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“Science is a wonderful thing, if one does not have to earn one´s living at it.”
	 	 	 	 	 	 	 	 	 	 	 	 	    

Albert Einstein
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Abbreviations

BCR B cell receptor

BMMC bone marrow mononuclear cell

BMSC bone marrow stromal cell

bp base pair

CD cluster of differentiation antigen

DNA desoxyribonucleic acid

FACS fluorescence activated cell sorting

FCS fetal calf serum

FITC fluorescein isothiocyanate

FO follicular

FSC forward scatter

Ig immunoglobulin

IL interleukin

MACS magnetic activated cell sorting

MZ marginal zone

PBS phosphate-buffered saline

PCR polymerase chain reaction

PE phycoerythrin

PI propidium iodide

pre-B cell precursor-B cell

pro-B cell progenitor-B cell

RNA ribonucleic acid

SSC sideward scatter

VCAM-1 vascular cell adhesion molecule-1

v/v volume per volume

w/v weight per volume
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Abstract

The differentiation of B lymphocytes in the bone marrow is guided by the sur-

rounding microenvironment determined by cytokines, adhesion molecules, and 

the extracellular matrix. These microenvironmental factors are mainly provided 

by stromal cells. I identified a VCAM-1-positive stromal cell population by flow 

cytometry. This population shows the expression of cell surface markers known 

to be present on stromal cells (CD10, CD13, CD90, CD105) and has a 

fibroblastoid phenotype in vitro.

Single cell RT-PCR analysis of its cytokine expression pattern revealed 

transcripts for hematopoietic cytokines important for either the early B lym-

phopoiesis like flt3L or the survival of long-lived plasma cells like BAFF or both 

processes like SDF-1. Whereas SDF-1 transcripts are detectable in all VCAM-

1-positive cells, flt3L and BAFF are only expressed by some cells suggesting 

the putative existence of different subpopulations with distinct functional pro-

perties. In summary, the VCAM-1-positive cell population seems to be a candi-

date stromal cell population supporting either developing B cells and/or long-

lived plasma cells in human bone marrow.
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Zusammenfassung

Die Differenzierung von B-Lymphozyten im humanen Knochenmark wird durch 

Zytokine, Adhäsionsmoleküle und die extrazelluläre Matrix in der unmittelbaren 

Umgebung der sich differenzierenden Zellen reguliert. Diese Faktoren werden 

durch Stromazellen produziert. Mit Hilfe durchflusszytometrischer Verfahren ist 

es mir gelungen, eine VCAM-1-positive Stromazellpopulation aus dem huma-

nem Knochenmark zu identifizieren. Diese Zellpopulation exprimiert die für 

Stromazellen typischen Zelloberflächenmarker (CD10, CD13, CD90, CD105) 

und zeigt in in vitro-Kulturen einen fibroblastoiden Phänotyp.

Durch Einzelzell-RT-PCR-Analyse konnten Transkripte für verschiedene häma-

topoetische Zytokine detektiert werden, die einerseits an der frühen B-Lym-

phopoese (flt3L), dem Überleben langlebiger Plasmazellen (BAFF) oder beiden 

Prozessen (SDF-1) beteiligt sind. Während SDF-1 in allen Zellen exprimiert 

wird, werden flt3L und BAFF nur von einem Teil der Zellen produziert, was auf 

die Existenz unterschiedlicher Subpopulationen mit unterschiedlichen funktio-

nellen Eigenschaften hinweist. Alles in allem zeigt die VCAM-1-positive Zellpo-

pulation alle erwarteten Eigenschaften einer Stromazellpopulation, die zum ei-

nen für die Differenzierung früher B-Zellen zum anderen für die Erhaltung lang-

lebiger Plasmazellen im humanen Knochenmark verantwortlich sind.
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A. Introduction

The bone marrow is located in the medullary cavity of bones which is partitioned 

by an anastomosing network of trabeculae (“cancellous” or “spongy” bone; Figure 

A.01.).

Figure A.01. Morphological construction of the bone marrow which is contained in the central 

medullary cavity of bone (from: www.wikipedia.org).

One can distinguish between red marrow, which is in the adult the major site of 

haematopoietic differentiation and the yellow marrow which is largely adipose tis-
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sue and haematopoietically not active. The bone marrow supports the differentiati-

on of cells from the lymphoid as well as of the erythroid and myeloid lineages. 

Consequently, the red marrow contains a complex mixture of cells including im-

mature and mature haematopoietic cells, and mesenchymal cells such as haema-

topoiesis-supporting stromal cells, osteoblasts, adipocytes and their progenitors 

(Figure A.02.).

Figure A.02. The bone marrow contains a variety of different immature and mature haemato-

poietic cells. (A) Light micrograph of a stained section. The large empty spaces correspond to fat 

cells, whose fatty contents  have been dissolved away during specimen preparation. (B) Low-magnifi-

cation electron micrograph (Janeway and Travers, Immunobiology 2001). 

In order to guarantee the formation of the different haematopoietic cell lineages, it 

is most likely that different microenvironments have to exist in the bone marrow 

each adapted to providing an appropiate repertoire of factors suited to each of the 

haematopoietic lineages. Huge progess was made in recent years in the elucidati-

on of the functional and spatial organization of the bone marrow, as the microen-

vironmental niches for haematopoietic stem cells, developing B cells and long-li-

ved plasma cells have been identified in the murine bone marrow. In the following, 

these pieces of work will be summarized and implications for the elucidation of the 

respective microenvironmental niches in human bone marrow will be pinpointed.
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Haematopoiesis.

Blood cell development.

Haematopoiesis is the formation of blood cells in the living body. All of the mature 

blood cells are generated from a relatively small number of haematopoietic stem 

cells (HSCs; Till and McCulloch, Radiat Res 1961). They generate the various 

haematopoietic lineages through a successive series of intermediate progenitors 

(Dzierzak, Curr Opin Hematol 2005; Lemischka, Rev Clin Exp Hematol 2001; 

Weissman, Cell 2000; Figure A.03.). 

Figure A.03. Simplified model of haematopoiesis. HSCs can be divided in LTR-HSCs, STR-HSCs, 

and multipotent progenitor cells (capacity to self-renew is indicated by the red arrow). The latter ones 

differentiate to oligopotent lymphoid and myeloid progenitor cells and proceed to develop into proge-

nitors of the mature blood cell lines; ErP, erythrocyte progenitor cell; GMP, granulocyte/macrophage 

progenitor cell; MEP, megakaryocyte/erythrocyte progenitor cell; MkP, megakaryocyte progenitor cell; 

NK, natural killer cell (modified from: Wickenhauser, Pathologe 2002). 
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These include common lymphoid progenitors (CLPs), which can generate only B, 

T, and NK cells (Kondo et al., Cell 1997), and common myeloid progenitors 

(CMPs), which can generate only red cells, platelets, granulocytes, and monocytes 

(Akashi et al., Nature 2000). Downstream of the CLPs and CMPs are more mature 

progenitors that are further restricted in the number and type of lineages they can 

generate (Akashi et al., Nature 2000). Recently, evidence was presented for a cell 

population which combined lympho-myeloid differentiation potential, but have lost 

its ability to adopt erythroid and megakaryocytic lineage fates. Therefore, it is pro-

posed that the first lineage commitment step of HSCs does not result in a strict 

separation into CMPs and CLPs but in multipotent progenitors with lymphomyeloid 

potential (Adolfsson et al., Cell 2005; Akashi et al., Cell 2005; Katsura, Nat Rev 

Immunol 2002; Montecino-Rodriguez et al., Sem Immunol 2002; Montecino-Rodri-

guez et al., Nat Immunol 2001). Finally, terminally differentiated cells are produced 

that undergo apoptosis after a period of time ranging from two days for neutrophils 

to decades for some lymphocytes (Smith, Cancer Control 2003).

Sites of haematopoiesis during ontogeny.

In vertebrates, the extraembryonic yolk sac (mesodermal) produces the first hae-

matopoietic progenitors of the erythromyeloid lineage which appear in yolk sac 

blood islands during the neural plate stage (mouse: ED7; human: ED13-15; Tavian 

et al., Development 1999; Silver and Palis, Blood 1997). These precursor cells dif-

ferentiate into endothelial and haematopoietic cells (primitive erythrocytes, macro-

phages, and megakaryocytes) and are therefore called hemangioblasts (Xu et al., 

Blood 2001; Naito et al., J Leukocyte Biol 1996; Robertson et al., Ann NY Acad Sci 

1999; Robb and Elefanty, Bioessays 1997; Murray, Proc R Soc 1932; Sabin, Car-

negie Contrib Embryol 1917). After establishment of vascular connections between 

the extra- and intra-embryonic compartments yolk sac-derived erythromyeloid 

cells spread into the intraembryonic compartment. Meanwhile, production of HCS 

occurs independently from the intraembryonic mesoderm of the splanchopleura 

beginning at ED7.5-8 in the mouse (Cumano et al., Immunity 2001; Cumano et al., 

Cell 1996) and ED19-23 in human embryos (Tavian et al., Immunity 2001; Tavian et 

al., Development 1999).
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Figure A.04. Main developmental events leading to fetal liver (FL) haematopoiesis in mouse em-

bryos. The embryonic day (ED) of development and the timing of equivalent stages  during human de-

velopment are given; AGM, aorta-gonad-mesonephros; P-Sp, para-aortic splanchopleura; Sp, splan-

chopleura; YS, yolk sac (Godin and Cumano, Nat Rev Immunol 2002).

The splanchopleura develops further to the aorta-gonad-mesonephros (AGM) regi-

on (mouse: ED10-11.5; human: ED 30-40), where HSCs are generated, but no 

17



haematopoietic differentiation takes place (Tavian et al., Development 1999; Tavian 

et al., Blood 1996; Garcia-Porrero et al., Anat Embryol 1995).  After generation in 

this region, the haematopoietic stem cells migrate to the fetal thymus (in which T 

cell differentiation takes place) and the fetal liver, which both become active as 

haematopoietic sites (Manaia et al., Development 2000; Houssaint, Cell Diff 1981; 

Fontaine-Perrus et al., J Immunol 1981). Finally the generation of HSCs is stopped 

in the AGM region and haematopoiesis is sustained by fetal-liver derived progeni-

tors. At the end of gestation, fetal liver haematopoiesis regresses, and the spleen 

and, finally, the bone marrow take-over haematopoiesis (Godin and Cumano, Nat 

Rev Immunol 2002; Godin et al., J Exp Med 1999), whereas the thymus proceeds 

in producing T cells in the adult.

The HSC niche in bone marrow.

HSCs have the ability to both generate all types of haematopoietic cells (multipo-

tency) and replace themselves (self-renewal) throughout the lifetime of an individu-

al. As HSC gradually differentiate into the mature blood lines they lose their ability 

for self-renewal with every differentiation step. When a bone marrow or blood stem 

cell transplant is performed, the progenitors contribute for only a short period of 

time, while long-term blood production is derived from HSCs (Jordan and Le-

mischka, Genes Dev 1990). HSCs that have the capacity to provide lifelong re-

constitution of all blood cell lineages after transplantation into lethally irradiated re-

cipients are so-called long-term repopulating HSCs (LTR-HSCs; Figure A.03.). 

They even can be re-transplanted into secondary and tertiary recipients while re-

taining both self-renewal and multilineage differentiation capacity (Zhao et al., 

Blood 2000; Osawa et al., Science 1996). HSCs that still give raise to all blood cell 

lines but only have a limited self-renewal capacity are called short-term repopula-

ting HSCs (STR-HSCs; Figure A.03.).

In the adult, HSCs reside in specific microenvironments ("niches") in the bone 

marrow (Wilson and Trump, Nat Rev Immunol 2006; Suda et al., Trends Immunol 

2005; Taichman, Blood 2005; Figure A.03.), termed "stem cell niche" or "haemato-

poietic-inductive microenvironment" (Schofield, Blood Cells 1978; Curry et al., J 
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Exp Med 1967; Figure A.05.). The cellular and molecular composition of these ni-

ches regulates the maintenance of HSCs by allowing self-renewal in the absence 

of differentiation. HSCs in the bone marrow are located closely to the bone surface 

(endosteum; Lord et al., Blood 1975) and are associated with a special subtype of 

spindle-shaped, N-cadherin-expressing osteoblasts. An increase in the number of 

osteoblasts directly correlates with the number of functional LTR-HSCs (Calvi et 

al., Nature 2003; Zhang et al., Nature 2003), indicating that osteoblasts are limiting 

for niche size and activity. Moreover, conditional ablation of osteoblasts results in a 

reversible decrease of bone marrow HSCs and extramedullary haematopoiesis 

(Visnjic et al., Blood 2004).

Figure A.05. The HSCs in the endosteal niche in the bone marrow. Quiescent HSCs (SP: (side 

population) adhere to the niche through cell adhesion molecules  (e.g. N-cadherin). Spindle-shaped 

osteoblastic cells  (SNO) cells  constitute the HSC niche. Activated HSCs (non-SP) generate HSCs and 

progenitor cells  by asymetric cell division. HSCs  lose the abilities of multi-potency and self-renewal, 

following their cell division and differentiation (Suda et al., Trends  Immunol 2005).
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A complex combination of adhesion molecules and cytokines is involved in the in-

teraction between HSCs and the endosteal niche cells. First, adhesive cell-extra-

cellular matrix interactions (alpha4 integrin or CD44 binding to osteopontin or hy-

aluronic acid; Nilsson et al., Blood 2003; Scott et al., Mol Cell Biol 2003; Smits et 

al., Blood 1997; Legras et al., Blood 1997; Denhardt et al., FASEB J 1993) and cell-

cell interactions (e.g. through N-cadherin which is expressed by both osteoblasts 

and HSCs; Zhang et al., Nature 2003) keep HSCs in close proximity to the stem 

cell niche and participate in intracellular signalling cascades controlling HSC 

maintenance. Osteopontin, an acidic glycoprotein, produced by osteoblasts might 

have a negative effect on HSC number, since osteopontin-deficient mice have a 

two-fold increase in HSCs (Nilsson et al., Blood 2005; Stier et al., J Exp Med 

2005). Second, ligand-receptor interactions activate intracellular signalling pa-

thways influencing HSC fate. The cytokine Angiopoietin-1 produced by niche os-

teoblasts activates the receptor tyrosine kinase Tie2, which maintains HSC quie-

science and increases adhesion to the endosteal niche (Arai et al., Cell 2004).  A-

nother important component of the endosteal HSC niche is the membrane-bound 

cytokine stem cell factor (SCF), which is produced by osteoblasts and activates its 

receptor c-kit expressed at high levels by all LTR-HSCs (Lyman and Jacobsen, 

Blood 1998; Miyazawa et al., Blood 1995). Mutations at one of both gene loci cau-

ses changes in the HSC niche and leads to the failure of maintenance of HSC acti-

vity in adult bone marrow (Driessen et al., Exp Hematol 2003; Barker, Exp Hematol 

1997; Barker, Exp Hematol 1994; Flanagan et al., Cell 1991; McCulloch et al., 

Blood 1965). In addition, membrane-bound SCF is known to stimulate adhesion of 

HSCs (Heissig et al., Cell 2002; Kinashi and Springer 1994). Other components of 

the HSC niche might include activation of Notch and Wnt cytokine signalling pa-

thways as, for example, Jagged-1 is expressed by endosteal niche osteoblasts 

(Calvi et al., Nature 2003) Both pathways have been reported to promote HSC self-

renewal, wheras differentiation is inhibited (Duncan et al., Nature 2005; Willert et 

al., Nature 2003; Reya et al., Nature 2003; Stier et al., Blood 2002; Varnum-Finney 

et al., Nature Med 2000). Finally, the CXC chemokine ligand 12 (CXCL12), also 

known as stromal cell-derived factor-1 (SDF-1) is expressed amongst others by 

osteoblasts and is essential for the colonization of bone marrow during late fetal 
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haematopoiesis and homing of HSCs to the bone marrow in the adult. Deletion of 

genes encoding either SDF-1 or its receptor, CXCR4, impairs the retention or the 

engraftment of HSCs in the bone marrow, respectively (Ara et al., Immunity 2003; 

Ma et al., Proc Natl Acad Sci USA 1998; Nagasawa et al., Nature 1996).

Recently, the presence of a second specialized HSC niche has been reported, as 

HSCs were observed to be attached to the fenestred endothelium of bone marrow 

sinusoids (Kiel et al., Cell 2005). HSCs are known to be in close contact to en-

dothelial cells in the AGM region during embryonal haematopoiesis. Cell lines or 

purified primary endothelial cells from yolk sac or the AGM region promote the 

maintenance of adult HSCs (Li et al., Blood 2003; Ohneda et al., Blood 1998). Bo-

ne marrow sinusoidal endothelial cells are indeed known to express cytokines like 

SDF-1 and adhesion molecules like endothelial cell (E)-selectin that are important 

for HSC function (Avecilla et al., Nature Med 2004; Rafii et al., Leuk Lymphoma 

1997). Collectively, these data support the idea of a second vascular HSC niche in 

the adult bone marrow.

Early B cell development in bone marrow.

V(D)J recombination and the B cell receptor.

B lymphocytes represent one of the major parts of the immune system, being re-

sponsible for the synthesis of antigen-specific antibodies. An antibody is the se-

creted form of the B-cell antigen receptor (BCR). It is a Y-shaped molecule that has 

a twofold axis of symmetry and is composed of two identical immunoglobuline (Ig)  

heavy (H) chains and two identical light (L) chains. IgH and IgL chains both have 

variable and constant regions. The variable regions of a IgH and a IgL chain com-

bine to form an antigen-binding site, so that both chains contribute to the antigen-

binding specificity of the antibody molecule. The constant region determines the 

class and the effector function of the antibody molecule (Figure A.06). There are 
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five major classes of IgH chains (termed γ, μ, α, ε, and δ) by which the immuno-

globulins are divided in five different isotypes - IgG, IgM, IgA, IgE, and IgD - each 

of which has several unique biologic properties. There are two isotypes for the IgL 

chain, λ and κ.

Figure A.06. Schematic representation of an antibody molecule. See text for details (Benjamini et 

al., Immunology - A short course 2000).

The genes for Ig variable regions are inherited as sets of gene segments, each en-

coding a part of the variable region of one of the Ig chains. During B-cell develop-

ment, these gene segments are irreversibly joined by DNA recombination in a pro-

cess called V(D)J recombination to form a stretch of DNA encoding a complete va-

riable region (Jung et al., Annu Rev Immunol 2006; Brack et al., Cell 1978; Hozumi 

and Tonegawa, Proc Natl Acad Sci USA 1976). In humans, there are three different 

loci that are rearranged to generate the BCR including the Ig heavy (IgH) chain 

locus and the Ig light (IgL) chain loci (Igκ, Igλ). The IgH chain locus (human chro-

mosome 14) has about 65 functional V gene segments and a cluster of around 27 
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D segments lying between these V gene segments and six J gene segments (Jung 

et al., Annu Rev Immunol 2006; Early et al., Cell 1980). The genetic locus for the λ 

light chain (human chromosome 22) has about 30 functional V gene segments and 

four pairs of functional J gene segments and C genes. The κ locus (human chro-

mosome 2) is organized in a similar way, with about 40 functional Vκ gene seg-

ments accompanied by a cluster of five Jκ gene segments but with a single Cκ 

gene. There are no D segments in both of the light chain gene loci (Jung et al., An-

nu Rev Immunol 2006; Weigert et al., Nature 1980; Seidman et al., Nature 1979; 

Figure A.07.).

Figure A.07. The germline organization of the immunoglobulin heavy- and light chain loci in the 

human genome. See text for details. For simplicity only a single IgH C gene is  shown in this diagram 

without illustrating its separate exons. L, leader sequence; this diagram is not to scale (Janeway and 

Travers, Immunobiology 2001).

In the developmental program the IgH chain locus is rearranged first and then the 

IgL chain loci (Levitt and Cooper, Cell 1980; Alt, J Mol Cell Immunol 1983). The re-

arrangement of the IgH chain begins in early B cells with the joining of a D and a J 

segment. This occurs at both alleles of the IgH chain locus (Alt et al., EMBO J 

1984). The cell becomes a pro-B cell and proceeds with the rearrangement of a V 

gene segment to the DJ sequence. This occurs first on only one chromosome. If a 

rearrangement is successful and a intact µ chain is produced, the V to DJ rearran-

gement ceases and the cell becomes a pre-B cell. In at least two out of three 

cases, the first rearrangement is non-productive and the V to DJ rearrangement 
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continues on the other chromosome (Alt et al., EMBO J 1984; Alt, J Mol Cell Im-

munol 1983).

Figure A.08. Schematic overview of events leading to the sythesis of an IgH (right panel) and IgL 

chain (center panel). See text for details (Janeway and Travers, Immunobiology 2001).

The large pre-B cell in which a successful IgH chain gene rearrangement has just 

occurred stops V to DJ rearrangement and expresses the rearranged IgH chain as 

part of a pre-BCR, which provides the cell with a signal to stop rearrangement and 

to start proliferation (Martensson et al., Semin Immunol 2002). The pre-BCR is for-

med by an association between the μ heavy chain and two proteins, which pair 

noncovalently to form a surrogate light chain (SLC). One of these is called λ5 be-

cause of its close similarity to the C domain of the λ light chain, and the other, cal-

led VpreB, resembles a light-chain V domain but has an extra amino-terminal regi-

on (Karasuyama et al., J Exp Med 1990; Kudo and Melchers, EMBO J 1987; Saka-
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guchi and Melchers, Nature 1986). The signaling capability of the pre-BCR de-

pends on its further association with Igα and Igβ, two invariant accessory chains 

that also attend the mature B cell receptor (Brouns et al., Eur J Immunol 1993; 

Matsuo et al., J Immunol 1993). Thus λ5, VpreB, the μ heavy chain, and the atten-

dant Igα and Igβ chains together form a pre-BCR complex, which structurally re-

sembles a mature BCR complex (Figure A.09.).

Figure A.09. A The pre-B  cell receptor. B  The mature B  cell receptor. See text for details (Benjami-

ni et al., Immunology - A short course 2000).

Although the pre-BCR is expressed at low levels on the surface of pre-B cells, it is 

not clear whether the interaction with an external ligand or simply the assembly of 

the receptor generates the signals required for further development (Fuentes-Pa-

nana et al., J Immunol 2004; Wang and Clarke, J Immunol 2003; Bradl et al., J Im-

munol 2003; Bannish et al., J Exp Med 2001). Nevertheless, its formation is an im-

portant checkpoint in B-cell development, since developing B cells with nonpro-

ductive rearrangements at both heavy-chain alleles are unable to receive this sig-

nal and are eliminated (Lam et al., Cell 1997). A considerable proportion of pro-B 

cells is therefore lost at this stage. Besides positive selection and proliferation, the 
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pre-BCR expression leads to termination of the expression of the SLC and the 

V(D)J recombination machinery (Wassermann et al., J Immunol 1997; Grawunder 

et al., Immunity 1995). Thereafter, SLC protein levels are diluted by cell division and 

pre-BCR levels decrease to below the threshold to required to maintain the cell in 

cycle. By consequence, the expression of the proteins of the V(D)J recombination 

machinery is restarted and the IgL chain gene rearrangement is initiated. 

Figure A.10. Sequence of immunoglobulin gene rearrangements leading to allelic exclusion. See 

text for details  (modified from: Jung et al., Annu Rev Immunol 2006).

In mice and humans, the κ light-chain locus tends to rearrange before the λ locus 

(Gormann and Alt, Adv Immunol 1998). As with the heavy-chain locus, rearrange-

ments at the light-chain locus generally take place at only one allele at a time. Sin-

ce the IgL chain loci lack D gene segments, only the one step of the joining of a V 

and a J gene segment have to be performed to form a complete IgL chain variable 

region (Weigert et al., Nature 1980; Seidman et al., Nature 1979). Once a light-

chain gene has been rearranged successfully, light chains are synthesized and 

combine with the heavy chain to form intact IgM, which appears at the cell surface 

together with Igα and Igβ to form the functional BCR complex. The expression of 

proteins responsible for V(D)J recombination is shut down and further rearrange-

ment processes are stopped. This leads to the cessation of further rearrangements 
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(Wassermann et al., J Immunol 1997; Grawunder et al., Curr Top Microbiol Immun-

ol 1996). Therefore, the IgL chains are like the IgH chains coded by only one set of 

genes, either from the maternal or the paternal chromosome (allelic exclusion; Jo-

ho and Weissman, Nature 1980; Weiler, Proc Natl Acad Sci USA 1965; Pernis et al., 

J Exp Med 1965), and the production of a IgL chain occurs from only one of the 

two light chain loci - κ or λ - in each individual cell (isotypic exclusion; Wabl and 

Steinberg, Proc Natl Acad Sci USA 1982; Bernier and Cebra, Science 1964).

Both immunoglobulin gene rearrangement and T-cell receptor gene rearrangement 

depend on the proteins RAG-1 and RAG-2. They are encoded by the recombinati-

on-activation genes rag-1 and rag-2 and together form the RAG endonuclease (O-

ettinger et al., Science 1990; Schatz et al., Cell 1989; Schatz and Baltimore, Cell 

1988). These proteins are exclusively expressed in jawed vertebrates, and there-

fore are at least part of the reason that only vertebrates have rearranging antigen 

receptor genes and can perfrom an adaptive immune response (Cooper and Alder, 

Cell 2006). The RAG endonuclease is essential for V(D)J recombination in vivo, sin-

ce deletion of either recombination-activation gene leads to a block in B cell de-

velopment in mice (Mombaerts et al., Cell 1992; Shinkai et al., Cell 1992). It intro-

duces DNA double-strand breaks specifically at the borders of two gene seg-

ments. It is guided by conserved noncoding DNA sequences that are found adja-

cent to the points at which recombination takes place. These sequences consist of 

a conserved block of seven nucleotides, followed by a nonconserved region 

known as the spacer, which is either 12 or 23 nucleotides long. This is followed by 

a second conserved block of nine nucleotides (Sakano et al., Nature 1981; Sakano 

et al., Nature 1979; Max et al., Proc Natl Acad Sci USA 1979; Figure A.11.). The 

heptamer-spacer-nonamer is called a recombination signal sequence (RSS). The 

12 bp spaced and 23 bp spaced RSSs are brought together by interactions bet-

ween proteins that specifically recognize the length of spacer and thus enforce the 

12/23 rule for recombination. After introduction of double-strand breaks by the 

RAG endonuclease, both strands are rejoined in a different configuration by prote-

ins of the non-homologous end-joining (NHEJ) repair system. They include the en-
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zyme DNA ligase IV, the enzyme DNA-dependent protein kinase (DNA-PK), and Ku, 

which is a heterodimer (Ku 70:Ku 80) that associates tightly with DNA-PK (Rooney 

et al., Immunol Rev 2004). Recombination only occurs between gene segments 

located on the same chromosome. It generally follows the rule that only a gene 

segment flanked by a RSS with a 12-base pair (bp) spacer can be joined to one 

flanked by a 23 bp spacer RSS (12/23 rule; Sakano et al., Nature 1981). Thus, for 

the heavy chain, a D gene segment can be joined to a J gene segment and a V ge-

ne segment to a D gene segment, but V gene segments cannot be joined to J ge-

ne segments directly, as both V and J gene segments are flanked by 23 bp spa-

cers and the D gene segments have 12 bp spacers on both sides (Early et al., Cell 

1980; Figure A.08.).

Figure A.11. Conserved nonamer and heptamer sequences flank the gene segments encoding 

the Ig variable regions. See text for details  (Janeway and Travers, Immunobiology 2001)

Another enzyme, terminal deoxynucleotidyl transferase (TdT), contributes to the 

diversity of both B-cell and T-cell antigen receptor repertoires by adding N-nucleo-

tides at the joints between rearranged gene segments (Landau et al., Mol Cell Biol 

1987; Desiderio et al., Nature 1984). Unlike the RAG endonuclease, TdT is not es-

sential to the rearrangement process (Gilfillan et al., Science 1993; Komori et al., 

Science 1993).
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Transcription factors in early B cell differentiation.

The V(D)J recombinase system is not in itself lineage-specific. It operates in both 

B- and T-lineage cells and uses the same core enzymes, RAG-1 and RAG-2, which 

recognize the same conserved recombination signal sequences in both immuno-

globulin and T-cell receptor genes. Yet rearrangements of T-cell receptor genes do 

not occur in B-lineage cells, nor do complete rearrangements of immunoglobulin 

genes occur in T cells. This is probably because key transcription factors in the B 

lineage such as E2A, EBF, and Pax-5 bind to the DNA and ‘open’ the chromatin, 

making it accessible to the recombinase enzymes.

Several transcription factors are indispensable for B-cell development, as shown 

by deficiencies of the B-cell lineage in genetically engineered mice lacking these 

proteins. Essential transcription factors for B-cell development include the pro-

ducts of the E2A gene. E2A codes for two proteins, E12 and E47, members of the 

basic helix-loop-helix family of transcription factors (Murre et al., Cell 1989). These 

products, which are derived by alternative splicing, induce another transcription 

factor, the early B-cell factor (EBF), a member of the O/E-protein transcription 

factor family (Kee and Murre, J Exp Med 1998). In the absence of either E2A or 

EBF even the earliest identifiable stage in B-cell development, D-J joining, fails to 

occur (Lin and Grosschedl, Nature 1995; Bain et al., Cell 1994). Interestingly, D-J 

rearrangements can be induced in nonlymphoid cells by introduction of RAG and 

ectopic expression of E2A (Romanow et al., Mol Cell 2000), implicating a role of 

E2A and EBF in the process of chromatin remodelling of the IgH chain locus that 

makes it accessible for the V(D)J recombination machinery. Additionally, E2A and 

EBF act together to up-regulate a number of early B lineage-specific genes. inclu-

ding Igα and Igβ, VpreB, λ5, RAG-1 and RAG-2 (O´Riordan and Grosschedl, Im-

munity 1999; Sigvardsson et al., Immunity 1997). Negative regulators of E2A such 

as Notch1 and ID2 have been shown to block B lineage development and to indu-

ce alternate cell fates to the T and NK lineages (Ikawa et al., Proc Natl Acad Sci 

USA 2001; Pui et al., Immunity 1999). Consistent with this, ectopic expression of 

genes that negatively regulate Notch-signalling, either lunatic fringe or deltex1, 
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induce B cell differentiation (Izon et al., Immunity 2002; Koch et al., Immunity 

2001).

Another important transcription factor is the pax-5 gene product belonging to the 

paired domain transcription factor family (Walther et al., Genomics 1991). It is ex-

pressed throughout B cell development until the plasma cell stage (Morrison et al., 

Semin Immunol 1998; Usui et al., J Immunol 1997). In the absence of Pax5, pro-B 

cells fail to perform V to DJ rearrangements and to develop further down the B cell 

pathway (Urbanek et al., Cell 1994). It also binds to regulatory sites in the genes for 

λ5, VpreB, the IgH chain, the IgL chain and other B-cell specific proteins important 

for proper pre-BCR- and mature BCR-signalling, including CD19 and BLNK (Sche-

besta et al., Immunity 2002; Kozmik et al., Mol Cell Biol 1992, Lauster et al., EMBO 

J 1991). Pax5 also acts to repress alternate cell fates, since pro-B cells from Pax5-

deleted mice can be induced to give rise various haematopoietic lineages, in con-

trast with such cells from wild-type mice that are B lineage-restricted. Thus, Pax5 

is required for the commitment of the pro-B cell to the B-cell lineage (Nutt et al., 

Nature 1999; Rolink et al., Nature 1999).

Phenotypic definition of the human B cell progeny.

Developing B cells are among the best-characterized haematopoietic precursors. 

The progression of different stages of B cell differentiation can be visualized by the 

use of different antibodies specific for characteristic cell surface markers, which 

delineate B cell development. Figure A.09 presents the early stages of human B 

lymphopoiesis and the counterpart stages in murine early B cell differentiation as 

described by the group of Hardy (Rumfeldt et al., J Exp Med 2006; Li et al., Im-

munity 1996; Hardy et al., J Exp Med 1991). B cells are generated from CD34(+) 

HSCs which show no expression of cell surface markers characteristic for other 

haematopoietic lineages (lin-negative) and CLPs. The CLP is defined as a proge-

nitor with the capacity to develop in T, B, or NK cells, but little or no capacity to 

develop into non-lymphoid lineages, such as myeloid or erythoid cells (Kondo et 

al., Cell 1997). In the human, CLPs could be defined by expression of CD34, CD10, 

IL-7R and the absence of the pan-B cell marker CD19 (Ryan et al., Blood 1997; 
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Galy et al., Immunity 1995). These cells give rise to CD19(+) cells in colony-forming 

assays and contain up to 100-fold less granulo-monocytic colony-forming units 

compared to IL-7R(-), CD19(-) cells. Moreover, they express TdT, RAG-1 and RAG-

2 (Ryan et al., Blood 1997). An IL-7R(+) cell population from murine bone marrow 

are also developmentally restricted to become T, B, and NK cells and may be the 

murine counterpart of the lymphoid progenitors from human bone marrow (Kondo 

et al., Cell 1997).

FIgure A.12. Characterization of the differentiation stages of human early B  lymphopoiesis by 

cell surface proteins and the Ig gene rearrangement status. See text for details (modified from: 

LeBien, Blood 2000)

There are no cell surface markers reported that could distinguish CLPs from the 

next cellular step in B cell differentiation, the early B cell. Nevertheless, early B 

cells have initiated DJ rearrangements and express cytoplasmic Igα and VpreB 

proteins (Wang et al., J Immunol 1998; Dworzak et al., Blood 1998; Davi et al., 

Blood 1997; Bertrand et al., Blood 1997). Human early B cells may be similar to the 

fraction A1 and/or A2 described by the group of Hardy (Li et al., Immunity 1996). 

During the progression to the pro-B cell stage CD19 is upregulated on the cell 

surface. V-DJ rearrangements are easily detected in CD10, CD19, CD34 triple po-

sitive pro-B cells, even though a minority of pro-B cells still have both IgH chain 

alleles in germ-line configuration (van Zelm et al., J Immunol 2005; Ghia et al., J 
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Exp Med 1997; Davi et al., Blood 1997; Bertrand et al., Blood 1997). Therefore, it is 

probably an oversimplification to assign the early B cell population a DJ rearran-

gement status and the pro-B cell population a VDJ rearrangement status at the 

IgH chain locus.

After the completion of the IgH chain rearrangement, the cells reach the pre-B1 

cell stage and express the pre-BCR on the cell surface, whereas the expression of 

CD34, TdT and the RAG-proteins is downregulated (Ghia et al., J Exp Med 1997). 

Similarly to the mouse, the expression of the pre-BCR is also associated with cell 

enlargement, followed by a burst of proliferation (Osmond et al., Immunol Today 

1998). On the basis of cell cycle analysis, pre-B cells can be subdivided in large 

proliferating cells (pre-B1 cells) and small post-mitotic cells (pre-B2 cell; Ghia et 

al., J Exp Med 1997). The human pre-B1 cells resemble the Hardy fraction C´, 

whereas the pre-B2 cell stage correspond to the Hardy fraction D (Hardy et al., J 

Exp Med 1991). Pre-B2 cells, in which the RAG-1 and RAG-2 proteins are produ-

ced again, are undergoing IgL chain gene rearrangements (Ghia et al., J Exp Med 

1997). In contrast to the development of mouse B cells, where N-nucleotides are 

rarely found in mouse light-chain V-J joints (Bangs et al., J Immunol 1991), human 

B cells have N-nucleotides in about a quarter of IgL chain joints, showing that TdT 

is switched on again in human pre-B2 cells and not in murine pre-B2 cells (Li et al., 

J Exp Med 1993; ). As the cells succeed to make a functional IgL chain gene rear-

rangement, they enter the immature B cell stage and begin to express a mature 

BCR on the cell surface (Ghia et al., J Exp Med 1997), matching the Hardy fraction 

E (Hardy et al., J Exp Med 1991).

Differences in B lymphopoiesis between the fetus and the adult.

B cells start to develop in the fetal liver around embryonic day 9-10 (ED19-23 in 

human embryos), since the early haematopoeitic precursors from the yolk sac ap-

pear incabable of producing other blood cell lineages than erythrocytes and 

macrophages (Manaia et al., Development 2000; Houssaint, Cell Diff 1981). B cells 

in fetal liver develop in a wave with earlier stages present at earlier times and later 

stages predominating at later times (Owen et al., Nature 1974; Strasser et al., J 

Exp Med 1989). At birth, B cell development can also be detected in the spleen, 

32



but B cell development at this site gradually decreases to very low levels by two to 

four weeks in mice (Rolink et al., Blood 1993). It continues to take place in the bo-

ne marrow, where B cells will be produced throughout life (Nunez et al., J Immunol 

1996). The frequency of cells in all B precursor compartments decrease with age. 

They are highest in young humans who are up to the age of 10 years and decrease 

constantly to the age of 20, where they are the lowest and from there on do not 

change significantly (Ghia et al., J Exp Med 1996). In mice, this phenomenon may 

be due to a dimished responsiveness of B cell precursors to IL-7 (Stephan et al., J 

Immunol 1997).

There are several differences between fetal and adult B cell development, e.g. the 

phenotype of B cells generated in fetal liver, which is quite distinct from these iso-

lated from adult bone marrow. Most of the pro-B cells from fetal liver, but few from 

bone marrow, express CD5 and give rise to mainly cells of the B-1 compartment, 

whereas B cells generated in bone marrow belong to the conventional B-2 com-

partment (Kantor et al., Proc Natl Acad Sci USA 1992; Hardy and Hayakawa, Proc 

Natl Acad Sci USA 1991).

B-1 B cells are distinguished from conventional B-2 B cells by their phenotype, 

their anatomical distribution and their function. The B-1 B cell phenotype includes 

both CD5(+) and CD5(-) B cells, that are IgM(hi) and IgD(lo/-), CD23(-) and CD43(+) 

(Kantor et al., Proc Natl Acad Sci USA 1992; Waldschmidt et al., Int Immunol 1991; 

Hayakawa et al., J Exp Med 1985). They are primarily found in the peritoneal and 

pleural cavities, but are also present in spleen where they are found at numerically 

similar levels, but constitute a much lower proportion of the B cell pool. They have 

a limited repertoire of certain self-reactive specifities of their BCRs mainly recogni-

zing carbohydrates, glycolipids, and glycoporteins. Thus, B-1 B cells may function 

in the clearance of senescent cells or proteins and provide an early immunologic 

response to common bacterial or viral pathogens (Macpherson et al., Science 

2000; Ochsenbein et al., Science 1999; Hayakawa et al., Proc Natl Acad Sci USA 

1984). The B-1 B cell compartment regenerates mainly by self-renewal possibly 

dependent on periodic stimulation rather than by input from precursor cells, as 

shown in cell transfer studies (Hayakawa et al., Eur J Immunol 1986). Conventional 

B-2 B cells constitute the major B cell compartment in the adult and are found 
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mainly in the follicular regions of spleen and lymph nodes (follicular B cells; FO B 

cells) and the marginal zone of the spleen (marginal zone B cells; MZ B cells). Nai-

ve B-2 B cells express IgM and IgD, CD23 and only low levels of CD21. They rege-

nerate from surface Ig-negative precursors from bone marrow, as described earlier, 

and are predominantly responsive against foreign antigens in T cell-dependent or T 

cell-independent immune reactions, as it will be described later.

Another distinction between fetal and adult B  lymphopoiesis is the absence of TdT 

in fetal B cell development. Therefore, heavy chains produced during fetal deve-

lopment have little or no N-nucleotides at the V-D and D-J junctions and the rear-

rangement of certain D-J and V-D junctions possessing short regions of homology 

is favored  (Chukwuocha et al., J Immunol 1995; Chukwuocha and Feeney, Mol 

Immunol 1993; Feeney, J Immunol 1992; Feeney, J Exp Med 1990). This homolo-

gy-directed recombination, together with the absence of N-nucleotides, leads to a 

restriction of the diversity of the fetal IgH chain variable region repertoire. There is 

also a differential dependency of fetal and adult B lymphopoiesis on the transcrip-

tion factor Pax5. B cell development in bone marrow of Pax-5 knockout mice pro-

ceeds to the B220(+), CD43(+) stage and normal levels of IgH chain gene D to J 

rearrangement are observed, although V to DJ rearrangement is absent. In con-

trast, B lymphoid precursors are undetectable in fetal liver, suggesting a critical 

function for Pax5 during fetal hematopoiesis as compared to adult bone marrow 

(Nutt et al., Genes Dev 1997). Similarly, ablation of the cytokine IL-7 in mice com-

pletely eliminates B cell development while sparing fetal B cell development, sug-

gesting a difference in growth factor requirements of fetal liver and bone marrow B 

cell progeny (Carvalho et al., J Exp Med 2001).

Negative selection and receptor editing.

When the developing B cells reach the immature B cell stage, it is the first time 

they express a mature BCR. At this stage, self-reactive B cells are subjected to 

negative selection. Immature B cells, which recognize self-antigen and undergo 

multivalent cross-linking of their sIgM, die by apoptosis and are deleted from the 

repertoire (Nemazee and Burki, Nature 1989). Those immature B cells that en-

counter more weakly cross-linking self antigens of low valence, such as small so-
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luble proteins, respond differently. In this situation, the self-reactive B cells tend to 

be inactivated and enter a state of permanent unresponsiveness, called anergy 

(Goodnow et al., Nature 1988). However, some immature B cells may be rescued 

by further gene rearrangements that replace the self-reactive receptor with a new 

receptor that is not autoreactive. The cell lowers surface expression of IgM and 

does not turn off the RAG genes to allow the cell to continue IgL chain gene rear-

rangement. This usually leads to a new productive rearrangement and expression 

of a new light chain, which combines with the previous heavy chain to form a new 

BCR (Tiegs et al., J Exp Med 1993; Gay et al., J Exp Med 1993). If this new BCR is 

not self-reactive, the cell continues normal development and leaves the bone 

marrow through the central sinus and proceeds through the circulation to the 

spleen.

Figure A.13. Receptor editing illustrated for the human κ locus. If the first rearrangement is  non-

productive, a 5′ V gene segment can recombine with a 3′ J gene segment to remove the self-reactive 

join and replace it (Janeway and Travers, Immunobiology 2001).

Microenvironment for B lymphopoiesis in bone marrow.

HSC in the bone marrow are harbored associated with osteoblastic cells at the en-

dosteum. As soon as the HSC differentiate to reconstitute the major haematopoie-

tic lineages, they leave their stem cell niche in direction to the bone cavity. Con-

sistent with this, the earliest identifiable cells of the B cell progeny are located in 

the subendosteum of the bone marrow associated with reticular stromal cells con-

tributing to the microenvironment for the differentiation of the precursor cells (Na-

gasawa et al., Nat Rev Immunol 2006; Figure A.14.). 
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Figure A.14. TdT(+) cells in the subendosteum of rat femoral bone marrow. TdT(+) (arrows) occur 

with high frequency (12% in this photograph); dotted line indicates the endosteum (Hermans et al., J 

Immunol 1989).

The term stroma originates from the greek and is the word for mattress upon which 

one rests or lies. Here and in accordance to literature, it is used for the partially de-

fined cell population which generates the adherent layer of fibroblastoid cells in in 

vitro long-term bone marrow cultures (Dexter, J Cell Physiol 1982). In vivo they are 

defined as integral part of the extravascular compartment of the mammalian bone 

marrow which is not of haematopoietic origin but provides physical and functional 

support for haematopoietic cells (Owen, Bone and Mineral Research 1985). Murine 

and human BMSCs supportive for B lymphopoiesis possess long cytoplasmatic 

extensions in situ ("reticular phenotype") through which they are associated with 

the B cell progeny and express the cell surface glycoprotein VCAM-1 which inter-

acts with the integrin very late antigen (VLA)-4 expressed on B cell precursors to 

mediate their adhesion to the stromal compartment (Torlakovic et al., J Pathol 

2005; Tokoyoda et al., Immunity 2004; Funk et al., Blood 1995; Osmond et al., Adv 

Exp Med Biol 1988; Figure A.15. and A.16.). 
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Figure A.15. Electron microscope ra-

dioautograph of B220-positive cells in 

the subendosteum of murine bone 

marrow associated with each other 

and with reticular stromal cells. PB, B 

cell progenitor; RC, reticular stromal cell 

(Osmond et al., Adv Exp Med Biol 1988).

Antibodies either against VCAM-1 or VLA-4 block the adhesion of both human and 

murine B cell progenitors to cultured human bone marrow stromal cells and inhibit 

lymphopoiesis in long-term bone marrow cultures (Miyake et al., J Cell Biol 1992; 

Ryan et al., J Immunol 1992; Miyake et al., J Exp Med 1991; Ryan et al., J Clin In-

vest 1991). In murine bone marrow, VCAM-1-positive reticular cells are the source 

of stromal-derived factor (SDF)-1 and IL-7 (Tokoyoda et al., Immunity 2004; Funk 

et al., Blood 1995). In a recent paper Tokoyoda and coworkers could show that IL-

7 and SDF-1 are produced by two distinct subpopulations of reticular stromal cells 

associated with different developmental stages of B  cell progenitors (Tokoyoda et 

al., Immunity 2004; Figure A.16.). 
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Figure A.16. Different stromal cell populations in murine bone marrow. a SDF-1 producing stromal 

cell with long cyto-plasmatic extensions. b There are only either SDF-1 (green) or IL-7 (red) producing 

stromal cells and no yellow, double-positive cells detectable (Tokoyoda et al., Immunity 2004).

SDF-1 is a member of the CXC-family of chemokines. It is important for the reten-

tion of early haematopoietic progenitors in the bone marrow, since deletion of eit-

her SDF-1 or its receptor CXCR4 leads to the appearance of early B cell progeni-

tors in the peripheral blood of mutant mice (Ma et al., Proc Natl Acad Sci USA 

1998). Moreover, it is a crucial growth factor for the earliest stage of B cell deve-

lopment in the mouse by a yet not identified mechanism (Egawa et al., Immunity 

2001; Nagasawa et al., Proc Natl Acad Sci USA 1994). IL-7 is essential for the sur-

vival and the proliferation of later pro-B cell and pre-B cell stages in mice and the 

knockout mouse show a severe defect in B cell development (von Freeden-Jeffry 

et al., J Exp Med 1995). Human IL-7 is dispensable for this process, as patients 

with a defective IL-7R show normal frequencies of B cells in the periphery (Puel et 

al., Nat Genet 1998; Pribyl et al., Proc Natl Acad Sci USA 1996; Noguchi et al., Cell 

1993). The factor that has a similar function in human B lymphopoiesis is not yet 

identified (Bertrand et al., Immunol Rev 2002). 
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Figure A.17.  Overview of the molecular microenvironment for B  lymphopoiesis in murine bone 

marrow. The molecular microenvironment between developing B  cells and BMSCs include interacti-

ons between cytokine receptors with their respective ligands partially presented by extracellular matrix 

molecules, binding of adhesion molecules  to each other or to extracellular matrix. The dashed lines 

indicate the cleavage of the membrane-bound forms  of SCF and flt3L at the BMSC surface. HSPG, 

heparan sulfate proteoglycan.

A potential cytokine is the ligand for fetal liver tyrosine kinase 3 (flt3L), which pro-

motes the development of CD19-positive B cell precursors from CD34-positive, 

CD19-negative haematopoieitic stem cells, and the proliferation of CD34-positive, 

CD19-positive pro-B cells in human B lymphopoiesis in vitro (Bertrand et al., Im-

munol Rev 2002; Rawlings et al., Exp Hematol 1997; Namikawa et al., Blood 1996). 

Flt3L-deficient mice have a dramatic reduction in early B cell numbers (called pre-

pro-B cells in mice), slightly reduced numbers of pro-B cells and pre-B cells, and 

normal numbers of more differentiated B cells, indicating that flt3L, as well as SDF-
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1, is essential for the development of murine pre-pro-B cells. Consistent with this, 

in vitro studies have shown that flt3L stimulates the growth of murine pre-pro-B 

cells synergistically with IL-7 (Sitnicka et al., J Exp Med 2003; Sitnicka et al., Im-

munity 2002; Hunte et al., J Immunol 1995). Other cytokines thought to be import-

ant for the human B cell development are, amongst others, stem cell factor (SCF), 

which enhances the growth of human and murine pro-B cells and thymic stromal-

derived lymphopoietin (TSLP), an IL-7-like cytokine which promotes the develop-

ment of murine B cell progenitors (Nishihara et al., Eur J Immunol 1998; Ray et al., 

Eur J Immunol 1996; McNiece et al., J Immunol 1991).

Terminal B cell differentiation to the plasma cell stage.

Peripheral B cell maturation.

In the spleen, the development to the mature B cell stage takes place by progres-

sion through several transitional states (transitional B cells; Allman et al., J Immun-

ol 1993; Allman et al., J Immunol 1992) in which a re-organization and further ma-

turation of the BCR signalling machinery takes place (Chung et al., J Immunol 

2001; Loder et al., J Exp Med 1999; Yellen et al., J Immunol 1991). Therefore, BCR 

stimulation of a mature B cell leads to activation and proliferation (Warner et al., 

Nature 1970) instead of clonal deletion like in the transitional stages (Russell et al., 

Nature 1991). It has been estimated that about 60%–70% of the primary repertoire 

is strongly autoreactive and these cells are tolerized and lost either in the bone 

marrow or as transitional B cells in the periphery (Wardemann et al., Science 2003).

There are mainly two mature B cell subsets in the spleen. The follicular (FO) and 

the marginal zone (MZ) B cells, which are both included in the B-2 B cell compart-

ment and named according to their anatomical distribution.
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Figure A.18. Maturation of immature B  cells in the spleen. Immature B cells  that exit the bone 

marrow continue to mature in the spleen to form long-lived naive follicular B cells and, to a lesser ex-

tent, naive marginal zone B  cells. BCR, B  cell receptor; HSC, haematopoietic stem cell; pre-B cell, 

precursor-B cell; T1, transitional 1; T2, transitional 2 (Shapiro-Shelef and Calame, Nat Rev Immunol 

2005).

Whereas FO B cells populate the follicular areas in the white pulp of the spleen 

(and the lymph nodes), the MZ B cells are exclusively found in the marginal zones 

at the border between white and red pulp of the spleen (MacNeal, Arch Pathol 

1929; Weidenreich, Arch Mikrosk Anat 1901; Figure A.14). The FO B cells are pre-

dominantly responsive against foreign antigens mainly in T cell-dependent immune 

responses, which take place in the follicles of the spleen and lymph nodes, where 

B and T cells interact (Mitchison, Nat Rev Immunol 2004). In contrast, MZ B cells 

are mainly involved in T-independent immune responses against blood-borne pa-

thogens (Martin and Kearney, Nat Rev Immunol 2002). They help to bridge the 

temporal gap between the innate immune response, which is active within hours, 

and the almost two weaks necessary for the primary, T cell-dependent antibody 

response from the FO B cell compartment to reach peak levels, and are therefore 

compiled together with the B-1 B cells as "innate-like B cells" (Kearney, Springer 

Semin Immunopathol 2005). 
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Figure A.19. Microvasculature of the spleen. Central arterioles  are surrounded concentrically by the 

periarteriolar lymphoid sheath (T cell zone) and by the B cell follicles. These arterioles branch into folli-

cular arterioles, which feed into the marginal sinus. The MZ lies between the sinus and the red pulp of 

the spleen. Inset shows the marginal zone area in cross-section. FA, follicular arteriole; RC, reticular 

cell; RP, red pulp; MS, marginal sinus; MMM, marginal metallophilic macrophage; MZB, marginal zone 

B cell; MZM, marginal zone macrophage; WP, white pulp (Pillai et al., Annu Rev Immunol 2005).

The location of the MZ B cells at the border of red and white pulp is ideal to filter 

the blood stream and to encounter antigen. There, they are associated with me-

tallophilic macrophages and the arterial blood flows into the sinuses, so that the 

velocity of blood flow slows (Kraal, Int Rev Cystol 1992). By consequence, the 
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spleen is especially important in the protection against bacteria with polysacchari-

de capsules such as Streptococcus pneumoniae as can be seen from frequently 

occuring infections with these organisms in postsplenectomy patients (Coler, Nor-

thwest Med 1963). In the spleen, antigen or pathogens are trapped and removed 

from circulation within a few minutes after their introduction into the bloodstream 

(Goodyear and Silverman, Proc Natl Acad Sci USA 2004). As true as for B-1 B 

cells, MZ B cells only have a restricted antibody repertoire with clones of B  cells 

that are self-reactive but which have useful specificities in that they bind bacterial 

antigens. Because of this low-level self-reactivity, MZ B cells are like B-1 B cells 

maintained in a pre-activated state, which is seen by their surface expression of 

the B cell activation marker CD21. This is in contrast to FO B cells which express 

CD23 and only intermediate levels of CD21 (Spencer et al., Immunol Today 1998). 

The specificity of the BCR also appears to be a major driving force determining 

whether a transitional B cells adopts a FO or a MZ B cell fate as suggested by 

BCR-knockin studies. Specific knockin B cell clones exclusively give rise to MZ B 

cells and are excluded from the FO B cell compartment, whereas other specific 

BCRs commit developing B cells exclusively to the FO compartment and are ex-

cluded from the MZ B cell compartment (Pillai et al., Immunol Rev 2004). Another 

major driving force for the development of MZ B cell is Notch signaling. B cells 

selected to mature into the MZ B cell lineage can only do so if they receive additi-

onal signals from the Notch2 receptor via its ligand Delta-like2 expressed on den-

dritic cells (Hozumi et al., Nat Immunol 2004; Saito et al., Immunity 2003; Kuroda 

et al., Immunity 2003).

The immune reaction.

In search of antigen, mature, immune-competent B and T lymphocytes recirculate 

continually from the bloodstream through the peripheral lymphoid organs, retur-

ning to the bloodstream through the lymphatic vessels. The three major types of 

peripheral lymphoid tissue are the spleen, which collects antigens from the blood, 

the lymph nodes, which collect antigen from sites of infection in the tissues, and 

the mucosal-associated lymphoid tissues (MALT), which collect antigens from the 

epithelial surfaces of the body. The pathogens at the site of infection are taken up 
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by antigen-presenting cells which consists of a heterogeneous collection of sub-

sets with unique phenotypic characteristics and tissue locations (Banchereau and 

Steinman, Nature 1998), such as Kupffer cells in the liver and Langerhans´ cells in 

the skin (Kupffer, Arch Mikr Anat 1876; Langerhans, Virchows Arch 1868). The an-

tigens of a pathogen are then transported to local lymphoid organs by the migra-

ting antigen-presenting cells and presented to antigen-specific CD4(+) T helper 

cells by major histocompatibility complex class-II (MHC-II) receptors (Romani et 

al., Int Rev Cytol 2001). T helper cells that encounter antigen proliferate and diffe-

rentiate into antigen-specific effector cells producing a plethora of cytokines affec-

ting the function of multiple cell types, including CD4(+) and CD8(+) T cytotoxic 

cells B cells, myeloid cells and the differentiation of bone marrow precursors. T 

helper cells can be categorized into two lineages with distinct effector functions 

based on their cytokine expression pattern. They were first described by Mosmann 

and co-workers who termed the two subsets T helper type 1 (Th1) and T helper ty-

pe 2 (Th2) cells (Mosmann et al., J Immunol 1986). Th1 cells secrete interferon-γ, 

IL-2 and lymphotoxin-β. A Th1 mediated immune reaction dominated by a cellular 

response of T cytotoxic cells and macrophages and is directed mainly against in-

tracellular pathogens. A Th2-driven immune response is characterized by the se-

cretion of IL-4, IL-5, IL-6, IL-10, and IL-13. The Th2 response is directed against 

allergens and parasites and marked by a more antibody-dominated character with 

B cells as the effector cells (Mosmann and Coffman, Annu Rev Immunol 1989).

A naive B cell enters the lymph node through high endothelial venules and migra-

tes to the primary follicle. On its way through the T cell zone, it encouters its speci-

fic antigen. Some nonprotein antigens, such as lipopolysaccharides (LPS) stimu-

late B  cells in the absence of linked recognition by peptide-specific helper T cells 

(thymus-independent antigens). However, B cell activation by many antigens, 

especially monomeric proteins, requires both binding of the antigen by the BCR 

and interaction of the B cell with antigen-specific Th2 cells (Parker, Annu Rev Im-

munol 1993). Therefore, after binding by the BCR the antigen gets subsequently 

internalized by receptor-mediated endocytosis, processed in the endocytosis ve-
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sicles, and finally presented on the cell surface by MHC-class-II molecules (Hodg-

kin and Basten, Curr Opin Immunol 1995). T helper cells recognize peptide frag-

ments derived from the antigen and stimulate the B cell by the directed release of 

cytokines and through the interaction of TNF-TNF-receptor family ligand pairs, 

such as CD40L on the T cell to CD40 on the B cell (Aruffo et al., Cell 1993; Parker, 

Annu Rev Immunol 1993; Mosmann and Coffman, Annu Rev Immunol 1989). This 

initial interaction occurs in the T cell area of peripheral lymphoid organs, where 

both antigen-specific and T helper cells and antigen-specific B cells are trapped as 

a consequence of the antigen-binding. The activated B cells expand clonally and 

some of them migrate to the medullary cord and differentiate into IgM-secreting 

plasma cells, which are short-lived (Smith et al., Eur J Immunol 1996). The other B 

cells migrate to the follicle and continue monoclonal expansion in the environment 

of follicular dendritic cells (FDCs). These B cells are called centroblasts and contri-

bute to the formation of a germinal center (GC). After three days of expansion the 

centroblasts mutate their antibody-encoding DNA and thus generate a diversity of 

clones in the GC (somatic hypermutation; Besmer et al., Curr Opin Immunol 2004). 

Upon some unidentified stimulus from the FDC, the B cells start to expose their 

antibody to their surface and in this stage are referred to as centrocytes. The cen-

trocytes are in a state of activated apoptosis and compete for survival signals from 

FDCs that present the antigen. This rescue process is believed to be dependent on 

the affinity of the antibody to the antigen (Tew et al., Immunol Rev 1997). The mor-

phology of GCs is very specific and shows properties which are characteristic for 

different stages of the reaction. In an early state of the reaction a network of FDCs 

is fully filled with proliferating B cells. Later after the appearance of the centrocytes 

GCs show a separation of two zones, the dark and the light zone (Figure A.20.). 

The former still contains dominantly proliferating cells, while the latter one is the 

area of B cells selection (Wolniak et al., Crit Rev Immunol 2004). The functional B 

cells then have to interact with helper T cells to get final differentiation signals. This 

also involves the switch of the Ig isotype for example from IgM to IgG (class switch 

recombination; Chaudhuri and Alt, Nat Rev Immunol 2004).
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Figure A.20. The germinal center. A Micrograph of a germinal center. Note the light zone containing 

follicular dendritic cells and centrocytes which undergo selection and the dark zone containing pro-

liferating centroblasts. B  Overview of the structure of a germinal center (Janeway and Travers, Immun-

obiology 2001).

The B cells become either a plasma cell secreting antibodies or a non-secreting 

memory B cell that is surface-Ig-positive and will be activated in subsequent con-

tacts with the same antigen in forthcoming immune reactions generating eight- to 

tenfold more plasma cells than a primary response does (McHeyzer-Williams and 

Ahmed, Curr Opin Immunol 1999). There are several factors known in the determi-

nation whether a centrocyte adopts memory or plasma cell fate. First, the strength 

of BCR signalling seems to be an important factor as expression of high-affinity 

antibody may favor plasma cell rather than memory cell development (Smith et al., 

EMBO J 1997). Additionally cytokines from the microenvironment of the differenti-

ating cells influence cell fate decision. Signals via CD40 and IL-4 favor a memory 

phenotype, whereas in the presence of IL-2, IL-10, IL-21, or OX40L from the TNF 

superfamily terminal plasma cell differentiation occurs (Ozaki et al., J Immunol 

2004; Choe and Chol, Eur J Immunol 1997; Stuber and Strower, J Exp Med 1996; 

Arpin et al., Science 1995). 

Long-lived plasma cells in bone marrow.

Most of the plasma cells generated in the germinal center reaction disappear from 

spleen within 2 weeks and home to the bone marrow where the ones who succeed 
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in obtaining support for their survival from their environment turn to long-lived 

plasma cells. Long-lived plasma cells continue to produce antibodies (Slifka et al., 

Immunity 1998; Slifka et al., J Virol 1995; McMillan et al., J Immunol 1972), as in 

humans antigen-specific antibodies have been detected in the serum for decades 

after antigen encounter (Kanamitsu et al., Am J Trop Med Hyg 1979; Fujita and 

Yoshida, Kobe J Med Sci 1979; Paul et al., Am J Hyg 1951; Sawyer, J Prev Med 

1931; Panum, Virch Arch 1847).

Figure A.21. Anatomical site of antibody production after acute viral infection. Initial antibody 

production occurs in the spleen, but once the viral infection has  been resolved, the bone marrow be-

comes the site of long-term antibody production. If reinfection occurs, the spleen mounts a rapid, but 

transient, plasma cell response and once homeostasis has been re-established, the bone marrow is 

again the predominant source of antiviral antibodies. ASC, antibody-secreting cell (Slifka and Ahmed, 

Trends Microbiol 1996).

The homing of plasma cells to the bone marrow is guided by chemokines. During 

terminal differentiation to plasma cells, the cells change their responsiveness to-

wards the chemokines CCL19, CCL21 and CXCL13, which are expressed in se-

condary lymphoid organs (Bowman et al., J Exp Med 2002; Hargreaves et al., J 

Exp Med 2001; Wehrli et al., Eur J Immunol 2001). Instead plasma cells have been 
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shown to be attracted by SDF-1 and genetic deletion of CXCR4, the only known 

receptor for SDF-1, resulted in a severely delayed accumulation of plasma cells in 

the bone marrow (Hauser et al., J Immunol 2002; Hargreaves et al., J Exp Med 

2001). Consistent with this, Tokoyoda and coworkers described that the SDF-1-

expressing reticular stromal cells, that harbor early haematopoietic progenitors 

from the B lineage, are also associated with IgG- and syndecan-1-positive plasma 

cells. Thus, VCAM-1-, SDF-1-positive stromal cells are proposed to form the mi-

croenvironmental niche for long-lived plasma cells in the bone marrow (Tokoyoda 

et al., Immunity 2004; Figure A.22.).

Figure A.22.  Overview of the molecular microenvironment for long-lived plasma cells in bone 

marrow. See text for details (Shapiro-Shelef and Calame, Nat Rev Immunol 2005).

In short-term cultures, after B cells differentiate into plasma cells they stop dividing 

and die within a few days (Cassese et al., J Immunol 2003). This pro-apoptotic 

tendency of plasma cells is underscored by the fact that Blimp-1, one of the key 

molecules for plasma cell differentiation (Turner et al., Cell 1994), induces apopto-

sis, if not counterbalanced by anti-apoptotic members of the Bcl-2 family (Knodel 
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et al., Eur J Immunol 1999). Plasma cell survival is mediated by synergistic effects 

of cytokines and adhesion-dependent signals (Cassese et al., J Immunol 2003; 

Merville et al., J Exp Med 1996). Among the cytokines which prolong the survival of 

bone marrow plasma cells are IL-6, TNF-alpha, and SDF-1 (Cassese et al., J Im-

munol 2003; Kawano et al., Blood 1995; Roldan et al., Eur J Immunol 1991). Also 

the interaction of VCAM-1 and VLA-4 between BMSCs and plasma cells may be 

an important link for plasma cell survival (Minges Woles et al., J Immunol 2002). 

However, the exact combination of signals supporting the survival of long-lived 

plasma cells is not known yet. Hence, it is of special interest to investigate whether 

BMSCs express additional cytokines which could support the survival of long-lived 

plasma cells. BAFF, a member of the TNF family of cytokines, could be such a 

candidate, since BAFF-deficient mice have reduced levels of serum antibodies 

(Gross et al., Immunity 2001; Schiemann et al., Science 2001). Moreover, BAFF 

sustains survival of murine plasmablasts, and one of its receptors, B cell maturati-

on antigen (BCMA), has been found to be essential for the survival of long-lived 

plasma cells (O´Connor et al., J Exp Med 2004; Mecklenbrauker et al., Nature 

2004).

Aim of the work

The development of B cells from the haematopoietic stem cell compartment has 

been extensively studied during the last decades and has generated fundamental 

information on both the rearrangement of immunoglobulin genes during differenti-

ation and the role of transcription factors in the differentiation process. However, 

less is still known about the complex microenvironment consisting of cytokines, 

adhesion molecules, proteases and extracellular matrix in the nearer surrounding 

of the B cell progenitor regulating its proliferation, differentiation and survival. 

BMSCs represent the main source of these microenvironmental factors, although 

one cannot exclude the possibility that other hematopoietic cell types or the de-
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veloping B cells itself produce factors which contribute to the microenvironment. 

One reason why little is known of the cytokine production of BMSCs is, that, to 

date, they are either only described by immunohistochemistry techniques, or as 

products of the cultivation as adherent cells from bone marrow mononuclear cells 

(BMMCs). Many of the properties displayed by cells in culture may not reflect their 

in vivo capacities. Hence, the aim of the work presented here was the identification 

and characterization of BMSCs by flow cytometry. By consequence, BMSCs can 

be sorted by FACS to high purity and their cytokine expression pattern can be a-

nalyzed by reverse transcriptase-PCR (RT-PCR) ex vivo. In particular, the following 

questions are adressed: (a) Which microenvironmental factors are produced by 

VCAM-1(+), D7-FIB(+) BMSCs? (b) Can different subpopulations of BMSCs repre-

senting different microenvironmental niches be distinguished in this cell populati-

on? (c) Do these BMSCs supportive for early B cell precursors also produce survi-

val factors for long-lived plasma cells?

Finally, the growth factor requirements during the first stages of B cell develop-

ment were planned to be assesed. Different B cell progenitor populations were 

supposed to be sorted in parallel to the BMSCs populations from the same speci-

men (see also Figure B.02.). Growth factor receptor expression of sorted B cell 

progenitors had to be investigated by RT-PCR. Together with the cytokine expres-

sion data of BMSCs I planned to detemine at least a part of the composition of the 

microenvironment for early human B lymphopoiesis.
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B. Material and Methods

Cell Biology

Isolation of human BMMCs.

BMMCs were isolated from human bone marrow obtained from the femoral head 

of patients undergoing total hip arthroplasty. The use of this patient material was 

approved by the local ethics commitee of the Humboldt University of Berlin, and 

written consent was obtained from each patient. BMMCs from seven patients were 

used for this study (3 female, 4 male), aged between 30 and 73 years.

Trabecular bone pieces were harvested from the cutting plane of the femoral head 

using a scalpel and transferred to 50 ml conical tubes containing PBS with BSA 

(0.2% w/v f. c.) and EDTA (5mM f. c.). Bone marrow cells were removed from the 

bone pieces by shaking and vortexing the tube (without the use of collagenase). 

BMMCs were isolated by density gradient centrifugation of the supernatant using 

lymphocyte seperation medium (PAA Laboratories GmbH, Pasching, Austria). After 

repeated washes the BMMCs were resuspended in PBS/BSA/EDTA in which all 

subsequent staining and sorting procedures were performed. A single cell suspen-

sion was prepared using 70 µm cell strainer (BD Biosciences Discovery Labware, 

Bedford, MA, USA). The cell number was determined microscopically with a Neu-

bauer counting chamber. Dead cells were excluded from analysis by the use of 

Trypan blue.
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Isolation of leukocytes from peripheral blood.

Leukocytes were isolated from peripheral blood (PBLs) of healthy donors by elimi-

nation of the red blood cells with Erythrocyte Lysis Buffer (QIAGEN GmbH, Hilden, 

Germany) according to the manufacturer´s instruction. 

Cultivation of cells.

Human pro-B (MHH-CALL2), pre-B (697) and mature B (Ramos) cell lines were 

cultured in RPMI 1640 medium containing 100 U/ml penicillin, 100 µg/ml strep-

tomycin, 10% heat-inactivated fetal calf serum (FCS), 50 µM 2-mercaptoethanol, 

and 2 mM L-glutamine (Life Technologies, Grand Island, NY, USA) at pH 8. VCAM-

1-positive, D7-FIB-hi and VCAM-1-positive, D7-FIB-lo BMMCs were cultured in 

Dulbecco modified Eagle medium (DMEM) with the same additives as indicated for 

RPMI 1640. 

Flow cytometric analysis.

During the flow cytometric analysis of cells the light scatter and fluorescent cha-

racteristics on the single cell level are characterized. Cells undergo a hydrodyna-

mic focussing and pass two detectors which receive the light scattered by the cell. 

Light which is scattered by only a slight angle (3-10°) is the so-called forward 

scatter and correlates with the size of the cell. Light which is scattered by 90° is 

the sideward scatter and corresponds to the granularity of the cell. In the FACSCa-

libur (BD Biosciences, Heidelberg, Germany) four additional detectors (FL1, 530 

nm; FL2, 585 nm; FL3, 650 nm; FL4, 670 nm) are able to measure the light emitted 

from various fluorescent dyes excited by an argon laser (488 nm) and a diode laser 

(635 nm). To characterize cell populations by flow cytometry the dyes are conju-

gated to antibodies that bind specifically to an antigen.

Single cell suspensions were incubated for 5 min with FcReceptor-Blocking Rea-

gent (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany), and for additional 15 

min with the respective antibodies. The following antibodies were used for the flow 

cytometric characterization of BMMCs: AlexaFluor488- or Allophycocyanin (APC)-
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conjugated CD10 (clone "SJ5-1B4"; Caltag Laboratories GmbH, Hamburg, Ger-

many), Fluoresceinisothiocyanate (FITC)-conjugated CD11b (clone "Bear1"; Beck-

manCoulter Inc., Fullerton, USA), AlexaFluor488-conjugated CD13 (clone "TUEK1"; 

Caltag Laboratories GmbH, Hamburg, Germany), FITC-conjugated CD14 (clone 

"TM1"), PE-conjugated CD14 (clone "TM1"), FITC-conjugated CD19 (clone 

"BU12"), FITC-conjugated CD34 (clone "581"; Caltag Laboratories GmbH, Ham-

burg, Germany), Phycoerythrin (PE)-conjugated CD34 (clone "8G12"; BD Bioscien-

ces Immunocytometry Systems, San Jose, USA), FITC-conjugated CD45 (clone 

"2D1"; BD Biosciences Immunocytometry Systems, San Jose, USA), FITC-conju-

gated CD90 (clone "5E10"; BD Biosciences Pharmingen, San Diego, USA), FITC-

conjugated CD105 (clone "SH2"), PE-conjugated VCAM-1/CD106 (clone "51-

10C9"; BD Biosciences Pharmingen, San Diego, USA), and Cy5-bis-OSU, 

N,N`-biscarboxypentyl-5,5`-disulfonatoindodicarbocyanine (Cy5)-conjugated clone 

"D7-FIB" (Jones et. al, Arthritis Rheum 2002). In order to identify dead cells, propi-

dium iodide (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) was added. 

Data was aquired using a FACS-Calibur and analysed using CellQuest software 

(Becton Dickinson, Franklin Lakes, USA).

Liposome-enhanced staining of the human pre-B cell receptor.

The sensitivity of the conventional immunofluorescence antibody staining techno-

logy is limited because of the low number of fluorochromes that can be conjugated 

to one antibody. On this account, a minimum of several thousand antigens per cell 

is required for discrimination between positive and negative cells. However, a lot of 

functionally important molecules, for example the pre-B cell receptor, is expressed 

at much lower copy numbers (Wang et al., Blood 2002). By the use of antibody-

conjugated fluorescent liposomes which are loaded with dye molecules the fluo-

rescence signal intensity can be increased by 100-fold to 1,000-fold compared 

with conventional methods. Therefore, it is possible to detect 50−100 target mole-

cules per cell (Scheffold et al., Immunotechnology 1995).

53



Figure B.01. Liposome-enhanced immunofluorescent detection of the VpreB-protein in the pre-

B  cell receptor (see text for further information).

For immunofluorescence staining of the pre-B cell receptor a monoclonal antibody 

directed against the VpreB protein (clone "VpreB8", Wang et al., J Immunol 1998) 

was used. This antibody was conjugated to digoxigenin (Dig; Roche Diagnostics 

GmbH, Mannheim, Germany). The enhanced indirect immunofluorescence system 

(Scheffold et al., Nat Med 2000) used Cy5-filled liposomes conjugated to Fab 

fragments of sheep anti-Dig antibodies as a secondary-step reagent (Figure B.01). 

Viable cells pre-incubated with FcReceptor-Blocking Reagent (Miltenyi Biotec 

GmbH, Bergisch Gladbach, Germany) for 5 minutes were incubated with Dig-con-

jugated anti-VpreB antibody for 15 minutes before washing and incubation with 

anti-Dig-conjugated fluorescent liposomes for 1 hour on ice with agitation, follo-

wed by washing and analysis by flow cytometry. For control of specificity in each 

experiment, cells were incubated (i) without hapten-labeled VpreB8-antibody and 

(ii) with a 50-100 fold excess of unlabeled VpreB8-antibody prior to staining with 

the anti-VpreB8-Dig conjugate.
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Isolation of cells through magnetic cell sorting (MACS).

For magnetic cell separation by MACS, cells are specifically labelled by antibodies 

conjugated to paramagnetic particles (microbeads). The cells are loaded on a co-

lumn surrounded by a magnetic field generated by a permanent magnet. The la-

belled cells are retained in the magnetic field, whereas the unlabelled cells flow 

through. The labelled cells can be eluted when the column is removed from the 

magnetic field.

Sorting of cells by fluorescence activated cell sorting (FACS).

Cells can be sorted based on their fluorescent characteristics according to multiple 

parameters by FACS. The fluorescent characteristics are acquired by the same 

principle described for flow cytometric analysis. After passing of the cells through 

the laser and acquisition of the fluorescent characteristics, the liquid stream of 

cells is disrupted into droplets as such that each drop contains a single cell. Based 

on their fluorescent characteristics the cells are given an electrical charge and can 

be deflected into separated tubes based on that charge.

Sorting of different cell fractions from human bone marrow.

VCAM-1-positive and B cell progenitor cells were isolated in parallel as depicted in 

Figure B.02. BMMCs were incubated for 5 min with FcReceptor-Blocking Reagent 

(Miltenyi Biotec GmbH, Bergisch Gladbach, Germany), and for additional 15 min 

with anti-CD34 microbeads and sorted magnetically twice using LS columns (Mil-

tenyi Biotec GmbH). The positive selected cells were labelled for 15 min with PE-

conjugated CD34, Cy5-conjugated CD10 and FITC-conjugated CD19 monoclonal 

antibodies. Ten B cell progenitors were subsequently isolated at the FACS DiVa 

Flow Cytometer and Cell Sorter (Becton Dickinson, Franklin Lakes, USA) to high 

purity (at least 98%) directly into 0.2 ml PCR tubes provided with 20 µl RT-PCR-

Buffer. 
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Figure B.02. Parallel enrichment of B  cell progenitors and VCAM-1 positive cells from human 

bone marrow using a combination of MACS and FACS sort (see text for further information).

VCAM-1-positive cells were purified from the CD34-depleted fraction of the 

MACS-sort. The cell were incubated for 15 min with PE-conjugated VCAM-1/

CD106 antibody and the Cy5-conjugated clone "D7-FIB". After the next washing 

step, cells were labelled with Anti-PE Microbeads and sorted twice magnetically 

using LS columns. One and ten VCAM-1-positive cells, respectively, were subse-

quently isolated at the FACS DiVa Flow Cytometer and Cell Sorter (Becton Dickin-

son, Franklin Lakes, USA) to high purity (at least 98%) directly into 0.2 ml PCR tu-

bes provided with 20 µl RT-PCR-Buffer (see below).
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Molecular Biology

Single cell reverse transcriptase-PCR.

RT-PCR reactions were performed with the QIAGEN OneStep RT-PCR Kit (QIAGEN 

GmbH, Hilden, Germany) according to the manufacturer´s instructions. Each RT-

PCR reaction consisted of one cycle of reverse transcription (50°C, 30 minutes) 

and a denaturation step (95°C, 15 minutes) linked to 40 cycles of PCR amplificati-

on, each at 94°C for 15 seconds, 60°C for 15 seconds, 72°C for 20 seconds, and a 

final extension cycle at 72°C for 10 minutes. RT-PCR was performed using a Mast-

ercycler personal (Eppendorf AG, Hamburg, Germany) in a volume of 50 μl contai-

ning 1 µM f. c. forward primer and 1 µM f. c. reverse primer, respectively.

Figure B.03. Titration of SDF-1-specific oligonucleotides to allow parallel amplification of 

VCAM-1 and SDF-1 cDNAs. Ten VCAM-1(+), D7-FIB(hi) cells were sorted to perform OneStep RT-

PCR. Amplification products  were analyzed using 2.5% w/v agarose gels.

For single cell RT-PCR, it was necessary to check that every PCR-tube contained a 

VCAM-1-positive, D7-FIB-hi cell and is instead neither empty or contaminated by a 

VCAM-1-negative cell. Hence, I established a multiplex RT-PCR for each of the 
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three cytokines, which allow the parallel amplification of the VCAM-1 cDNA (positi-

ve control) with one of the respective cytokines. As an example the parallel ampli-

fication of the cDNAs for SDF-1 and VCAM-1 is shown in Figure B.03. If two PCRs 

were run in parallel with the same concentration of oligonucleotides, the reaction 

with the smaller amplification product will result in higher product yields. Therefore, 

it is required to titrate the concentration of the oligonucleotides which contribute to 

this PCR. In case of the SDF-1/VCAM-1 multiplex RT-PCR, the concentration of 

oligonucleotides were 0.5 µM f. c. of each primer for the amplification of the 

VCAM-1 and 0.25 µM f. c. of each primer for the amplification of SDF-1.

The following oligonucleotide sets were used for RT-PCR of the specified mRNAs: 

VCAM-1: forward primer #1 5' AGT CAG GAA TTT CTG GAG GAT GC 3', forward 

primer #2 5' GAA AAG TTC TTG TTT GCC GAG C 3', reverse primer 5' GCA GCT 

TTG TGG ATG GAT TCA C 3', with a 229 bp product (using forward primer #1) and 

a 141 bp product (using forward primer #2), respectively.

IL-7: forward primer 5' TGA AGC CCA ACC AAC AAA GAG 3', reverse primer 5' 

TTC TTG GAG GAT GCA GCT AAA G 3', with a 198 bp product.

TSLP: forward primer 5' GGT GCC CAG GCT ATT CGG 3', reverse primer 5' AGC 

GAC GCC ACA ATC CTT G 3', with a 126 bp product.

SCF: forward primer 5' CTG GAA GAA GAG ACA GCC AAG TC 3', reverse primer 

5' AAA GTC ATG GGT AGC AAG AAC AG 3', with a 261 bp product.

flt3L: 5' TCG CTT CGT CCA GAC CAA C 3', reverse primer 5' CCA GGT CAG 

TGC TCC ACA AG 3', with a 354 bp product.

SDF-1: forward primer 5' GAG CTA CAG ATG CCC ATG CC 3', reverse primer 5' 

AGC TTC GGG TCA ATG CAC AC 3', with a 150 bp product.

BAFF: forward primer 5' AGG CAA CTC CAG TCA GAA CAG C 3', reverse primer 

5' TCA TCC CCA AAG ACA TGG ACC 3', with a 303 bp product.

IL-6: forward primer 5' AAG CAG CAA AGA GGC ACT GG 3', reverse primer 5' 

TGG GTC AGG GGT GGT TAT TG 3', with a 271 bp product.

CD19: forward primer 5' CCT GGG TCC TGA GGA TGA AG 3', reverse primer 5' 

ACA TTG CTC CAG AGG TTG GC 3', with a 436 bp product.
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ITGb1: forward primer 5' GCG TCT GCG GAC AGT GTG TT 3', reverse primer 5' 

GACCGGCTGGGGTAATTTGTC 3', with a 458 bp product.

ITGa4: forward primer 5' TGG CTC CCA ATG TTA GTG TGG A 3', reverse primer 

5' TGC GCA ACA TTC TCA TCC TTG 3', with a 430 bp product.

TdT: forward primer 5' ATG CTT TCG TCA CCA TGA CAG G 3', reverse primer 5' 

CCA GAA TCA TCT TCC GCT CAT G 3', with a 444 bp product.

IL-7Ra: 5' GGA AGG AGC CAA TGA CTT TGT G 3', reverse primer 5' GAC TCC 

ATT CAC TCC AGA AGC C 3', with a 245 bp product.

c-kit: forward primer 5' TTT CCT CGC CTC CAA GAA TTG 3', reverse primer 5' 

AGG TGC CAT CCA CTT CAC AGG 3', with a 172 bp product.

flt3: forward primer 5' TGG CAG ATG CAG AAG AAG CG 3', reverse primer 5' GAA 

TCT TCG ACC TGA GCC TGC 3', with a 139 bp product.

CXCR4: forward primer 5' GCA GCA GGT AGC AAA GTG ACG 3', reverse primer 

5' GTA ACC CAT GAC CAG GAT GAC C 3', with a 269 bp product.

TSLPR: forward primer 5' AGG ATG CAG TGA CGG TGA CG 3', reverse primer 5' 

CTC GCC TCT CTG CCA GCA T 3', with a 248 bp product.

G-CSFR: forward primer 5' GCC TCA TCT GCC AGT GGG A 3', reverse primer 5' 

GTT GTG GGG ACA TGC TGG TC 3', with a 234 bp product.

M-CSFR: forward primer 5' CAT CGT CAA CCT TCT GGG AGC 3', reverse primer 

5' TTG GTC AAC AGC ACG TTA CGC 3', with a 429 bp product.

GM-CSFRa: forward primer 5' CCT GGT GAC AAG CCT TCT GC 3', reverse pri-

mer 5' AGG AGA AAT TCT GAG CAG CGG 3', with a 368 bp product.

GM-CSFRb: forward primer 5' GGC TAC AAC GGG ATC TGG AG 3', reverse pri-

mer 5' GCT TGG GGT CCT CTA TGG TG 3', with a 373 bp product.

BCMA: forward primer 5' TCC TTC CAG GCT GTT CTT TCT G 3', reverse primer 

5' CCT TCG GTT TGC TCT TGA TGC 3', with a 461 bp product.

TACI: forward primer 5' CGC AAG GAG CAA GGC AAG 3', reverse primer 5' GCC 

CCA GCG TGC TGT AGA 3', with a 292 bp product.

BAFFR: forward primer 5' GGT GGG TCT GGT GAG CTG G 3', reverse primer 5' 

CCA GGC AGG AGC TGT GGC 3', with a 151 bp product.
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The oligonucleotides were designed to allow for discrimination between cDNA and 

genomic DNA amplification. The measured sizes of RT-PCR products were as ex-

pected. Amplified products were isolated and sequenced using the ABI System 

(Perkin Elmer, Rodgau-Jügesheim, Germany) to verify the specificity of gene amp-

lification (data not shown).
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C. Results

Identification and characterization of human BMSCs.

VCAM-1(+), D7-FIB(+) stromal cells in human bone marrow.

The aim of the present study is the identification of stromal cell populations in hu-

man bone marrow. BMSCs supportive for human B cell differentiation show the 

expression of VCAM-1 and a fibroblastoid phenotype in culture. By the use diffe-

rent fluorochrome-labelled antibodies recognizing either fibroblastoid cells (clone 

"D7-FIB") or VCAM-1, respectively, primary cells from human bone marrow were 

analyzed by flow cytometry. Thereby two distinct populations of VCAM-1-positive 

cells could be identified. The D7-FIB antibody segregated the VCAM-1-positive 

cells into two populations designated from now on as "VCAM-1-positive, D7-FIB-

low (D7-FIB-lo)" and "VCAM-1-positive, D7-FIB-high (D7-FIB-hi)". There was no 

significant difference in the mean fluorescence intensity for VCAM-1-expression. 

Both populations comprised 0.02% of human BMMCs. Analysis of the forward/si-

deward scatter characteristics showed that the VCAM-1-positive, D7-FIB-lo cells 

have a higher distribution in the sideward scatter than the VCAM-1-positive, D7-

FIB-hi cells, indicating that this population contained cells with many granules (Fi-

gure C.01).

Further analysis of the cell surface marker expression of both cell populations were 

performed using FITC-conjugated monoclonal antibodies directed against anti-

gens each characteristic for different cell types from bone marrow tissue. The anti-

gens CD10, CD13, CD90 and CD105 are known to be expressed by cultivated bo-

ne marrow stromal cells (Torlakovic et al., J Pathol 2005; Honzcarenko et al., Stem 
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Cells 2005; Simmons et al., Blood 1991). Since CD10 and CD13 are also characte-

ristic for myleoid cells, I included the antigens CD11b and CD14, that are produ-

ced by granulocytes and macrophages but not by stromal cells to identify myeloid 

cells. For the same reasons I utilized an antibody against CD34 (characteristic for 

endothelial cells and haematopoietic stem cells) as CD90 and CD105 are also ex-

pressed by endothelial cells and haematopoietic stem cells. The pan-leukocyte 

marker CD45 identifies cells from the haematopoietic lineage (except red blood 

cells).

Figure C.01. Identification of two VCAM-1-positive cell populations in human bone marrow. 

BMMCs were isolated and stained with the antibodies anti-VCAM-1-PE and D7-FIB-Cy5. Dead cells 

were excluded by PI staining. VCAM-1(+), D7-FIB(hi) cells (green circle) and VCAM-1(+), D7-FIB(lo) 

cells (blue circle) were gated and analyzed for their forward/sideward scatter characteristics and au-

tofluorescence in the FITC channel (below).

Control stainings without FITC-labelled antibodies indicated autofluorescence of 

the D7-FIB-lo cell population (MFI: 29), in contrast to the D7-FIB-hi population 

(MFI: 6; Figure C.01). Therefore, it is difficult to judge whether there is a significant 
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elevation of the MFI in the antibody stainings. However a slight elevation to MFI 

value 125 compared to the control without antibody was detectable in the CD45 

staining, indicating the haematopoietic character of VCAM-1-positive, D7-FIB-lo 

cells. The cells were also stained for CD10, CD11b and CD13 (MFI values between 

80 to 88), suggesting that this is a myeloid cell population. In contrast, VCAM-1-

positive, D7-FIB-hi cells are positively stained for the stromal cell markers CD10, 

CD13, CD90, and CD105. No expression of the myeloid cell surface markers 

CD14, CD11b or the leukocyte-marker CD45 could be observed. Furthermore, the 

expression of CD34 characteristic for endothelial cells and haematopoietic proge-

nitor cells could also not be detected (Figure C.02).

Figure C.02. VCAM-1-positive, D7-FIB-hi cells express the typical stromal cell surface markers. 

BMMCs were isolated and stained with the antibodies anti-VCAM-1-PE, D7-FIB-Cy5, and a Fitc-la-

belled antibody as indicated below each histogram. Dead cells were excluded by PI staining. VCAM-

1(+), D7-FIB(hi) cells  (green histograms) and VCAM-1(+), D7-FIB(lo) cells (blue histograms) were gated 

and analyzed for their surface marker expression. Blue and green lines, respectively, indicate the un-

stained control.
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The antibody clone D7-FIB was raised against a human fibroblast cell line (Jones 

et. al, Arthritis Rheum 2002). As I expected the antigen bound by D7-FIB only to be 

expressed by fibroblasts, it was surprising that myeloid cells are stained by it, as 

well. The antigen which is recognized by this antibody clone is to date not known. I 

tested expression of the epitope of D7-FIB on myeloid cells of peripheral blood by 

the parallel use of an anti-CD14 monoclonal antibody. In order to include granu-

locytic cells in the analysis, red blood cells were eliminated by lysis and not by 

density gradient centrifugation. Nearly all CD14-positive cells (low expression by 

granulocytes, high expression by monocytes) in peripheral blood were stained by 

D7-FIB (Figure C.03). Thus, the surface marker identified by the clone D7-FIB is 

not only expressed on fibroblasts but also on CD14-positive myeloid cells from 

human bone marrow.

Figure C.03. The antibody clone D7-FIB  stained CD14-positive cells from peripheral blood. Ery-

throcytes were lysed from whole blood and PBLs  were stained with anti-CD14-PE, D7-FIB-Cy5 anti-

bodies. Dead cells were excluded from analysis by PI staining.

For further characterization of the phenotype of both cell populations a sorting 

strategy was developed to isolate them to high purity. A preenrichment step by 

MACS sorting of VCAM-1-positive cells was followed by a FACS sort where both 

populations were isolated according to the D7-FIB staining to a purity of at least 

98% (Figure C.04; VCAM-1(+), D7-FIB-hi cells in the green field; VCAM-1(+), D7-

FIB-lo cells in the blue field; see also Material and Methods).
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Figure C.04. The VCAM-1(+), D7-FIB(lo) and VCAM-1(+), D7-FIB(hi) cells  are isolated to at least 

98% purity by a combination of MACS and FACS sort. BMMCs were isolated and stained with 

antibodies anti-VCAM-1-PE, anti-CD45-FITC, and D7-FIB-Cy5. VCAM-1-PE-labelled cells were enri-

ched twice by MACS sorting using anti-PE magnetic beads. Next, VCAM-1(+), D7-FIB(hi) (green back-

ground) and VCAM-1(+), D7-FIB(lo) cells (blue background) were sorted to at least 98% purity at the 

FACS sorter according to their surface marker expression. Purity of VCAM-1-positive cell populations 

was analyzed by flow cytometry after each sorting step. Dead cells were excluded from analysis by PI 

staining.

Subsequent to the isolation both cell populations were taken into culture to clarify 

their phenotype in vitro. Whereas VCAM-1(+), D7-FIB(hi) cells adhere to the bottom 

of the tissue culture flask with a fibroblastoid morphology, VCAM-1-positive, D7-

FIB-hi cells grow in suspension and have a round cell body (Figure C.05).
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Figure C.05. VCAM-1-positive, D7-FIB-hi cells show a fibroblastoid phenotype and adherent 

growth in vitro. VCAM-1(+), D7-FIB(lo) cells  (A, blue background) and VCAM-1(+), D7-FIB(hi) cells  (B, 

green background) were purified as indicated in Figure C.04. Subsequent to their isolation both cell 

fractions  were cultivated for one day in DMEM with 10% FCS.

Cytokine transcript profile of VCAM-1(+) cell populations.

Besides their fibroblastoid phenotype and the expression of typical cell surface 

markers, a hallmark of BMSCs is the production of cytokines supporting haemato-

poiesis. For this reason, the two purified cell populations were characterized for 

the expression of the cytokines IL-7, flt3L, SCF, and SDF-1 whose contribution to 

human B cell development in vitro was described (Bertrand et al., Immunol Rev 

2000; Ma et al., Proc Natl Acad Sci USA 1998; Rawlings et al., Exp Hematol 1997; 

Namikawa et al., Blood 1996) or is to date at least matter of speculation in case of 

TSLP (Bertrand et al., Immunol Rev 2000). The production of BAFF and IL-6 which 

might be involved in the survival of long-lived plasma cells in the bone marrow was 

investigated as well (O´Connor et al., J Exp Med 2004; Mecklenbrauker et al., Na-

ture 2004). Since intracellular staining for cytokines and analysis by flow cytometry 

proved difficult due to lack of reliable staining reagents, I analyzed the cytokine 

expression pattern by RT-PCR on the sorted cell populations. Of both VCAM-1-

positive cell populations ten cells each were sorted directly into PCR tubes. 

VCAM-1 was used as a positive control for the detection of transcripts, since both 

cell populations were sorted by VCAM-1 protein expression on the cell surface. 
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The analysis revealed the presence of transcripts for flt3L, SDF-1, and BAFF in 

VCAM-1-positive, D7-FIB-hi cells, whereas there was no transcription detectable 

for IL-6, IL-7, SCF, TSLP. In VCAM-1-positive, D7-FIB-lo cells, only transcripts for 

VCAM-1 and the chemokine SDF-1 could be detected (Figure C.06).

Figure C.06. Detection of transcripts for cytokines involved in haematopoiesis in VCAM-1-posi-

tive cells from human bone marrow. VCAM-1(+), D7-FIB(lo) cells  (A, blue background) and VCAM-

1(+), D7-FIB(hi) cells  (B, green background) were purified as indicated in Figure C.04. Subsequent to 

their isolation, ten cells  of each cell fraction were collected in a PCR tube supplied with 20 µl of RT-

PCR buffer. Cells were analyzed for the expression of transcripts  for VCAM-1 (lane 2), IL-7 (lane 3), 

TSLP (lane 4), SCF (lane 5), flt3L (lane 6), SDF-1 (lane 7), BAFF (lane 8), and IL-6 (lane 9) by OneStep 

RT-PCR. Amplification products  were analyzed using 2.5% w/v agarose gels.

To further characterize the cytokine expression pattern of the VCAM-1 cell popula-

tions, the expression of the colony stimulating factors G-CSF, M-CSF, GM-CSF 

was analyzed in addition to the five known Notch-ligands Jagged-1 (JAG-1), Jag-

ged-2 (JAG-2), Delta-like-1 (DLL-1), Delta-like-3 (DLL-3), and Delta-like-4 (DLL-4). 

Transcripts for M-CSF and Jagged-1 were found in VCAM-1-positive, D7-FIB-hi 

cells. No expression of one of the cytokines listed above was detected in VCAM-1-

positive, D7-FIB-lo cells (Figure C.07).
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Figure C.07. Detection of transcripts for colony-stimulating factors and Notch-ligands in VCAM-

1-positive cells from human bone marrow. VCAM-1(+), D7-FIB(lo) cells (A, blue background) and 

VCAM-1(+), D7-FIB(hi) cells (B, green background) were purified as  indicated in Figure C.04. Subse-

quent to their isolation, ten cells  of each cell fraction were collected in a PCR tube supplied with 20 µl 

of RT-PCR buffer. Cells  were analyzed for the expression of transcripts  for G-CSF (lane 2), M-CSF 

(lane 3), GM-CSF (lane 4), jagged-1 (JAG-1, lane 5), jagged-2 (JAG-2, lane 6), delta-like 1 (DLL-1, lane 

7), delta-like 3 (DLL-3, lane 8), and delta-like 4 (DLL-4, lane 9) by OneStep RT-PCR. Amplification pro-

ducts were analyzed using 2.5% w/v agarose gels.

Surprisingly, the amplification of BAFF sometimes resulted in a second PCR pro-

duct 57 bp smaller in size (Figure C.08a). Cloning and sequencing of this PCR po-

duct revealed that it is an alternative splice variant (deltaBAFF) lacking the third 

exon (Figure C.08b; data not shown; Gavin et al., J Immunol 2005; Gavin et al., J 

Biol Chem 2003).

Because it was not amplified in every RT-PCR reaction, I speculated that this 

transcript is only expressed in some cells of the population. In order to elucidate 

whether the expression pattern of  flt3L, SDF-1 and BAFF is also heterogenous, I 

analyzed the expression of each cytokine in single VCAM-1-positive, D7-FIB-hi 

cells. Whereas SDF-1 transcripts were detectable in all VCAM-1-positive, D7-FIB-

hi single cells analyzed, flt3L and BAFF were only expressed by some cells, the 

splice variant of BAFF (deltaBAFF) even more rarely (Figure C.09).
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Figure C.08. Occurrence of two BAFF transcript isoforms in VCAM-1(+), D7-FIB(hi) cells. A 

VCAM-1(+), D7-FIB(hi) cells  were purified as indicated in Figure C.04. Subsequent to their isolation, 

ten cells  were collected in a PCR tube supplied with 20 µl of RT-PCR buffer. Cells were analyzed for 

the expression of transcripts  for BAFF in five parallel reactions by OneStep RT-PCR (lane 2-6). In three 

out of five reactions  an additional product 246 bp in size could be amplified. A negative control with-

out any template was performed in order to exclude any influences by contaminated reagents (lane 7). 

Amplification products  were analyzed using 2.5% w/v agarose gels. B  Schematic overview of the alter-

native splicing patterns  of the different BAFF isoforms. The alternative splice variant DeltaBAFF lacks 

exon 3 compared to the full length isoform. Arrows indicate the location and orientation of the oligo-

nucleotides used for amplification.
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Figure C.09. Expression pattern of SDF-1-, flt3L-, and BAFF-transcripts in single VCAM-1(+), D7-

FIB(hi) cells. VCAM-1(+), D7-FIB(hi) cells were purified as  indicated in Figure C.04. Subsequent to 

their isolation, single were collected in a PCR tube supplied with 20 µl of RT-PCR buffer. Eight single 

cells each were analyzed for the expression of transcripts  for either SDF-1 (A), flt3L (B), or BAFF (C), 

respectively, by OneStep-RT-PCR. A negative control with-out any template was  performed in order to 

exclude any influences by contaminated reagents  (lane 10). Amplification products  were analyzed with 

2.5% w/v agarose gels.
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The early B cell progeny in human bone marrow.

Detection of early developmental stages of human B lymphopoiesis.

B cell progenitors representing the different stages of B cell development can be 

distinguished amongst other things based on their surface marker expression. Ori-

ginating from CD10(-),CD19(-),CD34(+) hematopoietic stem cells, B cells develop 

via the common lymphocytic progenitor (CLP) and the early B cell stage, which are 

both CD10(+), CD19(-), CD34(+). Pro-B cells which represent the next step are de-

fined as CD10, CD19, CD34 triple positive. All the latter stages of the B cell proge-

ny are CD34 negative. These stages do not depend on the adhesion to the stromal 

layer any more. In contrast, it has been shown in vitro that murine B cell precursors 

which have finished the V(D)J-recombination process have to be removed from IL-

7 producing stromal layer in order to proceed in development with the preB1 stage 

and express the recombined immunoglobulin heavy chain at the cell surface (Ro-

link et al., J Exp Med 2000). To analyze the growth factor requirements during the 

first stages of B cell development, I determined the growth factor receptor expres-

sion.

Triple stainings of human BMMCs were performed with three monoclonal antibo-

dies against CD10, CD19, and CD34 to identify the first stages of early B cell de-

velopment in human bone marrow. Cells that were CD34-positive, but CD10- and 

CD19-negative (Figure C.10, yellow circle) are haematopoietic stem cells and pro-

genitors of haematopoietic lineages other than the lymphoid lineage (LeBien, 

Blood 2000). CD10, CD34 double positive cells (Figure C.10, orange circle) con-

sists of two populations being either CD19-negative (CLPs and early B cells) or 

CD19-positive (pro-B cells). All the later stages are found amongst CD10, CD19 

double positive cells (Figure C.10, pink circle).
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Figure C.10. Identification of human B  cell progenitors from bone marrow by surface marker 

expression. BMMCs were isolated and stained with anti-CD19-FITC, anti-CD34-PE, and anti-CD10-

Cy5 antibodies to identify the early stages  of human B cell differentiation. Dead cells were excluded 

by staining with PI. BMMCs were gated based on their expression of CD10 and CD34 in CD10(-), 

CD34(+) (yellow circle; containing the HSC fraction), CD10(+), CD34 (+) (orange circle; containing 

CLPs, early B  cells, and pro-B  cells), and CD10(+), CD34(-) (violett circle; containing later B cell pre-

cursor stages) and analyzed for their expression of CD19.

With the upregulation of the pre-B cell receptor following V(D)J-recombination of 

the immunoglobuline heavy chain the developing B cells enter the pre-B cell stage. 

Since the pre-B cell receptor is expressed only in very low abundance at the cell 

surface (Wang et al., Blood 2002), I applied an amplified immunofluorescence as-

say that can detect as few as 50 to 100 molecules per cell (Scheffold et al., Nat 

Med 2000) to detect pre-B1 cells.
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Figure C.11. Pre-B  cell receptor expression by three different human B  cell lines. MHH-CALL2, 

697, and Ramos cells  were stained with anti-CD19-FITC, anti-VpreB-Dig, and anti-Dig-Cy5Liposome 

antibodies. Dead cells  were excluded by PI staining. See text for details.

The accuracy of the assay was tested by using three human B cell lines, all repre-

senting different stages of B cell differentiation, namely "MHH-CALL2" (pro-B cells, 

which do not express VpreB protein on the cell surface), "697" (pre-B cells expres-

sing the pre-B cell receptor), and "Ramos" (mature B cells, which do not express 

VpreB at all). In order to evaluate the signal-to-noise ratio produced by the use of 

the liposomes alone, cells were incubated with the liposomes without the Dig-

conjugated antibody "VpreB8" (Figure C.12, middle lane). The background signal 

was compared to unstained cells (Figure C.12, left lane) dependent from the cell 

type used between 0.8 to 1.5%. Addition of the Dig-conjugated antibody "VpreB8" 

resulted in an increase of the background signal in "MHH-CALL2" and "Ramos" 

cells up to 1.9%, whereas 99.0% of the "697" pre-B cells were successfully stai-

ned for the pre-B cell receptor (Figure C.11, right lane).
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To test whether this staining procedure provides a tool to study pre-B cell receptor 

expression in human primary B cell progenitors, BMMCs were isolated and stained 

as indicated above. Application of the liposomes alone led to a background of 

0.4%. Only 1.6% of the BMMCs were stained pre-B cell receptor-positive after 

addition of the Dig-conjugated "VpreB8" antibody (Figure C.12). Assuming that the 

background gets even higher by the addition of the anti-VpreB antibody at least 

one quarter of the sorted cells were supposed to be false positives after the sor-

ting procedure. Therefore, I considered the signal-to-noise ratio as too high to as-

sure proper isolation of pre-B cells and decided to concentrate on the sorting of 

only human early and pro-B cells in order to analyze their growth factor receptor 

expression.

Figure C.12. High signal-to-noise ratio in liposome-enhanced staining of the pre-B  cell receptor 

on BMMCs. BMMCs were isolated and stained with anti-VpreB-Dig and anti-Dig-Cy5Liposome anti-

bodies. Dead cells were excluded from analysis by staining with PI.

Two subsequent positive selection-steps were performed by MACS to preenrich all 

CD34-positive cells. This preenrichment step was followed by a FACS sort where 

both CD34, CD10 double positive B cell progenitor populations were isolated se-

perately depending on the CD19 staining to a purity of at least 98% (Figure C.13; 

CD34(+), CD10(+), CD19(-) cells in the orange field; CD34(+), CD10(+), CD19(+) 

cells in the red field; see also Material and Methods).

74



Figure C.13. The CD34(+), CD10(+), CD19(-) and CD34(+), CD10(+), CD19(+) cell fractions are 

isolated to at least 98% purity by a combination of MACS and FACS sort. BMMCs were isolated 

and  stained with anti-CD34-PE, anti-CD19-FITC, and anti-CD10-Cy5 antibodies. CD34(+) cells  were 

enriched twice by MACS sorting using anti-CD34 magnetic beads. Next, CD34(+), CD10(+), CD19(-) 

(orange background) and CD34(+), CD10(+), CD19(+) cells  (red background) were sorted to at least 

98% purity at the FACS sorter according to their surface marker expression. Purity of B cell progenitor 

populations was analyzed by flow cytometry after each sorting step. Dead cells were excluded from 

analysis  by PI staining.  

Growth factor receptor expression of human B cell progenitors.

Of both CD34, CD10 double positive B cell progenitor populations ten cells each 

were sorted directly into PCR tubes. OneStep RT-PCR was done performing the 

reverse transcription and the PCR subsequently in one reaction tube as it was do-

ne for VCAM-1-positive cell populations. The TdT expression was used as a posi-

tive control for the detection of transcripts, since both cell populations were shown 
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to express this protein which is involved in V(D)J recombination (Thai and Kearney, 

Adv Immunol 2005). As expected, transcripts for CD19 were only detectable in 

CD34, CD10, CD19 triple positive pro-B cells and not in the earlier stages of B cell 

development, which show no CD19 expression in flow cytometry. B cell progeni-

tors are associated to the stromal cell compartment through VCAM-1-VLA-4 inter-

actions (Miyake et al., J Cell Biol 1992; Ryan et al., J Immunol 1992; Miyake et al., 

J Exp Med 1991; Ryan et al., J Clin Invest 1991).  Accordingly, I was also able to 

demonstrate the expression the two integrin chains beta-1 and alpha-4 of VCAM-1 

receptor VLA-4. Next, I looked for the expression of several growth factor recep-

tors by the sorted B cell progenitor fractions. 

 

Figure C.14. Detection of transcripts for growth factor receptors in different B  cell progenitor 

populations from human bone marrow. CD34(+), CD10(+), CD19(-) (A, orange background) and 

CD34(+), CD10(+), CD19(+) cells (B, red background) were purified as indicated in Figure C.13. Sub-

sequent to their isolation, ten cells of each cell fraction were collected in a PCR tube supplied with 20 

µl of RT-PCR buffer. Cells were analyzed for the expression of transcripts  for CD19 (lane 2), integrin-

beta1 (ITGb1, lane 3), integrin-alpha4 (ITGa4, lane 4), TdT (lane 5), Il-7 receptor alpha-subunit (IL7Ra, 

lane 6), c-kit (lane 7), flt3 (lane 8), and CXCR4 (lane 9) by OneStep RT-PCR. Amplification products 

were analyzed using 2.5% w/v agarose gels.

The analysis revealed the expression of transcripts for the IL-7 receptor alpha (IL-

7Ra), the stem cell factor receptor (c-kit), fetal liver tyrosine kinase (flt3), and the 

SDF-1 receptor (CXCR4) in both cell fractions. Whereas expression of c-kit 

transcripts was hardly detectable in neither fraction, CXCR4 transcripts were ex-

pressed with high abundance. The expression of transcripts for IL-7Ra and flt3 
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were higher in CD34(+), CD10(+), CD19(-) cells than in more mature CD34, CD10, 

CD19 triple positive pro-B cells (Figure C.14).

Figure C.15. Detection of transcripts for colony-stimulating factor and BAFF receptors in diffe-

rent B  cell progenitor populations from human bone marrow. CD34(+), CD10(+), CD19(-) (A, oran-

ge background) and CD34(+), CD10(+), CD19(+) cells  (B, red background) were purified as indicated in 

Figure C.13. Subsequent to their isolation, ten cells of each cell fraction were collected in a PCR tube 

supplied with 20 µl of RT-PCR buffer. Cells  were analyzed for the expression of transcripts for TSLP 

receptor (TSLPR, lane 2), G-CSF receptor (G-CSFR, lane 3), M-CSF receptor (M-CSFR, lane 4), GM-

CSF receptor alpha-subunit (GM-CSFRa, lane 5), GM-CSF receptor beta-subunit (GM-CSFRb, lane 6), 

B cell maturation antigen (BCMA, lane 7), transmembrane activator and CAML interactor (TACI, lane 

8), and BAFF receptor (BAFFR, lane 9) by OneStep RT-PCR. Amplification products were analyzed 

using 2.5% w/v agarose gels.

As I was able to detect transcripts for M-CSF and BAFF in VCAM-1-positive D7-

FIB-hi cells, I analyzed the isolated B cell progenitor fractions for the respective re-

ceptors. Besides the transcripts for alpha- and beta-chain for the GM-CSF recep-

tor (GM-CSFRa and GM-CSFRb, respectively), also transcripts for the receptor for 

M-CSF (M-CSFR) were found in CD34(+), CD10(+), CD19(-) cells but not in more 

mature CD34, CD10, CD19 triple positive pro-B cells. Transcripts for the TSLP re-

ceptor (TSLPR) could also only be detected in CD34(+), CD10(+), CD19(-) cells. 

Interestingly, CD34, CD10, CD19 triple positive pro-B cells expressed a detectable 

amount of BAFF receptor (BAFFR) transcripts, but not of B cell maturation antigen 

(BCMA) or transmembrane activator and CAML interactor (TACI), the other two 

known receptors for BAFF (Figure C.15).
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Finally, to get an impression of the accuracy of the RT-PCR analysis, I tried to de-

monstrate the expression of B cell progenitor-specific transcripts in VCAM-1(+), 

D7-FIB(hi) cells and vice versa. Only the amplification of transcripts for the integrin 

beta-1 chain, which is expressed by a variety of different cell types, was success-

ful (Figure C.16).

Figure C.16. With the exception of the integrin beta-1, no detection of stromal cell-specific 

transcripts in B  cell progenitors and vice versa. VCAM-1(+), D7-FIB(hi) cells (green background)  

and CD34(+), CD10(+), CD19(-) (orange background) were purified as indicated in Figure C.04 and  

Figure C.13., respectively. Subsequent to their isolation, ten cells of each cell fraction were collected 

in a PCR tube supplied with 20 µl of RT-PCR buffer. VCAM-1(+), D7-FIB(hi) cells  were analyzed for the 

expression of transcripts  for CD19 (lane 2), integrin-beta1 (ITGb1, lane 3), integrin-alpha4 (ITGa4, lane 

4), TdT (lane 5), Il-7 receptor alpha-subunit (IL7Ra, lane 6), c-kit (lane 7), flt3 (lane 8), and CXCR4 (lane 

9), whereas CD34(+), CD10(+), CD19(-) cells  were analyzed for the expression of transcripts for VCAM-

1 (lane 2), IL-7 (lane 3), TSLP (lane 4), SCF (lane 5), flt3L (lane 6), SDF-1 (lane 7), BAFF (lane 8), and IL-

6 (lane 9)  by OneStep RT-PCR. Amplification products  were analyzed using 2.5% w/v agarose gels.

In Table C.01., the results of the RT-PCR analysis of the cytokine expression in 

VCAM-1(+), D7-FIB(hi) cells and of the growth factor expression in the sorted B cell 

progenitor populations are summarized. Interestingly, at least one of the two B cell 

populations analyzed expresses a receptor for each of the cytokines produced by 

VCAM-1(+), D7-FIB(hi) BMSCs.
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Table C.01. Summary of the expression of cytokines detected in VCAM-1(+), D7-FIB(hi) BMSCs and 

the corresponding receptors found in B  cell progenitor populations, respectively. 

VCAM-1(+),
D7-FIB(hi) cells

CLPs &
early B cells pro-B cells

VCAM-1 +
+ + ITGb1

+ + ITGa4

IL-7 - + + IL-7Ra

TSLP - + + TSLPR

SCF - + + c-kit

flt3L + + + flt3

SDF-1 + + + CXCR4

BAFF +

- - BCMA

- - TACI

- + BAFFR

IL-6 - N. D. N. D. IL-6R

G-CSF - - - G-CSFR

M-CSF + + - M-CSFR

GM-CSF -
+ - GM-CSFRa

+ - GM-CSFRb

JAG-1 +

N. D. N. D. Notch1-4

JAG-2 -

DLL-1 -

DLL-3 -

DLL-4 -

“+”, transcripts detected; “-”, transcripts  not detected; N. D., not determined
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D. Discussion

Isolation and characterization of BMSCs.

Identification of a stromal cell population from human bone marrow.

The aim of the work presented here was the identification of stromal cell populati-

ons in human bone marrow supportive for B lymphopoiesis and their characteriza-

tion with respect to their growth factor expression. I was able to identify for the first 

time two VCAM-1-positive populations in human bone marrow by flow cytometry. 

They were differently stained by the antibody clone D7-FIB (Figure C.01). This anti-

body was raised against a human foreskin fibroblast cell line (Jones et al., Arthritis 

Rheum 2002). Except fibroblasts it also recognized myeloid CD14-positive cells, as 

shown in Figure C.03. Further characterization of both cell population revealed that 

only VCAM-1(+), D7-FIB(hi) cells expressed the characteristic stromal cell markers 

CD10, CD13, CD90, and CD105 without the expression of other lineage markers 

for endothelial cells (CD34), macrophages (CD11b, CD14), or leukocytes in general 

(CD45; Figure C.02). The surface marker expression of VCAM-1(+), D7-FIB(lo) cells 

was hard to evaluate, since the cells showed a strong autofluorescence. An in-

crease of the MFI was noted in the analysis for the stainings for CD45, CD11b, 

CD13, and CD14 indicating a myeloid surface marker expression. Moreover, 

VCAM-1(+), D7-FIB(hi) cells grew adherently in culture with a fibroblastoid pheno-

type compared to VCAM-1(+), D7-FIB(lo) cells which grew in suspension like hae-

matopoietic cells (Figure C.05). Finally, VCAM-1(+), D7-FIB(hi) cells expressed se-

veral transcripts involved in haematopoiesis like SDF-1, flt3L, M-CSF, and Jagged-

1. Except SDF-1, none of the tested cytokines could be detected in VCAM-1(+), 
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D7-FIB(lo) cells. Therefore, I concluded that VCAM-1(+), D7-FIB(hi) cells represent 

a stromal cell population unlike VCAM-1(+), D7-FIB(lo) cells which shared many 

features with myeloid cells, which are also known to express VCAM-1 (Ulyanova et 

al., Blood 2005).

VCAM-1(+), D7-FIB(hi) cells represented 0.02% of the BMMC fraction in the bone 

marrow samples I analyzed. Thus, the frequency of the identified stromal cell po-

pulation was very low and we could not note any differences in the frequency or 

the features of the stromal cells dependent on the age of the donors. One reason 

could be that we performed no collagenase digestion of the bone marrow tissue in 

order to purify the cells as gently as possible. On the other hand the age of the bo-

ne marrow donors was very high in respect to the intensity of the B cell develop-

ment. The frequency of cells in all B precursor compartments decrease with age. 

They are highest in young donors who are up to the age of 10 years and decrease 

constantly to the age of 20, where they are the lowest and from there on do not 

change significantly (Ghia et al., J Exp Med 1996). We obtained material from do-

nors between 30 and 73 years of age, where the B lymphopoiesis was suspected 

to be already reduced to the minimum.

Characterization of B cell progenitors from human bone marrow.

B cell progenitors representing the different stages of B cell development were 

sorted on the basis of their surface marker expression to analyze the growth factor 

requirements. Originating from CD10(-),CD19(-),CD34(+) hematopoietic stem cells, 

B cells develop via common lymphocytic progenitor (CLP) and the early B cell sta-

ge, which are both CD10(+), CD19(-), CD34(+). Pro-B cells which represent the 

next step are defined as CD10, CD19, CD34 triple positive. All the latter stages of 

the B cell progeny are CD34 negative and do not depend on the adhesion to the 

stromal layer any more (Rolink et al., J Exp Med 2000). Both isolated cell fractions 

expressed large amounts of TdT transcripts like expected for B cell progenitors. 

Correlating with the CD19 expression on the cell surface, CD19 transcripts could 

not be detected in the CD10(+), CD19(-), CD34(+), but in the later CD10(+), 

CD19(+), CD34(+) pro-B cell stage, which confirms the accuracy of the OneStep 
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RT-PCR.  As expected, CD10(+), CD19(-), CD34(+) B cell progenitors expressed 

higher levels of flt3, the receptor of flt3L, than CD10(+), CD19(+), CD34(+) pro-B 

cells, in which flt3 transcripts were expressed in only low abundance. In mice, flt3 

is expressed on the cell surface of B cell progenitors only by CD19-negative cells 

and is also downregulated during the progession to the pro-B cell stage (Ogawa et 

al., Int Immunol 2000). A low expression of the SCF receptor c-kit is reported on 

the cell surface of murine B cell progenitors which is shut down during upregulati-

on of the pre-B cell receptor (Ogawa et al., Int Immunol 2000). In accordance to 

this c-kit was only expressed modestly by both analyzed cell fractions. The ex-

pression of IL-7R alpha-subunit could be detected in both cell fractions, as repor-

ted for human lymphoid progenitors (Ryan et al., Blood 1997; Galy et al., Immunity 

1995). CXCR4 is known to be expressed throughout B cell development and could 

be easily detected in the B cell porgenitors analyzed. (Fedyk et al., J Leukoc Biol 

1999; Honczarenko et al., Blood 1999). Thus, the overall expression pattern of the 

analyzed human B cell progenitor populations corresponds to what is known for 

murine B lymphopoiesis (Figure C.14).

Possible functions of VCAM-1(+), D7-FIB(hi) cells in haematopoiesis.

As I intented to identify stromal cells which are responsible for the development of 

B cells in human bone marrow, I focussed on the VCAM-1-positive cells. Its inter-

action with VLA-4 expressed on B cell progenitors (Figure C.14.), is indispensable 

for human B cell development (Miyake et al., J Cell Biol 1992; Ryan et al., J Im-

munol 1992; Miyake et al., J Exp Med 1991; Ryan et al., J Clin Invest 1991). Con-

sistent with this, the VCAM-1(+), D7-FIB(hi) cells expressed transcripts for cytoki-

nes important in human B cell development like flt3L and SDF-1 (Figure C.06.; Fi-

gure A.17.). As I could show, the isolated B cell progenitor fraction expressed 

transcripts for the respective growth factor receptors (Figure C.14.; Table C.01.). 

Flt3L promotes the differentiation and proliferation of human pro-B cells from 

CD34(+) haematopoietic progenitors (Rawlings et al., Exp Hematol 1997; Namika-

wa et al., Blood 1996). SDF-1 attracts human CD34(+) haematopoietic progenitors 

cells and support their survival (Li et al., Stem Cells 2006; Rosu-Myles and Bhatia, 

Hematol J 2003; Lee et al., Blood 2002; Lataillade et al., Blood 2002; Cashman et 
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al., Blood 2002; Lapidot and Kollet, Leukemia 2002; Aiuti et al., J Exp Med 1997). 

This is consistent with the findings of Tokoyoda and co-workers, who reported that 

the early multipotent haematopoietic precursors are associated with SDF-1-produ-

cing VCAM-1-positive cells in murine bone marrow (Tokoyoda et al., Immunity 

2004).  Interestingly, the Notch-ligand Jagged-1 was also expressed by VCAM-

1(+), D7-FIB(hi) cells. Jagged-1 is a component of the haematopoietic stem cell 

niche in the bone marrow, which supports an increase in the number of haemato-

poietic stem cells (Calvi et al., Nature 2003). Thus, I propose a function of the 

VCAM-1(+), D7-FIB(hi) cells in attracting CD34(+) haematopoietic progenitor cells 

and supporting B cell development. 

However, the expression of M-CSF could also be detected by this cell population. 

The cytokine M-CSF is the principal regulator of the survival, proliferation, and dif-

ferentiation of macrophages and their precursors (Barreda et al., Dev Comp Im-

munol 2004; Fixe and Praloran, Eur Cytokine Netw 1997). Therefore, it cannot be 

excluded that VCAM-1(+), D7-FIB(hi) cells have an impact on myelopoiesis as well. 

Perhaps there are cell-intrinsic mechanisms which determine the cell fate at this 

point of differentiation. CD34(+), CD10(+), CD19(-) early B cells still expressed the 

receptors for M-CSF and GM-CSF on transcript level (Figure C.15.), in contrast to 

more mature CD34(+), CD10(+), CD19(+) pro B cells. Nutt and co-workers showed 

that the transcription factor Pax5 mediates the commitment of haematopoietic 

progenitors to the B lineage and is responsible for the repression of lineage-pro-

miscous transcription of growth factor receptors in mice (Nutt et al., Nature 1999). 

We could not detect the expression of transcripts for the cytokines IL-7, TSLP, 

SCF, IL-6 and Delta-like Notch-ligands in VCAM-1, D7-FIB double positive cells, 

although the functionality of the oligonucleotides used were checked by amplifica-

tion of the respective DNA sequence from different human cDNA libraries. Howe-

ver, we cannot exclude that the complications at the binding of the oligonucleoti-

des to the mRNA strand led to an unsuccessful Reverse Transcription. With re-

spect to IL-7, we speculate that the missing expression could be due to possible 

differences between men and mice, since IL-7 is not as important in human as it is 

in murine B lymphopoiesis (Puel et al., Nat Genet 1998; Noguchi et al., Cell 1993). 

Thus, provision of IL-7 by human stromal cells seems not to be required. Consis-
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tent with this idea, Prybil and LeBien did also not detect any IL-7 in human BMSC 

cultures supportive for human B cell development (Prybil and LeBien, Proc Natl 

Acad Sci USA 1996). The missing expression of Delta-like proteins is also explai-

nable since they instruct haematopoietic progenitor to differentiate into T cells in 

humans and mice (La Motte-Mohs et al., Blood 2005; Schmitt and Zuniga-Pflucker, 

Immunity 2002; Jaleco et al., J Exp Med 2001).

Tokoyoda and coworkers demonstrated that IL-7 and SDF-1 are produced by two 

distinct subpopulations of VCAM-1-positive stromal cells associated with different 

developmental stages of B cell progenitors in murine bone marrow (Tokoyoda et 

al., Immunity 2004). Most likely, the VCAM-1, D7-FIB double positive SDF-1-pro-

ducing stroma cell, that we could identify represents this SDF-1-producing reticu-

lar stromal cell. Tokoyoda and coworkers proved that the SDF-1-expressing cells 

are not only associated with early B cell progenitors, but also with IgG-, syndecan-

1-positive plasma cells (Tokoyoda et al., Immunity 2004). SDF-1 is involved both in 

early B cell development and in plasma cell homoestasis in the bone marrow, since 

it induces the retention of early haematopoietic precursors and the homing of 

plasma cells in the bone marrow (Erickson et al., Proc Natl Acad Sci USA 2003; 

Hargraeves et al., J Exp Med 2001; Ma et al., Proc Natl Acad Sci USA 1998). It is 

therefore suggested that VCAM-1 and SDF-1 positive stromal cells also form the 

microenvironmental niche for long-lived plasma cells in the bone marrow (Figure 

A.22.; Tokoyoda et al., Immunity 2004). We hypothesize that the identified VCAM-

1, D7-FIB double positive cell population is a candidate stromal cell population 

supporting either developing B cells and/or long-lived plasma cells in human bone 

marrow, as well. The ligand for flt3 promotes the development of CD19-positive B 

cell precursors from CD34(+), CD19(-) haematopoieitic stem cells, and the prolife-

ration of CD34(+), CD19(+) pro-B cells in human B lymphopoiesis in vitro (Bertrand 

et al., Immunol Rev 2000; Rawlings et al., Exp Hematol 1997; Namikawa et al., 

Blood 1996). In contrast, BAFF sustains survival of murine plasma cells, and its re-

ceptor B cell maturation antigen (BCMA) is essential for the survival of long-lived 

plasma cells (O´Connor et al., J Exp Med 2004; Mecklenbrauker et al., Nature 

2004). In the nearer future, we plan to provide functional evidence for their suppor-
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tive role in early B lymphopoiesis or plasma cell survival by co-culture experiments 

with the isolated stromal cell fraction and the respective cell type. We failed at it so 

far, because we did not suceed to cultivate the stromal cells over periods longer 

than a few days. Interestingly, flt3L and BAFF are not synthesized by all VCAM-1-

positive cells, indicating that there are subpopulations of stromal cells with diffe-

rent functional properties. If flt3L and BAFF are not expressed by the same cells, 

two different microenvironmental niches could be formed for developing B cell 

precursors and long-lived plasma cells dependent on their differential presence of 

either flt3L and BAFF, respectively. The truncated isoform of BAFF, deltaBAFF, is 

expressed in fewer cells than the full length form. DeltaBAFF can associate with 

BAFF in heteromultimers and diminish BAFF bioactivity and release (Gavin et al., J 

Immunol 2005; Gavin et al., J Biol Chem 2003). It would be interesting to know 

how the modulation of BAFF activity can alter the characteristics of a possible mi-

croenvironmental niche for long-lived plasma cells in the bone marrow.

Potential impact in clinical applications

There are several clinical applications on which the presented work could have an 

impact. In the following the therapy of B cell deficiency in patient who underwent 

haematopoietic cell transplantation (HCT) by application of factors from their bone 

marrow microenvironment will be discussed. Another field of application is provi-

ded by the interaction between stromal and leukemic cells in several haemato-

poietic malignancies, which amongst other consequences causes the appearance 

of leukemic relapses after chemotherapy due to enhanced survival of leukemic 

cells. Finally, as the identified BMSC population could also contribute to the survi-

val of long-lived plasma cell, implication for developing of vaccination strategies or 

the therapy of autoimmune diseases are discussed.
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Stimulation of B lymphopoiesis in haematopoietic cell transplant recipients.

Allogeneic haematopoietic cell transplant recipients are immunocompromised for 

more than one year with B cell numbers near zero in the first months after grafting. 

Numbers reach normal adult levels approximately 6 months after autologous hae-

matopoietic cell transplantation (HCT), 9 months after allogeneic HCT without 

GvHD and more than a year after allogeneic HCT with GvHD (Storek, Cytotherapy 

2002; Storek and Witherspoon, 2000; Parkman and Weinberg, 1999). This delay is 

due to the suppression of B lymphopoiesis in the bone marrow (Storek et al., 

Blood 2001). There are several possible mechanisms by which patients with GvHD 

have decreased B lymphopoiesis. At first, B lymphopoiesis may be inhibited by the 

production of cytokines from activated cells like Interferon-gamma (by T cells; 

Storek et al., Blood 1997) or IL-1 (by macrophages; Borghesi et al., J Immunol 

1997; Morrisey et al., J Immunol 1988). The second possible mechanism is the de-

struction of the BMSCs, which support B  cell development by donor lymphocytes 

(graft-versus-stroma reaction; Okamoto et al., Int J Hematol 1991; Borghesi et al., 

J Immunol 1997). The third mechanism is the suppression of B lymphopoiesis 

through treatments given for GvHD, such as glucocorticoids (Garvy et al., Immun-

ology 1993). As a consequence, the immunoincompetent transplant recipients are 

predisposed to infections primarily caused by Streptococcus pneumoniae or Hae-

mophilus influenzae (Sheridan et al., Blood 1990; Autocouturier et al., Blood 1987; 

Riches et al., Bone Marrow Transplant 1986). One possibility to improve B cell im-

munity in immuncompromised patients could be the enhancement of B cell deve-

lopment after transplantation either by the addition of recombinant growth factors 

or the cotransplantation of defined stromal cell population. Therefore, it is either 

necessary to elucidate the cytokine demands of developing human B cells or the 

stromal cell populations in the bone marrow which are associated with developing 

early B cells and give them the proper support for their differentiation, proliferation 

and survival. VCAM-1(+), D7-FIB(hi) are a promising stromal cell population for this 

purpose. By further analyzing their gene expression profile, new factors could be 

found which have a stronger impact on B cell development than these factors dis-

covered so far.
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Counter survival signal for leukemic cells in haematopoietic malignancies.

In several reports of the last decade it has been convincingly demonstrated that 

BMSCs provide survival signals to leukemic cell populations from several forms of 

haematopoietic malignancies (Wang et al., Leuk Res 2004; Hall et al., Cancer Lett 

2004; Nefedova et al., Leukemia 2003; Konopleva et al., Leukemia 2002; Gibson, 

Leuk Lymphoma 2002; Fortney et al., Leuk Res 2001; Garrido et al., Exp Hematol 

2001; Mudry et al., Blood 2000; Shah et al., Blood 1998; Jiang et al., Blood 1998; 

Lagneux et al., Blood 1998; Panayiotidis et al., Br J Haematol 1996; Kumagai et al., 

J Clin Invest 1996; Ashley et al., Leuk Res 1995; Manabe et al., Blood 1994; Cam-

pana et al., Leukemia 1993; Manabe et al., Blood 1992). Approximately 20% of B-

lineage acute lymphoblast leukemias (B-ALL) are not cured by traditional chemo-

therapy (Mudry et al., Blood 2000) due to surviving cancer cells which contribute to 

a relapse. The bone marrow, in which all subtypes of ALL initiate and progress (Pui 

and Christ, J Pediatr 1994) is the most frequent site of relapse of B lineage leuke-

mias (Hoogerbrugge et al., Bone Marrow Transplant 1995). BMSCs  influence leu-

kemic cell survival through their production of haematopoietic cytokines and 

through signaling mediated by adhesion molecule interactions (e.g. VLA-4 and 

VCAM-1 interactions; Mudry et al., Blood 2000; Ashley et al., Leuk Res 1995). Even 

as cells progress to a stromal cell independent phenotype, their ability to respond 

to stromal cell signals provides a survival signal allowing residual cells to remain 

viable during chemotherapy exposure with the potential to proliferate when the 

conditions become permissive (Gibson, Leuk Lymphoma 2002). Futher investigati-

on of specific interactions between stromal and leukemic cells is necessary to elu-

cidate the novel pathways that enhance survival and provide a novel therapeutic 

target to disrupt stromal cell signal for leukemic cell survival. Hence, it is promising 

to compare gene expression pattern of VCAM-1(+), D7-FIB(hi) cells from ALL-pati-

ents who suffer from relapse. Since it has been also reported that signaling betwe-

en stromal cells and haematopoietic progenitors can be bidirectional, with the ad-

hesion of haematopoietic cells to stromal cells altering stromal cell function, the 

possibility is presented that the adhesion of leukemic cells to stromal cells resulted 

in changes of stromal cell function that were protective during chemotherapy (Ji-

ang et al., Blood 1998). Thus, a comparison of the features of VCAM-1(+), D7-
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FIB(hi) cells from ALL-patients compared to healthy donors is very promising in 

this respect.

Long-lived plasma cells as effector cells  in autoimmune diseases.

It is hypothesized that the survival of plasma cells in bone marrow depends on the 

presence of microenvironmental niches, in which a specific combination of factors 

is present. Understanding the regulation of the survival mechanism of plasma cells 

could be important for the potent generation of long-lived plasma cells and hence 

the development of more efficient vaccination strategies. On the other hand the 

humoral immune response also contributes to autoimmune diseases, like systemic 

lupus erythematosus (SLE), if pathogenic autoantibodies are involved which re-

cognize self-antigen. In SLE antibodies binding to double-stranded DNA cause se-

vere symptoms, such as nephritis and vascular injury (Manz et al., Annu Rev Im-

munol 2005; Hahn, N Engl J Med 1998). A recent study of mice prone to develo-

ping SLE showed that 40% of autoantibody-secreting plasma cells were long-lived 

(Hoyer et al., J Exp Med 2004). Accordingly, immunsuppression of autoimmune 

patients by targeting dividing cells or selective depletion of B lymphocytes, but not 

plasma cells, with anti-CD20 antibodies (Rituximab) does not lead to complete 

disappearance of autoantibodies (Hoyer et al., J Exp Med 2004; Arce, et al. Im-

munobiology 2002; Gorman et al., Arthritis Res Ther 2003). Thus, elucidating the 

molecular composition of the microenvironmental niche of long-lived plasma cells 

in the bone marrow has important implications for drug design strategies that aim 

to ablate long-lived plasma cells in patients with autoimmune disease.
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