoplasm (cl.1.) or in IgM

molecules at the cell surface. Three putative populations !Jefore

expression of J.L chains, termed early, intermediate and late pro-B

cells (TdT+B220-, TdT+B220+, B220+1.1."), have been proposed to

precede the development of pre-B cells (cl.1.+sW), which finally give

rise to non-dividing B cells (sl.1.+) (21-24). A combination of

phenotypic analysis and mitotic arrest techniques has been used to
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quantitate both the number of cells in each population and the rate

at which cells f10w through proliferative cell cycle at each

differentiation stage (17,20,21). A sequence of mitoses at each pro-B

cell and pre-B cell stage leads to progressive expansion of the

population of developing precursor B cells. This appears, however, to

be accompanied by a considerable degree (75%) of cell deletion at the

pre-B cell stage before the newly-formed virgin B cells are

discharged from the bone marrow to enter the B cell populations in

the peripheral immune system (17,21,24,25). Much cell 10ss may

represent a culling of cells which had undergone defective VH gene

rearrangements (26).

The proliferative activity of precursor B cells in mouse bone marrow

can be stimulated by the activation of distant macrophages in the

spleen. A single intraperitoneal (ip) injection of sheep red blood cells

(SRUC) is followed by a wave of increased proliferation of precursor B

cells in the bone marrow (27,28), including TdT+ pro-B cells

undergoing VH gene rearrangements (21). This effect on all stages of

B cell genesis is abrogated completely by prior treatment with silica

particles. an agent toxic to macrophage~ (29-32), and by

splenectomy, indicating that it is mediated by activated macrophages

located in the spleen (33-34). The stimulatory effect can be

adoptively transferred by spleen cells from SRBC-injected donors to

untreated hosts (35). Repeated injections of SRBC. simulating

exposure to sustained environmental stimuli, produce expansion of
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population sizes of precursor B ceIls in the bone marrow as weil as an

absolute increase in their proliferation. elevating the entire sleady

state of primary B cell genesis (36). These findings have led us to

propose the hypothesis that pathological degrees of chronic

macrophage activation may play an etiological role in initiating

oncogenesis in the B cell Iineage (12). A sustained increase in

number and proliferative activity of pro-B cells. and thus in total VH

recombinatorial activity. would increase the probability of

chromosome breaks and genetic aberrations. including chromosomal

translocations. capable of initiating the multiple steps towards

neoplasia.

A primary phase of macrophage activation is a prominent feature of

pristane-induced murine plasmacytoma. The intraperitoneal

injection of pristane oil (2.6.1O.14-tetramethylpentadecane) in

BALB/cAn mice is followed after a latent period of 120 days or more

by the development of malignant plasmacytomas (37-41). The

nonmetabolizable pristane oil evokes the formation on the

peritoneum of chronic granulomatous tissue. rich in macrophages

that have ingested pristane oil droplets and show evidence of

activation (42). The plasmacytomas are characterized by a

chromosomal translocation that juxtaposes the c-myc gene to one of

the Ig-coding genes. resulting in constitutive expression of c -mye

(43). The onset of plasmacytoma can be accelerated by repeated

doses of pristane (38) or infection by Abelson murine leukemia virus
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(A-MuLV) (39,41,43). The mechanism and initial target cell of

pristane-induced plasmacytomagenesis have not been established.

To determine whether pristane-induced granuloma formation and

macrophage activation may exert an effect on the early stages of the

B cell lineage we have now assayed precursor B cell populations and

their proliferation in the bone marrow of pristane injected mice.

Susceptible BALB/cAn mice have been examined at intervals up to 6

months after a single ip injection of O.5ml pristane oil. The various

precursor B cell populations have been quantitated by double

immunofluorescence labeling and' direct epifluorescence microscopy

at a fixed interval (2h40min) after injecting vincristine sulfate to

cause dividing cells to accumulate as they enter metaphase (17).

Each differentiation stage has thus been analyzed for population size

(number of cells/femur) and production rate (number of cells

entering mitosis/unit time/femur) at various times after pristane

injection. Treatment of BALB/cAn mice with indomethacin. a

prostaglandin (PG) synthesis inhibitor (44). during the latent period

of pristane-induced plasmacytoma development. greatly inhibits

plasmacytoma formation without preventing the appearance of the

characteristic granulomata (45). To determine whether indomethacin

treatment might exert its protective effect by blocking pristane

induced changes in precursor B cell activity and whether such

changes are PG-mediated. pristane-injected BALB/cAn mice have

been given indomethacin continuously in the drinking water during
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the analysis of bone marrow B Iineage cells for periods up to 4

weeks. To examine whether pristane-induced effects on precursor D

cells are mediated by activated macrophages. BALB/cAn mice have

been given pristane ip after pretreatment with an injection of small

particles of silica. toxic for macrophages. Previous work has shown

that macrophage activation in the spleen following systemic

administration of foreign materials is associated with a stimulation of

precursor B cell proliferation in mouse bone marrow. apparently

mediated by soluble factors (27.28.33-35). We have now used silica

particles to ablate macrophages. as weil as transfers of spleen cells

and peritoneal exudate cells from pristane-injected donors, to

examine the role of macrophages in producing the effects of pristane

injection. Unlike BALB/cAn mice, sorne other inbred strains are

genetically resistant to the induction of plasmacytomas by pristane

(45). To examine whether genetic resistance may operate at the

level of the early precursor B cells, these cells have been assayed for

periods of up to 32 wk in the bone marrow of pristane-injected

DBA/2 mice, a strain reported to be resistant to plasmacytoma

induction (45). The work reveals that pristane injection exerts a

stimulatory effect on the early and intermediate pro-B cells in the

bone marrow, which maintain increased population sizes and

proliferative activity for prolonged periods of time, together with a

reduction in activity of more differentiated precursor B cells,

suggesting the production of many aberrant cells. The work focuses
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attention on the early stages of B cell genesis in the bone marrow as

possible target cells for the initiation of genetic events leading to

neoplasia.

MATERIALS and METHODS

Mice. BALB/cAn and DBA2 male mice were supplied by Dr. M. Potter

(N.LH. Bethesda. MD). and Dr. J. Wax (Hazelton Labs. MD). Mice were

maintained in microisolators. and used at 6-10 wk.

Mineral Oil. Pristane (2.6. 10. 14-tetramethylpentadecane. Aldrich

Chemical Co.• Milwaukee. WI) was injected ip in a dose of' 0.5ml (38).

Indomethacin. Mice were given indomethacin (Sigma Chemical Co.•

St. Louis. MO) or vehicle (0.2% ethanol) in the drinking water.

Indomethacin was dissolved in absolute ethanol and diluted in tap

water to achieve a final concentration of 10J.Lg/ml (42,46). Water

bottles were changed every 2 days. There was no observed

difference in the amount of water consumed between groups of mice

given indomethacin and groups given the vehicle alone.

Si/ica. Silica particles. 0.012J.Lm in size (Sigma Chemical Co. St. Louis.

MO) were suspended in sterile saline to a concentration of lOmg/ml

and autoclaved. Mice were given 0.3ml of the suspension ip (33.34).

Control mice received 0.3ml saline ip.
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Peritoneal cell and spleen ce/l tran/ers. Donor mice were injected ip

with O.5m1 of pristane oil. Control animaIs received an ip injection of

O.5ml sterile saline. The animaIs were killed 15h later. The

peritoneal cells were collected by peritoneal lavage (1 ml saline was

injected into the peritoneal cavity of dead mice. the abdomens were

massaged. and the cells were aspirated using a syringe and ISG

needle). The peritoneal cells were w••shed in PBS by centrifugation

to removed any trace of oil. and were injected ip into naive syngeneic

recipients. giving one donor's peritoneal cel1s per recipient. After

collection of peritoneal cel1s. peritoneal cavities were opened and the

spleens were removed. The spleens were rinsed thoroughly with

PBS. chopped into pieces of approximately 2mm. suspended in O.3ml

of saline. and injected ip into naive recipients using a ISG needle

(one donor's spleen equivalent per recipient). All procedures were

carried out under sterile condi tions.

The population sizes and production rates of the B cell precursors

were determined using double immunofluorescence labeling and

mitotic arrest techniques. as described in Chapter 2.
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RESULTS

Precursor B cells in pristane-injected BALBIcAn mice.

A single ip injection of O.5ml pristane oil produced marked

perturbations in the populations of precursor B ceIls in the bone

marrow of BALB/cAn mice (Table 1). Early and intermediate pro-B

cells (TdT+B220- and TdT+B220+ cells. respectively) increased in

number during the first 7-lOd after pristane injection. remained

elevated after 4 wk and returned towards normal values at 12-33

wk. In contrast. late pro-B cells (B220+1J."). pre-B ceIls (C~l+SIJ. -) and

B cells (slJ.+) ail declined sharply in numbers for 7-10d. remained

depressed for 12 wk and recovered only partially at 24-33 wk. The

number of slJ.+ B cells in the spleen also tended to stay at subnormal

or normal levels after a transient increase in the first 3-4d (Table 1).

A measure of the rate of production of dividing precursor B cells at

each phentoypic stage of differentiation was given by the number of

cells per femur which had accumulated in metaphase during a

standard time interval (2h40min) after injecting vincristine to stop

ceIls in mitosis (Table 1). By this criterion. the production rates of

early and intermediate pro-B cells increased rapidly to plateau

values at 1-4 wk returning to normal or subnormal values by 12 wk.

Late pro-B cells. on the other hand. after initially maintaining normal

production rates for 7d. showed much reduced production at 4-12

wk. returning progressively to normal by the end of the 8 month

experimental period.
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Figure 1 compares the patterns of response in the various precursor

B cell populations in the bone marrow by expressing the size ~f each

cell population relative to its respective normal value. Early and

intermediate pro-B cells showed sustained increases to about twice

their normal population sizes. associated with 2.0-2.5Xnormal

production rates. Late pro-B cells. pre-B cells and B cells in contrast,

fell to 25-50% normal numbers for 12 wk. The production rate of

late pro-B cells fell to about one quarter normal at 4-12 wk after

initially maintaining normal values.

At particularly late intervals (6-8 months), studied in a second series

of experiments, the production rates of pro-B cells again appellred to

be elevated and the number of splenic B cells increased (Table I).

Precursor B ceUs in pristane-injected BALBlcAn mice durillg tumor

development.

Sorne BALB/cAn mice in the latter part of the experimental period

(6-7 months after pristane administration) developed copious ascites

fluid in which numerous plasma cells were detected in

cytocentrifuged preparations stained with MacNelll's tetrachrome.

The pattern of precursor B cell activity in the bone marrow of these

mice with ascites. presumptive plasmacytomas, generally resembled

that in mice having no evident ascites at similar post-pristane
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intervals. though production of late pro-B and pre-B cells was more

severely depressed (Table 2).

Precursor B cells in pristane-injected BALB/cAn mice treated with

indomethacin.

Administration of 0.5ml pristane to control BALB/cAn mice given

indomethacin vehicle (0.2% ethanol) in drinking water replicated the

previously observed pattern of precursor B cell response in

BALB/cAn bone marrow. TdT+ pro-B ceIls expanded to 1.5-2.0 fold

normal population sizes and 2.5-3.0 fold normal mitotic activity at

1O-28d. while over the same time period the later differentiation

stages were depressed to about half normal population sizes and 50

7510 normal rates of mitoses (Table 3. Figs. 2.3). Treatment of a

further group of pristane-injected BALB/cAn mice with indomethacin

in the drinking water failed to modify any of these responses.

Pristane injection again reproduced a pattern of stimulated TdT+ cell

activity and depression of later stages essentially identical to that

seen in pristane-treated mice not treated with indomethacin (Table

3. Figs. 2.3). Splenic B cel1s showed a moderate reduction in numbers

in both indomethacin-treated and untreated pristane-treated mice

(Table 3).

Re-injection of pristane in BALB/c mice.

A second injection of pristane induces an increased frequency and

acceleration in tumorigenesis in BALB/cAn mice (38). In order to
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analyze the possible effects on B cell precursors in the bone marrow

of a second injection of pristane. we injected O.5ml pristane ip.

followed by a second injection 6 wk later. The response to Ihe

second injection appeared 10 resemble Ihal of Ihe firsl injection but

the values oscillated more widely (Table 4).

Effect of Silica Treatment on Precllrsor B Ce/ls il/ Pristlll/e-/I/jectecl

BALB/cAn Mice.

Pretreatment of mice with an ip injection of silica particles 2h before

pristane administration either prevented or substantially reduced

the subsequent expansion of TdT+ pro-B cell populations in the bone

marrow. 14d and 28d later (Table 5). On the other hand. silica

treatment exerted no modifying effect on Ihe responses of pre-B cell

and B cell populations. These were depressed to an equally severe

extent in silica-treated and untreated prislane-injected mice.

Effect of Tramfers of Peritoneal and Spleen Ce/ls

To determine whether activated peritoneal and splenic macrophages

have an effect on precursor B cell populations in the bone marrow.

naive mice received. ip. peritoneal exudate or chopped spleens from

either pristane-injected donors or saline-injected control mice. Bone

marrow and spleen B cell populations were examined 3d and 7d after

transfer (Table 6 and Fig. 4).

Peritoneal cell transfers resulted in increased pro-B cell numbers and

proiiferative activity at 3d. which had largely subsided by 7d. There
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was liule if any effect on the later differentiation B Iineage

populations. Spleen cell transfers appear to produce a marginal

stimulatory effect on sorne pro-B cells at 3d and 7d.

Precursor B CeUs in Pristane-Injected DBA/2 Mice.

Injection of a.5ml pristane ip in DBAl2 mice produced a pattern of

perturbation of precursor B cell populations resembIing that in

BALB/cAn mice (Table 7. Fig. 5). A generally lower number of cells

per femur in DBAl2 mice reflected their smaller body size. Early and

intermediate pro-B cells showed protracted increases to 1.5-3.5 fold

normal numbers at 3-28d associated with 1.5-2.5 fold increases in

rate of f10w through mitosis. returning to normal values by 12 wk.

Late pro-B cells. pre-B cells and B cells. on the other hand. all fel!

sharply to 25% normal population size by 4d and remained

depressed until 12 wk. then increasing slowly towards normal

values. B cells in the spleen increased transiently in number in the

first wk and returned to normal values (Table 7). The number of late

pro-B cells passing through mitosis fell to low levels from 3d to 12

wk. while the rate of pre-B cell mitosb fell less severely over the

same time period (Fig. 5). In long-term experiments. as in BALB/cAn

mice. an mcrc'~ed f10w of precursor B cells through mitosis occurred

in the bone marrow at 33 wk. associated with increased numbers of

B cells in the spleen (Table 7).
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DISCUSSION

In the present study we have found that a single ip injection of D.5ml

pristane oil produces marked central effects on primary B ccII

genesis in the bone marrow. The dynamics of production and

differentiation of precursor B cell populations in the bone marrow

are perturbed for protracted periods of time after pristane injection.

This interval corresponds with the establishment of oil granulomata

in the peritoneal cavity. preceding the development of

plasmacytoma. The pristane-induced effects involve precursor B

cells at ail identifiable stages of phenotypic differentiation. including

those in the process of rearranging Ig genes. Our findings raise the

possibility that an initial pristane-induced. macrophage-mediated

stimulation of precursor B cells may be responsible for initiating at

an early stage of the B cell lineage in the bone marrow. the first of a

series of transformational events. leading eventually to the

appearance of neoplastic plasma cells.

Over a series of experiments. a characteristic pattern of response to

pristane injection has consistently emerged. There are two mai Il

elements. First. the early and intermediate pro-B cell stages of

differentiation show expansion of population size and increased

levels of proliferative activity. These two cell populations. expressing

intranuclear TdT. include precursor D ceUs undergoing VH chain gene

rearrangement. Second. in marked contrast. the precursor B cell

populations at later stages of differentiation are aIl diminished in

52



•

•

population size and, in most cases. in mitotic activity. These

apparently disparate changes in the earlier and later differentiation

stages, respectively. take effect within the first few days of pristane

injection and, once established, persist for many weeks or months.

The reproducibility of this response has been established by

observing essentially the same general features and timing in

independent replicate experiments involving six separate series of

mice, each followed for periods of 28-230 days after pristane

injection. These experiments have used BALB/cAn strain mice, with

and without treatment with indomethacin or silica and DBA/2 strain

mice as detailed above.

The use of double immunofluorescence labeling and epifluorescence

microscopy to quantitate the actual number of .·~lls per femur at

each phenotypic stage of differentiation. together with a mitotic

arrest technique to indicate the number of ceIJs f10wing through

mitosis with time in each phenotype compartment. has been used

with consistent results in a series of studies to establish a dynamic

model of B cell genesis in the bone marrow (17.20-24). In the

normal kinetic steady state of B Iymphopoiesis. each phenotypically

distinct precursor cell population maintains a constantly reproducible

size and mitotic production rate as a result of a dynamic balance

between the rates at which cells "enter" and "Ieave" the phenotypic

compartment (21,24,47). Successive cell compartments increase in

population size as the outflow from one compartment is expanded by
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cell division in the next. Changes in the cell dynamics in carly

compartments. though representing a small absolute number of cells.

may potentially produce large changes in the final output of mature

cells. In any given compartment. a doubling or halving of ils

characteristic population size and f10w of cells through mitosis. as

now seen in pristane-injected mice. represent substantial

perturbations of normal cell dynamics.

The present i'indings suggest that mechanisms both of increased ccII

production and cell loss ar" implicated in the pattern of response of

precursor B cells to pristane oil granuloma. The prolonged doubling

in size of the TdT+ pro-B cell compartments is accompanied by a

comparable increase in the number of TdT+ cells entering mitosis per

unit time. This reveals a true stimulation of cell production and

elevation of the kinetic steady state in these compartments. rather

than a passive accumulation of cells. The resulting increased output

of cells from the stimulated TdT+ pro-B cells. is associated with a

reduction in late pro-B cells. pre-B cells and B cells in pristane

in,iected mice. This strongly suggests a greater degree of cell loss

than usual. allowing only a reduced fraction of the early and

intermediate pro-B cells successfully to complete their

differentiation. The marked reduction in the population size of late

pro-B cells and their much reduced f10w thrl'ugh mitosis. despite the

increased cell production at the early and intermediate pro-B stages.

suggests that much cell loss occurs at this stage. There is no evidence
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to support other possible explanations, that the late pro-B cells may

have emigrated from the bone marrow or switched to sorne other

unrecognized phenotype. The pre-B cells, like late pro-B cells. are

markedly reduced in total number in pristane-injected mice, but the

number of pre-B cells passing through mitosis per unit time is less

severely depressed. A considerable loss of pre-B cells appears to be

a feature of B cell genesis under normal circumstance~ in mice

(17,24,47). The present findings suggest that the pre-B cells in

pristane-injected mice undergo an increased degree of cell loss,

mainly at the post-mitotic stage. This is ronsistent with the

accompanying fall in the number of B cells to 25-35% normal levels

in t' ,e bone marrow. Il is not excluded that there could a1so have

been an acceleration of the maturation of pre-B cells to B cells and of

the discha'.;e of B cells from the bone marrow in response to

unknown signais from the periphery. However, the failure of the

splenic B cell population to show any sustained increase in numbers

provides no support for this interpretation. The possible migration of

newly-formed B cells into the pristane oil granuloma and peritoneal

tissues is unknown. The present kinetic study thus demonstrates a

true stimulation in the number of actively proliferating early and

intermediate pro-B cells expressing TdT, and strongly suggests a

substantial increase in the proportion of cells which subsequently

abort at the late pro-B, pre-B and B cell stages. On the other hand,

many ceIls do successfully develop into mature sIgM+ B lymphocytes,
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for dissemination to the peripheral B cell pool. After an early

transient elevation. the B cells in the spleen were maintained at

about 75% normal numbers throughout the development of pris tane

oil granuloma.

Pristane injection produces chronic granulomata. heavily infiltrated

with macrophages. on the surface of the peritoneum (42). After

ingesting droplets of pristane oil. the macrophages show evidence of

activation. including the production of IL-6. a growth factor

necessary for the initial growth of neoplastic plasmacytes. which

precedes plasmacytoma formation (48). Previous studies have

shown that macrophage activation in the spleen following systemic

administration of sheep red blood cells (SRBC) or otller foreign

materials is associated with a stimulatioll of precursor B cell

proliferation in mouse bone marrow. apparently mediated by soluble

factors (27.28.33-35). Sustained macrophage activation produced by

repeated administration of SRBC elevates the kinetic steady state of B

cell genesis. expanding the populations of precursor B cells and

increasing their production rates (36). The present preliminary

experiments using silica particles to ablate macrophages and the

transfers of peritoneal exudate cells and spleen cells from pristane

injected donors. suggest that the sustained stimulation of early and

intermedia:e pro-B cells in the bone marrow of mice developing

pristane oil granuloma is also macrophage-mediated.
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Silica particles of the small uniform size and source used in the

present work, lire rapidly engulfed by and are directly toxic to

macrophages (29-32). The cells are killed following the disruption of

silica-containing phagolysosomes and the intracellular release of

Iysosomal enzymes (29). Further phagocytosis and macrophage

mediated immune responses are suppressed (30-32). The observed

dfcct of pretreatment with silica particles in suppressing the

stimulation of pro-B cells by pristane oil injection strongly suggests

that the precursor B cell hyperactivity is the result of macrophage

activation. Since silica particles may produce indirect functional

effects on other cell populations. including lymphocytes. however,

further studies will be desirable, using blocking agents (31) and

alternative macrophage ablation techniques. Both peritoneal exudate

cells and spleen cells from pristane-treated don ors appear to be able

to transfer a modest degree of stimulation of early precursor B cell

populations to naive recipients, the peritoneal cel1s producing an

earlier and more marked effect than the spleen cells.

The foregoing re~ults reinforce the hypothesis that ip prist.me acts

indirectly on bone marrow B cel1 precursors via the activity of

mac1oJphages, many of which may be located in the peritoneal cavity.

Which particular systemic secretion products of macrophages may be

responsible for precursor B cel1 stimula~ion is unknown.

Prostaglandin synthesis appears not to be involved. in view of the

lack of effect of indomethacin treatment in the present work.
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Current studies indicate that systemic administration of recombinant

IL-I in low doses can stimulate precursor B cells in the bone marrow

whereas TNF is suppressive over a wide dose range (L. Fauteux. A.

Folberg and D.G. Osmond. unpuplished data).

Silica administration does not substantially modify the depression of

late pro-B cell. pre-B cell and B cell populations in the bone marrow.

suggesting that these actions of prist.me are largely independent of

macrophages. The apparent duality of the pristane response. a silica

sensitive stimulation of early precursor B cells and silica-insensitive

depression of late precursor B cells. raises the possibility that in

addition to increased deletion of cells with defective genetic

rearrangements resulting from the stimulation of early precursor B

cells. sorne other mechanisms may contribute to the suppression of

the later precursor B cells. The levels of steroids and of suppressive

or chemotactic factors may be elevated as a result of the chronic

inflammatory process. Again. however. indomethacin treatment

indicates that this effect is not mediated by PGE synthesis.

The sustained stimulation of precursor B cells expressing TdT

preceding the developme'\t of plasmacytomas in pristane-injected

mice accords with the ~~ypothesis that central events in B cell genesis

in the bone ID.:lHOW may be causally related to B cell oncogenesis.

Pristane-indu::cd· murine plasmacytornas are consistently associated

with deregulation of the e - mye oncogene resulting from a

chromosomal translocation in which it is juxtaposed to the Ig H chain
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locus (43). Such translocations may result from chromosome breaks

occurring as genetic errors during the normal process of Ig VH gene

rearrangement (1-11). Pro-B cells expressing TdT would be

particularly prone to such genetic errors (2). Il has been proposed

that the rate at which such errors may normally be expected among

proliferating precursor B cells may constitute the major, if not the

sole, initiating step in the etiology of childhood acute Iymphoblastic

leukemia in humans (9). Any circumstance which increases the

numutr or rate of cell divisions among susceptible cells would

increase the probability of chromosome breakage and translocations

(4). Nucleotide sequence analysis and the use of a variety of clonai

markers have indicatecl. that translocations involving the heavy chain

variable region and the bcl-2 proto-oncogene can occur as an error in

D-J rearrangement in the bone marrow in initiating the development

of human nodular Iymphoma 0,5,8). Thus, by elevating the number

and proliferation of TdT+ cells rearranging VH chain genes the

macrophage-mediated pristane effect would favor an increased

incidence of defective B Iineage cells. Many of these cells may abort,

but others may survive and be selected into the peripheral B cell

pool with a proliferative advantage so that with further deregulation,

possibly associated with viral infection or with hyperrnutation and

clonai expansion during secondary antigenic exposures, one of the

progeny may in due course be driven to monoclonal neoplastic

expansion after plasmacytic differentiation.
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Gther experiment"l models c1early show stimulated precursor B cell

activity preceding B cell oncogenesis. Transgenic mice bearing Il c

mye oncogene subjugated to the Ig heavy chain ellhllncer (El!)

aImost invariably develop a malignant pre-B/B lymphoma. preceded

by a period of enhanced polyclonal or oligoclonal proliferation of pre

B cells in the bone marrow (4). We find that this preneoplastic phase

in EI!-m y e transgenic mice is characterized by expansion of the

populations of TdT+ pro-B cells as weil as pre-B cells together with

evidence of increased cell loss at the pre-B ccli stage (C. Sidman et al..

in press). A e-mye/Ig translocation also characterizes human

Burkitt's lymphoma associated with chronic malaria (2.6). In this

condition. gross splenomegally is associated with a marked increase

in the macrophage population. extensive phagocytosis of parasitized

RBC. intense macrophage activation and release of diverse cytokines

(49.50). In murine malaria produced by Plasmodium yoelii we have

observed a central effect in the bone marrow c1o~ely resembling that

in pristane-injected mice. stimulation of TdT+ pro-B ceIls without a

proportionate expanskn of more differentiated precursor B cells

(Chapter 4. this thesis. 51). These findings accord with the view that

macrophage activation and polyclonal expansion of pro-B cell activity

in the bone marrow could constitute a common mechanism whereby

two such dissimilar agents as pristane oil and malaria parasites may

predispose to a chromosomal translocation and neoplastic

transformation in the B cell Iineage.
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Unlike BALB/cAn mice. other inbred strains. notably DBA/2. are

reportedly resistant to the induction of plasmacytoma by pristane

(45). The bone marrow response of pristane-injected DBA/2 mice.

however, resembles that of BALB/cAn mice; early and intermediate

TdT+ pro-B cell populations are expanded while later forms tend to

be depressed. This finding raises the possibility that the genes

responsible for strain restriction of plasmacytoma formation rather

than acting to prevent an initiating oncogenic event in the bone

marrow early in the B cell Iineage, May operate at a later stage in

tumor development. This would reflect strain differences in the l''vel

of natural cellular surveillance mechanisms capable of reorganizing

and deleting neoplastic clones as they arist;. Similarly, in BALB/cAn

mice, the usual susceptibility to pristane-induced plasmacytoma

induction can be prevented by administration of indomethacin in the

drinking water (42). The mechanism of this t:ÎÎé:ct is unknown. We

now find that such indomethacin treatment does not modify the

pristane-induced effects on precursor B ceIls in the bone marrow of

BALB/cAn mice, suggesting that indomethacin also May act at a later

stage in tumorigenesis. The reported r;;:ding that indomethacin

therapy reduces plasmacytoma formation even if its onset is delayed

for 60 days after pristane-injection (42) is consistent with a late or

secondary action. Indomethacin itself is not toxic and does not

prevent the formation of a peritoneal inflammatory exudate or

peritoneal oil granulomatous tissue (42). Indomethacin has
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suppressive activity against many tumors (46.52). This is attribuled

to its effect in inhibiting the synthesis of prostaglandins. especially

PGE. which are produced in tumor-bearing hosts and suppress the

antitumor effects of host natural killer (NK) cells. macrophages and

cytotoxic lymphocytes (46). NK cell activity declines during the

development of many experimental tumors (53) and is depressed

during the preneoplastic phase in pristane-injected BALB/cAn mice

(54). Transplanted plasmacytoma cells may grow equally weil in

pristane and pristane/indomethacin-treated mice (42). Nevertheless.

indomethacin treatment of pristane-injected mice. by preventing the

suppression of NK cells by PGE2 may expose developing clones of

plasmacytoma cells to natural immunosurveillance mechanisms and

deletion .
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• TABLE 1

B Ilfleage cells in bone marrow and spleen of pristane-injected
BALB/cAn miceu

Cell phenotype Odb 2d 4d 7d 28d 82d 196d 230d

Cells/femur (xIOS)C
TdT+B220- 1.0 1.2 1.8 1.9 1.8 1.3 0.8 1.0
TdT+B220+ 0.9 1.3 2.0 1.7 1.9 0.9 2.4 1.9
B220+J.l. - 18.0 12.8 8.8 10.2 9.4 2.5 7.1 5.4
cu+sW 24.0 11.5 11.4 9.9 8.4 8.0 14.2 16.2
sJ.l.+ 24.3 15.7 14.3 6.0 6.3 7.0 15.5 14.0

Cells/spleen (x 106)C
sJ.l.+ 67.2 79.4 77.1 48.7 52.7 67.9 73.0 136.6

Cells in metaphase/femur (x 104)d

TdT+B220- 3.4 5.1 6.1 8.9 9.3 1.7 3.4 0.9
TdT+B220+ 1.8 3.4 3.9 3.5 4.5 0.6 7.1 3.8
B220+ W 7.6 9.5 8.4 8.8 l.l 2.0 6.8 11.2
cu+sW 19.2 12.8 15.9 15.0 15.7 6.0 18.5 14.0

•

U

b
C

d

Values deriv,'1 From a pool of three BALB/cAn mice (8 wk)
given 0.5ml pristane ip
Normal mice (Od) received no treatment
Calculated from the incidence of cells/phenotype relative to ail
nucleated cells and the total cellularity of the bone marrow and
spleen respectively
Calculated from the total number of cells/femur/phenotype and
the percentage of ceIls/phenotype in metaphase (metaphase
index) 2h40min after injecting vincristine sulfate ip

63



• TABLE 2

B lineage cells in bone marrow and spleen of pristane-injccted
BALB/cAn micea during ascites development

Cell phenotype

Cells/femur (x 105)c
TdT+B220
TdT+B220+
B220+W
cu+sW
sil+

Cells/spleen (x 106 )C

sil+

Cells in metaphase/femur
TdT+B220-
TdT+B220+
B220+ W
cu+sW

Normal

0.9
2.6

12.0
27.0
25.5

73.0

(x 104 )11

1.2
1.6

12.0
27.0

Ascites

1.0±0.2
1.9±0.0
6.6±0.8

12.0±2.8
17.4±3.7

118.0±36.0

3.0±1.0
3.0±1.5
5.0±I.0
8.0±3.5

No ascites

0.9±0.1
2.1±0.3
6.2±1.2

15.2±1.4
14.7±1.0

105.0±45.0

2.0±1.0
5.0±2.0
9.0±3.0

16.0±3.0

•

a

b

c

Values derived from 4 ascitic BALB/cAn mice (1 mouse al 173
days and 3 mice at 192 days after injecling O.5ml pristane ip)
and two groups of 3 ascites-free BALB/cAn (196 and 230 days).
[mean ± standard devialion]
Calculated from the incidence of cells/phenotype relative to ail
nucleated cells and the total cellularity of the bone marrow and
spleen respectively
Calculated from the total number of cells/femur/phenotype and
the percentage of cells/phenotype in melaphase (metaphase
index) 2h40min after injecting vincristine sulfate ip
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• TABLE 3

B ceUs in spleen of pristane-injected BALB/cAn mice given
indomethacina

CeUs/spleen (x 106 )

Treatment Od 4d 7d lOd 14d 28d

Pristane aloneb 95.0 96.2 91.2 88.8 90.3 64.9

Pristane + indomethacinC 99.8 91.0 86.8 85.8 72.9

•

a

b
C

Each value was derived from ceUs pooled from groups of 3
mice
8-10 wk old BALB/cAn mice were given 0.5ml pristane ip
8-10 wk old BALB/cAn mice were given indomethacin
continuously in drinking water (l O~g/ml) after injecting 0.5ml
pristane ip
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• TABLE 4

B lineage ceIls in bone marrow and spleen of BALB/cAn miceu given
a second injection of pristane

Cell phenotype Od b 3dc 7d 10d 15d 28d

Cells/femur (x105)d

TdT+B220- 1.0 1.5 1.3 0.7 1.2 1.1
TdT+B220+ 1.9 1.0 3.7 1.6 3.0 2.5
B220+j.l - 7.3 4.0 4.5 3.8 6.3 5.3
cu+sj.l- 23.8 12.6 15.7 10.0 15.2 17.1
sj.l+ 17.9 8.0 14.0 7.9 14.7 13.6

CeIls/spleen (x106)d

sj.l+ 56.0 94.4 108.0 62.0 88.4 84.6
B220+W 8.0 13.7 15.7 8.9 12.6 11.5

Cells in metaphaseifemur (7.104)e
TdT+B220- 0.8 0.8 1.8 0.2 1.2 0.4
TdT+B220+ I.S 0.7 3.0 1.8 2.7 1.0
B220+ I!" 109 5.6 5.9 6.0 5.0 6.4
cu+sW 19.0 i 8.9 15.0 10.0 15.2 14.5

•

a
b
c

d

e

Values derived from a pool of three BALB/cAn mice (8 wk)
Normal mice received no treatment
Days after a second ip injection of 0.5ml pristane gi ven 41 d
after a first similar injection.
Calculated from the incidence of ceIls/phenotype relative to
ail nucleated cells and the total cellular'ty of the bone
marrow and spleen respectively
Calculated from the incidence of ceIls/femur/phenotype and
the percentage of ceIls/phenotypp. in metaphase (metaphase
index) 2h40min after injecting vincristine sulfate ip
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• TABLE 5

Effect of silica treattnent on B lineage cells in the bone marrow and
spleen of pristane-injected BALB/cAn micea

Treatment Normal

14d after pristane

No silica Silica

28d after pristane

No silica Silica

Cells /femur
TdT+
B220+W
cu+sll-
sll+

(xI05)b
3.9

8.8
19.2
17.8

4.8 3.6 8.8 2.7

26.0 13.0 13.0 5.8
5.4 4.1 2.8 2.8
2.3 1.5 7.1 4.9

Cells/spleen (x 106)e
sll+ 53.2 36.2 35.6 47.8 63.7

•

a

e

8-10 wk old BALB/cAn mice were injected with silica particles
ip 2h before injecting 0.5ml pristane ip. Values were derived
from cells pooled from groups of 3 silica treated mice and 3
untreated mice at each post-pristane interval and compared
with cells from a group of 3 normal mice given neither silica
nor pristane
The absolute number of B lineage cells was calculated from
their incidence relative to all nucleated cells and the total
cellularity of the bone marrow and spleen respectively
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• TABLE 6

B lineage cells in bone marrow and spleen of BALB/cAn mice given
peritoneal and spleen ceUs from pristane-treated micea

Peritoneal cells Spleen cells

SaUnel:. Prj5! ane d. SaUnc\;. Prjslancll.

Cell phenotype Odb 3d 7d 3d 7d 3d 7d 3d 7d

Cells/femur (xI05)e
TdT+B220- 0.9 1.9 1.3 2.1 1.6 1.2 2.0 1.4 2.0
TdT+B220+ 2.0 2.3 1.3 3.8 1.6 1.0 2.2 1.2 2.8
B220+/1" 7.3 10.8 7.8 13.2 11.2 7.8 13.0 8.1 16.0
cu+s/1- 23.8 20.6 24.2 20.9 23.8 13.9 30.7 17.6 26.5
s/1+ 17.9 19.7 23.5 22.3 21.6 12.7 27.9 16.3 23.5

Cells/splecn (x 106)e
s/1+ 56.0 62.4 79.9 86.7 69.9 72.2101.2 55.0 99.0
B220+/1- 8.0 11.9 19.1 18.1 14.0 13.4 18.0 10.0 17.6

Cells in metaphase/fcmur (xI04 )f
TdT+B220- 0.7 2.6 0.8 2.6 1.5 1.0 2.0 1.1 2.9
TdT+B220+ 1.8 2.5 1.2 5.9 1.3 0.7 2.9 1.0 3.4
B220+/1- 10.9 21.6 10.1 44.0 13.4 9.8 28.2 12.6 39.9
cu+s/1- 19.0 20.6 19.4 18.8 23.8 15.1 39.9 22.9 39.7

•

a
b
C

d

e

f

Values derived from a pool of three BALB/c mice (8 wk)
Normal mice received no treatment
Control mice received peritoneal or spleen ceUs from mice
injected with O.5ml of saline Lp l5h prier to transfers
Experimental mice received peritoneal or spleen ceUs from mice
donors treated with O.5ml of pristane ip l5h prior to transfers
Calculated from the incidence of ce Us/phenotype relative to ail
nucleated cells and the total ceUularity of the bone marrow and
spleen respectively
Calculated from the total number of cells/femur/phenotype and
the percentage of ce Us/phenotype in metaphase (metaphase
index) 2h40min after injecting vincristine sulfate ip
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• TABLE 7

B Iineage celIs in bone marrow and spleen of pristane-injected DBA/2
micea

Cell phenotype Odb 2d 7d JOd 28d 82d 196d 230d

Cells/femur (xl0S)C
TdT+B220- \.0 1.4 1.3 1.4 1.7 0.8 0.5 0.7
TdT+B220+ 1.0 1.4 2.5 3.4 1.8 0.8 1.5 1.0
B220+W 7.9 5.5 4.7 5.5 2.0 1.0 3.3 5.0
cu+sW 10.8 JO.O 4.3 7.3 3.6 6.0 6.9 9.9
sfl+ 9.4 6.0 3.6 3.0 3.1 5.0 9.2 8.3

Cells/spleen (x J06)c

sfl+ 31.5 57.6 34.7 27.0 43.0 32.8 51.0 90.2

Cells in metaphase/femur (x 104)d

TdT+li220- 3.0 3.9 4.6 1.6 7.7 1.5 . 0.6 1.4
TdT+B220+ 1.9 2.3 4.3 2.7 2.6 1.3 1.8 2.0
B220+ W 7.8 3.8 3.1 0.6 0.7 1.3 2.5 11.3
cu+sfl- 8.5 Il.4 7.5 6.1 3.8 6.0 7.9 10.8

•

a

b
C

d

Values derived from a pool of three DBN2 mice (8 wk) given
0.5ml pristane ip at 7-8 wk of age
Normal mice (Od) received no treatment
Calculated from the incidence of cells/phenotype relative to ail
nucleated cells and the total cellularity of the bone marrow and
spleen respectively
Calculated from the total number of cells/femur/phenotype and
the percentage of cells/php.notype in metaphase (metaphase
index) 2h40min after injecting vincristine sulfate ip
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Figure 1. B Iineage cell populations in the bone marrow of BALB/cAn

mice after ip pristane injection: total number of cells per

femur (above); number of cells per femur in metilllhase

2h40min after vincristine injection (below). Values are

expressed as a percentage of normal values in group~ of

non-injecled mice aged 9-10 wk (2-28d values) and 25- 30

wk (83-230d values) .
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Figure 2. Number of B Iineage cells in the bore marrow of BALB/cAn

mice given either ip pristane injection aJone (above) or ip

pristane injection followed by indomethacin .reatment

(beJow) .
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Figure 3. Number of B Iineage cells in post-vincristine Metaphase

l''Test in the bone-marrow of BALB/cAn mice given either ip

pristane injection alone (above) or ip pristane injection

followed by indomethacin treatment (below).
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Figure 4. B lineage cell populations in the bone marrow of BALB/cAn

mice that received peritoneal cells and spleen cells from

donors injected with pristane 15h prior to the transfers and

were analyzed 3 days and 7 days after transfers: total

number of cells per femur (above); number of cells per

femur in metaphase 2h40min after vincristine injection

(below). Values are expressed as a percentage of control

values (con trois received cells from saline-injected donors) .
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Figure 5. B lineage cell populations in the bone marrow of DBAI2

mice after ip pristane injection: total number of cells per

femur (above); number of cells per femur in metaphase

2h40min after vincristine injection (below). Values are

expressed as a percentage of normal values in groups of

non-injected mice aged 7 wk.
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CHAPTER4

Proliferation of B cell precursors in bone marrow of malaria-infecled

mice: implications for B cell neoplasias
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SUMMARY

Malaria infection is associated in hurnans with the development of B

cell neoplasias, but the mechanism of oncogenesis and the stage in B

cell genesis at which the process may be initiated is controversial.

We have found that mice infected with malaria (Plasmodium yoelii)

show marked changes in the population size and proliferation rates

of early precursor B cells in the bone marrow. Double

immunofluorescence labeling, epifluorescence microscopy and mitotic

arrest techniques have been used to quantitate the production of

phenotypically defined populations of precursor B cells in the bone

marrow. Malaria-infected mice showed a prolonged

hepatosplenomegally, accompanied by a sustained proliferative

stimulation of TdT+ pro-B cell populations in the bone marrow. The

effect. which was not restricted to one particular mouse strain, could

be further prolonged by reinfection with malaria, and transferred to

normal mice by injecting whole spleen cells and adherent spleen cell

fractions from malaria-infected mice to non-infected recipients.

However. stimulated pro-B cell activity produced no commensurate

increase in the output of more differentiated precursor B cell

populations. The results indicate that an increased production of

early B precursors is followed by an increased rate of cell loss. These

findings suggest that a stimulation of early precursor B cells at the

stage of Vu Ig gene rearrangement in malaria-infected mice is

associated with an increased genesis of aberrant cells with errors of
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Ig gene rearrangements. The work accords with the hypothesis that

conditions of chronically elevated macrophage activation can play a

role in predisposing to dysregulation of primary B cell genesis and

the initiation of neoplasia.

INTRODUCfION

The administration of various foreign agents to mice produces a wave

of increased proliferation of precursor B cells in the bone marrow. an

effect thought to be mediated by macrophages via the release of

cytokines (1-5). Sustained macrophage stimulation results in a

prolonged elevated kinetic state of B cell progenitor production (6).

These findingsraise the possibility of an etiological Iink between

conditions of chronic macrophage stimulation and oncogenesis in the

B cell lineage (7).

Bone marrow is the site of continuous primary genesis of B

lymphocytes from B cell precursors that undergo a series of

proliferative and differentiation stages (8-10). These stages have

been defined by the use of three cellular markers: 1) TdT (11-12); 2)

B220 glycoprotein. a B Iineage-associated molecule (13); and 3)

surface or cytoplasmic Il chains of IgM molecules (sil and cil.

respectively). Double immunofluorescence labeling techniques have

been used to define the various cell populations (9.14). By these

criteria. six phenotypically distinct cell populations have been

recognized. extending from the stage of VH gene rearrangements to
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the expression of surface IgM (Fig. 1). Three populations comprise

putative early pro-B cells. before Il chain expression: early pro-B

cells (TdT+B220-). intermediate pro-B cells (TdT+B220+) and late pro

B cells (TdT- B 22 0+). B cell precursors then reach the pre-B cell

(B220+cll+sW) stage when they begin to synthesize Il heavy chains

and to rearrange the gene segments for the Iight chains of IgM. The

pairing of heavy and Iight chains and the surface expression of IgM

defines the final B lymphocyte stage (B220+sll+). The use of mitotic

arrest techniques in vivo in combination with double

immunofluorescence labeling has indicated that pro-B cells and large

pre-B cells undergo a series of mitoses. while small pre-B cells

mature into B lymphocytes without further division (9,10-14). The

proliferative dynamics show a progressive increase in frequency,

average cell size and production rate up to the pre-B cell stage.

However, there is also a considerable cell loss of approximately 75%,

mainly at the pre-B cell stage. This may largely represent the

elimination of cells that have undergone defective VH gene

rearrangements (10,14-16).

Burkitt's Iymphoma, a B cell neoplasia associated with endemic

human malaria, is characterized by a chromosomal translocation

juxtaposing the c-myc oncogene into the IgH chain locus (17,18).

Such genetic errors may result from mistakes in Ig VH gene

rearrangements (19). ln this respect, TdT+ pro-B cells in the bone

marrow couId be susceptible populations. Any factor increasing their

recombinational activity would increase the risk of genetic errors.
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Malaria infection promotes a marked stimulation and proliferation of

macrophages (20-22). The stimulated macrophages show an intense

production of a variety of cytokines. including TNF and IL-I (23-27).

The phase of macrophage activation persists for a long period. We

hypothesise that this effl~ct could elevate the proliferative activity of

B precursor cells rearranging Ig genes. predisposing to the initiation

of B cell tumors which would become frankly neoplastic following

further genetic accidents or other predisposing factors. including EBV

infection in the case of human endemic malaria and Burkitt's

Iymphoma (18). The present work aims to determine whether

malaria in mice has an effect on central B cell genesis that could be

related to the initiation of B cell neoplasias.

MATERIALS and METHODS

AnimaIs. C3H/HeJ mice were purchased from Jackson Laboratories

(Bar Harbor. ME). BALB/c mice were purchased from Charles River

Canada (St. Constant. PQ). Mice were maintained in microisolators.

and used at 6-8 wk.

Pa ras i tes. Plasmodium yoelii non-Iethal (l7XNL) strain and

Plasmodium yoelii lethal (l7XL) strain were kindly provided by Dr.

Hannah Shear (Department of Parasitology. New York University).

Mice were injected ip with 2.5x 105-1 Ox 107 17XNL-infected RBC in

0.2ml sterile saline. The lethal parasite strain dose was O.5x 106
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• infected RBC. The degree of parasitemia (% infected erythrocytes)

was followed using May-Grunwald-Giemsa stained blood smears.

Mineral o il.

Chemical Co.•

Pristane (2.6.10.14-tetramethylpentadecane. Aldrich

Milwaukee. WI) was injected ip in a dose of 0.5ml (28).

•

Spleen ci'll transfers. Donor mice were injected with 106 non-lethal

malaria-infected RBC. Control animais recei ved an ip injection of 106

non-infected RBC. The animaIs were killed 2 wk after clearance of

parasitemia. Under sterile conditions. the spleens were removed.

pooled. and the total nucleated cells counted as described in Chapter

2. Each naive recipient mouse received an ip injection of 136xl06

spleen nucleated cens in 0.5ml sterile saline. The recipients of spleen

cens from l'lalaria·infected donors did not develop parasitemias.

Spleen adherent cell transfers. Donor mice were injected with

0.5x 106 non·lethal malaria·infected RBC. Control animaIs received an

Lp. injection of 0.5xl06 RBC. When infected donor mice showed an

8% parasitemia. spleen cells were recovered and resuspended in

MEM/NCS. Spleen cens were incubated in plastic Petri dishes (l08

cens/5ml mediumldish) for 2h at 37°C in 5.6% C02. Non-adherent

cells were removed with warm medium. Adherent cells were

incubated with cold PBS for an additional 20min on ice. With

vigorous pipetting. the adherent cens were washed off with cold PBS.

The cells were washed. counted and their viability determined (95%).

Recipients received an ip injection of 6x106 nucleated cells/mouse' in
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0.2ml sterile saline. Con troIs received 4x J06 adherent cells .

Experimental recipient mice dÎll not develop parasitemia.

The population sizes and production rates of the B cell precursors

were determined using double immunofl uorescence labeling and

mitotic arrest techniques. as described in Chapter 2.

RESULTS

Precursor B cells in malaria-infected mice.

Groups of 7wk old C3H/HeJ mice were given a single intraperitoneal

injection of 107 mouse RBC infected with P.yoelii non-Iethal strain

(17XNL) and w~re examined at intervals up to 22 wk. Infected mice

initialIy sho\{ed an increasing parasitemia (Fig.I), 30% RBC being

infected at 2-3wk, but no parasites were detectable in the blood from

4wk onward. Spleen weight increased progressively during the

parasitemia. reaching a tenfold enlargement at day JO. Thereafter,

spleen weight declined but remained twice normal. even in the

absence of blood parasites (Fig. 1). Liver weight increased to

approximately twice normal levels from JO days onwards (Fig. 1).

The total celIularity of the spleen increased fivefold by IOd and

remained approximately twice normal throughout the experimental

period (Table 1). These findings demonstrate a chronic response to

the single infection with malaria parasites.

The bone marrow was markedly perturbed during the malaria

infection. Total bone marrow cellularity showed biphasic changes;
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initially being normal or somewhat depressed at day 10 and then

becoming elevated at 4-22 wk (Table 1). Early and intermediate

pro-B cells (TdT+B220-. TdT+B220+) increased in numbers at day 7

after malaria infection. reaching a maximum at 4 wk (Table 2, Fig. 2).

By 22 wk. early pro-B cells had returned to normal numbers, but

intermediate pro-B cells remained elevated. Late pro-B cells

(B220+W) were initially depressed to half normal values at day 7,

but they then increased to twice normal numbers by 4 wk. Later

progenitors. pre-B cells (cll+sW) and B lymphocytes (sll+), were

moderately increased at 4 wk. From day 65 onwards the number of

pre-B cells and B lymphocytes remained near normal.

The proliferative activity of precursor B ceUs was elevated for

prolonged periods of time. The metaphase index (Table 2, Fig. 2) for

each phenotypic population was given by the number of cells per

femur which had accumulated in metaphase during a standard time

interval of 2h40min after injecting vincristine sulfate to stop ceUs in

mitosis. This index of cell production for early progenitors increased

to a maximum of more than 2.5 times normal for TdT+ pro-B ceUs,

and 3.5 normal for B220+1l- cells. Pre-B cell proliferation increased

to 1.7 normal values. The populations returned towards normal

values by the end of the experimental period.

Spleen sll+ B ceUs (Table 2) increased in numbers to more than twice

normal values. returning to normal by the end of the study.

B 220 + Il - cells in the spleen increased initially during the
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parasitemia. reaching 6-10 fold normal values at IOd-4 wk. and were

still elevated at 22 wk (Table 2).

To examine the early events after a less severe malaria infection.

further groups of C3HIHeJ mice were injected with 2.5x105 mouse

RBC infected with P.yoelii non-Iethal strain (l7XNL). and analyzed

during the first 7 days after infection. Total bone marrow cellularity

fluctuated. while spleen cell recovery increased progressively to

nearly fivefold normal values at day 7 (Table 3). B cell precursors

tended to oscillate (Table 4. Fig. 3). However. in general. the

intermediate and late pro-B cell populations increased in cell

numbers and proliferative activity while the remaining populations

were at either normal or subnormal levels. B lymphocytes in the

spleen increased to 300% normal numbers from 3 days to 7 days

(Table 4).

Precursor B ceUs in BALBIe mice infected with malaria.

We tested the effects of malaria infection on BALB/c mice to

determine whether the previous effects were restricted to the

C3HIHeJ strain. Groups of BALB/c mice were injected ip with

0.5xl06 mouse RBC infected with P. yoelii l7XNL and examined after

2d.5d.8d.13d.36d. and 58d (Figs. 4 and 5). Parasitemia developed

rapidly. reaching a maximum of 33% at 2-3 wk. The parasites were

completely cleared from the blood by 4 wk. The liver and spleen

weights increased to maximum values of 1.5X normal at day 8 and

llX normal at day 13. respectively. remaining elevated thereafter
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(Fig. 4). Spleen cell recovery mirrored the changes in spleen weight•

reaching a maximum of 9.5X normal values (Table 5).

All stages of B cell precursors in the bone marrow were perturbed

(Table 6. Fig. 5). The TdT+ pro-B cells increased in population size.

and showed prolonged increases in proliferative activity throughout

the experimental period. Late pro-B and pre-B cells were increased

in numbers and proliferative activity initially but thereafter were

depressed to near haIf values. By 58 days these populations had

normalized.

Splenic sll+ B lymphocytes increased in numbers to 4.6X normal at

13d. remaining 2X thereafter. while B220+ Il" cells incre.:lsed from

three to more than tenfold (Table 6).

The BALB/c results generally accord with the previous study of non

lethal malaria infection in C3H/HeJ mice. although there were sorne

differences; a) the population size of TdT+ cells in BALB/c mice was

smaller but their proliferative rate was greater than in C3H1HeJ mice.

b) later B cell progenitors were more reduced in numbers in BALB/c

mice.

Precursor B cells in malaria re-infected BALB/c mice.

To analyze the possible implications of re-infection with malaria. a

phenomenon that occurs repeatedly in humans in malaria endemic

areas. groups of BALB/c mice were injected ip with 0.Sxl06 mouse

RBC infected with P. yoelii 17XNL. Eight wk later. four wk after

clearance of parasitemia. groups of mice were re-injected with the
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same dose of infected RBC and examined at further intervals of

2d.4d.9d.13d.18d.25d.33d. and 68d. The whole study thus extended

over a period of 126d (Figs. 4 and 5).

After re-infection. the mice showed only a minor parasitemia (3%)

which was rapidly cleared during the first week. The liver and

spleen weights did not increase further. but remained approximately

at the elevated levels persisting from the first infection (Fig. 4).

Spleen cell recovery increased slightly after re-infection. while the

bone marrow showed only a small increase of 113% at day 9 after re·

infection. remaining near-normal thereafter (Table 6). The response

of early precursor B cells to malaria re-infection generally resembled

the response to the primary infection. TdT+ pro-B cells. though

fluctuating. again increased in population size and proliferative

activity for at least 4 wk (Table 6. Figure 5). In contrast with the

primary infection. however. the later precursor B cell populations

were not depressed. B lymphocytes in the spleen remained at the

high levels persisting from the primary infection and were still 2X

nonnal values at the end of the study (Table 6).

Precursor B ceUs in mice infected with lethal malaria.

B cell precursors were examined at 2.4 and 7 days after initiating a

lethal malaria infection by giving groups of BALB/c mice a single ip

injection of O.5x106 mouse RBC infected with P.yoelii lethal strain

(17XL). and examined after 2d.4d and 7d.
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The mice showed a faster increase in parasitemia levels than in non

lethal malaria infection. 17% RBC being infected by day 7. Liver and

spleen weights increased progressively. The spleen cellularity

increased sharply at days 5-7. while the bone marrow cellularity

decreased to 72% normal values by day 7 (not shown).

Ali B lineage populations in the bone marrow were altered (Table7.

Fig. 6). Early pro-B cells were initially stimulated. showing a fivefold

increase in their proliferative activity and sorne increase in

population size by day 4. but the stimulation was no longer evident

by 7 days. Intermediate pro-B cells were also initially stimulated to

approximately double their proliferative rate at 2 days. In contrast.

the number and proliferative activity of the late precursor B cell

stages fell to approximately one third of initial values by 7 days.

Splenic B lymphocytes and B220+Ig- cells increased threefold in

numbers at 7 days (Table 7).

Spleen cell transfers from previously malaria-infected donors into

normal mice.

To anaiyze the role of spleen cells including macrophages in the

stimulatory effect of malaria on early B cell precursors. washed

spleen cells from BALB/c mice previously infected with non-lethal

malaria and 2 wk after clearance of the parasitemia. were

transferred into groups of naive BALB/c recipients which were

examined at intervals from 2 to 9 days thereafter.
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No parasitemia developed in recipients. Spleen cellularity increased

in both control and experimental recipient mice. (126% and 139%

normal. respectively). The bone marrow cellularity increased

initially (130%) in both control and experimental animais.

Subsequently. the cellularity in control animais was near normal.

while in experimentals it was slightly elevated (113%) (not shown).

Spleen cell transfers from previously malaria-infected don ors

produced an increase in population size and proliferative activity of

TdT+ early and intermediate 'pro-B cells. maximum at day 3.

compared to controls (Table 8. Fig. 7) but produced liule effect on

later B cell progenitors.

Splenic B lymphocytes (Table 8) increased slightly in experimental

mice compared to controls.

Spleen adherent cell transfers from malaria-infected mice into

normal mice.

To test the role of macrophages in the positive stimulatory effect on

early B cell precursors in malaria-infected mice. groups of naive

BALB/c mice were given adherent spleen cells from malaria-infected

donors and were examined at 36h.60h and 84h post-transfer.

Recipients of adherent ceIls from malaria-infected donors did not

develop parasitemias. Spleen cellularity showed minor changes in

control and experimental mice. Bone marrow cellularity was slightly

increased in both control and experimental mice (l10% and 120%

normal values. respectively) (not shown).
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Spleen adherent cell transfers from malaria-infected donors

produced a stimulation of pro-B cells at 36h after transfers. while the

pre-B cells and B lymphocytes did not differ from controls (Table 9.

Fig. 8). At 60h the proliferative activity of early pro-B cells was still

elevated. but later stages were at control levels or lower. By 84h the

various B cell populations were near control numbers. Splenic B

lymphocytes did not change from controls (Table 9).

Malaria re-infection and pristane-injection.

Pristane injection in normal mice produces an increase in population

size and proliferation rates of early pro-B cells and intermediate pro

B cells. while the later progenitors are depressed (29). In order to

examine whether the TdT+ populations of malaria-infected mice

remain responsive to other stimuli we re-infected BALB/c mice with

P.yoelii 17XNL. as previously described. and then injected them ip

with 0.5ml of pristane 1 wk after clearance of parasites. The

proliferative activity of early pro-B cells was stimulated while the

later progenitors were reduced in both population sizes and

proliferative activities (Table 10. Fig. 9). Spleen B cells and B220+1l

cells increased twofold or more in number (Table 10).

DISCUSSION

The present work reveals that malaria infection has marked effects

on the central genesis of B cells in mouse bone marrow. Previous
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work in this laboratory has suggested that precursor B cells•

including those undergoing VH chain Ig genc rearrangements. can be

stimulated by a variety of external environmental agents. an effect

which is mediated by macrophages located in the spleen (1-6).

Malaria infection produces an intense recruitment and expansion of

macrophage populations which phagocytose parasitized RBC and

show evidence of sustained stimulation. including greatly augmented

production of a variety of cytokines (23-27.30). Substantial

hepatosplenomegally persists for long periods of time. The

protracted changes now seen in the genesis of B cell precursors in the

bone marrow reflect the prolonged nature of the disease processes.

The possibility arises that the increase in the proliferation rates now

observed in early B progenitors. an event probably mediated by

stimulated macrophages. could initiate transformational changes in

populations prone to genetic errors.

Using a combination of double immunofluorescence and

stathmokinetic techniques we have previously analyzed the

frequency. population size and proliferative properties of each

precursor B cell stage under normal in vivo conditions (9.14.15). In

the present study. we find that the earliest defined stages of B cell

genesis. pro-B ceUs expressing TdT. show a sustained increase in

number of cells entering mitosis per unit time during non-Iethal

malaria infection of C3HIHeJ mice. On the other hand, the later B cell

progenitors and B cells do not show a corresponding overexpansion in

the bone marrow. The marked increase in B lymphocytes in the

..
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spleen during malaria infection would appear to be due to a

polyclonal activation by malaria parasites, rather than an increased

output of newly-formed B cells from the bone marrow.

The bone marrow response observed in BALB/c mice infected with

non-Iethal malaria resembles that of C3H/HeJ infected miçe.

expansion of TdT+ populations without a corresponding increase of

later stages. Thus. the effects of P.yoelii infection on bone marrow B

cell precursors are not restricted to a particular mouse strain.

ln areas where human malaria is endemic. re-infection is a common

feature. Our results in mice suggest that, under these circumstances.

the previously described effects of malaria on B ceH populations in

the bone marrow can be made to persist for prolonged periods of

time.

P.yoelii exists in two strains. lethal and non-lethaI. We find that

lethal malaria infection produces only a transient stimulation of TdT

cells. followed by a generalized depression of pre-B and B cells in the

bone marrow. The observed effect may reflect the severity of the

clinical course and the stress of lethal infection in mice which die

soon after infection.

The transfer of washed spleen cells and of adherent spleen cell

fractions from malaria infected mice to normal mice produces a wave

of proliferative stimulation of TdT+ pro-B ceIls in the recipients. This

provides strong. though not conclusive. evidence that the bone

marrow effects of malaria infection. like those following SRBC
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administration (2-6) are mediated by the activity of splenic

macrophages.

The findings suggest that for prolonged periods of time during non

lethal malaria infection an elevated cell production at the pro-B cell

stage is followed by an increased degree of cell loss. permitting only

a fraction of cells to continue their differentiation. The cell loss may

be viewed as a selection stage. most commonly eliminating cells that

have undergone defective or possibly autoreactive rearrangements of

Ig genes (15). However. in malaria-infected mice. many viable B

lymphocytes are still produced. This raises the question of whether

these cells may carry genetic eITors that. aithough non lethal to the

cell. could be augmented by further transformational changes

occurring during hypermutational events in secondary B cell

activation in the spleen leading uitimately to malignancy.

Two phenotypically distinct B cell neoplasias. Burkitt's Iymphoma

associated with human malaria and murine plasmacytoma. both show

a similar characteristic c-myc/Ig loci juxtaposition (18.33.34). In

murine plasmacytoma. as in malaria. there is a sustained macrophage

stimulation. Pristane-injected mice develop granulomatous tissue

rich in macrophages that have ingested oil droplets (28.35) a process

leading to the release of a variety cytokines (36-38). In pristane

injected mice. we have observed an effect in the bone marrow that

closely resembles the pattern in malaria-infected mice. an increase in

population size and proliferative rate of early and intermediate pro-B

cells with a discrepancy in numbers in the more differentiated
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stages. The sustained increase in the level of proliferative activity of

the TdT+ pro-B cell precursors in each case could predispose to

genetic errors including chromosomal translocations which could

represent the initiating events le!:Jmg to neoplasia. Together with

previous work, the present results suggest that pathologically

elevated levels of macrophage activation may have a central effect

on B cell genesis in the bone marrow and thus play a role in

predisposing to B cell neoplasias.
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• TABLE 1

Total nucleated cells in bon~ marrow and spleen of C3HIHeJa mice
during infection with Plasmodium yoelii 17XNL

Number of cells al post-infection intervals of:

Total nucleated cells

Cells/femur (x 105 )

Odb 3d 7d 10d 29d 65d 158d

137 142 154 124 259 177 191

Cells/spleen (xI06 ) 150 192 617 775 616 326 255

•

a

b

Each value was derived from cells pooled from groups of 3 mice
given 106-107 Plasmodium yoelii 17XNL-infected RBC at 7 wk
of age
Normal mice (Od) received no infecled RBC
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• TABLE 2

Number of B Iineage cells in bone marrow of C3H1HeJa mice during
infection with Plasmodium yoelii 17X NL

Number of cells al post-infection intervals of:

Cell phenotype Odb 3d 7d IOd 29d 65d 158d

Cells/femur (x 105 )C

TdT+B220- 1.1 1.2 1.6 2.6 2.6 1.5 0.8
TdT+B220+ 1.2 1.2 1.5 2.3 4.4 2.9 2.5
B220+W 6.0 7.1 3.1 7.2 14.0 9.0 7.8
cu+sll- 15.0 16.8 17.2 12.5 19.9 19.8 11.5
sll+ 11.0 12.5 18.0 11.7 22.0 12.6 8.6

Cells/sp1een (x106 )C

sll+ 75.0 94.7 223.9 117.8 217.0 147.0 94.4
B220+1l- 6.8 7.7 17.8 40.0 64.8 11.0 17.9

Cells in metaphase/femur (x 104)d

Tdr+ 4.8 6.0 4.7 12.7 10.5 8.8 5.2
B220+W 6.0 13.5 7.1 9.6 21.8 11.9 6.4
cu+sW 15.5 23.4 31.0 26.3 29.2 30.0 25.8

•

a

b

C

d

Each value was derived from cells pooled from groups of 3 mice
given 106-107 Plasmodium yoelii 17XNL-infected RBC at 7 wk
of age
Normal mice (Od) received no infected RBC
Incidence relative to ail nucleated cells of the bone marrow and
spleen
Calculated from the total number of cells/femur/phenotype and
the percentage of cells/phenotype in metaphase (metaphase
index) 2h40min after injecting vincristine sulfate ip
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• TABLE 3

Total nuc1eated cells in bone marrow and spleen of C3H/HeJa mice
during infection with Plasmodium .\'Oelii 17 X NL

Number of cells at post-infection intervals of:

Total nucleated cells Od b Id 2d 3d 5d 6d 7d

Cells/femur (x\05) 137.0 120.0 164.2 181.0 120.0 115.0 153.0

Cells/spleen (x \06) 65.0 71.6 88.4 93.8 126.6 189.6 302.0

•

a

b

Each value was derived from cells pooled from groups of 3 mice
given 2.5x 105 Plasmodium yoelii 17XNL-infected RBC at 6 wk
of age
Normal mice (Od) received no infected RBC
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• TABLE 4

B Iineage cells in bone marrow of C3HIHeJa mice during infection
with Plasmodium yoelii 17XNL

Number of cells at post-infection intervals of:

Cell phenotype Od b Id 2d 3d 5d 6d 7d

Cells/femur (x 105)c
TdT+B220- 1.1 0.7 1.5 1.5 0.6 0.6 1.3
TdT+B220+ 1.2 3.7 4.7 2.8 3.0 2.7 3.9
B220+,.r 6.0 7.2 13.2 12.7 9.6 11.5 9.7
cu+sW 15.0 8.8 20.0 11.0 21.0 11.0 13.8
slJ.+ 11.0 7.2 12.9 12.7 7.2 18.4 12.2

Cells/spleen (x106 )C

slJ.+ 32.5 35.0 42.0 39.0 52.0 61.0 91.0

Cells in metaphase/femur (xl04)d

TdT+ 4.6 5.3 3.7 3.2 5.8 2.9 5.8
TdT+B220- 2.2 0.9 0.9 1.0 0.8 0.7 0.5
TdT+B220+ 2.4 4.5 2.8 2.2 4.9 2.2 5.4
B220+1J.- 6.0 7.2 11.0 17.0 5.8 4.6 7.8
cu+sW 15.5 10.5 22.0 5.5 8.6 5.5 9.1

•

a

b
c

d

Each value was derived from cells pooled from groups of 3 mice
given 2.5xl05 Plasmodium yoelii 17XNL-infected RBC at 6wk of
age
Normal mice (Od) received no infected RBC
Calculated from the incidence of cells of ench phenotype
relative to ail nucleated cells and the total cellularity of the
bone marrow and spleen
Calculated from the total number of cells/femur/phenotype and
the percentage of cells/phenotype in metaphase (metaphase
index) 2h40min after injecting vincristine sulfate ip

103



TABLE 5

Total nuclealed cells in bone maITOW and spleen of BALB/c8 mice during infection and re-infeclion wilh Plasmodium yoelii 17 X NL

Number of cells aner infeclion Number of cells afler re-infection

Tolal nuclcaled cells Odb 2d 5d 8d 13d 36d 58d Odb 2d 4d 9d 13d 18d 25d 33d 68d

Cells/femur (lI105) 182 198 159 169 180 194 201 182 220 205 227 206 170 209 217 190

Cells/spleen (li 106 ) 137 136 364 400 1300 351 346 162 390 430 380 443 390 352 390 365

a

b

Each value was derived from cells pooled from groups of 3 mice given 0.5l1106 Plasmodium yoolii 17XNL-infecled RBC al 6 wk of
age; Ibe mice were rc-infeCled 2wk aner clearance of parasilemia wilb 0.5l1106 PYl7XNL-infeclcd RBC
Normal micc (Od) received no infecled ROC
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TABLE 6

8 Iineage cell populations in bone marrow of BALB/ca mice during infection and re-infection with Plasmodium yoelii 17XNL

Number of cells aCter infection Number of cells after re-infection

Cell phenotype Od b 2d 5d 8d 13d 36d 58d Odb 2d 4d 9d 13d 18d 25d 33d 68d

Cells/femur (x 105)C

TdTi"8220- 1.0
TdTi"8220+ 1.9
8220+W 8.0
cII+sII- 19.0
sll+ 16.0

0.8
2.4

13.8
29.0
19.8

I.1
2.4
4.9

17.9
16.9

1.7
2.0
6.0
9.2

10.1

I.1
I.1
5.4
9.2

21.6

1.8
2.4
5.8

17.5
17.5

1.3
2.7
6.0

19.0
16.0

1.0
1.9
7.3

23.7
17.8

1.0
3.9
7.7

20.0
24.0

0.8
2.2
7.2

20.5
19.3

0.8
4.3
8.0

30.0
28.0

0.4
2.6
8.2

22.7
21.6

1.2
2.8
6.8

17.9
17.0

0.9
4.3

1t.6
24.7
22.2

1.7
2.8
8.7

19.5
23.0

1.6
2.1
6.5

19.0
17.7

Cclls in mctaphaselCcmur
TdTi"8220- 0.8
TdTi"8220+ 2.1
8220+11- 11.2
cII+sII- \7.1

2.6
2.3
5.9

15.8

2.0
2.8

13.4
17.4

1.0
4.7

10.4
22.2

1.6
3.6
8.4

17.9

0.7
2.6

15.6
Il.4

0.5
3.9
8.3

18.0

0.4
1.4
9.4

16.4

0.9
4.4
8.3

16.6

68.0 148.4 193.7 148.4 184.6 136.6 140.6 140.0 156.0
9.7 11.7 36.2 26.2 30.1 19.9 19.0 28.8 21.5

0.8
1.5

11.0
20.0

1.0
2.5
7.8

17.1

3.4
4.8

11.6
8.8

2.1
2.2
6.5
6.0

3.9
3.4
4.2
6.4

57.2 109.2 104.0 286.2 106.0 138.0
8.6 25.5 20.8 96.3 19.7 30.0

(xI04 )d
2.2 1.9
2.4 2.7

15.2 6.0
29.0 21.5

(x 106 )c

61.7
7.4

Cclls/splccn
sll+
8220+11-

a

b
c

d

Each value was derived from cells pooled from groups of 3 mice given 0.5x106 Plasmodium yoelii 17XNL-infected ROC at 6
wk of age; the mice were re-infecled two wk aCter clearance of parasitemia with 0.5x106 PY 17XNL-infected RBC
Normal mice (Od) reccived no infected RBC
Calculated from the incidence of cells of each phenotype relative to ail nucleated cells and the total cellularity of the
bone marrow and spleen
Calculated from the total number of cells of each phenotype and the percentage of cells of each phenotype in
metaphase (metaphase index) 2h40min aCter injecting vincristine sulfate ip
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• TABLE 7

B Iineage cells in bone marrow of BALB/ca mice during infection with
Plasmodium )'oelii 17XL

CeUs at post-infection intervals of:

Cell phenotype

Cells/femur(x 105)c
TdT+B220
TdT+B220+
B220+W
cu+sW
sJl+

Cells/spleen (x 106)c
sJl+
B220+W

1.0
1.9
8.0

20.0
16.4

61. 7
7.4

2d

1.1
2.0
6.8

17.1
12.0

54.0
5.0

4d

1.4
1.0
8.5

11.8
10.0

71.0
8.5

7d

0.9
1.6
5.0
6.6
5.2

169.0
23.0

CeUs in metaphase/femur(x104)d

TdT+B220- 0.8
TdT+B220+ 2.1
B220+W 11.2
cu+sJl- 17.1

3.0
4.0
6.8

12.5

4.2
1.4
9.8

11.0

1.3
1.0
6.3
5.3

•

a

b
c

d

Each value was derived from ceUs pooled from groups of 3 mice
given 2.5xl05 Plasmodium yoelii 17XL-infected RBC at 7 wk of
age
Normal mice (Od) received no infected RBC
Calculated from the incidence of cells of each phenotype
relative to aU nucleated cells and the total ceUularity of the
bone marrow and spleen
Calculated from the total number of cells/femur/phenotype and
the percentage of ceUs/phenotype in metaphase (metaphase
index) 2h40min after injecting vincristine sulfate ip
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TABLE 8

B ccII populations in BM of BALB/ca mice Iransferred wilh spleen ceUs from malaria-infecled donors

Control miceb Experimenlal mice

CcII phenolype Odc 2d 3d 4d 5d 7d 9d 2d 3d 4d 5d 7d 9d

Cells/femur
Td'f+8220
Td'f+8220+
8220+J.I"
cll+sJ.l"
sll+

(xI05)d
1.0
1.9
7.3

23.8
17.9

0.7
1.9

12.0
34.6
28.0

0.9
1.7
9.4

44.8
40.0

I.I
3.5

12.9
49.0
45.8

1.0
3.0

11.6
33.6
34.9

0.8
2.4

11.7
28.9
29.3

0.6
2.2
8.3

28.7
23.9

1.2
3.1
8.9

39.0
32.6

1.3
3.9

11.2
46.1
41.2

0.9
4.0

15.4
41.4
39.0

1.3
4.0
8.8

45.0
33.6

1.4
3.0

10.8
32.5
34.0

1.0
3.1
7.9

29.0
26.9

Cclls/splccn
sil+
8220+11-

(x 106 )d
56.0

8.0
78.0 63.0
12.0 10.8

93.4
19.0

83.0
13.8

82.8
9.5

74.8
Il.4

65.6
9.3

73.2 108.7
10.8 24.8

91.0
19.0

61.9
11.5

73.1
13.9

Cclls in mclaphase/femur (xI04 )C

Td'f+B220- 0.8 1.0 0.6 I.I
Td'f+8220+ 1.5 1.5 1.2 2.4
8220+11" 10.9 12.0 10.3 15.5
clI+slI- 19.0 20.8 11.8 29.0

0.4
2.0

11.6
13.4

1.3 1).3
1.6 1.4
9.4 9.1

15.6 27.3

2.5 1.3
2.3 3.2

11.6 7.8
31.2 23.0

0.6
4.0

10.8
30.6

1.4
2.4

10.0
18.0

1.2 2.2
3.3 4.4

13.0 10.4
17.5 20.3

a Each value was derived from cells pooled from groups of 3 mice (7wk) given 136x106 spleen nuclealed
cells from donors infccled wilh lx106 Plasmodium yoelii I7XNL-infecled R8C. The Iransfers were done
2wk afler clearance of parasilemia

b Conlrol mice rcceived 130x 106 syngenic spleen nuclealed cells from normal donors
c Normal mice (Od) received no cells
d Calculaled from Ihe incidence of cells of each phenolype relative 10 aIl nuclealed ceUs and the lolal

cellularily of Ihe bone marrow and spleen
e Calculaled from Ihe lolal number of cells of each phenolype and the percenlage of ceUs of each

phenolype in melaphase (melaphase index) 2h40min aCIer injecling vincrisline sulfale ip
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• TABLE 9

B Iineage cell populations in BM of BALB/ca mice transferred with
spleen adherent cells from malaria-infecled donors

Control miceb Experimental mice

Cell phenotype Ohe 36h 60h 84h 36h 60h 84h

CeHs/femur(x 105)d
TdT+B220- 1.0
TdT+B220+ 1.9
B220+W 7.3
c~+sW 23.8
s~+ 17.9

Cells/spleen(x 106)d
s~+ 56.0
B220+W 8.0

0.8 0.6
2.1 2.9

10.6 9.4
21.4 35.7
16.3 25.4

65.5 55.0
8.6 6.0

0.6
2.7
8.2

28.0
23.4

56.3
6.5

1.0 0.7
3.1 2.9

11.0 9.0
24.0 24.3
16.4 12.0

60.5 60.0
7.2 6.0

0.7
2.8
8.6

31.0
23.7

69.0
8.0

Cells in metaphase/femur(x 104 )e
TdT+B220- 2.3 3.1 2.6
TdT+B220+ 0.8 0.6 0.3
B220+W 10.9 7.4 9.4
c~+sW 19.0 19.3 17.6

4.2 4.5 3.7 3.2
0.7 0.9 0.8 0.6
9.0 13.2 9.0 11.2
19.6 20.0 14.6 26.0

•

a Values derived from cells pooled from groups of 3 mice (7wk)
given 6xl06 spleen adherent cells from malaria-infected donors.

b Control mice received 4xlO6 syngenic spleen adherent cells from
normal donors

C Normal DÙce (Od) received no cells
d Calculated from the incidence of cells/phenotype relative to ail

nucleated cells and the total bone marrow and spleen cellularity
e Calculated from the total number of cells/femur/phenotype and

the percentage of cells/phenotype in metaphase (metaphase
index) 2h40min after injecting vincristine sulfate ip
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• TABLE la

B lineage cell populations in bone marrow of BALB/ca mice infected
with malaria followed by an ip injection of pristane

Cell phenotype

Cells/femur (x 105 )c

TdT+B220
TdT+B220+
B220+11-
cll+sW
sll+

Cells/spleen (x 106 )C

sll+
B220+W

1.0
1.9
7.3

23.8
17.9

68.0
8.0

2d

1.7
1.7
5.5

11.2
18.3

94.0
18.8

4d

1.3
1.3
4.0

10.0
10.0

153.9
19.8

8d

2.1
2.1
4.0

10.6
10.6

115.7
23.1

Cells in metaphase/femur (x104 )d

TdT+B220- 0.8 3.7
TdT+B220+ 1.5 4.0
B220+W 10.9 8.3
cil+sll- 19.0 7.2

0.8
1.0
2.8

10.0

1.3
1.0
3.2
5.4

•

a

b
C

d

Each value was derived from cells pooled from groups of 3 mice
given 0.56 P.yoelii 17XNL-infected RBC at 6 wk of age; the mice
were re-infected two wk after clearance of parasitemia with
0.5 6 infected RBC. After clearance of parasitemia the mice were
injected ip with 0.5ml of pristane
Normal mice (Od) received no infected RBC
Calculated from the incidence of cells/phenotype relative to ail
nucleated cells and the total bone marrow and spleen
cellularity
Calculated from the number of cells/phenotype and the
percentage of cells of each phenotype in Metaphase (metaphase
index) 2h40min after injecting vincristine sulfate ip
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Figure 1. Parasitemia and weights of the spleen and Iiver in

C3H/HeJ mice infected with 107 malaria infected mouse

RBC
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Figure 2. B lineage cell populations in the bone marrow of C3H/HeJ

mice injected with 107 malaria-infected mouse RBC.

Values are expressed as a percentage of normal values of

groups of non-infected mice: cells per femur (above);

cells in metaphase per femur. 2h40min after vincristine

injection (below).
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•

Figure 3. B lineage cell populations in the bone marrow of C3H/HeJ

mice injected with 2.5x 105 malaria-infected mouse RBC.

Values are expressed as a percentage of normal values of

groups of non-infected mice: cells per femur (above);

cells in metaphase per femur. 2h40min after vincristine

injection (below).
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Figure 4. Parasitemia and weights of the spleen and Iiver in

BALB/c mice during repeated injection of 0.5x 106

malaria·infected mouse RBC. Mice were infected at 0

days and again at 58 days (arrow).
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Figure 5. B lineage cell populations in the bone marrow of BALB/c

during repeated injection of 0.5xl06 malaria-infec!ed

mouse RBC. The mice were infected at 0 days and again

at 58 days. Values are expressed as a percentage of

normal values of groups of non-infected mice: cells per

femur (above); cells in metaphase per femur. 2h40min

after vincristine injection (below).
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Figure 6. B lineage cell populations in the bone marrow of BALB/c

mice injected with O.5x 106 mouse RBC infected with

malaria parasites (lethal strain). Number of cells per

femur (above); number of cells in metaphase per femur,

2h40min after vincristine injection (below).
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Figure 7. B Iineage cell populations in tbe bone marrow of BALBlc

mice tbat received spleen cells from previously malaria

infected donors. Values are expressed as a percentage of

control values of groups tbat received spleen cells from

normal mice: cells per femur (above); cells in metapbase

per femur. 2b40min after vincristine injection (below).
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Figure 8. B Iineage cell populations in the bone marrow of BALB/c

mice that received spleen adherent cells from malaria

infected donors. Values are expressed as a percentage of

control values of groups that received spleen adherent

cells from normal mice: cells per femur (above); cells in

metaphase per femur. 2h40min after vincristine injection

(below).
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Figure 9. B lineage cell populations in the bone marrow of BALB/c

mice that were infected with malaria. re-infected. and

then pristane-injected. Values are expressed as a

percentage of normal values of groups of normal mice:

cells per femur (above); cells in metaphase per femur.

2h40min after vincristine injection (below).
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CHAPTER5

Bone marrow B cell populations during tumorigenesis in E!J.-myc

transgenic mice
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ABSTRACT

Transgenic mice bearing the c-myc proto-oncogene under control of

the immunoglobulin heavy chain (IgH) enhancer (Ell-mye mice)

undergo a reproducible series of developmental stages and die from

malignancies of the B lymphocyte lineage. Three different stages are

detected by peripheral blood analysis: an initial phase characterized

by the presence in the peripheral blood of many large proliferating B

Iineage cells; a middle phase of varying time among affected mice. in

which proliferating B lymphocytes disappear from the blood. and a

final period characterized by the reappearance of proliferating B

Iineage cells and development of malignant clones. To investigate the

celIular events underlying tumorigenesis in thismodel. we have

quantitated B cell precursors and production rates produced by c·

myc deregulation during the three stages. The findings revealed that

during the pretumorous phase. the B cell precursors in the bone

marrow. including pro-B cells undergoing IgH gene recombinant

activity. were increased in population size and mitotic activity. while

the B lymphocytes were actually reduced in numbcrs. The results

suggest that constitutive c-myc expression in B cell precursors

produces two opposing effects. an increase in proliferation of B cell

precursors and a negative cell selection. The final emergence of a

tumor clone in Ell-myc mice may represent the development of a
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dysregulated cell able to resist normal mechanisms of cell death or to

evade negative selection.

INTRODUCTION

Precursor B cells are derived from stem cells through a series of

proliferation and differentiation events before giving rise to mature

B lymphocytes. a process under a precise home'ostatic control

(Osmond 1990). The use of three markers (~ heavy chains. B220

glycoprotein and TdT). in combination with double

immunofluorescence labeling and stathmokinetic techniques

permitted the ide:ttification of six phenotypically distinct B cell

populations in the mouse bone marrow: 1) presumptive pro-B cells.

at the stage of heavy chain gene rearrangement; early. intermediate

and late pro-B cells (TdT+B220-. TdT+B220+. B220+W. respectively);

2) pre-B cells (c~+sWB220+). including large dividing and small

non-dividing cells. and 3) B lymphocytes expressing s~ and B220

(Park and Osmond 1987). The proliferation dynamics of B precursor

cells show a progressive increase in numbers. cell size and production

rate among succesive populations up to the large pre-B cell stage.

However. during the clonaI expansion there is a cell selection

evidenced by a marked cell loss which accounts for 75% of B cell

precursors (Opstelten and Osmond 1983. Deenan at al. 1990). Cell

loss may represent the elimination of aberrant cells with defective
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immunoglobulin gene rearrengements. autoreactivity and potentially

oncogenic deregulation. Recent studies have revealed the presence of

B lineage cells undergoing apoptosis. potentially aberrant cells. being

recognized and eliminated by resident macrophages (Jacobsen and

Osmond 1990. 1991. Osmond et al 1992).

The proto-oncogene c-myc is involved in normal growth regulation.

The c-myc protein product acts as a transcriptional activation factor

required for cell proliferation in the transition from Go to GI. and

from G1 to S phase (Heikkila et al. 1987. Amati et al. 1992. Kretzner

et al. 1992). The expression of c-myc gene is controlled at various

stages of the cell cycle. Different modes of deregulation have been

proposed for the c - m)' c gene; point mutations. deletions.

amplification. insertional mutagenesis and through translocations

(Klein and Klein 1985. Lenoir and Bornkamm 1987. Dufort et al. in

press). Under these conditions. the gene product may be affected in

different ways; a hyperactive product in causing an uncontrolled

proliferative state which may be the first step towards neoplastic

transformation (Klein and Klein 1985. Lenoir and Bornkamm 1987).

Mice transgenic for a c-myc gene driven by the IgH enhancer {EJ.l

myc) are a unique experimental model for lymphomagenesis. In

these circumstances the constitutive expresion of c-myc gene by the

precursor B cell populations maintains the cells in a continuous

proliferative cell cycle. The final event is the development of B cell

neoplasias and the death of the animal (Langdon et al. 1986. Harris et

127



•

•

al. 1988). By peripheral blood lymphocyte proliferation analysis.

three different periods can be identified in EJ.1-myc transgenic mice:

an initial period characterized by B Iymphoid proliferation in the

peripheral blood. a middle period in which peripheral lymphocyte

proliferation is absent. and a final period in which peripheral

lymphocyte proliferation returns. reflecting a malignant tumor clone

(Sidman et al. 1988). The period of time before the appearance of

the malignancy indicates that additional events occur in the tumor

clones before their full tumor transformation. To investigate the

cellular events leading up to oncogenesis. we have investigated the

proliferative dynamics of B cell precursors in the bone marrow of

EJ.1-myc transgenic mice.

MATERIALS and METHODS

Mice. The mice used were congenic C57BL/6JSmn (B6) and

C57BL/6JSmn-EJ.1-myc. The latter were derived from the original

segregating (B6xSJL)FE2-EJ.1-myc population (Adams et al. 1985).

The different phases of the tumorigenic process in EJ.1-m y c

transgenic mice were defined by forward and side scatter analysis of

peripheral blood lymphocytes (Sidman et al. 1988). The mice were

kindly provided by Dr. Charles L. Sidman. (Dept. of Molecular

Genetics. Biochemistry and Microbiology. University of Cincinnati

College of Medicine).
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The population sizes and production rates of the various B cell

precursors were determined using double immunofluorescence

labeling and mitotic arrest techniques as decribed in Chapter 2.

RESULTS

Precursor B cel1s were examined in bone marrow and spleen

suspensions from C57BL/6JSmn-EfJ.-myc mice identified as being in

the three phases. early. middle or late. in their characteristic

tumorigenic progression. by f10w cytometry of blood lymphocytes.

compared with cel1s of congenic C57BLl6JSmn mice.

Cellularity of bone marrow and spleen. The absolute numbers of

nucleated cel1s in the bone marrow were increased in the middle

(180%) and final (140%) phases compared to control values (Table 1).

Spleen cel1ularity was increased in al1 three phases compared to

control values. The increase was more marked in the early (550%)

and final (275%) phases. than in the middle phase (175%) (Table 1).

Precursor B-cell populations in the bone marrow of EJl-myc

transgenic mice. The population sizes of early (TdT+ B 2 20-).

intermediate (TdT+B220+) and late (B220+J.l.") pro-B cel1s: pre-B cel1s

(c fJ. + S fJ. -): and B lymphocytes. as wel1 as the production rate of

proliferating pro-B and pre-B cel1s were determined using double

immunofluorescence labeling and mitotic arrest techniques. as
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described. Early pro-B cells and intermediate pro-B cells showed no

evident alteration in population size at any stage of the EI!-m y c

tumorigenic progression. whereas late pro-B cells were markedly

elevated in the middle-phase (438%) and final phase (250%) of EI!

myc mice. Pre-B cells were increased in both early and intermediate

phase EI!-myc animais (120% and 153% respectively). but were

reduced to less than half (41 %) control values in the final phase. [n

contrast. the B lymphocyte population size was markedly reduced

during the early and middle phases (37% and 65%), finally increasing

to 4.5fold control values in animais with frank B cell tumors (Table 2

and Fig. 1)

To determine whether these population size changes were due to

alterations in cell generation rates. the number of cells entering

mitosis per unit time was measured. The major alterations in B

lineage cell kinetics were marked increases in the generation rates of

intermediate pro-B cells (382%). late pro-B cells (267%) and pre-B

cells (303%) in the bone marrow of EI!-myc mice during the middle

phase (Table 2 and Fig. 1). [n the early and late phases of EI!-m y c

mice the numbers of cells passing through mitosis in the various

compartments were not significantly different from controls.

Population size of B ceUs in the spleen of Ep.-myc mice. The number

of mature B lymphocytes in the spleen of EI!-myc mice during the

intermediate phase resembled that of control mice. but was elevated
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during bllth early (206%) and late (179%) phases compared 10 conlrol

values (Fig. 3).

DISCUSSION

B cell genesis in the bone marrow occurs ln a process strictly

regulated by microenvironmental interrelalionships and systemic

growth factors (Osmond 1990. Kincade et al. 1988). Deregulations in

this delicate process may lead to the development of tumors.

Transgenic mice carrying a C - III YC oncogene dri ven by the

immunoglobulin heavy chain enhnacer die of tumors of the B Iineage

phenotype after a varying period of time (Adams et al. 1985, Harris

et al. 1988). The lag before the appearance of the malignancy

indicates that e-mye b:' itself is not enough to produce tumors, and

that additional events occur before full transformation and the

emergence of a tumor clone.

Three stages can be identified by peripheral blood analysis in EIl

mye transgenic mice; an initial stage where peripheral B lineage cells

proliferate; a middle stage. of weeks or months, when proliferating B

lymphocytes disappear from the blood; and a final period where

peripheral lymphocyte proliferation returns. reflecting a malignant

tumor clone (Sidman et al 1988). In the present study. analysis of B

cell precursors in the bone marrow during the different peripheral

blood lymphocyte periods shows striking phenomena. Especially
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important is the middle period when there is no acti ve peripheral

Iymphoid proliferation. The bone marrow shows an increase in

population size and proliferative activity among the earlier B cell

precursors, without an expected increased in B lymphocytes. These

are actually reduced in numbers in the bone marrow, and are similar

to control values in the spleen. This is in contrast to the final period

when population size and proliferative rate of earlier B cell

precursors are diminished. but the numbers of B lymphocytes are

increased in the bone marrow as weil as in the spleen.

From these observations. two critical changes seem to occur during

the prelymphomatous phase in EIJ-myc mice. First. there is an early

polyclonal proliferative period in which proliferating B cells are

prominent in the blood. and the pre-B cells in the bone marrow show

an increased proliferative rate and population size. This is followed

by a disappearance of proliferating B Iineage ceIls in the peripheral

blood. but an increase in the bone marrow population sizes and

proliferative rates among the early. intermediate and late pro-B cells.

and pre-B cells. However. B lymphocytes are greatly reduced in the

bone marrow during the prelymphomatous phase. while after an

increase in the early polyclonal proliferative period the spleen B

lymphocyte numbers become near normal. Thus. in the pretumorous

phase. there is a marked increase in numbers and rates of generation

of precursor B cells. yet the number of mature B lymphocytes is

actually less than normal. This suggests that there is a stimulation of

132



•

•

precursor cell proliferation but that this is followed by an increased

fraction of cell loss.

Cell loss is a characteristic of B cell genesis in the bone marrow (Park

and Osmond 1989), and is thought to reflect the elimination of

apoptotic aberrant cells by local resident macrophages (Jacobsen and

Osmond 1990, 1991. Osmond et al. 1992). Electron microscopy at the

prelymphomatous phase suggests that greatly increased numbers of

B220+ B Iineage cells in the bone marrow are undergoing apoptosis.

and are rapidly recognized and ingested by resident macrophages

(Sidman et al. 1993, Jacobsen et al. unpublished data). The evidence

suggests that the egress of B cell progenitors from the bone marrow

to the periphery is normally controlled. Aberrant dysregulated cells

are signalled to undergo a programmed cell death, being rapidly

recognized and eliminated by macrophages. It may be postulated

that the final emergence of a tumor clone is a consequence of further

genetic accidents in the rapidly proliferating precursor B cell pool.

resulting in a capacity to evade the normal bone marrow screening

mechanisms and to become disseminated.

Two other pathological conditions resemble the effects of the E~-m y c

transgene in mice; Burkitt's Iymphoma, associated with malaria, and

murine plasmacytoma. Both entities are characterized by an Ig/m y c

translocation and prolonged macrophage activation (Klein and Klein

1985, Lenoir and Bornkamm 1987. Haluska et al. 1987, Potter et al.

1987. Ohno et al. 1989). Plasmodium yoelii infection and a single
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intraperitoneal pristane injection produce a sustained stimulation of

early B ceU precursors in the bone marrow of mice without a

proportionate expansion at later stages (this thesis. Chapters 3 and

4). The stimulation of precursor B ceUs rearranging Ig heavy chain

genes in these conditions. as in Ell-myc mice. may increase the

probability of genetic accidents involving cooperative oncogenes.

which may predispose the ceUs to neoplastic transformation (Vaux et

al. 1988. Bissonette et al. 1992, Fanidi et al. 1992), possibly by the

acquisition of survival mechanisms to block the cell death pathway

and/or to avoid macrophage recognition and deletion .
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TABLE 1

Total nucleated cel1s in bone marrow and spleen of E~-myc B6
transgenic micea

Control Early Middle Late

Cells/femur (xIOS) 159 139 287 225

Cells/spleen (x 106 ) 120 660 210 330

a Each value was derived from a pool of three mice
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TABLE 2

Number of B Iineage cells in bone marrow of EJl-myc B6 transg~nic

micea

Cell phenotype Control Early Middle Late

Cells/femur (xI05)b

TdT+B220- 0.6 0.4 0.4 0.6
TdT+B220+ 3.0 1.1 1.7 1.1
B220+W 8.0 10.0 35.0 20.0
cu+sW 51.0 61.2 78.0 21.1
sJl+ 22.3 7.0 14.6 99.0

Bone mal'row cells in metaphase/femur (xl04 )C

TdT+B220- 0.2 0.2 0.2 0.4
TdT+B220+ 0.9 n.2 4.2 0.5
B220+W 15.0 12.3 40.0 10.2
cu+sW 18.0 26.0 54.6 14.0

a Each value was derived from a pool of three mice
b Calculated from the incidence of cells of each phenotype

relative to ail nucleated cells and the total cellularity of the
bone marrow

C Calculated from the total number of cells/femur/phenotype and
the percentage of ceIls/phenotype in metaphase (metaphase
index) 2h40min after injecting vincristine sulfate ip
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Figure 1. Total nucleated cells in the bone marrow and spleen of

Ell-myc mice in the three phases, early, middle or late of

their characteristic tumorigenic progression, and of

congenic 86 mice. Values derived from cells pooled from

groups of three mice.
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Figure 2. B Iineage cells in the bone marrow of Ell-myc mice in the

three phases of tumorigenic progression. and of congenic

B6 mice. indicating the actual number of cells per femoral

shaft (above) and the number (lf cells entering mitosis

per unit time (lh40min) (below). Values derived from

cells pooled from groups of three mice .
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Figure 3. Number of B cells (s/1+) in the spleen of E/1-myc mice in

the three phases of tumorigenic progression. and of

congenic B6 mice. Values derived from cells pooled from

groups of three mice .
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CHAPTER6

c-:'it expression by B cell precursors in mouse bone marrow:

stimulation of B cell genesis by in vivo treatment with anti-c-kit

antibody
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SUMMARY

To examine the possible in vivo role of the c·kit receptor in B

Iymphopoiesis we have evaluated the proliferative dynamics of

precursor B cell populations expressing c-kit in mouse bone marrow

and the effects of administering a neutralizing anti-c·kit mAb, ACK2.

Double immunofluorescence labeling, epifluorescence microscopy and

mitotic arrest techniques h:!ve been used to examine bone marrow

cells from 23-27g BALB/c mice. Almost one half of ail TdT+ cells and

one quarter of ail B220+ B Iineage cells coexpressed c-kit. mainly at

low intensities, and were actively proliferating in vivo. The incidence

of TdT+c-kit+ cells was 0.6% and these were mainly large cells (9

15IJ.m); TdT+c-kir cells were usually smaller (5-8I1m). B220+c-kit+

cells represented 4.3±O.2% of ail bone marrow cells. Other c-kit+

cells, lacking B cell markers, totalled 3.6±O.l % of bone marrow cells,

expressed c-kit in high intensities and had an exceptionally rapid

turnover rate. Mice given five injections of Img mAb ACK2 on

alternate days and examined on the ninth day showed reduced bone

marrow ccllularity, with an almost complete absence of erythroid

and granulocytic cells. In contrast, B Iymphopoiesis was markedly

stimulated. B Iineage cells formed 80% of bone marrow cells. The

populations of intermediate pro-B cells (TdT+B220+). late pro-B cells

(B220+W) and pre-B cells (cl1+sW) were ail increased 2-4 fold in

cell number and production rate. B lymphocytes were also increased

in both the bone marrow and spleen. The results demonstrate that
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many early precursor B cells in mouse bone marrow constitutively

express c-ki t receptor. The failure of ACK2 treatment to block B

Iymphopoiesis suggests. however, that c-kit receptor function is not

essential for precursor B cell development and that the ill vivo role of

c- kit in normal B cell genesis can be replaced by alternati ve

signalling systems. Il is postulated that the stimulation of B ccII

genesis induced by ACK2 may reflect a perturbation in the

interlineage competition for microenvironmental factors which

underlies the normal balance between B Iymphopoiesis and other

hemopoietic Iineages in vivo.

INTRODUCTION

In mammaliun bone marrow a variety of hemopoietic cell lineages

undergu processes of differentiation from stem cells and proliferative

expansion under local microenvironmental control. In doing so, the

cells can be considered to pass through a series of developmental

compartments defined by sequential changes in their phenotypic

properties and control mechanisms. Cells in an early diffcrcntiation

compartment of the B lymphocyte Iineage before the expression of

the /..l heavy chain of IgM (pro-B cells), transiently express terminal

deoxynucleotidyl transferase (TdT), an intranuclear enzyme which

inserts nucleotides at VDJ joining sites during rearrangement of VDJ

segments of IgM heavy chain genes (\ .2). The B220 glycoprotein also

first becomes expressed at the cell surface during this stage and
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remains associated with the B lymphocyte Iineage thereafter 0,3).

Cells then enter the pre-B cell compartment when they begin to

synthesize 1.1. heavy chains and to rearrange the gene segments for

the Iight chains of IgM. The pairing of heavy and Iight chains and the

surface expression of IgM defines (he final B lymphocyte

compartment. Pro-B cells and large pre-B cells undergo a series of

mitoses, while small pre-B cells mature into B lymphocytes without

further division (1-3). Differentiating B Iineage cells in vivo remain

intimately associated with stromal reticular cells until the stage of

terminal maturation (4-6). B cell genesis requires direct interactions

with stromal cells and the release of stromal cell growth factors,

notably IL-7 (7,8). Systemic pleiotropic factors may also act on B cell

genesis in vivo, probably by stimulating stromal cells to release

srecific signais' for precursor B cell development (6,9). However. the

local molecular interactions which regulate the proliferation and

differentiation of early precursor B cell compartments remain largely

unknown. Control mechanisms operating during the pro-B cell stages

of development wouId have important implications for the normal

clonai development of B lymphocytes and for perturbations leading

to B cell neoplasias and deficiencies.

The proto-oncogene c-kit. localized within the dominant white

spotting (W) locus in mice. encodes a transmembrane tyrosine kinase

receptor molecule (0). Mutations at the W locus affecting various

domains of the c-kit receptor. result in defective development of

hemopoietic stem cells, germ cells and melanocytes (1). The ligand
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for the c-kit receptor (kit ligand. stem cell factor. mast cell growth

factor). which has been cloned and mapped to the Steel (SI) locus.

exists in both soluble and membrane forms (\ 2-15). The latter is

expressed on certain bone marrow stromal cells. probably being

implicated in cell-cell interactions promoting cellular adhesion and

migration (16.17). Interaction of c-kit receptor with ils ligand

induces autophosphorylation of c-kit. phosphorylation of second

messenger signal transducers involved in cell proliferation (\ 8.19).

and. possibly. the induction of cytokine expression (20). The c-kit

receptor is expressed on a variety of primitive hemopoietic precursor

cells (21-23) whose proliferation can be stimulated by kit ligand

acting synergistically with other cytokines (24-27). Studies blocking

c-kit function by a non-cytotoxic anti-c-kit mAb (ACK2) have

indicated that c-kit plays an essential role in the in vivo development

of myeloid and erythroid progenitors (21). The question remains

whether c-ki t expression may also be involved in regulating B

Iymphopoiesis. ln vitro studies have detected c-kit expression by

certain cultured precursor B cells and cell lines characterized by

early stages of Ig gene rearrangement (24.28). Kit ligand augments

the stimulatory effect of IL-7 on precursor B cells in vitro. an effect

which is inhibited by mAb ACK2 (28). ln vivo. on the other hand. the

expression of c-kit by B lineage cells has been equivocal and mAb

ACK2 has appeared not to impair B cell development (21.22).

The present work was designed to determine at wta1ch differentiation

stages B cell progenitors may express c-kit under physiological
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conditions in vivo, to examine the proliferative dynamics of these

cells, and to assess the in vivo functional significance of c-kit activity

on precursor B cell development. First, we have used double

immunofluorescence and stathmokinetic techniques to quantitate c

kit-bearing cells and their proliferative activity in precursor B cell

compartments of mouse bone marrow. Secondly. we have examined

the effects of the anti-c-kit mAb ACK2 in vivo on the number and

proliferative activity of ce1ls in each phenotypically defined

compartment of precursor B cell development. Our results

demonstrate that many actively p,':-Eferating early precursor B cells

express c-kit in vivo. Interestingly, however. treatment with a

neutralizing anti-c-kit antibody. which suppresses erythropoiesis and

granulopoiesis. actually stimulates B ce1l genesis. Our findings suggest

that c-kit receptor function is not essential for the development of

precursor B cells in vivo. and raise questions concerning the role of

interlineage relationships in the regulation of lymphopoiesis and

hemopoiesis in the bone marrow.

MATERIALS and METHODS

AnimaIs. BALB/c mice were purchased from Charles River Canada

(St. Constant. PQ) and maintained in microisolators. Mice were

analyzed individua1ly.

The population sizes and production rates of the different B cells

precursors were determined using double immunofluorescence
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labeling and mitotic arrest techniques as described in Chapter 2.

including the following steps for c- ki t labeling and anti-c - kit

treatment in vivo.

Antibodies. Ammonium suli!lte-precipitated rat anti-mouse c-kit

monoclonal antibody (mAb). ACK-2. (Dr. S-1. Nishikawa. Kumamoto

University. Japan) was used at a concentration of 17~g protein/ml as

a primary immunolabeling agent. Tetramethyl rhodamine

isothiocyanate (TRITC)- and f1uorescein isothiocyanate (FITC)

conjugated goat anti-rat IgG (Heavy and Light chains) (Kirkegaard

and Perry Laboratories. Gaithersburg. MD). were used as secondary

antibodies at 17~g and 50~g protein/ml. respectively. mAb 14.8

was also used for direct immunofluorescence labeling after being

FITC-conjugated and diluled 1:5.

Anti-c-kit treatment in vivo. Mice were injected Lv. with Img of

anti-c-kit mAb ACK2 in O.lml sterile isotonic chloride (0.9%) on

alternate days. Control mice were similarly injected with 0.1 ml of

sterile isotonic sodium chloride (0.9%). Each mouse was given 5

injections and sacrificed on day 9. one day after the final injection.

Labeling of c-kit. Bone marrow cells (50~1; 40xlO6cells/ml) were

incubated in microwell plates with an equal volume of mAb ACK2 for

30min on ice. The ceIls were washed. resuspended in 50~1 MEM-NCS

alld incubated with either TRITC- or FITC-conjugated goat anti-rat

19G (3ùmin. on ice). The cells were cytocentrifuged and fixed in
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absolute methanol (30min. on ice) and hydrated in gradually

reducing concentrations of methanol in PBS.

Double labeling of c-kir and TdT. After c - kir labeling.

cytocentrifugation and fixation. as described above. cell preparations

were incubated with normal goat serum. washed. and then exposed

to rabbi! anti-TdT (overnight. room temperature) followed by TRITC

conjugated goat anti-rabbit IgG F(ab'h (30min. room temperature).

Double Jabeling of c-kir and B220 glycoprorein. After c-kit labeling.

cell suspensions were incubated with FITC-conjugated mAb 14.8

(30min. on ice). cytocentrifuged and fixed in absolute methanol

(30min. on ice).

The incidence of è-kit+cells. c-kir+B 2 20+ cells. c-kit+T d T+cells.

TdT+B220- cells. TdT+B220+cells. B220+11" cells. cl1+sl1- cells and

sil + cells. as well as the proportion of cells in metaphase. were

examined as described in Chapter 2.

RESULTS

c-kit+ Cells in Mouse Bone Marrow. 1
'.

"
Cells expressing c- kir, as detected by the surface binding..".br mAb

"

ACK2. totaUed 6.6±O.2% of ail "ells in bone marrow cell suspensions.

Approximately one third of the c-kit+ cells showed bright labeling.

while the remainder were c-kit dull (Table 1). A repeat experiment
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confirmed these values (not shown \. The c· k i t+ cells had

undifferentiated blastoid and Iymphoid morphology.

Expression of c·kit and TdT. Almost half of the total TdT+ cells in the

bon~ marrow coexpressed c·kit. mainly at dull intensity (Table 1).

These TdT+ cells were mainly large cells (9.0·15.0J,1m nuclear

diameter). while the TdT+ cells lacking c·kir were usually smal1er

(5.0·8.0J,1m nuclear diameter).

Expression of c-kit and 8220 g/ycoprotein. Nearly one quarter of

total B220+ cells coexpressed c-kit. accounting for more than one half

of the total c-kit+ cells (Table 2). The total incid~nce of c-kit+ cells ir.

these experiments. using a TRITC-conjugated secondary untibody to

detect the binding of mAb ACK2. was consistently slightly higher

than that previously observed using an FITC-conjugated secondary

antibody. The coexpression of c-kit. B220 and TdT is summarised in

Fig.!.

Expression of c-kir and Il chains. No cells bearing either cytoplasmic

or surface J,1 heavy chains were found to coexpress c·kir.

Pro/iferarive dynamics of c-kir+ cel/s.

The flow of cells through mitosis was indicated by the proportion of

cells of each phenotype that had accumulated in metaphase during a

standard interval of time (2h40min) after injecting vincrj~tine sulfate

to stop dividing c~lls in mitosis. This treatment did not appreciably

perturb the population size of c·kir+. TdT+ or B220+ cells (Tables 1.2).
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Ali populations of c-kit+ cells were in active cel~ cycle but their rate

of entry into mitosis differed markedly depending upon whether or

not they coexpressed B cell Iineage markers. The c-kit+ cells that

coexpressed either TdT or B220 glycoprotein showed similar.

moderately large accumulations of mitotic cells (13-15%). whereas

the proportion of c-kit+ cells lacking B Iineage markers (B220) which

entered mitosis in the same period of time was consideraoly greater

(36';~) (Tables 1.2; Fig. 1).

Effects of in vivo Anti-c-kit (mAb ACK2) Treatment on B Cel!

Precursors in Bone Marrow.

To examine the functional significance of c-kit expression by B cell

precursors. BALB/c mice were injected Lv. with purified mAb ACK2

on alternate days for 5 injections (21). Control mice received parallel

injections of sterile saline. On day 9. bone marrow cells were

analysed for the population s.ze and proliferative activity of B cell

progenitors. A third group of normal mice received no treatment.

Cellu[arity of bone marrow and spleen in ACK2-treated mice. The

total number of nucleated cells in the bone marrow was reduced by

40% in anti-c-kit-treated mice compared with the saline-treated

mice. In contrast. the spleen cellularity in anti-c-kit-treated mice

was increased by 25% (Fig. 2). Values for the saline-treated controls

were intermediate between those of untreated mice and ACK2

treated mice .
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Population SlleS of precursor B cel/s ill bOlle marro\\' of ACK2-treatecl

mice. The reduced cellUlarity in the bone marrow of ACK2-treated

mice was associated with an almost complete absence of erythroid

precursors and greatly reduced incidences of myeloid (granulocytic.

monocytic) cells. as evaluated in Giemsa-stained cytocentrifuged

preparations. Most of the residual cells exhlbited Iymphoid

morphology.

In sharp contrast to erythroid and myeloid cells. the incidence of B

Iineage cells. as detected by immunofluorescence labeling. was

greatly increased to form the predominant cell population in the

bone marrow of anti-c-kit-treated mice. The total incidence of B

Iineage cells in the bone marrow increased from 28-330/0 in normal

and saline-injected mice to 80% after anti-c-kit treatment (Table 3).

In addition to their elevated incidence. the actual number of B

Iineage cells per femur was substantially increased in ACK2-treated

mice (Fig.3). Ali precursor B cell populations. apart from early pro-B

cells. were expanded. The intermediate pro-B cells (TdT+B220+). late

pro-B cells (B220+1l-) and pre-B cells (cll+sll") approximately

doubled in absolute numbers compared with control animais. The

mature sll+ B cells also increased in numbers. The values in saline

treated control mice cIosely resembled those in normal mice (Fig.3).

Proliferative dynamics of precursor B ceUs in the bone marrow of

ACK2-treated mice. Pro-B and pre-B cells entered mitosis in

increased numbers in ACK2-treated mice compared with saline-
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treated or normal mice. The actual number of intermediate pro-B

cells (TdT+B220+). late pro-B cells (B220+W) and pre-B cells (cll+sW)

entering mitosis per unit time showed absolute increases of 2-4

times the normal values (Fig.3). These findings thus indicate a true

increase in the levels of precursor B cell proliferation after anti-c-kit

antibody treatment.

c-kit+ ce/ls in bone marrow of ACK2-treated mice. ACK2 injections in

doses of Img/mouse have been shown to saturate the ACK2 epitope

on the surface of hemopoietic cells while leaving other c-kit epitopes

exposed :md the cells intact (21, Sol. Nishikawa. data not shown).

The present work confirmed that c-kit+ cells survive the ACK2

treatment. using an indirect labeling technique with a secondary

antibody which would stain ail cells which had previously bound

ACK2 (Table 4).

Population size of B cells in the spleen of ACK2-treated mice. B cells

(sil +) were substantially increased in numbers in the spleen of

ACK2-treated animaIs compared with saline-injected controls and

no'rma! mice lFig.4). The number of B220+ Il - cells was also

increased.

DISCUSSION

The present study shows that the c-kit tyrosine kinase receptor is

constitutively expressed by many early precursor B cells in mouse
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bone marrow. Yet. paradoxically. in vivo treatment with a

neutralizing anti-c-kit antibody. ACK2. which suppresses other forms

of hemopoiesis, actually stimulates the proliferation of precursor B

cells and the production of B lymphocytes. The findings raise

questions concerning the role of the c- kit receptor in the interaction

of precursor B cells and other lineages with stromal celis in vivo.

The total incidence of c-kit+ cells in mouse bone marrow now

detected by immunofluorescence labeling with mAb ACK2 directed

against the extramembrane domain of the c-kit receptor accords weil

with the higher values of previous studies (21-23). B220+ lineage

cells in mouse bone marrow have previously been reported by f10w

cytometry either not to coexpress c-kit (22) or to do so only in low

numbers (21). Epifluorescence microscopy of individual cells now

demonstrates, however, that more than one half of the c-kit+ cells

coexpress surface B220 glycoprotein. representing about one fifth of

the total B220+ cells. Furthermore, c-kit is coexpressed by one half

of the TdT+ cells. a compartment whose c-kit status has not been

previously reported. The findings i••:iicate that c-kit is normally

expressed in vivo by many pro-B cells during the phase of Ig heavy

chain gene rearrangement but not by pre-B cells and subsequent

stages after Il chain synthesis. This is consistent with in vitro

functional studies indicating that B lineage clones which express c-kit

receptor (28) and bone marrow cells which respolld to synergistic

stimulation by kit ligand and :l-7 (24) are charac,~rized by D-J H

rearrangements, ie. are pro-B cells, whereas cultured pre-B cells in
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which " Iighl chalns are rearranged but not expressed have no

transcripts for c-kit (32).

Pro-B cells which express the c-kit receptor are normally in active

cell cycle in ·'iva. Theil' rates of entry into mitosis resemble those

previously noted for TdT+ !:nd B220+W pro-B cells in general (2.3).

ln contrast. c-kit+ cells which do not not coexpress B lineage markers

appear to be kinetically distinct. entering mitosis at consid.::rably

higher rates. Accurate measurements of cell turnover can be made

only from the Iinear accumulation of mitoses at multiple intervals

after administering vincristine (1.2.30,31). However, assuming an

initial lag period of 1-1.5h before vincristine becomes effective in

arresting pra-B cells in metaphase (1,2), the present findings suggest

a turnover time in the order of 8-12h for the c-kit+B 220+ cell

compartment but only 3.2-4.6h for the c-kit+B220- population. The

c-kit+TdT+ cells tend to be the largest cells of the TdT+ population, ail

of which are in cell cycle (2). Possibly, c-kit expression may be cell

cycle-related. becoming detectable during the later phases of the cell

cycle. If so, the cell cycle duration would actually be longer than the

apparent average cell cycle times indicated by the above turnover

values.

Bone marrow cells express c-kit receplor in a range of intensities.

The relatively low level of c-kit expression by B lineage precursors in

the present work accords with previous observations in both mouse

bone marrow (21) and pro-B cell clones in vitro (28). The c-kit+ cells

which do not coexpress B lineage markers are thus distinct by two
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These properties and their Iymphoblastoid Illorphology are

compatible with reports that the population of c-kithright eells in

mouse bone marrow include primitive helllopoietie progenitors of the

erythroid and myeloid lineages (22.21). The possiblc functional

relationships between e-kitbright progenitor cells and B-lincll"cb

committed cells remain to be established.

The physiological role of e-kit expression in precursor B eell

development has been unclear. Based on the effeets of kit ligand in

enhancing responses to regulatory factors in vitro. a stilllulatory rolc

has been proposed. Kit ligand potentiates the effeets of IL-7 in

stimulating the proiiferative responses of cultured precursor B eclls

showing D-JH rearrangements (32) and B220 expression (24), and in

promoting the formation of pre-B cell colonies (33.34). Thc well

documented synergistic effects of kit ligand on the stimulation of

primitive hemopoietic precursor cells in vitro by a variety of

cytokines (IL- \, IL-3. IL-6, EPO, GM-CSF) illustrate that a multiplicity

of factors may regulate early precursor cell developmcnt in the bone

marrow (25,26,27,35.36). The anti-e-kit antibody, mAb ACK2,

•

provides a tool to examine the role of e-kit receptor expression by

antagonizing e-kit function, without injuring the target cell (21,37).

mAb ACK2 inhibits the stimulatory effects of kit ligand and IL-7 on

early thymocytes (38), as weil as arresting embryonic melanocyte

developmellt (37) and adult spermatogenesis (39) in vivo. mAb

ACK2 also reduces the proliferation and growth rate of pro-B clones
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cultured on stromal cells with IL-7 (28), reinforcing the notion that

c-kit may serve a proliferative role in B cell genesis.

ln view of the c-kit expression by early B-lineage cells together with

the reported effects of kit ligand stimulation and c-kit receptor

blockade, it is at first sight surprising that in vivo treatment with

mAb ACK2 not only fails to depress B cell genesis in the bone marrow

but actually stimulates precursor B cell production. Ogawa et al.

reported that ACK2-treatment in mice suppressed erythropoiesis and

myelopoiesis but the incidences of B220+ cells and IL-7-responsive

cells among residual bone ma"row cells were higher than normal

(21). The present study confirms these findings and further extends

them by showing that precursor B cell populations in ACK2-treated

mice are expanded in terms of actual numbers of cells per femur as

weil as inciden.::e. that this expansion affects successive precursor

compartments of intermediate pro-B cells, late pro-B cells. pre-B cells

and B lymphocytes. and that in each of the proliferative precursor

cell compartments an increased number of cells f10ws through

mitosis per uni t time. The results demonstrate that anti-c - kit

antibody treatment in vivo produces a true increase in precursor B

cell production from the initiation of Ig heavy chain gene

rearrangement onwards. resulting in an expansion of the peripheral

B cell pool.

The failure of mAb ACK2 treatment to block the proliferation of

precursor B cells suggests, contrary to views based on in vitro

studies. that c-kit-mediated signais are not essentia' for precursor B
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cell development il/ vivo, This conclusion is consistent with findings

that pr;:-B cell proliferation remains uctive in W/Wv und SI/SI"

mutant mice (40). and that substantial proliferation and growth of c

kit+ precursor B cell clones cun still persist in the presence of ACK2 i 1/

vitro (28). The reports of either a depressant effect of ACK2 or a

stimulatory effect of kit ligand on precursor B ccII ilroliferution i 1/

vitro have been based on IL-7-dependent systems (24.28.34). 11/

vivo. however. defec\s of c-kit cun apparently be compcnsated by the

activity of alternative IL-7 potentiating signalling systems which

may inc:ode Insulin-Like Growth Factor 1 (41).

The expression of the c-kit receptor may not lJeccssurily correl<llc

with its function. Mouse oocytes express c-kit strongly but ACK2

administration produces no evident defect in oocyte activation or

ovulation. even though the same treatment depletes spermatogonia

(39). Both c-kit and kit ligand are expressed in the brain. lungs. and

placenta. tissues which are not apparently defective in W/W or Sl/SI

mutant mice (42). Thus. the lack of any depressant cffcet of ACK2 on

early precursor B ceUs in vivo could indicate that thcy express thc c

kit receptor in a nonfunctional form pos~ibly in an alternatively

spliced sequence (II). Possibly. hcwever. the c-kit rcceptor may

function in vivo to mediate effe::cts other th an proliferative

stimulation (17,43,44). Interactions betwecn c-kit and kit ligand

could be involved in the microenvironmental localization. stromal cell

adhesion and migration of early precursor B cells within the bone

marrow (5) .
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The intriguing observation remains that ACK2 treatment actually

stimulates precursor B cell proliferation and B lymphocyte genesis i 11

vivo. Conversely, treatment of mice with kit ligand (stem cell factor)

increases the number of erythroid and myeloid cells but markedly

depresses the lymphoid cells in the bone marrow (S.C. Miller.

personal communication). The mechanisms of these effects remain

speculative. ACK2-binding might be postulated to deliver a positive

signal to c-kit+ precursor B cells. ACK2-binding does not functionally

mimic the binding of kit ligand to c-kit (21), however. and in no

other cell system has ACK2 been reported to have such a stimulatory

effec!. Alternatively. the effects of ACK2 treatment may be of an

indirect nature. B Iymphopoiesis occurs in vivo alongside

erythropoiesis and granulopoiesis. precursor cells of each lineage

being commonly associated with individual stromal reticular cells

(45. and Jacobsen et al. unpublished observations). An altered

activity in one lineage may indirectly favour or compromise the

activity of others, as in the phenomenon of interlineage competition.

Administration of recombinant G-CSf in mice stimulates

granulopoieis in the bone marrow but simultaneously depresses

erythropoiesis (46,47) and B lymphopoiesis (48). The latter cells

rapidly recover and overshoot after G-CSf administration stops.

showing that precursor B cell function had not been compromised.

Erythropoietin administration in vivo accelerates erythropoiesis but

neutrophil production is depressed (49). In human cyclic

neutropenia. pre-B cells in the bone marrow fluctuate in inverse

161



•

•

relationship to the neutrophil cycle (50). Granulocyte precursors and

Iymphoid cells undergo reciprocal fluctuations in the bone marrow

during post-irradiation regeneration (51.52). Administration of

ACK2. by inhibiting erythropoiesis and granulopoiesis. may permit

enhanced access of precursor B cells to stromal growth factors or

survival factors. normally available in Iimiting quantities. thus

indirectly stimulating B Iymphopoiesis. The interlineage effects of

anti-c-kit antibody treatment provide a model for further studies of

the balance of microenvironmental factors which regulate Iympho

hemopoiesis in the bone marrow.
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• TABLE 1

Incidence and metaphase index of c-kir+ and TdT+ cel1s in bone
marrow a

Incidence (%)h

Cell phenotype

c-kit+
c-kit+ brightd

c-kit+ dulle

TdT+
TdT+c-kir
TdT+c-kit+

TdT+c-kit+ brightd

TdT+c-kit+ dulie

Normal mice

6.6 + 0.5
2.0 + 0.2
4.7 ±. 0.3

lA ±. 0.2
0.7 ±. 0.1
0.6 ±. 0.0
0.1 ±. 0.0
0.5 ±. 0.0

Vincristine
treated mice

7.0 + 0.3

1.8 + 0.2
I.1 ±. 0.1
0.8 ±. 0.0

Metaphase
Index (%)C

25.8

13.3
14.0
13.0

•

a

b

c

d

e

Each value was derived from three BALB/e mice (23-27g body
weight) analyzed separately (mean±.s E)
Incidence relative to all :lucleated eells of the bone marrow
Percentage of cel1s of each phenotype in metaphase 2h40min
after injecting vincristine sulfate ip
Intense punctate labeling (>20 fi uoreseent spots/cel\)
Light punctate labeling «20 fluorescent spots/cel\)
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• TABLE 2

Incidence and metaphase index of c-kit+ and B220+ cells in bone
marrow a

Incidence (%)b

Vincristine-
Cell phenotype Normal mice treated mice

c-kit+ 7.9 ± 0.3 7.4 ± 0.5
c-kit+B220- 3.6 ± 0.1 3.1 ± 0.3

B220+ 19.1 ± 0.3 18.1 ± 1.3
B220+c-kit- 14.8 ± 0.2 13.8 ± 0.7
B220+c-kit+ 4.3 ± 0.2 4.4 ± 0.4

Metaphase
Index (%)C

25.8
36.4

14.5

•

a

b

c

Each value was derived from three BALB/c mice (23-27g body
weight) analyzed separately (mean±S E)
Incidence relative to ail nucleated cells of the bone marrow
Percentage of cells of each phenotype in metaphase 2h40min
after injecting vincristine sulfate ip
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• TABLE 3

Incidence of B lineage cells in bone marrow and spleen of ACK2
treated BALB/c micea

CeIl phenotype Normalb Saline-treatedC ACK2-treatedd

Bone marrow (%)~

TdT+B220- 0.5 0.3 0.4
TdT+B220+ I.I I.I 3.1
B220+11- 4.0 6.4 16.1
cl1+sW 13.0 11.3 37.2
sl1+ 9.8 13.6 22.7

Total B Iineage cells 28.4 32.7 79.5

Spleen (%)e
slJ.+ 44.0 48.4 54.7
B220+W 7.0 9.4 Il.4

•

a

b
c
d

e

Each value was derived from three BALB/c mice (23-27g body
weight) analyzed separately (mean)
Normal mice received no treatment
Control mice received saline injections
ACK2-treated mice received 5 iv injections of 1 mg ACK2 in
saline on alternate days and were examined at 9d
Incidence relative to ail nucleated ceIls of the bone marrow
and spleen
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• TABLE 4

c-kit+ cells in bone marrow of ACK2-treated BALB/c micea

c-kit+ Normalb Saline-treatedC ACK2-treatedd

Incidence (%)C 6.6 ± 0.5 6.5 ± 0.9 7.4 ±. 0.4

Cells/femur (xI05)f 14.7 ±. 0.4 11.7 ± 0.5 8.8 ±. 0.7

•

a

b

C

d

C

f

Values were derived from three normal BALB/c mice and two
saline-injected and ACK-2-treated BALB/c mice(23-27g body
weight) analyzed separately (mean+S E)
Normal mice received no treatment
Control mice received saline injections
ACK2-treated mice received 5 iv injections of Img ACK2 in
saline on alternate days and were examined at 9d
Incidence relative to ail nucleated cells of the bone marrow
Calculated from the total number· of cells/femur of each
phenotype
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Figure 1. Incidence and mitotic activity of total c-kit+ cel1s and of

c-kit+ cel1s coexpressing either B220 glycoprotein or TdT

in normal mouse bone marrow.
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•

Figure 2. Total nucleated cells in the bone marrow and spleen of
•

normal mice. saline-injected control mice and mice

treated with anti-c-kit antibody (mAb ACK2) .
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Figure 3. B Iineage cells in the bone marrow of normal mice. saline

injected control mice and mice treated with anti-c -kit

antibody (mAb ACK2), indicating the number of cells per

femoral shaft (above) and the number of cells entering

mitosis per unit time (2h40min) (below).
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Figure 4. Number of B cells (sl1+) and B220+11- cells in the spleen

of normal mice. saline-injected control mice and mice

treated with ant-c-kit antibody (mAb ACK2).
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CHAPTER 7

Production and loss of B lymphocyte precursor cells in the bone

marrow of Ig-transgenic-scid mice
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ABSTRAcr

To examine the role of IgM gene expression in the proliferation and

survival of precursor B cells. we have quantitated B cell genesis in

the bone marrow of mutant scid (severe combined

immunodeficiency) mice. unable to rearrange ~g genes. and scid mice

bearing transgenes for ï.. chains. fJ. chains and fJ.+ï.. chains of IgM.

Immunolabeling and epifluorescence microscopy have been used to

define precursor B cells by expression of TdT. B220 glycoprotein. and

cytoplasmic or surface fJ. chains (cfJ..sfJ.). noting cells in mitosis after

giving vincristine. The number and proliferative activity of early

and intermediate pro-B cells (TdT+B220-; TdT+B220+) were normal

in ail mouse groups. Scid and ï..-transgenic-scid mice produced sorne

late pro-B cells (TdT-B220+fJ."). but no pre-B (cfJ.+sfJ.") or B (sfJ.+)

cells. fJ.-transgenic-scid mice produced more late pro-B cells and

many pre-B cells. but no B cells. fJ.ï..-transgenic-scid mice produced

variable numbers of pre-B and B cells. The results demonstrate that

B Iineage cells begin to differentiate normally regardless of their

capacity to express Ig genes. but then they ail abort if unable to

express IgM. the stage of cell loss depending upon the stage of Ig

defect. The findings provide models for further studies of the

mechanisms of B cell death and selection in the bone marrow.
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INTROOUCfION

Mice homozygous for the severe combined immunodeficiency (scid)

autosomal mutation are devoid of matur~ Band T lymphocytes as a

result of defective antigen receptor gene recombination (Bosma et al.

1983, Schuler et al 1986, Lieber et al. 1988, Malynn et al. 1988.

Okazaki et al. 1988). However. scid mouse bone marrow contains

certain early B cell precursors (Fulop et al. 1988, Osmond et al. 1992).

Studies of cell population dynamics in scid bone marrow show

normal numbers and proliferation of early and intermediate pro-B

cells, while late pro-B cells are depleted and no pre-B cells or B

lymphocytes are detected. Thus, after beginning to develop with

normal population dynamics, the developing B Iineage cells. being

unable to rearrange fJ. chain genes, all appear to abort during the late

pro-B cell stage (Osmond et al. 1992). In the present study, we have

examined the role of IgM expression in the proliferation and survival

of B cell precursors in scid mice bearing transgenes for Â. chains, fJ.

chains and fJ.+Â. chains of IgM.

MATERIALS and METHOOS

Mice. fJ.-transgenic mice were the M54 transgenic line carrying a

functional fJ. heavy-chain transgene that was derived from the

hybridoma 17.2.25 as described by Grosschedl et al. (1984). Â.

transgenic mice carrying a functional light-chab transgene also

derived from the 17.2.25 hybridoma were prepared by F.W. Ait et al.
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(Columbia University. New York. NY) (unpublished). /J.I..-transgenic

mice were derived by R.A. Phillips (Ontario Cancer Institute. Toronto.

ON) by crossing the /J.- and I..-transgenic mice. Ig-transgenic-scid

mice were derived by R.A. Phillips. by crossing the transgenic mice

with C.B-17/Icr ~cià mice (Bosma et al. 1983). Ali animaIs were

kindly provided by R.A. Phillips. Mice were used when 18-32 weeks

old.

The population sizes and production rates of the different B cell

precursors were determined using double immunofluorescence

labeling and mitotic arrest techniques. as described in Chapter 2.

Mice were analyzed individually.

RESULTS

Total ceU recovery in bone marrow and spleen of 19-transgenic-scid

mice. Total nucleated ceIls in bone marrow of scid mice were

approximately 60% of those recovered for normal mice. The Ig

transgenic-scid mice showed similar or somewhat higher values

(Table 1. Fig. 1). The numbers of spleen nucleated cells were

subnormal in scid mice (approximately 70% normal). and even lower

in the various Ig-transgenic-scid mice (Table 1. Fig. 1).

B ceU precursors in bone marrow of 19-transgenic-scid mice. Ali

three populations of pro-B cells were detected in the bone marrow of

scid mice. I..-transgenic-scid mice. j.1-transgenic-scid mice and À.j.1-
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transgenic-scid mice. The incidence and number of early pro-B cells

(TdT+B220-) and intermediate pra-B cells (TdT+B220+) in scid mice

resemble normal values (Tables 2 and 3. Fig. 2). B220+fl- cells were

subnormal in incidence and absolu te numbers (Tables 2 and 3). By

subtraction. the number of late pro-B cells was near one third of

normal numbers. These values observed for B cell precursors in the

bone marrow of scid mice are similar to previously reported values

in scid mice (Osmond et al. 1992). No difference in population size of

early and intermediate pro-B cells was found between the three

groups of Ig-transgenic-scid mice and scid mice (Tables 2 and 3. Fig.

2). In À.-transgenic-scid mice. the number of B220+ fl- cells was

similar to that in scid mice. In contrast. in ,.l-transgenic-scid mice

and flÀ. -transgenic-scid mice the B220+ Il" cells were considerably

more numerous than in scid mice (Table 3. Fig. 2). Pre-B cells

(cfl+sfl") and B lymphocytes (sfl+) were completely absent in both

scid and À.-transgenic-scid mice (Table 2. Fig. 2). fl-transgenic-scid

mice showed considerable numbers of pre-B cells but no B cells

(Tables 2 and 3. Fig. 2). flÀ.-transgenic-scid mice had low numbers of

both pre-B cells and B lymphocytes (Tables 2 and 3. Fig. 2).

One flÀ.-transgenic-scid mouse behaved differently from the others.

having near normal percentages of late pro-B cells. pre-B cells and B

lymphocytes in the bone marraw and B lymphocytes in the spleen.

These values are not included in the tables and figures.
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Proliferative kinetics of B cell precursors in bone marrow of Ig

transgenic-scid mice. Early. intennediate and late pro-B cells in scid

mouse bone marrow were in active mitotic cell cycle. The numbers

of TdT+B220- cells and TdT+B220+ cells which accumulated in

metaphase within a standard time interval after administering

vincristine sulfate were similar in scid. i.. -transgenic-scid. I.l.

transgenic-scid. and i..1.l.-transgenic-scid mice. (Tables 2 and 3. Fig. 2).

and were similar to normal values (not shown). In contrast. the

number of mitotic B220+1.l. - cells. similar in all four experimental

groups of animais (Fig. 2). was only one fifth of nonnal values (not

shown). The numbers of pre-B cells passing through mitosis in I.l.

transgenic-scid mice and I.l.i..-transgenic-scid mice represented only

25% and 5% of the respective values previously reported for normal

mice (Tables 2 and 3. Fig. 2).

Cell populations in the spleen of Ig-transgenic-scid mice. No sl.l.+

cells were observed in scid. i..-transgenic-scid or I.l.-transgenic-scid

mouse spleens. while sl.l.+ B lymphocytes were present in low

numbers. (5.8%; 3.4x 105), in I.l.i..-transgenic-scid mice (Tables 2 and 3.

Fig. 3).

DISCUSSION

B cel1 genesis in mouse bone marrow is a highly regulated process

influenced by genetic. microenvironmental and systemic regulatory
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• factors (Kincade et al. 1987). During this process• two important

events occur; a clonai expansion among early B cell precursors

followed by a marked cell loss (75%) (Park and Osmond 1989.

Osmond 1990). In the present study we have examined the role of

IgM expression in the proliferation. differentiation and survival of

precursor B cells. We have compared scid mutant mice. which are

•

virtually unable to rearrange endogenous Ig genes successfully. and

scid mice bearing transgenes for À chains. J.L chains and J.L+À chains.

The resuits demonstrate that B lineage cells are able to begin to

differentiate normally. regardless of their capacity to express Ig

genes. but in the absence of IgM expression they ail abort. This

occurs at various stages of differentiation. depending upon the stage

of the defect in the Ig gene rearrangement.

Scid mice show the presence of the three pro-B cell populations;

early. intermediate and late pro-B cells. Whereas the first two

populations· are present in previously described normal numbers. the

late pro-B ceUs are decreased in numbers. The pro-B cell populations

are aU active in ceU cycle. They are not. therefore. in a state of static

arrest. but are moving along the differentiation pathway. No pre-B

cells or B lymphocytes are identified. This confirms the previous

findings of a complete ceU abortion and deletion at the late pro-B cell

stage in the abscence of successful IgH chain gene rearrangement

(Osmond et al. 1992).

In mice transgenic for Ig genes. the expression of endogenous Ig

genes is impaired by inhibition of gene rearrangement but the
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transgene is expressed (Weaver et al. 1985. Ritchie at al. 1984•

Neuberger et al. 1989). Mice used in the present study were ail

tested by analysis of tail DNA samples (conducted by Dr. F. Ait.

Howard Hughes Med. Inst.. Boston. MA) to confirm that they

expressed the transgenes. .

The introduction of a functional À. transgene into scid mice does not

restore the normal flow of differentiation. nor promote leakiness

from late pro-B cel1s to pre-B cel1s and B lymphocytes. The 1..

transgenic-scid mice in this respect behave as scid mice. Thus. in the

absence of fl heavy chain gene rearrangements. the precursor B cel1

aborts at an early stage. before any substantial light chain gene

rearrangements would normal1y be activated.

The fl-transgenic-scid mice produce higher numbers of late pro-B

cel1s than the scid mice as wel1 as substantial. though subnormal

numbers. of pre-B cel1s. The total number of pre-B cells is 60%

normal and the numbers passing through mitosis per unit time are

25%-'30% normal. Thus. the functionally rearranged fl transgene

apparently provides the necessary signal to rescue cel1s up to the

pre-B cel1 stage. The disproportionately low numbers of pre-B cells

passing through mitosis suggest that many of the pre-B cell~ are in

the postmitotic stage of development when light chain gene

rearrangements would normally be occurring. However. in the

absence of a functional light chain and of the ability to formulate a

complete Ig molecule. all cel1s abort at the pre-B cell stage.
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A complete differentiation of precursor B cells into B lymphocytes is

achieved in 11À.-transgenic-scid mice. Surprisingly. while the

population sizes and prolifer.ation rates of the pro-B cells are similar

to those in l1-transgenic-scid mice. the numbers of pre-B cells in the

11À.-transgenic-scid animais are substantially less than l1-transgenic

scid mice, and the number of B lymphocytes in the bone marrow only

reaches one tenth normal values. B cells also appear in the spleen of

11À.-transgenic-scid animais, but their numbers are only 5% of normal

values. Therefore, 11À. -transgenes in scid mice. permitting the

expression of complete IgM molecules, can rescue B cells, but they do

not fully reconstitute the bone marrow and peripheral B lymphocyte

pool. As indicated, one of the 11À.-transgenic-scid animais in the

present work behaved differently from the others. with high

numbers of pre-B cells and B cells, as weil as splenic B lymphocytes.

Such a heterogeneity in the number of peripheral B cells and

immunoglobulin levels has been found occasionally in 11À.-transgenic

scid' mice (R.A. Phillips, personal communication). The responsible

factors remain to be identified.

B lymphocyte monospecificity is normally ensured by allelic

exclusion. The production of a functional heavy chain gene

rearrangement normally inhibits further gene rearrangements on the

homologous chromosome. A similar event occurs in light chain

formation and between the kappa and lambda chain genes (isotypic

exclusion). Studies with transgenic mice show that allelic exclusion

may depend partially on a feedback gene rearrangement regulation
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(Weaver et al. 1985. Ritchie et al. 1985. Neuberger et al. 1989).

Possibly. the subnormal numbers of pre-B cells and B cells in J.1 and

J.1Â.-transgenic-scid mice reflect an unsuccessful attempt to rearrange

endogenous Ig genes. despite the presence of a functionally

rearranged transgene. with consequent cell elimination (Reichman

Fried et al. 1990). The suppression of endogenous Ig genes May fail

because the transgene is not expressed early enough or at high

enough levels to block endogenous recombination.

The presence of relatively low numbers of B lymphocytes in the

spleen of 1lÂ.-transgenic-scid animais May reflect an inability of

these virgin cell clones to expand or to be selected into a 10ng-lived

peripheral B lymphocyte pool. Newly-formed B lymphocytes from

the bone marrow need to mature for a further 1-4 day period before

becoming fully immunologically responsive (Osmond 1986). Their

total life span is usually programmed to be short if they do not

become activated in the peripheral tissues (Osmond 1993). In

normal conditions. the diverse specificities of newly-generated B cells

ensure that some will encounter their specific antigen. and

subsequently enter the activated state which leads to longevity

among some of their progeny and expansion of the peripheral B cell

pool. Since the B cell progenitors in 1lÂ.-transgenic-scid mice ail

contain the same rearranged transgenes, they will bear the same

specificity. As a result, MOst of the newly-formed B ceUs will

presumably soon die in the peripheral Iymphoid tissues due to the
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low probability of encountering antigen which matches their

specificity. aS weil as the lack of T cell help.

A substantial degree of cell loss is a characteristic of B cell genesis

(Opstelten and Osmond 1985. Park and Osmond 1989. Deenen et al.

1990). Abenant Ig gene recombination is thought to be a major

cause of cell elimination (Ait et al. 1987. Osmond 1990). One

mechanism of cell death is by apoptosis. characterized

morphologicaly by cell size reduction and nuclear condensation.

followed by cellular and nuclear fragmentation (Wyllie et al. 1980).

ln situ electron microscopy has revealed B lineage cells undergoing

apoptosis in scid mice and being eliminated by resident macrophages

(Osmond et al. 1992).

The findings are generally consistent with those of Reichman-Fried et

al (1990). who demonstrated. using another transgene construct. that

the Il transgene increased the number of B220+slgM- precursor cells

in the bone marrow of scid mice but did not produce B220+slgM+ B

lymphocytes. while IlK transgenes permitted the development of

subnormal numbers of both B220+ sig M· precursor cells and

B220+sIgM+ B lymphocytes. In addition. the present work provides

an analysis of the successive phenotypic populations of precursor B

cells and their proliferative dynamics in Ig-transgenic-scid mice.

demonstrating. as in scid mice. that the cells are not in a state of

developmental arrest but continue to enter the B cell lineage and to

differentiate and proliferate actively until they abort. thus allowing

the stage of abortion to be identified and correlated with the state of
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Ig gene rearrangement. One substantial difference in findings is the

virtual absence of peripheral B lymphocytes previously reported in

the spleen and Iymph nodes. even in 1.lK:-transgenic-scid mice. The

reason for this discrepancy in results remains to be established.

The expression of Ig genes is clearly of central importance in the

development of precursor B cells in the bone marrow. Successful Ig

rearrangements are essential for cell survival. The present work

stresses the probability that much of the cell loss nonnally seen in B

cell genesis may occur as a result of ineffective Ig gene

rearrangements. Since the loss is normally most evident at the pre-B

cell stage the aberrant process would appear to involve mainly the

later stages of H chain gene rearrangement (VH-DHJH joining) or the

rearrangement of L chain genes and the pairing of H and L chains.

The normal process of cell abortion and deletion thus provides an

effective mechanism to prevent useless or potentially hannful B cells

reaching the peripheral immune system. Whether this represents a

process of positive or negative selection. remains to be seen.

Possibly. ail precursor B cells may be programmed to die unless

positively rescued by survival signais. including the successful

completion of Ig gene rearrangements. leading to the expression of

genes blocking the cell death programme (eg. bcl-2). Alternatively.

otherwise viable precursor cells may be negatively selected by death

signais. including unsuccessful Ig gene rearrangement. which initiate

a cell death programme. Continuing work on in situ organization of B

lineage cells in bone marrow of Ig-transgenic-scid mice is being
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conducted to examine the role of apoptotic cell death and

macrophage-mediated deletion.

The present study has established scid and Ig-transgenic-scid mice

as useful models for further studies on the production of genetically

aberrant B cell precursors. as weil as the culling mechanisms which

either select them out or permit them to enter the peripheral B cell

pool.
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• TABLE 1

Total nucleated cells in bone marrow and spleen of scidlIg
transgenic micea

scid scidll.. scid/fl. sc id/fl.}.

Bone marrow cells (xIOS)

105.6 ±. 15.2 128.2 ± 6.7 142.3 ± 21.9 112.5 ±. 9.5

Spleen cells (xI06)

98.5 ± 25.7 61.4 ± 2.0 63.7 ± 10.0 59.1 + 1.0

•

a Each value was derived from three Ig-transgenic-scid mice
(18-32 wk) analyzed separately (mean±. standard error)
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• TABLE 2

Incidence and metaphase index of B Iineage cells in bone marrow and
spleen of Ig-transgenic-scid micea

Cell phenotype

Bone marrow (%)b

TdT+B220
TdT+B220+
B220+1J-
clJ+slJ-
slJ+

Spleen (%)b

slJ+
B220+1J-

scid

0.7 ± 0.1
2.6 ± 0.1
3.9 ±0.2
0.0
0.0

0.0
0.5 ± 0.1

scidn

0.8 ± 0.1
2.7 ± 0.1
4.2 ± 0.1
0.1 ± 0.1
0.0

0.0
0.5 ± 0.0

scid/lJ

0.6 ± 0.0
2.7 ± 0.2
4.8 ± 0.1

lU ± 0.4
0.0

0.0
1.3 ± 0.1

sc id/lJÀ

0.7 ± 0.0
2.9 ± 0.1
5.1 ± 0.4
3.2 ± 0.0
2.3 ± 0.0

5.8 ± 0.3
1.2 ± 0.1

Bone marrow cells in metaphase (%)C

TdT+B220
TdT+B220+
B220+W
clJ+slJ-

6.3 ± 0.7
8.6 ± 0.3

10.0 ± 0.6
0.0

6.6 ± 0.9
9.0 ± 0.6
8.3 ± 0.3
0.0

7.3 ± 0.7
10.0 ± 0.0
8.6 ± 0.9

3.3 ± 0.9

6.5 ± 0.5
9.5 ± 1.5
9.5 ± 0.5
2.5 ± 0.5

•

a

b

C

Each value was derived from three Ig-transgenic-scid mice (18
32 wk) analyzed separately (mean± standard error)
Incidence relative to ail nucleated cells of the bone marrow and

spleen
The percentage of cells of each phenotype in metaphase
(metaphase index) 2h40min after injecting vincristine sulfate

ip
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TABLE 3

• Number of B lineage cells in bone marrow and spleen of Ig-
transgenic-scid micea

Cell phenotype scid scicIn.. scid/~ sc id/~À.

Bone marrow cells (x105)b
TdT+B220- 0.8 ± 0.2 1.1 ± 0.1 0.8 ± 0.1 0.8 ±. 0.0
TdT+B220+ 2.7 ± 0.3 3.5 ± 0.3 3.8 ± 0.4 3.3 ± 0.3
B220+W· 4.4 ± 0.6 5.7 ± 0.5 6.2 ± 1.2 5.6 ±. 0.7
c~+s~- 0.0 0.0 16.0 ±. 3.1 3.6 ± 0.2

s~+ 0.0 0.0 0.0 2.5 ± 0.1

Spleen cells (x 106)b

s~+ 0.0 0.0 0.0 3.4 ±. 0.2
B220+W 0.5 ± 0.1 0.2 ± 0.0 0.8 ± 0.2 0.7 ± 0.0

Bone marrow cells in metaphase (x104)e

TdT+B220- 0.4± 0.1 0.7 ±. 0.1 0.6 ± 0.0 0.5 ± 0.0
TdT+B220+ 2.3 ± 0.3 3.1 ±. 0.4 3.7 ± 0.4 3.2 ± 0.0
B220+W 4.3 ± 0.7 4.7 ± 0.3 5.1 ± 0.5 5.3 ± 0.8

c~+s~.- 0.0 0.0 5.8 ± 2.6 0.9 ± 0.1

•

a

b

e

Each value was derived from three Ig-transgenic-scid mice
(18-32 wk) analyzed separately (mean±. standard error)

Calculated from the incidence of cells of each phenotype
relative to all nucleated cells and the total cellularity of the
bone marrow and spleen respectively
Calculated from the number of cells of each phenotype and
the percentage of cells of each phenotype in metaphase
(metaphase index) 2h40min after injecting vincristine sulfate
ip

194



•

Figure 1. Total number of nucleated cells in scid. Â.-transgenic-scid.

Il-transgenic-scid. and 1lÂ.-transgenic-scid mouse bone

marrow and spleen.
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Figure 2. Number of B Iineage cells (above) of various phenotypes

in femoral bone marrow of scid. À-transgenic-scid. J.1

transgenic-scid. and J.1À-transgenic-scid mice. Number of

B Iineage cells of various phenotypes in mitosis (below) of

scid. À-transgenic-scid. J.1-transgenic-scid. and J.1À

transgenic-scid mice. sampled 2h40min after vincristine

sulfate administration.
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Figure 3. Number of. B lymphocytes in spleen of scid. À-transgenic

scid. Il-transgenic-scid. and IlÀ-transgenic-scid mice.
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GENERAL CONCLUSION

8.1 General Summary.

Mammalian bone marrow is the site of production of B lymphocytes

which are derived by differentiation and proliferation from

hemopoietic stem cells. Previous immunof\uorescence and

stathmokinetic techniques have permitted the study of the

frequency. size distribution and proliferative properties of successive

populations of B cell precursors in vivo. Light and electron

microscope radioautographic studies in situ have revealed special

microenvironmental conditions associated with B cell genesis in the

bone marrow. In vitro cultures have demonstrated the essential

regulatory role of stromal ceIls and their short-range growth factors

in B cell genesis. while in vivo studies have demonstrated polyclonal

amplification as a result of external environmental stimuli and

macrophage activation.

The B cell lineage is prone to neoplasias. the etiology of which

remains unclear. ft is evident. however. that neoplasias are the

result of a combination of more than one dysregulatory genetic

accident. and that early B cell precursors are extremely vulnerable to

such genetic aberrations due to their proliferative and Ig

recombinant activities.

The administration of foreign agents to mice produces an increase in

population size and mitotic activity among the various B cell
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precursors in the bone marrow, including those at the stage of

intense Ig gene rearrangements, effects that are macrophage

mediated.

The present series of studies has been designed to evaluate the

effects of several mechanisms that May serve to regulate or to

perturb the proliferation and loss of precursor B cells in mouse bone

marrow, and to consider the possible relevance of these effects to

normal B cell genesis and oncogenesis.

Injection of pristane minerai oil ip produces plasmacytomas in

susceptible BALB/cAn mouse strain, after a prolonged pretumorous

period associated with intense macrophage activation in peritoneal

granulomata. The present work shows that a single ip injection of

pristane in BALB/cAn mice produces a marked perturbation of B cell

precursor dynamics in the bone marrow, lasting for months. The

effect produces a dichotomy between the early and intermediate

pro-B cells, which increase to more than twice their normal

population sizes and mitotic rates, and the later precursors, late pro

B cells, pre-B cells and B lymphocytes, which decline to half normal

numbers or less during the same period. The findings show a

previously unsuspected central effect of pristane treatment on B cell

precursors in the bone marrow. The chronic increase in the kinetic

steady state of TDT+ cells undergoing VH gene rearrangements (ie

early and intermediate pro-B cells) is in agreement with our

proposed hypothesis, that chronic macrophage activation could
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perturb primary B cell genesis and. in doing so. could predispose to

the initiation of B lineage neoplasias. The depression of later

precursors suggests that the enhanced proliferative activity at the

stages of VDJ heavy chain gene rearrangements is followed by an

increased degree of cell loss at the late pro-B cell stage. ft may be

speculated that the chronic intense ;,timulation of TdT+ cells favours

an increased incidence of aberrant Ig gene rearrangements. many of

which are lethal to the cells. which are rapidly eliminated. Sorne of

the surviving cells. however. could carry non-Iethal genetic errors

that may constitute the first of a series of oncogenic events. The

similarity in findings in the bone marrow of BALB/cAn mice treated

with indomethacin and in the plasmacytoma-resistant DBA/2 strain

suggests that indomethacin and genetic strain-dependent factors do

not prevent plasmacytoma induction by modifying the central effects
. .

of pristane treatment on precursor B cells in the bone marrow, but

may act peripherally. possibly by enhancing tumor surveillance

mechanisms. A role of macrophages in the stimulatory effect of

pristane treatment on TdT+ progenitors is suggested by the ability of

silica treatment to diminish this effect. as weil as by the ability of

perito)leal cells and spleen adherent cells to partially to transfer the

effect into naive recipients.

We have shown that mice infected with the malaria parasite.

Plasmodium yoelii. develop a rapid parasite~lia that is completely

cleared by week 4. This is accompanied by hepatosplenomegally and
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intense macrophage activation. B cell genesis in the bone marrow

also shows much disturbance. The pro-B cells increase rapidly in

population size and proliferation rates to 2-3 fold normal levels

which are maintained for prolonged periods of time. In contrast.

later progenitors do not show a corresponding stimulatory effect.

The study demonstrates a previously unsuspected effect of malaria

infection on the early stages of the B cell Iineage in the bone marrow.

Pro-B cells in the process of rearranging VH genes undergo prolonged

proliferative stimulation. The fact that this is not accompanied by a

commensurate increase in the production of late pro-B. pre-B cells

and B lymphocytes. suggests that pro-B cell proliferation is followed

by extensive cell loss.

The close similarities in the pattern of bone marrow B Iineage

responses to pristane and malaria are remarkable. given the wide

biological and physical differences between the two agents. Both

conditions have in common. however. a period of intense macrophage

activation before the production of myc/Ig translocation and B cell

neoplasia. Our findings are consistent with the hypothesis that pro-B

cell stimulation by macrophage-derived products. promoting the

genesis of aberrant Ig gene recombinations. represents a common

oncogenesis-initiating mechanism.

EJ.l-myc transgenic mice develop B Iineage cell tumors after a lag

period. During this preneoplastic stage we find that both the TdT+

pro-B cells as weil as the pre-B cells expand in population size and
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proliferative activity, without. however, a commensurate increase in

B lymphocytes in either the bone marrow or peripheral immune

system. The findings suggest that an elevated level of pro-B cell

proliferation. in this case driven by c-myc protein expression, is

followed by increased cell loss at the pre-B cell stage. The latter

could reflect either the dual effect of the c - my c gene itself in

maintaining cells in mitotic cycle and initiating programmed cell

death, or the effect of secondary genetic aberrations. The findings

gen~rally resemble those of the pristane and malaria models. an

increase in early B cell progenitor activity occurring without a

subsequent expansion of later progenitors. In EIJ.-myc transgenic

mice. the expanded pro-B cell activity m~y increase the chances of

secondary genetic errors in addition to the mJi r transgene. eventually

producing a dysregulated cell capable of evading the cell

death/selection mechanisms and initiating a tumor clone.

Mice affected by the scid mutation have profound defects in B

lymphocyte development. due to aberrant VDl recombination. In

scid mice, we find that early pro-B cells and intermediate pro-B cells

have nonnal population sizes and proliferation rates. whereas late

pro-B cells are reduced in numbers and mitotic activity to one third

nonnal values, while both pre-B cells and B lymphocytes are absent.

Despite defective VOl recombinase activity, precursor B cells still

progress through mitotic cell cycle and are not in a state of stade

arrest. The aberrant cells can progress only to the beginning of the
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late pn-B cell stage. however, before apparently being rapidly

deleted. The findings have established the point at which the scid B

Iineage abol'ts. The introduction of a functional rearranged Il

transgene rescues the cells up to the pre-B cell stage. while a

rearranged 1lÂ. transgene permits full differentiation to B

lymphocytes. However. the rescue is incomplete and unable fully to

reconstitute the normal bone marrow and peripheral pools. Possibly,

many unsuccessful endogenous rearrangements may be produced.

leading to a subsequent cell deletion. The study has stressed the

importance of successful Ig gene rearrangement for cell survival and

has established the scid and Ig-transgenic-scid mice as useful models

for further studies of the production of genetically aberrant

precursor B cells as weil as the culling mechanisms which either

select them out or permit them to enter the peripheral B cell pool.

The hypothesis that conditions involving pronounced macrophage

activation can be associated with prolonged stimulation of pro-B cell

proliferation in the bone marrow has been strengthened. To this has

been added findings which suggest that stimulated pro-B cell

proliferation is not necessarily followed by an increased B cell output.

but rather by an apparently increased degree of cell loss (pristane;

malaria; EJl-myc; Ig-trangenic-scid). Normal B Iymphopoiesis shows

a high rate of cell loss. largely attributed to aberrant cens with

defective VH gene recombination. In view of this and the observed

deletion of cells known to be either aberrant or dysregulated (EIl-
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m)' c; 19-transgenie-scid). it ean be proposed that the additional

stimulation of pro-B eell proliferative aetivity mediated by

macrophage aeti vation or the c - mye transgene increases the

frequency of genetie mistakes during VOl recombination. Not ail

these genetic errors. however. would neeessarily be lethal to the cell

but could in sorne cases constitute the first of a series of oncogenie

deregulatory steps.

The findings suggest that two mechanisms may be equally important

both in determining the normal output of B cells and in the initiation

of B cell neoplasias in the bone marrow: 1) mechanisms which

increase the rate at which pro-B cells are produced and thus the rate

of formation of genetically aberrant cells. 2) mechanisms whieh cause

aberrant cells to abort or to be seleeted out in the bone marrow. A

stimulation of the first mechanism. a Jack of efficiency or evasion of

the second. and a combination of both these effects couId increase the

risk of disseminating potentially dysregulated B cells.
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