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For my mother Thetis the goddess of silver feet tells me
I carry two sorts of destiny toward the day of my death. Either,
if I stay here and fight beside the city of the Trojans,
my return home is gone, but my glory shall be everlasting;
but if I return home to the beloved land of my fathers,
the excellence of my glory is gone, but there will be a long life
left for me, and my end in death will not come to me quickly.

Achilles, the Iliad

Voor mijn moeder
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Introduction
The immune system serves to protect the host against pathogens such as bacteria, 
viruses, and parasites. On a functional basis, it can be divided in two branches: 
the innate and the adaptive immune system. Although these are usually regarded 
as two separate systems, the collaboration is considerable. Cells from the innate 
immune system are immediately available to combat a wide range of pathogens 
without requiring prior exposure, and acts as a first line of defense. In contrast, 
the adaptive immune system will provoke a highly specific immune response. In 
addition, it will develop an immunological memory, which will provide a faster and 
stronger immune response upon stimulation with the same antigen (Ag). The most 
important players during an adaptive immune response are the B and T lymphocytes. 
While T lymphocytes are mainly involved in the destruction of the infected cells, 
and in the regulation of the immune response, B lymphocytes are the producers of 
immunoglobulins (Igs). These Igs specifically recognize and bind Ag, leading to the 
clearance of the organisms or cells that express that specific Ag.
The development and maturation of B and T lymphocytes occurs in specialized 
lymphoid structures. Early B and T cell development takes place in the bone marrow 
and the thymus, respectively, which are also known as the primary lymphoid organs. 
After the development into immature B and T cells, these lymphocytes will enter 
the circulation and migrate to the secondary lymphoid organs, such as the spleen 
and lymph nodes, but also the mucosal-associated lymphoid tissue and Peyer’s 
patches. These specialized lymphoid structures allow B and T cells to further mature 
and eventually differentiate into immune-competent cells, ready to battle host 
endangering invaders. The secondary lymphoid organs are crucial for long-term 
defense against the pathogens because it is in these structures that immunological 
memory can be formed.
Lymphoid organs are localized at strategic positions throughout the body. The 
following section describes thedevelopment and positioning of these organs, which 
is subject of study in some of the chapters in this thesis.

Lymphoid organ development and function

The	thymus
In mice, the morphogenic events of early thymus organogenesis occur between 
embryonic day 10 (E10) and E13.5. The cell types required for initiation of 
organogenesis are present by E10, and the earliest phase of organogenesis 
culminates in the formation of two primordia, thymic and parathyroid, each surrounded 
by a condensing mesenchymal capsule. By E13.5 the parathyroid and thymus are 
separated into physically distinct organs. The thymus develops bilaterally as a result 
of interactions between the third pharyngeal pouch endoderm and surrounding 
neural crest mesenchyme. This will eventually result in the formation of a bilobular 
thymus, positioned at the midline on top of the heart, which subsequently becomes 
populated by thymocytes (Manley and Blackburn, 2003).
Although marked progress has been made in identifying the molecular regulators of 
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thymic organogenesis (Chisaka et al., 1991; Hetzer-Egger et la,. 2002; Peters et al., 
1998; Wallin et al., 1996; Xu et al., 2002), the signaling pathways that control early 
thymic development remain to be fully identified. The development and maturation 
of the thymus primordium and its subsequent population by T cell precursors is 
dependent on several soluble factors, including fibroblast growth factors (FGFs), 
bone morphogenetic proteins (BMPs), platelet-derived growth factor (PDGF)-BB and 
chemokines, including CCL21 and CCL25 (Khan et al., 2008; Tsai et al., 2003). The 
mature thymic epithelium is complex, with two major compartments, the cortex and 
the medulla, each containing several functionally distinct thymic epithelial-cell (TEC) 
types, which appear between E12 and E14. Pro thymocytes develop from bone 
marrow hematopoietic stem cells and migrate to the thymus where they mature.
The different TEC subsets generate discrete intrathymic microenvironments each 
specialized in mediating a particular aspect of thymocyte maturation and development 
(Anderson et al., 2001; van Ewijk et al., 2000; Ritter and Boyd, 1993). Consistent 
with this model, T cell development is characterized by the progression through 
several phenotypically distinct stages, defined as double negative (DN), double 
positive (DP) and single positive (SP) based on expression of the co-receptors CD4 
and CD8. T cells at these different stages of development occupy distinct spatially 
restricted domains in the adult thymus (Lind et al., 2001; Plotkin et al., 2003; 
Prockop and Petrie, 2000), indicating that differentiation occurs concomitantly with 
a highly ordered migration. Thymocytes and TECs are in close contact throughout 
this differentiation program. Once matured, the T cells migrate to the periphery to 
contribute to the adaptive immune system.

The	spleen
The spleen anlage, in mice, is detectable at approximately E10.5-11, as progenitor 
cells start to condense within the dorsal mesogastrium, adjacent to the stomach and 
dorsal of the pancreas primordia. At this stage, the spleen anlage is surrounded by 
the splanchnic mesodermal plate, which is supportive and crucial during this early 
developmental stage (Green MC, 1967). The formation and outgrowth of the spleen 
from E12 onwards, depends on the commitment of the mesenchymal cells and the 
subsequent colonization by hematopoietic and red blood cells (Godin et al., 1999; 
Mebius et al., 1997; Sasaki and Matsumura, 1988). The first cells that colonize the 
spleen are progenitors of the erythroid and myeloid lineages; at E14.5, after these 
progenitors have entered, the first hematopoietic stem cells populate the spleen.
Ultimately, the spleen is organized as a tree of branching arterial and arteriolar 
vessels that end in a venous sinusoidal system. The organ is surrounded by a fibrous 
capsule of connective tissue, from which trabeculae emerge, that support the larger 
vasculature. The smaller branches of the arterial supply are sheathed by lymphoid 
tissue, which forms the white pulp of the spleen. In rodents, some of the smallest 
arterial branches terminate in the marginal sinus, the space between the white pulp 
and the surrounding marginal zone, whereas others traverse the marginal zone to 
form the venous system of the red pulp. By its location in the circulatory system and 
the unusual structure of its lymphoid compartments, the spleen is a unique lymphoid 
organ (Mebius and Kraal, 2005).

General introduction
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Once fully developed, the spleen combines the innate and adaptive immune system, 
and functions as the largest filter of the blood. The highly specialized structure of 
the venous system of the red pulp provides the spleen with the capacity to filter the 
blood and to remove old erythrocytes (Mebius and Kraal, 2005). Within the lymphoid 
sheaths T- and B cells are localized in separate compartments. T cells are found 
in the T-cell zone, also known as the periarteriolar lymphoid sheaths (PALS), and 
B cells are localized in B cell follicles (Mebius and Kraal, 2005). The T- and B cells 
entering the spleen are guided by the chemokines CXCL13 and CCL21/CCL19, 
respectively, to their destined locations. In addition, the white pulp has a surrounding 
marginal zone, containing cells with specialized functions, including marginal zone 
macrophages and marginal zone B cells. Whereas the white pulp is mainly involved 
in the adaptive immune system, the outer marginal zone is involved in both innate 
and adaptive immunity, through its specific macrophage populations and marginal 
zone B cells. The macrophages can directly bind and internalize pathogens via their 
specialized (pattern recognition) receptors, after which the pathogen is targeted 
to the lysosomes for degradation (Geijtenbeek et al., 2002). Interestingly, after 
Ag encounter, the marginal zone B cells can either directly differentiate into IgM-
secreting plasma cells or gain the capacity to function as antigen presenting cells 
(APCs). To function as an APC, they migrate towards the white pulp, where they 
activate naive CD4+ T cells (Attanavanich and Kearney, 2004). The entry of APCs, 
including marginal zone B cells, but also blood dendritic cells, into the white pulp is 
an important step in the initiation of an adaptive immune response. In the section B 
cell development, antigen specific differentiation and malignant transformation, the 
adaptive, or humoral response will be further discussed.
Taken together, the spleen is an organ that accommodates the efficient phagocytosis 
of old erythrocytes and the capture and destruction of pathogens via the innate 
immunity, and supports the induction of adaptive immune responses.

Lymph	nodes
The earliest event in lymph node (LN) development is the generation of the lymphatic 
vasculature. The mammalian lymphatic vasculature has a venous origin and is derived 
from primitive lymph sacs scattered along the body axis of the embryo. It has been 
generally accepted, that LNs originate from these embryonic lymph sacs (Sabin, 
1909; Srinivasan et al., 2007), however, very recently it has been demonstrated 
that the initial formation of the mammalian LN anlage can occur without the support 
of lymph sacs. Further progression into clusters of hematopoietic cells requires the 
presence of normal lymph sacs (Vondenhoff et al., 2009).
The second stage in LN development (Fig. 1) depends on the population of the 
lymphoid primordia by circulating hematopoietic cells (Moore, 2004). Interactions 
between these cells and mesenchymal stromal cells are necessary for the survival 
and further development of both cell types and for the outgrowth of the primordium 
(Vondenhoff et al., 2007; Mebius, 2003). Over the past decade, it has become clear 
that the signals for LN development emanate from lymphoid tissue inducer cells (LTi 
cells). These cells express lymphotoxin-a1b2 (LTa1b2) and trigger the lymphotoxin 
b receptor (LTbR) expressed on stromal cells (Adachi et al., 1997; Adachi et al., 
1998; Finke et al., 2002; Honda et al., 2001; Mebius, 2003; Yoshida et al., 1999; 
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Yoshida et al., 2002). This results in the production of the homeostatic chemokines 
CCL19, CCL21, and CXCL13, and the increased expression of adhesion molecules, 
including vascular cell adhesion molecule-1 (VCAM-1) and intercellular adhesion 
molecule-1 (ICAM-1), necessary for the attraction and retention of additional LTi 
cells, and other hematopoietic cells, such as B and T lymphocytes that will also 
contribute to the hematopoietic-mesenchymal cell interaction (Ansel et al., 2000; 
Cupedo et al., 2004; Dejardin et al., 2002; Luther et al., 2003; Muller et al., 2003; 
Ohl et al., 2003; Rennert et al., 1998). Consequently, the primordium develops into 
a functional LN (Fig. 1). These LNs collect the extracellular fluid from the tissues 
and return it to the blood. The extracellular fluid from tissues will enter the LN via the 

General introduction

Figure 1. General scheme of the development of secondary lymphoid organs. Step 1-3 occur 
between embryonic day 9 (E9) and E18, which consists of the initial phase of the development of 
the lymphoid structure, the subsequent attraction of lymphocytes and the formation of early follicles. 
Lymphoid tissue inducer cells (LTi) interact with lymphoid tissue organizer cells (LTo), resulting in a 
positive feedback loop. The secretion of chemokines, including CXCL13, CCL21 and CCL19, attract 
additional LTi cells and other lymphocytes (step 3), and induces the expression of the adhesion 
molecules VCAM-1 and ICAM-1 on the LTo cells via the lymphotixn-beta receptor (LTbR). The clustering 
will eventually organize into follicles, which is completed 3-5 days after birth (step 4). At this stage the T 
and B cells are separated, with the B cells in follicles containing follicular dendritic cells (FDC). For more 
detail see text. Adapted and modified from Randall et al., 2008.
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afferent lymphatic vessels, which carry cells bearing Ags from sites of infection. In 
these secondary lymphoid organs, where B cells are localized in follicles surrounded 
by T cells in the paracortical areas, an adaptive immune response can occur and 
immunological memory can be generated.

The	bone	marrow
Although the embryonic development of the bone marrow (BM) is not investigated in 
this thesis, it is an important primary lymphoid organ. The BM constitutes the site of 
hematopoiesis, the generation of the cellular elements of blood, including red blood 
cells, monocytes, polymorphonuclear leukocytes, and platelets. The BM is also the 
site of B cell development and is the source of stem cells that give rise to T cells upon 
migration to the thymus. All hematopoietic cell lineages are derived from the same 
progenitor cell or precursor cell, identified as the hematopoietic stem cell (HSC). In 
addition, the BM provides specialized survival niches for normal BM plasma cells, 
but also multiple myeloma cells. In the following sections, the role of the BM in B cell 
development and (malignant) plasma cell survival will be further described.

B cell development, antigen-dependent differentiation and 
malignant transformation

B	cell	development	and	antigen-dependent	differentiation
B cells represent the humoral component of the adaptive immune system. In 
mammals, the development of B cells is initiated in the bone marrow. Here, committed 
common lymphoid progenitors differentiate into immature B cells, a process that is 
antigen-independent. An important process during early B cell development is the 
rearrangement of the variable (V), diversity (D), and joining (J) gene segments of 
the heavy chain (IgH) gene locus (Alt et al., 1987; Tonegawa, 1983). This allows 
the B cell to express the pre-B cell receptor (pre-BCR), which is composed of the 
rearranged IgH chain complexed to a surrogate light chain (Melchers et al., 1994). 
Successful expression of a functional pre-BCR is indispensable for survival and 
further maturation of the B cell. Signaling via the pre-BCR induces the rearrangement 
of the V and J gene segments of the light chain (IgL) gene locus (ten Boekel et al., 
1995; Constantinescu and Schlissel, 1997). Proper rearrangement and successful 
complexation with the IgH chain allows the B cell to express a BCR of the IgM 
isotype, which is required for (tonic) survival signals (Melchers et al., 1994). These 
IgM expressing B cells are the immature bone marrow B cells, which are further 
characterized by the expression of CD19, B220, and HSA. 
Newly formed, immature B cells complete their maturation after migrating to the 
periphery (Allman et al,. 1992; Allman et al., 1993), and are named transitional 
cells. According to Loder and colleagues these transitional cells can be divided in 
transitional 1 (T1) B cells, which are IgMhiCD21+CD23-B220+IgDlo/- and T2 B cells, 
being IgMloCD21hiCD23loB220+IgDbright (Loder et al., 1999). Eventually the transitional 
B cells will develop into mature follicular B cells in the secondary lymphoid organs, 
including the spleen and lymph nodes. The mature B cell production rates are 
primarily a reflection of the degree to which immature bone marrow cells successfully 

General introduction

BinnenwerkRogierReymers4-8-10.indd   15 4-8-2010   15:49:23



16

1
navigate the transitional pools, which fully depends on the expression of a functional, 
non-autoreactive BCR (Loder et al., 1999).
Upon challenge with antigen mature B cells can undergo antigen-specific B cell 
differentiation, which requires multiple interactions with T cells and follicular dendritic 
cells (FDC), and with the extracellular matrix. These interactions take place in the 
germinal center (GC), a specialized microenvironment within the B cell follicles of 
the secondary lymphoid organs. Two distinct areas in the GC can be distinguished, 
known as the dark and light zone. Stromal-derived factor-1 (SDF-1 or CXCL12), 
which is more abundant in the dark zone than in the light zone, attracts centroblasts 
that have high expression of CXCR4. In contrast, CXCR5 in combination with B 
lymphocyte chemokine (BLC or CXCL13) helps direct the centrocytes to the light 
zone, this occurs after downregulation of CXCR4 (Allen et al., 2004). Within the dark 
zone B cells undergo rapid clonal expansion and somatic hypermutation of their 
immunoglobulin genes by activation-induced cytidine deaminase (AID), an enzyme 
that creates deliberate mutations in DNA, replacing cytidines by uracils, resulting 
in a CG to AT transition (Arakawa et al., 2002; Yoshikawa et al., 2002). These B 
cells, or centrocytes, than migrate towards the light zone of the GC. Here, they 
re-encounter Ag, presented as immune complexes by FDC, and undergo affinity 
selection. Dependent on the strength of the BCR signal the B cell clones will rapidly 
expand (high affinity) or go into apoptosis (low affinity). As a consequence of isotype 
switching of the IgH genes to IgG, IgE or IgA, the antibodies produced are better 
adapted to their specific effector function. The stimulatory signals will eventually lead 
to the differentiation of the centrocytes into either antibody-producing plasma cells, 
or memory B cells, which upon antigen recall cause a rapid, more specific secondary 
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Figure 2. Bone marrow plasma cell survival niche. Once B cells have differentiated into a plasma 
cell, they undergo SDF-1-controlled migration towards the bone marrow (BM). There, BM plasma cells 
lie in close contact with a stromal cell, which expresses high levels of VCAM-1 and SDF-1. This results 
in the retention of the BM plasma cell in its niche. In addition, stromal cells express potent survival 
factors, including BAFF, APRIL and IL6. Plasma cells express the marker CD138, which is the heparan 
sulfate proteoglycan syndecan-1. It is still unclear whether syndecan-1 plays a role in facilitating APRIL-
mediated survival or SDF-1-induced retention (or migration), and if syndecan-1 interacts with integrins 
to establish outside-in signaling and adhesion. See text for more detail.
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immune response (Kraal et al., 1982; Arpin et al., 1995; Malisan et al., 1996). After 
re-encounter of the antigen by memory B cells, they will either directly differentiate 
into plasma cells, or will do so after they have re-entered a germinal center reaction 
(Bende et al., 2007).

Plasma	cell	function	and	survival
Plasma cells can be short-lived or long-lived, and long-lived plasma cells constitute 
an independent compartment of “immunological memory” (Slifka et al., 1998). 
Plasma cells are no longer responsive to antigen and are resting in terms of 
proliferation. Whether a plasma cell is short-lived or becomes a long-lived plasma cell 
is determined by poorly defined molecular mechanisms and by survival signals from 
its environment (Hoyer et al., 2004). Nevertheless, when B cells have differentiated 
into plasma cells after a successful germinal center reaction, they are programmed 
to home to the bone marrow (Fig. 2). Here, the long-lived or bone marrow plasma 
cells lie in close proximity to non-dividing mesenchymal stromal cells, expressing 
vascular cell-adhesion molecule-1 (VCAM-1) and high levels of SDF-1, key to their 
survival (Tokoyoda et al., 2004). In addition, besides SDF-1, bone marrow plasma 
cells mainly require the supporting signals of BAFF, APRIL, and IL6 (Hideshima 
et al., 2002; O’Connor et al., 2004). The frequency of VCAM-1 positive, SDF-1-
expressing stromal cells is approximately 1% of all bone marrow cells in mice and 
the physiological frequency of plasma cells among bone marrow cells of adult 
humans and mice is also found to be around 1% (Fig. 2). Thus, the stromal cells 
put protective plasma cell memory in the context of the volume of the bone marrow, 
which is apparently a physiological necessity to prevent hypergammaglobulinaemia 
and plasmacytosis (Tokoyoda et al., 2004 and 2010). Within this specialized 
environment, or survival niche, where plasma cells synthesize huge amounts of 
systemic protective antibodies, they can survive for many years.

Malignant	transformation	of	B	cells
The classification of human lymphoproliferative disorders has steadily evolved 
since their recognition by Thomas Hodgkin, already in 1832 (Hodgkin, 1832). The 
characteristics displayed by B cell tumors are often reminiscent of that of normal 
B cells, allowing for the classification of distinct subcategories (Fig. 3). During 
development and differentiation, DNA-modifying processes that many B cells 
undergo, involve double stranded DNA-breaks and the induction of mutations 
introduced by the recombination activating genes-1 (Rag-1) and -2 (Rag-2) and AID 
(Kuppers, 2005; Shaffer et al., 2002). In combination with rapid clonal expansion 
these processes predispose to malignant transformation. Although sophisticated 
mechanisms are developed to repair unwanted DNA damage, errors still do occur. 
These errors in B cell-specific DNA remodeling processes, often taking place in the Ig 
genes, may lead to translocation to the Ig locus. As a result, the powerful enhancers, 
which normally control BCR expression, are juxtaposed to genes that play important 
roles in survival, cell cycle regulation, or proliferation. This can ultimately lead 
to the formation of different B cell tumors (Fig. 3), which are classified based on 
morphology, configuration of the BCR, and expression of membrane proteins and 
large scale gene profiling (Swerdlow et al., 2008).

General introduction
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B	cell	homing	and	lymphoma	dissemination
The orchestration of a systemic immune response is critically dependent on 
coordinated lymphocyte migration and recirculation. This homing capacity guides 
lymphocyte subsets to the appropriate specialized microenvironments (Pals et 
al., 2007). Lymphocyte homing is a multi-step process that requires chemotaxis 
and cell adhesion, coupled with strategies to overcome physical barriers. At the 
molecular level, it is regulated by adhesion molecules in concert with chemokines 
and facilitated by intrinsic molecular programs that allow ‘amoeboid’ shape change 
of lymphocytes. These properties allow highly effective lymphocyte traffic between 
different tissue compartments. In case of malignant transformation, however, the 
fact that lymphocytes are ‘licensed to move’ forms a serious threat to the organism, 
since it allows rapid tumor dissemination irrespective of the conventional anatomic 
boundaries limiting early spread in most other types of cancer. The dissemination 
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Figure 3. B cell development and differentiation and the corresponding B cell malignancies. 
Schematic representation of B cell development and differentiation. In the middle a germinal center is 
depicted, containing a dark zone with centroblasts and a light zone with centrocytes. The malignant 
counterparts are indicated in parenthesis. See text for more detail. BM, bone marrow; LN, lymph node; 
MALT; mucosa associated lymphoid tissue; HSC, hematopoietic stem cell; CLP, common lymphoid 
precursor; ALL, acute lymphoblastic leukemia; MCL, mantle cell lymphoma; IC, immunocytoma; DLBCL, 
diffuse large B cell lymphoma; MZL, marginal zone lymphoma; CLL, chronic lymphatic leukemia/
lymphoma; FL, follicular lymphoma; BL, Burkitt’s lymphoma; MM, multiple myeloma.
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patterns often reflect basic rules of lymphocyte homing, explaining the striking 
tissue-specific distribution of, for example B cell lymphomas and multiple myeloma 
(MM) (Pals et al., 2007).

Chemotaxis	and	chemokine	signaling
Chemotaxis is the process of induced directional migration towards a gradient 
of chemokines, and determines the eventual localization of different sub-sets of 
normal lymphocytes, but also of malignant lymphoma and multiple myeloma cells. 
In particular, the role of SDF-1 in lymphocyte trafficking is well established. SDF-
1 was originally identified as a growth-stimulatory factor for pre-B cells, and is a 
potent chemotactic factor for different cell types (Ansel and Cyster, 2001). SDF-1 
is constitutively expressed in the BM by bone marrow stromal cells (Ma et al., 
1998), and retains multipotent hematopoietic progenitors and pre-pro-B cells in 
specific niches of the BM (Tokoyoda et al., 2004). Interestingly, mice lacking either 
SDF-1 or CXCR4, the cognate receptor for SDF-1, have a nearly absent B cell 
lymphopoiesis in the BM, and die perinatally due to cardiac and vascular defects 
(Ma et al., 1998). Finally, SDF-1 induces plasma cell migration, and CXCR4 is 
required for accumulation of long-lived, but also malignant plasma cells in the BM 
(Hargreaves et al., 2001).
Several proteins involved in the signaling pathways underlying chemokine-induced 
lymphocyte adhesion and migration have been identified. These proteins include 
kinases, adapter proteins and small GTPases. Of the small GTPases, members of 
the Rho family have been studied extensively, in particular regarding their capacity 
to regulate the cytoskeletal rearrangements (Ridley, 2001; Etienne-Manneville 
and Hall, 2002) required for cell polarity and motility. Members of the Ras family 
of small GTPases, like Ras and Rap1, and the less well studied small GTPase 
Ral, have been found to be involved in chemotaxis and cell motility (Feig, 2003; 
McLeod et al., 2002; Suzuki et al., 2000; Weber et al., 2001). The Ral GTPases 
are highly homologous to Ras GTPases (Chardin and Tarvitian, 1986), with 58% 
identity. Ral proteins have been implicated in controlling a multitude of cellular 
processes, including proliferation, survival, endo- and exocytosis, cytoskeletal 
rearrangements, migration, gene transcription and transformation (Feig, 2003). 
Two Ral GTPases, RalA and RalB, have been identified that show 85% identity. 
The main difference between RalA and RalB is found in their C-terminal variable 
regions and causes different subcellular localization of the two isoforms, resulting 
in different functions (Lim et al., 2005; Shipitsin and Feig, 2004). Despite the high 
degree of sequence homology, the affinity for effectors also varies between the two 
Ral isoforms (Shipitsin and Feig, 2004).
Interestingly, Ras mutations have been found in multiple myeloma (MM). In 
addition, it was demonstrated that Ras is activated in MM cells by numerous 
signals provided by the BM microenvironment. Importantly, Ral was found to be a 
critical mediator of Ras-induced tumorigenesis (Feig, 2003). Knockdown of RalA, 
but not of RalB expression, impaired the ability of human cancer cells to form 
tumors in immunodeficient mice (Lim et al., 2005). Although recent studies have 
clearly demonstrated an important function for Ral in cancer, the role of Ral in MM 
cells remains to be established.
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Multiple	myeloma
Multiple myeloma (MM) is a common B cell neoplasm, which is characterized by clonal 
expansion of malignant plasma cells in the bone marrow (BM), accompanied by renal 
failure, pancytopenia, and osteolytic bone destruction. MM is often preceded by a 
pre-malignant stage termed monoclonal gammopathy of undetermined significance 
(MGUS), defined by the presence of serum monoclonal protein at less than 30 g/L, 
fewer than 10% of plasma cells in bone marrow, and the absence MM features 
(Kuehl and Bergsagel, 2002). Although significant progression in the treatment of 
MM has been made over the last decade, the disease is still incurable with a median 
survival of 3-5 years. MM accounts for ~2% of all cancer deaths and nearly 20% of 
deaths caused by hematological malignancies (Kuehl and Bergsagel, 2002). Like in 
many B cell malignancies, in MM cells chromosomal translocations place oncogenes 
under transcriptional control of enhancer regions near the IgH gene locus (Kuehl and 
Bergsagel, 2002). These tumors are nonhyperdiploid, and mostly have one of five 
recurrent IgH translocations involving CCND1, CCND3, FGFR3 and MMSET, and 
C-MAF, contributing to the disease in approximately 40% of the patients (Table 1). 
The remaining hyperdiploid tumors have multiple trisomies involving chromosomes 3, 
5, 7, 9, 11, 15, 19, and 21, and infrequently one of the five translocations. A common 
rearrangement that often occurs in late stage MM involves the misregulation of the 
c-myc gene (Shou et al., 2000). In addition, virtually all MM and MGUS tumors have 
deregulated and/or increased expression of cyclin D1, D2, or D3 (Table 1), providing 
an apparent early, unifying event in pathogenesis (Bergsagel and Kuehl, 2005).

Like normal antibody-producing plasma cells, during all stages of intramedullary 
MM, the cells are dependent on the BM environment or niche, where cytokines and 
growth factors, like IL6, vascular endothelial growth factor (VEGF), epidermal growth 
factor (EGF), insulin growth factor-1 (IGF-1), stromal cell-derived factor-1 (SDF-1), 
hepatocyte growth factor (HGF), and WNTs, amongst others, are produced by BM 
stromal cells or by MM cells themselves (Fig. 4) (Derksen et al., 2002; Derksen 
et al, 2003; Kuehl and Bergsagel, 2002; Seidl et al., 2003). Equally important is 
the direct physical contact of the MM cells with BM stromal cells via integrins and 
other adhesion molecules, which in turn can mediate growth and survival, and 
trigger para- and autocrine cytokine production (Fig. 4) (Damiano et al., 1999; 
Uchiyama et al., 1993; Esteveand Roodman, 2007). Recently, it was demonstrated 
that overexpression of c-maf, a frequent oncogenic event in MM, induces the 
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Table 1. Most frequently found translocations in MGUS and MM with cyclin-D status. Abbreviations: D, 
diploid; H, hyperdiploid; NH, nonhyperdiploid

Primary translocation Gene at breakpoint D-cyclin Ploidy Frequency (%)
20q11 mafB D2 NH 2
None None None NH 2
6p21 CCND3 D3 NH 3
16q23 c-maf D2 NH 5
None None D1 & D2 H 6
4p16 FGFR3/MMSET D2 NH > H 15
11q13 CCND1 D1 D, NH 16
None None D2 H, NH 17
None None D1 H 34

BinnenwerkRogierReymers4-8-10.indd   20 4-8-2010   15:49:28



21

1

expression of integrin b7. b7 can heterodimerize with either a4 or aE, which can bind 
to MadCAM-1 and E-cadherin respectively. Induction of b7 increased the adhesion 
to E-cadherin on stromal cells, resulting in the expression of VEGF, and promoting 
MM cell proliferation and survival (Hurt et al., 2004). Interestingly, research over the 
past decades points towards a versatile and pivotal role for the pleiotropic heparan 
sulfate proteoglycan (HSPG) syndecan-1, being a key regulator in the interaction of 
MM cells with the BM microenvironment (Fig. 4) (Derksen et al., 2002; Khotskaya et 
al., 2009; Mahtouk et al., 2006, 2007; Yang et al., 2002, 2007).

Heparan sulfate proteoglycans

Heparan	sulfate	proteoglycans
Heparan sulfate proteoglycans (HSPGs) are proteins with covalently attached, 
unbranched polysaccharide heparan sulfate (HS) chains, which in the native form 
consist of alternating N-acetylated glucosamine (GlcNAc) and D-glucuronic acid 
(GlcA) units (Esko and Lindahl, 2001; Esko and Selleck, 2002; Lindahl et al., 1998). 
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Figure 4. Interaction of multiple myeloma cells with the bone marrow microenvironment. A 
schematic overview of a multiple myeloma (MM) cell interacting with different components of the 
bone marrow (BM) environment. MM cells migrate into the BM, directed by the stromal cell-produced 
chemokine SDF-1. Once in the BM, MM cells are provided with an array of auto- and paracrine soluble 
survival and proliferation inducing factors. In addition, the MM cell can interact with the extracellular 
matrix, or stromal cells, via several integrins or the heparan sulfate proteoglycan (HSPG) syndecan-1. 
By producing factors that inhibit osteoblast differentiation and enhancing osteoclast activity, patient will 
develop osteolytic bone disease. For more detail see text.
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These macro-molecules are expressed in all mammalian tissues as extracellular 
matrix components or as cell-membrane-bound proteins. Three major families 
of proteoglycan core proteins have been characterized; the membrane spanning 
syndecans (four members) (Bernfield et al. ,1992), the glycosylphosphatidylinositol-
linked glypicans (six members) (Filmus and Selleck, 2001), and the basement 
membrane proteoglycans perlecan, agrin, and collagen XVIII (Cole and Halfter, 1996; 
Iozzo et al., 1994). Several other HSPGs are known as well, such as betaglycan 
and CD44v3 (Andres et al., 1991; van der Voort et al., 1999). The different core 
proteins are expressed in a cell-type-specific, and temporal and spatial regulated 
manner, and their expression correlates with different physiological responses in 
cells (Kato et al., 1994). HSPGs can function via both their core protein and the 
attached HS chains (Fig. 5 and 6). For example, the syndecan-1 core protein can 
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Figure 5. Schematic representation of heparan sulfate chain initiation, polymerization and 
modification. The fine structure of the heparan sulfate chains ultimately depends on the regulated 
expression and action of multiple glycosyltransferases and sulfotransferases, and one epimerase, 
which are present in the lumen of the Golgi apparatus. In addition, a series of cytoplasmic enzymes 
are needed to catalyze nucleotide sugar (UDP-Xyl, UDP-Gal, UDP-GlcA, and UDP-GlcNAc) and 
nucleotide sulfate (PAPS). This eventually results in a highly modified HS chain. Shown are regions that 
have been implicated in binding of specific ligands, such as FGF-1/FGF-2 and antithrombin. Structural 
domains (NA, NA/NS, NS) are defined with regard to the distribution of GlcNAc and GlcNS, see text 
for more detail. At the right the (un)modified pyronase rings of GlcA, GlcNAc and IdoA are shown as 
disaccharides. Adapted and modified from Esko and Lindahl, 2001.
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interact with, and regulate the activity of integrin adhesion molecules (Beauvais et 
al., 2004; Kramer and Yost, 2003; Morgan et al., 2007; Yoneda and Couchman, 
2003). The cytoplasmic domain also contains peptide sequences that can bind 
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Figure 6. Multiple functions of cell membrane heparan sulfate proteoglycans. A schematic 
representation of a heparan sulfate proteoglycan (HSPG) at the cell surface (i.e., syndecan), after the 
HS chains have been polymerized and modified. In each model, depending on the cellular context, cell 
surface receptor ligands and intracellular signals can correspond to different proteins. For example, 
cell surface receptors could include c-MET, VEGF-R or FGF-R; receptor ligands could be HGF, VEGF 
or FGF; and intracellular signals could be PKB, MAPK, Rac, Rho, Ral or FAK. a. Ternary complex 
formation. Syndecan associates with a cell-surface receptor and its ligand and generates intracellular 
signals. Extracellular matrix (ECM) engagement of integrins, independently of syndecans, may 
potentiate the syndecan-mediated signals. b. Multimeric complex formation. Cell-surface receptors for 
chemoattractive, repulsive or growth factors are central to the formation of complexes with their ligands, 
syndecans, and integrins and ECM molecules. Cooperative intracellular signals are generated from 
each receptor, initiating a coordinated cellular response. c. Syndecan-mediated ligand-presentation 
in trans. A syndecan molecule on an adjacent cell binds to and localizes a soluble ligand to allow 
interaction with its receptor (possibly in complex with an integrin). Such interactions could initiate both 
syndecan and integrin signaling events. d. Syndecan-mediated ligand-presentation in cis. Syndecans, 
viewed as pioneering molecules, bind to and localize chemoattractive, repulsive or growth factors to 
allow interaction with their receptors and possibly integrins on the same cell. Collaborative intracellular 
signals might be elicited from both syndecans and integrins in such a model, but might also require 
simultaneous interaction with ECM molecules. Adapted and modified from Morgan et al., 2007.
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the cytoskeletal proteins, which can serve as substrates for cellular kinases. Thus, 
syndecans may act as signaling molecules (Rapraeger, 2000). On the other hand, 
HSPGs can bind and present proteins via their HS chains, of which the binding 
capacity and specificity is determined by enzymatic modifications (Esko and Lidahl, 
2001; Esko and Selleck, 2002). Hence, HSPGs act as multifunctional scaffolds 
regulating important biological processes including cell adhesion and migration, 
tissue morphogenesis, organogenesis, and angiogenesis (Bishop et al., 2007; Esko 
and Selleck, 2002)

Heparan	sulfate	synthesis	and	modification:	assembly	of	ligand	binding	sides
The synthesis of the heparan sulfate glucosaminoglycan side chains of proteoglycans 
proceeds in three steps (Fig. 5). The first step is the chain initiation. The synthesis 
starts after translation of a core protein and transfer of xylose from UDP-xylose by 
xylosyltransferase-I and/or –II to specific serine residues within the proteoglycan 
core protein. The subsequent attachment of two D-galactose residues by 
galactosyltransferase-I and –II and GlcA by glucuronosyltransferase-I completes the 
formation of the core protein linkage tetrasaccharide (Esko and Lidahl, 2001; Esko 
and Selleck, 2002). The second step, chain elongation or polymerization, can only 
take place once the tetrasaccharide linker is present (Esko and Lindahl, 2001). This 
polymerization reaction is carried out by enzymes from the exostin (EXT) family, with a 
major role for exostin-1 (EXT-1) and EXT-2 (Zak et al., 2002). These EXTs are thought 
to function as a hetero-oligomeric complex to polymerize the HS chain. It should be 
noted that while reduced function in either co-polymerase results in the bone exostosis 
phenotype, complete loss of either enzyme results in total loss of full chain HS and 
is lethal at gastrulation (Lin et al., 2000). Finaly, the unbranched HS chains undergo 
a third step, which consists of a complex series of processing reactions involving 
GlcNAc deacetylation and sulfation by the N-deacetylase/N-sulfotransefrases 
(NDST), epimerization of GlcA by glucuronyl C5-epimerase (GLCE), and subsequent 
O-sulfation by three different O-sulfotransferases (HS2ST, HS3ST and HS6ST), which 
exhibit different isoforms (Lindahl et al., 1998; Esko and Selleck, 2002). In contrast to 
heparin, HS chains are only partly modified, with the modifications made in clusters, 
resulting in a polysaccharide chain having regions that are highly sulfated interspersed 
with nearly unmodified regions. These highly modified domains provide specific 
docking sites for a large number of bio-active molecules, and are usually defined by 
their GlcNAc N-sulfation, indicated by NS, NS/NA, or NA, representing areas with (NS 
or NA/NS) or without (NA) N-sulfation (Fig. 5). Binding of these ligands, such as growth 
factors and cytokines, serves a variety of functions, ranging from immobilization, 
protection, and concentration to distinct modulation of biological functions (Fig. 6) 
(Belenkaya et al., 2004; Bishop et al., 2007; Ruoslahti and Yamaguchi, 1991). After 
synthesis, HS GAGs are known to preferentially bind to the consensus sequences 
BBXB and BBBXXB, where B is a basic amino acid like Lys, Arg, or His. Many, if 
not all chemokines contain such a consensus motif. For example, the SDF-1 BBXB 
HS-binding motif is located in the first β-strand of the protein. Interestingly, SDFg, a 
splice variant of SDF-1, is extended by a highly cationic carboxy-terminal domain 
that encompass four overlapping BBXB HS-binding motifs, making it a paradigm of 
chemoattractant proteins (Rueda et al., 2008)
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Heparan	sulfate	proteoglycans	in	health	and	disease
Genetic defects in man and studies with genetically modified animals have clearly 
demonstrated the importance of HSPGs and their correct modification in (embryonic) 
development, normal physiology, and disease (Bishop et al., 2007; Celie et al., 2008; 
Merry et al., 2001; Ringvall et al., 2000). HSPGs and HS-modifying enzymes are 
implicated in a wide variety of human diseases, including cancer, and are essential 
for normal development. An X-linked condition characterized by pre- and postnatal 
overgrowth with visceral and skeletal anomalies, known as Simpson-Golabi-Behmel 
syndrome, is caused by the loss of glypican-3 (Pilia et al., 1996). In contrast, point 
mutations or larger genomic rearrangements in glypican-6, lead to autosomal-
recessive omodysplasia, a genetic condition characterized by short-limbed short 
stature, craniofacial dysmorphism, and variable developmental delay (Campos-
Xavier et al., 2009). Mutations in the HS co-polymerases exostin-1 (EXT1) and/or 
EXT2 are responsible for another bone phenotype, characterized by limb deformity, 
limb malalignment, limb length discrepancy, and short stature (Ahn et al., 1995; 
Stickens et al., 1996). Recently, it was demonstrated that methylation-associated 
repression of several HS 3-O-sulfotransferase genes contributes to the invasive 
phenotype of H-EMC-SS chondrosarcoma cells (Bui et al., 2010). On the contrary, 
mice deficient in syndecan-1 expression resist Wnt-1-induced tumorigenesis of the 
mammary gland (Alexander et al., 2000). Furthermore, manipulating the expression 
of glypican (Dally) in D. Melanogaster, has resulted in diverse developmentally 
abnormal phenotypes, including affected eye development and impaired wing 
formation (Takeo et al., 2005; Tsuda et al., 1999). Finally, mice deficient for different 
HS-modifying enzymes reveal a wide variety of developmental abnormalities, 
ranging from renal agenesis, pulmonary hypoplasia, and skeletal malformations to 
neonatal death or even disruption of gastrulation (Li et al., 2003; Lin et al., 2000; 
Merry et al., 2001; Ringvall et al., 2000).

Mouse models

Animal models constitute a powerful research tool in biological science. In this 
thesis we applied several mouse models to understand the role of HSPGs and HS-
modifying enzymes in lymphoid organogenesis, and in the development, migration, 
adhesion, proliferation and survival of normal and malignant B cells. In the next 
sections these mouse models are described.

Heparan	sulfate	glucuronyl	C5-epimerase	knockout	(Glce-/-)	mice
Glucuronyl C5-epimerase (Glce) converts D-glucuronic acid (GlcA) into L-iduronic 
acid (IdoA). Unlike GlcA, IdoA can adopt several pyronase ring conformations. 
Therefore, this conversion into IdoA will lead to increased HS chain flexibility that 
is essential for proper ligand binding and apositioning (Esko and Lindahl, 2001; 
Esko and Selleck, 2002; Jia et al., 2009). All identified protein-binding HS epitopes 
contain IdoA. Targeted disruption of Glce in mice (Glce-/-), resulted in structurally 
altered HS lacking IdoA and exhibiting a highly distorted sulfation pattern (Li et al., 
2003). Interestingly, however, Glce-deficient mice reach birth, with only a number 
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of developmental, and organ specific defects, including kidney agenesis, skeletal 
malformation, and poorly inflated lungs, leading to early neonatal death. Hence, major 
early developmental events known to critically depend on heparan sulfate apparently 
proceed normally, even in the absence of IdoA (Li et al., 2003). Assessment of HS-
growth factor interaction by nitrocellulose filter trapping revealed a strikingly diminished 
binding of fibroblast growth factor-2 (FGF2) and glia-derived neurotropic factor (GDNF) 
to Glce-/- HS, whereas FGF10 binding appeared to be normal. As a consequence, 
FGF2 stimulation of Glce-deficient mouse embryonic fibroblasts resulted in defective 
signaling as measured by downstream ERK phosphorylation (Jia et al., 2009). These 
findings demonstrate the importance of HS-modification by Glce in the regulation 
of growth factor-specific cellular events. This prompted us to investigate the role of 
Glce in lymphoid organ development, and in the development and antigen-specific 
differentiation of B cells, since many cytokines, growth factors, and chemokines 
involved in immunological processes have HS-binding domains.

Rag-2-/-gc-/-	mice
The recombination activating genes, Rag-1 and Rag-2, are essential for rearrangement 
of both the B cell and T cell receptor. Therefore, defects in either one of these genes 
results in the inability to generate peripheral B and T cells. When, in addition, the 
common gamma chain for the interleukin receptors 2 and 7 is lost, as in Rag-2-/-gc

-/- 
mice, NK cells also do not develop (Colluci et al., 1999). As a consequence, these 
mice permit highly reproducible engraftment of mouse and human hematopoietic cells 
and cell lines (Legrand et al., 2008, Rozemuller et al., 2008; Traggiai et al., 2004). 
This provided a model in which we could transfer fetal liver hematopoietic stem and 
progenitor cells of the neonatal lethal Glce-/- and wild type mice to study the role of 
glucuronyl C5-epimerase in B cell development and antigen-dependent differentiation. 
In addition, the Rag-2-/-gc

-/- mice are also highly permissive to grafting of human MM 
cells, which allowed us to investigate the role of HS (EXT1) in the growth and survival 
of MM in vivo.

Cre-recombinase	expressing	mice	and	conditional	gene	expression
Conditional gene targeting based on excision or inversion of LoxP-flanked DNA 
segments by Cre-recombinase is a powerful tool to study gene function. Conditional 
gene targeting in mice allows the introduction of targeted mutations in a cell type-
specific and/or inducible way. This is most commonly achieved by flanking a DNA 
segment with recognition sequences for a site-specific recombinase, and expressing 
the recombinase from a transgene controlled in a cell type-specific or inducible manner 
(Fig. 7, left panel). Bacteriophage-derived Cre-recombinase and its 34-base pair target 
sequences called LoxP sites are mostly used in this type of experiment (Branda and 
Dymecki, 2004; Rajewsky et al., 1996). Since its introduction about 15 years ago, this 
approach has become increasingly popular in biomedical research and of course also 
in immunology, for both in vivo and in vitro analysis of gene function, either knocked-
out (flanked exon) or overexpressed (flanked stop-codon preceeding the gene of 
interest) (Schmidt-Supprian and Rajewsky, 2007). A big advantage of the site-specific 
recombinase technology is that it can be applied to induce null mutations in discrete 
cell types in vivo, bypassing the embryonic lethality associated with many germline null 
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alleles (Branda and Dymecki, 2004).
To investigate the biology of a wide range of immune cells in vivo, it is also common 
practice to generate conditional transgenic mice. However, the classical approach to 
produce transgenic mice is labor intensive and time consuming. First, a transgenic 
mouse containing a LoxP-flanked DNA segment has to be generated by targeting of 
embryonic stem (ES) cells. Secondly, most ES cell lines used in gene targeting are on 
a 129 genetic background, thus, if a mutation on the C57BL/6 background is desired, 
which is the most commonly used mouse strain in immunology, the mutant mice have 
to be crossed nine times or more to C57BL/6 mice to establish it on that strain. Finally, 
these mice have to be crossed with mice expressing Cre-recombinase in a cell type 
specific (e.g. CD19-Cre) or inducible way (Fig. 7, left panel) (Bucholtz, 2008).

The recent development of the retrogenic mouse model (Fig. 7, right panel), 
however, allows for the rapid generation of transgenic mice, preventing tedious 
genetic engineering and ES targeting and selection (Holst et al., 2006; Nakagawa et 
al., 2006). In this system, a gene of interest is introduced into hematopoietic stem or 
progenitor cells by retroviral infection. The infected cells are subsequently injected 
into irradiated BL/6 or immunodeficient mice, e.g. Rag-2-/-gc

-/- mice, which eventually 
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Figure 7. Schematic overview of the generation of conditional transgenic mice on a BL/6 
background. Classical conditional mouse model: The Cre/LoxP system requires the presence of two 
LoxP-sites (blue triangles) flanking a DNA segment of interest (e.g. an exon or stop-codon, black boxes) 
and expression of Cre-recombinase (green box/circles). The LoxP-sites are introduced in vitro into a 
DNA segment, which is then targeted to the endogenous locus by homologous recombination in ES 
cells. Deletion of the floxed DNA element is achieved in cells expressing Cre-recombinase (conditional 
or inducible), for example being driven by the B cell-specific CD19 promoter. Cre-recombinase 
assembles at the LoxP sites and upon successful excision of the floxed DNA sequence, the genomic 
sequence is irreversibly modified (black circle containing exon/stop-codon), resulting in B cell-specific 
transgenic mice. Retrogenic conditional mouse model: Hematopoietic stem cells (HSCs) are isolated 
from adult bone marrow or E14.5 fetal livers. Via retroviral transduction, the gene of interest (g.o.i.) 
with promoter/enhancer of CD19 is introduced in HSCs. Upon injection of the manipulated HSCs into 
irradiated mice, B cell-specific expression is achieved. See text for more detail.
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will lead to the development and differentiation of a donor-derived, transgenic, 
immune system (Holst et al., 2006; Nakagawa et al., 2006). Interestingly, when a 
viral vector is used containing regulatory sequences from for example the B cell-
specific CD19 or T cell-specific CD4 gene (Fig. 7, right panel), even cell type specific 
expression (e.g. in B and T cells, respectively) of a gene of interest can be achieved 
in a much more rapid way (Marodon et al., 2003). A drawback of the retrogenic 
mouse model is that it can only be applied to the hematopoietic system. Nonetheless, 
it is a sophisticated technique to rapidly study genes, involved in immunology, and 
hematological malignancies, such as lymphoma and multiple myeloma.
The two methods to obtain conditional expression in, for example B cells, stimulated 
us to develop an approach to further simplify the conditional expression of a gene of 
interest in the hematopoietic compartment. This method (chapter 6) could ultimately 
lead to rapid analysis of tumor suppressor- or oncogenes, underlying for example 
MM development, without the need to generate classical conditional mice, or retro- 
or lentiviral vectors containing regulatory sequences or enhancers.

Aim and outline of this thesis
The aim of the studies described in this thesis was to investigate the contribution of 
heparan sulfate proteoglycans (HSPGs) in embryonic lymphoid organogenesis, and the 
development, migration, adhesion, proliferation and survival of normal and malignant B 
cells.
Lymphoid organogenesis is essential for the development of functional T- and B cells 
that supply defense against pathogens and toxins, and provides immunological memory. 
Chapter two reveals the contribution of the heparan sulfate modifying enzyme glucuronyl 
C5-epimerase to the development of primary and secondary lymphoid organs, and shows 
that modification of heparan sulfate (HS) is essential for proper binding of instructive 
morphogens and chemokines involved in these processes. Chapter three describes the 
role of glucuronyl C5-epimerase in the development, maturation and antigen-dependent 
differentiation of B-lymphocytes and the contribution of HS-modification in APRIL-
mediated survival of plasma cells.
High expression of the HSPG syndecan-1 is characteristic of terminally differentiated 
B cells, that is plasma cells, and their malignant counterpart multiple myeloma (MM). 
Chapter four shows that the HS chains attached to syndecan-1 are essential for the 
growth of MM, both in vitro and in vivo. This was demonstrated by applying inducible 
RNAi-mediated knockdown of EXT1, a co-polymerase indispensable for HS biosynthesis. 
In addition, the appendix of chapter four examines the impact of EXT1 knockdown on 
drug-induced cell death of MM, and shows that loss of HS expression renders the MM 
cells more susceptible to the treatment of the chemotherapeutics lenalidomide and 
bortezomib.
SDF-1a, a chemokine with HSPG-binding potential, has a major role in the adhesion, 
migration, survival and retention of normal and malignant B cells. Chapter five 
demonstrates that the small GTPase Ral is activated in response to SDF-1a and 
mediates migration of both B cells and MM cells, suggesting that Ral is involved in B cell 
homeostasis, trafficking, and function, as well as homing of MM cells to the bone marrow.

General introduction

BinnenwerkRogierReymers4-8-10.indd   28 4-8-2010   15:49:33



29

1

Chapter six describes a single retroviral vector-based method to rapidly generate 
conditional retrogenic mice. This novel mouse model could provide new opportunities 
to gain insight into the development and function of an array of hematopoietic cell 
lineages, and the pathogenesis of hematological malignancies, such as multiple 
myeloma.
Finally, chapter seven summarizes and discusses the results presented in this thesis, 
and provides suggestions for further studies and potential therapeutic applications of 
these findings for the treatment of MM patients.
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Abstract
 
The development of lymphoid organs depends on cross talk between hematopoietic 
cells and mesenchymal stromal cells and on vascularization of the lymphoid primordia. 
These processes are orchestrated by cytokines, chemokines, and angiogenic factors 
that require tight spatiotemporal regulation. Heparan sulfate (HS) proteoglycans are 
molecules designed to specifically bind and regulate the bioactivity of soluble protein 
ligands. Their binding capacity and specificity are controlled by modification of the 
HS side chain by HS-modifying enzymes. Although HS proteoglycans have been 
implicated in the morphogenesis of several organ systems, their role in controlling 
lymphoid organ development has thus far remained unexplored. In this study, we 
report that modification of HS by the HS-modifying enzyme glucuronyl C5-epimerase 
(Glce), which controls HS chain flexibility, is required for proper lymphoid organ 
development. Glce–/– mice show a strongly reduced size of the fetal spleen as well 
as a spectrum of defects in thymus and lymph node development, ranging from 

dislocation to complete absence of the organ anlage. Once established, however, the 
Glce–/– primordia recruited lymphocytes and developed normal architectural features. 
Furthermore, Glce–/– lymph node anlagen transplanted into wild-type recipient mice 

allowed undisturbed lymphocyte maturation. Our results indicate that modification of 
HS by Glce is required for controlling the activity of molecules that are instructive for 
early lymphoid tissue morphogenesis but may be dispensable at later developmental 
stages and for lymphocyte maturation and differentiation.
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Introduction
Lymphoid organ development depends on the population of the lymphoid primordia 
by circulating hematopoietic cells (Moore, 2004). Interactions between these cells and 
mesenchymal stromal cells are necessary for the survival and further development 
of both these cell types and for the outgrowth of the primordium (Vondenhoff et al., 
2007). While the source and nature of the inductive signals required for stromal cell 
differentiation in the primordia of the thymus and the spleen still need to be fully 
exposed, it has become clear that the signals for lymph node (LN)5 development 
emanate from lymphoid tissue inducer cells (LTi cells), which express lymphotoxin-
a1b2 (LTa1b2) and trigger the lymphotoxin b receptor (LTbR) expressed on stromal 
cells (Adachi et al., 1997; Adachi et al., 1998; Finke et al., 2002; Honda et al., 2001; 
Mebius, 2003; Yoshida et al., 2002). This results in the production of chemokines, 
such as CCL19, CCL21, and CXCL13, and the expression of adhesion molecules, 
necessary for the attraction and retention of additional LTi cells that will also contribute 
to the hematopoietic-mesenchymal cell interaction (Ansle et al., 2000; Cupedo et al., 
2004; Dejarin et al., 2002; Luther et al., 2003; Ohl et al., 2003; Rennert et al., 1998). 
Consequently, the primordium develops into an LN.
A class of molecules that could play an important role in lymphoid organ development 
are the heparan sulfate proteoglycans (HSPGs), since they are designed to 
specifically bind and regulate the bioactivity of soluble protein ligands (Derksen et 
al., 2002; Kahn et al., 2008; van der Voort et al., 1999; van der Voort et al., 2000). 
HSPGs are proteins with covalently attached heparan sulfate (HS) chains, and are 
widely distributed in animal tissues as both cell membrane bound molecules and 
extracellular matrix components. Native HS consists of N-acetylated glucosamine 
(GlcNAc) and D-glucuronic acid (GlcA) disaccharide units, with a chain length 
ranging from as little as ten up to hundreds of disaccharides (Lindahl et al., 1998). 
During their synthesis, the HS-chain undergoes a series of modifications involving 
deacetylation, epimerization, and N- and O-sulfation. This endows HS-chains with 
highly modified domains, which provide specific docking sites for many bio-active 
molecules (Bishop et al., 2007; Girardin et al., 2005; Lindahl et al., 1998). Binding 
of these ligands, including growth factors, morphogens, and chemokines, serves an 
array of functions, ranging from protection from degradation, immobilization, and 
gradient formation, to modulation of signal transduction across plasma membranes 
(Derksen et al., 2002; Reijmers et al., 2010; van der Voort et al., 2000). Consequent to 
their versatility, HSPGs are involved in the control of a variety of biological processes 
including cell adhesion and migration, angiogenesis, and tissue remodeling (Aviezer 
et al., 1994; Belenkaya et al., 2004; Bishop et al., 2007). Moreover, studies of model 
organisms and genetic defects in man have shown that they act as key players in 
embryonic development (Merry et al., 2001; Ringvall et al., 2000; Pilia et al., 1996).
Many of the morphogens, cytokines, and chemokines that have been implicated 
in lymphoid organ development contain potential heparan-sulfate binding domains 
(Handel et al., 2005), suggesting that HSPGs might play a role in lymphoid 
organogenesis. To explore this role, we studied Glce-/- mice (Li et al., 2003), which 
lack heparan sulfate C5-epimerase (Glce). Glce converts GlcA into L-iduronic acid 
(IdoA) thereby releasing the conformational constraints of the HS-chain, which 
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allows ligands to better access and bind to specific regions of the polymer (Mulloy 
et al., 2000). Glce-/- mice die neonatally with severe developmental abnormalities, 
involving the lungs, skeleton, and kidneys, demonstrating the importance of GlcA 
epimerization for HS function (Li et al., 2003; Mulloy et al., 2000). In this study, we 
show that Glce-/- mice display a number of complex abnormalities in lymphoid organ 
development.

Materials and Methods
Mice
C57BL/6 mice carrying a mutant allele for Glce-/-, described previously (Li et al., 2003), 
were bred and maintained on a C57BL/6 background, under specified pathogen 
free conditions at the animal facility of the Academic Medical Center (Amsterdam, 
The Netherlands). All animal experiments were conducted according to Institutional 
Guidelines after acquiring permission from the local Ethical Committee for Animal 
Experimentation and in accordance with current Dutch laws on animal experiments. 
Mice were mated overnight, and the day of vaginal-plug detection was marked as 
E0.5. Pregnant females were sacrificed at E18.5 and embryos were harvested and 
examined either by immunofluorescence or FACS analysis. Offspring of the Glce+/- 
couples were genotyped by PCR, using primers as described before (Li et al., 2003).

Antibodies
For immunofluorescence and flow cytometry, the following Abs were used: GK1.5 
(anti-CD4), 53.67.2 (anti-CD8), MECA-367 (anti-mucosal addressin cell adhesion 
molecule-1 (MAdCAM-1)), and MP33 (anti-CD45). All the Abs were affinity purified 
from hybridoma cell culture supernatants with protein G-Sepharose (Pharmacia, 
Uppsala, Sweden) and biotinylated or labeled with Alexa-Fluor 488, Alexa-Fluor 
546 or Alexa-Fluor 633 (Invitrogen Life Technologies, Breda, The Netherlands). 
429 (anti-VCAM-1; BD Biosciences, Erembodegem, Belgium), 1A29 (anti-ICAM-1; 
BD Biosciences), anti-CD19, 145-2C11 (anti-CD3e; eBioscience, San Diego, CA, 
USA), M5/114.15.2 (anti I-A / I-E; Biolegend Europe BV, Uithoorn, The Netherlands), 
A7R34 (anti-IL7R; eBioscience), Avas12a1 (anti-VEGFR-2; eBioscience), MECA32 
(pan-endothelial-cell marker; BD Biosciences), polyclonal antibody (pAb) anti-Lyve-1 
(Millipore, Billerica, MA, USA), 11D4.1 (anti-vascular endothelial (VE)-cadherin; BD 
Biosciences), MAB757, MAB345, MAB233 (anti-BMP4, anti-FGF10 and anti-FGF2, 
R&D systems, MN, USA), K15C (anti-SDF, kindly provided by Dr. F. Arenzana-
Seisdedos), and anti-VEGFR-1 pAb (anti-Flt1, Neomarkers Fremont, CA, USA) 
were used as biotinylated, phycoerythrin(PE)-conjugated, Alexa-647-conjugated or 
as unconjugated primary antibodies. 429, A7R34, Avas12a1, MECA32, anti-Lyve-1 
pAb, 11D4.1, MAB757, K15C and anti-VEGFR-1 pAb were visualized with PE-, Alexa-
Fluor 488, Alexa-Fluor 546 or Alexa-Fluor 633 conjugated streptavidin, anti-rat IgG 
or anti-rabbit IgG. A phage display-derived single chain antibody vesicular stomatitis 
virus-tagged (VSV) AO4B08 (Kurup et al., 2007) was used (anti-HS, kindly provided 
by Dr. TH van Kuppevelt, Nijmegen, the Netherlands) and was detected by a Cy3-
conjugated secondary antibody anti-VSV, P5D4 (Sigma). To assure specificity of the 
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Abs, conjugate-alone controls as well as control serum (rat or rabbit) as replacement 
of the primary incubation were used.

Macroscopic,	histological,	and	immunofluorescence	studies
To assess lymphoid organ development, embryos were autopsied at E18.5. 
Macroscopic images were taken on a Leica M2 FLIII using a Leica DFC 320 camera. 
Images were processed in Jasc Paint Shop Pro 7.
For immunofluorescence studies, 7 μm cryosections were fixed in dehydrated acetone 
for 2 min and air-dried for an additional 15 min. Endogenous avidin was blocked with 
an avidin-biotin block (Vector Laboratories, Burlingame, CA, USA). Sections were 
subsequently pre-incubated in PBS supplemented with 5% (v/v) mouse serum for 
10 min. Incubation with primary Ab for 45 min was followed by a 30 min incubation 
with Fluor-Alexa-labeled conjugate (Invitrogen Life Technologies, Breda, The 
Netherlands) when needed. All incubations were carried out at room temperature. 
Before embedding in polyvinyl alcohol-based anti-fading mounting medium, sections 
were counter stained with Hoechst 33342 (Invitrogen Life Technologies, Breda, The 
Netherlands) for 10 min. Stainings were analyzed on a Leica TCS SP2 Confocal 
Laser Scanning Microscope (Leica Microsystems Nederland BV, Rijswijk, The 
Netherlands).
For histological studies, whole embryos were formalin-fixed and paraffin-embedded. 
Subsequently, 4 μm whole body serial tissue sections were cut and stained with 
hematoxylin (Merck, Darmstadt, Germany).

Flow	cytometry
Expression of membrane proteins was analyzed by single, double, or triple stainings 
as described previously (van der Voort et al., 1999). Staining was measured on a 
FACS Calibur flow cytometer (Becton Dickinson, USA).

Growth	factor	and	chemokine	binding	assay
Mouse embryonic fibroblasts (MEFs) of Glce+/+ and Glce-/- embryos were generated 
as described (Jia et al., 2009). Cells were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM) containing 10% FCS and 1% penicillin/G-streptomycin. To study 
Glce dependent binding, 2x105 MEFs were incubated with 100 ml recombinant BMP4 
(5 mg/ml), FGF2 (1.25 mg/ml) or FGF10 (5 mg/ml) (all from R&D systems, MN, USA) 
in RPMI-1640 medium containing 20 nM HEPES and 1% BSA for 90 minutes at 
4°C. Ligand concentrations used, represent the minimal concentrations required 
to saturate binding to Glce+/+ MEFs. Binding was detected by FACS using mouse 
anti-BMP4, anti-FGF2 and anti-FGF10 respectively in combination with a goat anti-
mouse PE-labeled secondary antibody (Southern Biotechnology Associates Inc, 
Birmingham, AL).

Lymph	node	transplantation
The procedure for transplanting lymph nodes to the mouse popliteal fossa has been 
previously described (Mebius et al., 1993). In brief, mice were anesthetized using 
Hypnorm (Janssen Pharmaceutica, Tilburg, the Netherlands) and Dormicum (Roche, 
Woerden, the Netherlands), and the rear of both hind limbs was shaved. The mouse 
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was restrained on a surgical stage in a ventral orientation and a 0.5 cm incision 
was made in the skin directly above the position of the popliteal lymph node (PLN). 
Mesenteric lymph nodes were removed from E18.5 embryos. The PLN was removed 
from the surrounding fat and a fragment of the E18.5 mesenteric lymph node was 
placed in the resulting lacuna. The fat tissue was sealed with a stitch to prevent 
the transplant from moving, and the overlying skin was sutured. The procedure 
was repeated for the contra-lateral lymph node. After 4 weeks the transplants were 
harvested and cryosections were prepared for analysis.

Results
Glce-/-	mice	display	defects	in	thymus	lobulation	and	positioning
The development and maturation of the thymus primordium and its subsequent 
population by T cell precursors is dependent on several soluble factors with (potential) 
HS binding properties, including fibroblast growth factors (FGFs), bone morphogenetic 
proteins (BMPs), platelet-derived growth factor (PDGF)-BB and chemokines (Khan et 
al., 2008; Tsai et al., 2003). To explore whether defective C5-epimerization of HSPGs 
affects thymus development and function, we compared the morphology and position, 
the histology, and the hematopoietic cell content of the thymus of wild type (Glce+/+), 
heterozygous (Glce+/-) and knock-out (Glce-/-) littermates at E18.5 of gestation. 
Interestingly, we observed that, whereas all wild type (n=7) and heterozygous (n=14) 
mice showed a bilobular thymus positioned at the midline of the anterior mediastinum, 
58% of the Glce-/- mice (n=12) displayed distinct abnormalities in thymus lobulation 
and positioning (Fig. 1A-F). Specifically, in two of the Glce-/- mice the thymus was 
unilobular and hypoplastic (Fig. 1A,B), but showed an orthotopic localization (Fig. 
1E,F), while in 5 additional Glce-/- animals, the left or right thymic lobe was dislocated 
and positioned either anterior or lateral to the heart (Fig. 1C,D). Because BMP4 and 
FGF10 signaling are required for proper thymus formation and lobe migration (Bluel 
et al., 2005; Dooley et al., 2007; Revest et al., 2001), we analyzed the HS dependent 
binding of these ligands to wild type and Glce-/- mouse embryonic fibroblasts (MEFs). 
We observed that the HS dependent binding of BMP4 and FGF10 to Glce-/- MEFs 
was strongly reduced (Fig. 1K). This indicates a possible role for HSPGs in controlling 
BMP4 and FGF10 mediated signals required for the migration of the thymic primordia 
to their definitive position in the anterior mediastinum. Compared to FGF10 binding, 
binding of FGF2 to Glce-/- MEFs was even stronger reduced (Fig. 1K), a finding which 
confirms our previous observation that Glce activity is indispensable for FGF2 binding 
(Jia et al., 2009).
Despite the abnormalities in thymus positioning and lobulation, histological studies 
revealed no abnormalities in architecture of the thymus of the Glce-/- mice. Most 
importantly, a normal separation of cortical and medullary areas was present, implying 
that thymocyte precursors had entered the tissue and assisted in the organization 
(van Eweijk et al., 2000) (Fig. 1E-J). In line with these findings, we identified CD45+ 
hematopoietic cells in the thymus of both Glce+/+ and Glce-/- littermates (Fig. 1I,J).
For the differentiation of T cell precursors into mature thymocytes, the interaction with 
major histocompatibility class II (MHC II) positive thymic epithelial cells is essential 

45

2

Glce is required for lymphoid organ development

BinnenwerkRogierReymers4-8-10.indd   45 4-8-2010   15:49:34



(Anderson et al., 1996; Farr et al., 1985; Hogquist et al., 1996). These MHC II I-A/
I-E+CD45- thymic epithelial cells were unaffected by the Glce mutation (Fig. 1I,J), 
suggesting that embryonic thymocyte differentiation might not be impaired. Indeed, 
embryonic thymocyte differentiation (Xiao et al., 2003) was undisturbed in Glce-/- 
mice (Fig. 1L). Specifically, the percentages CD4+CD8+CD3+ double positive (DP), 
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Figure 1. Thymus development in Glce-/- compared to wild type mice. Macroscopic (A-D) and 
microscopic images (E-J) of E18.5 wild type (A,C,E,G,I) and Glce-/- (B,D,F,H,J) thymi. Unilobular and 
hypoplastic thymi (B,F) and aberrant migrated thymic lobes (D) are shown for Glce-/- embryos as 
compared to wild type littermates (A,C,E). (C,D). Hematoxylin stained paraffin sections of wild type and 
Glce-/- fetuses show cortical (dark blue) and medullary areas in both wild type (E,G) and Glce-/- (F,H) 
thymi. (I,J) Immunofluorescent stainings of cryosections of wild type and Glce-/- thymi for CD45 and 
major histocompatibility class II (MHC II) I-A/I-E, revealing CD45+ hematopoietic cells (red) and MHC II 
I-A/I-E+CD45- thymic epithelial cells (green) in both wild type and Glce-/- thymus. The presence of these 
cells shows that the Glce-/- thymus primordium is capable of attracting and retaining hematopoietic 
progenitors and that thymic epithelial cells necessary for thymocyte differentiation are present within the 
Glce-/- thymus. (K) Binding of BMP4, FGF2 and FGF10 is given as the relative mean fluorescent intensity 
(MFI) ± SEM of MEFs that were incubated with BMP4, FGF2 or FGF10, washed, and stained with a 
BMP4, FGF2 or FGF10 specific antibody, as compared to MEFs that were incubated with BMP4, FGF2 
or FGF10, washed, and stained with an isotype control antibody. n=3 * p<0.05; ** p<0.01 (Student’s 
t-test). (L) Staining of CD3+ E18.5 thymocytes for CD4 and CD8, different T cell subpopulations are 
gated. Percentages are given.
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and mature CD4+CD8-CD3+ and CD4-CD8+CD3+ single positive (SP) thymocytes in 
Glce-/- mice were similar to those in wild type littermates (Fig. 1L). This indicates 
that Glce-/- thymus primordia are able to support the development of thymocytes to 
mature SP T cells. Taken together, our results show that Glce activity is important for 
proper thymic lobe migration and positioning, however, it seems to be dispensable 
for the lymphopoietic function of the thymus.

Glce-/-	mice	show	splenic	hypoplasia	but	intact	white	pulp	development
The red pulp of the murine fetal spleen (FS) has an important hematopoietic function 
(Bertrand et al., 2006). From day E14.5 onwards, a distinct white pulp anlage can 
be recognized by the presence of LTi cells (Withers et al., 2007; Vondenhoff et al., 
2008), which are positioned adjacent to VCAM-1+MAdCAM-1loICAM-1- stromal cells 
that surround major arterioles (Withers et al., 2007). To investigate the effect of 
Glce deficiency on spleen development, in particular on the formation of white pulp 
anlage, we isolated FSs from day E18.5 murine fetuses. Macroscopic assessment 
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Figure 2. Fetal spleen development 
is altered in Glce-/- mice. (A,B) Cell 
count and weight of fetal spleens (FS) 
from E18.5 littermates. Both the FS 
cell number and weight of Glce-/- (-/-) 
embryos reveal a significant decrease 
compared to wild type (+/+) and Glce+/- 
(+/-) littermates. (C-E) Macroscopic 
images of representative (C) wild 
type (+/+), (D) Glce+/- (+/-) and (E) 
Glce-/- (-/-) FSs. The reduced FS size 
observed in Glce-/- (-/-) corresponds 
with cell counts and weight depicted 
in (A,B). (F,G) Hematoxylin stained 
paraffin sections of wild type and 
Glce-/- E18.5 fetuses containing 
FSs. The diameter of FSs is similar 
between Glce-/- and wild type mice, 
indicating that especially FS length 
is affected by a deficiency in Glce. 
Spleens are indicated with arrowhead. 
For significance an one-way ANOVA, 
Bartlett’s test, Tukey-Kramer test was 
applied
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revealed a strong size reduction of the FSs of all Glce-/- mice (Fig. 2D) compared to 
both Glce+/+ (Fig. 2B) and Glce+/- mice (Fig. 2C). Consistent with this size reduction, 
cell numbers in Glce-/- FSs were also significantly reduced (Fig. 2A). The reduced 
FS size of Glce-/- animals was primarily caused by a reduction in length, not by a 
reduction in FS diameter (Fig. 2E,F).
To explore the possible functional consequences of Glce deficiency for the 
development of the lymphoid compartment of the spleen, we studied the number 
and distribution of LTi and B cells that are typically found in the white pulp anlage 
during early splenic lymphoid development (Withers et al., 2007; Vondenhoff et 
al., 2008). FACS analysis demonstrated that the spleens of Glce-/- mice contained 
normal percentages of B cells (CD19+) while the relative number of LTi cells 
(CD4+CD3-CD45+) were slightly but significantly increased compared to Glce+/+ 
and Glce+/- littermates (Fig. 3A,B). Immunofluorescent analysis revealed a similar 
clustered organization of LTi cells around arterioles (VEGFR-1+VEGFR-2+MECA32-/

lo) in Glce-/- and Glce+/+ littermates (Fig. 3C-H).
We have previously shown that adhesion molecules such as MAdCAM-1, VCAM- 1 
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Figure 3. Splenic white pulp anlage can be found in Glce-/- mice. (A,B) The percentage of 
CD4+CD45+CD3- LTi (A) and B cells (B) of all CD45+ hematopoietic cells in Glce-/-, Glce+/-, and wild type 
FSs were measured by FACS analysis. Each dot depicts the relative cell count for an individual mouse. 
(A) The mean relative LTi cell frequency of Glce-/- FSs was increased when compared to Glce+/- FSs. 
(B) There was no increase in mean relative B cell frequencies of Glce-/- FSs opposed to Glce+/- or wild 
type FSs. (C, D) CD4+IL7R+CD45+ LTi cells were typically found in splenic white pulp anlagen in both 
wild type and Glce-/- FS (CD4 in green, IL7R in red, CD45 in blue). White pulp anlagen are indicated 
by white lines. (E,F) VCAM-1+ white pulp stromal cells (arrowhead) surrounding the ICAM-1+ central 
arteriole in both wild type and Glce-/- FSs (VCAM-1 in green, ICAM-1 in red, MAdCAM-1 in blue). 
(G,H) The central arteriole in white pulp anlage of both wild type and Glce-/- expressed VEGFR-1 and 
VEGFR-2 but not MECA32 (arrowhead). In addition, in both wild type and Glce-/- splenic red pulp, small 
MECA32+VEGFR-2+ blood vessels were found (double arrowhead; VEGFR-1 in green, MECA32 in red, 
VEGFR-2 in blue). * p < 0.05, ** p < 0.01, *** p < 0.001 (One-way ANOVA, Bartlett’s test, Tukey-Kramer 
test). Scale bars: 50mm (A-H).
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Figure 4. Lymph node anlagen 
in wild type and	Glce-/-	mice. 
Macroscopic (A-G) and microscopic 
images (H-L) of E18.5 wild type (A,F,H) 
and Glce-/- (B-E,G,I-L) lymph node 
anlagen. (A) In wild type animals, 
inguinal lymph node anlagen are 
typically located at the vascular junction 
(arrowhead) that are positioned at both 
sides of the body, between hypaxial 
musculature and skin. In Glce-/- mice, 
the morphology of these veins was 
highly variable between individual 
mice (B-F). Alterations observed 
were the parallel positioning of veins 
where normally a junction of veins 
is found (B); branching of numerous 
small blood vessels from larger veins 
(B,C); branching of few larger vessels 
from large veins (D); irregular shape 
of blood vessels (B,C,E). If present, 
the junction of large veins lacked 
inguinal lymph node anlagen in some 
animals (double arrowhead) (C,D), 
but could be distinguished in others 
(E). In contrast to inguinal lymph 
node anlagen, mesenteric lymph 
node anlagen (G) were found in all 
Glce-/- animals, and were of similar 
morphology to wild type mesenteric 
lymph node anlagen (F). Scale bars: 
1 mm (A-G). (H,I) Microscopic images 

of wild type and Glce-/- brachial lymph node anlagen, indicated by a white line. Both anlagen are positioned 
near a large VE-cadherin+ vein (arrowhead), and contain MAdCAM-1+VE-cadherin+ blood vessels and a 
capsule formed by Lyve-1+MAdCAM-1+ lymphatic endothelial cells. The Glce-/- BLN anlage contains an 
irregular shaped Lyve-1+ capsule and few MAdCAM-1int stromal cells (Lyve-1 in green, VE-cadherin in red, 
MAdCAM-1 in blue). (J-L) Glce-/- ectopic lymph node anlagen indicated by white lines, proximal to fetal 
liver (FL; arrowhead). The ectopic lymph node anlage contains few LTi cells (CD4 in green, IL7R in red, 
CD45 in blue) (J). A small number of MAdCAM-1int stromal cells was located near lymphatic endothelial 
cells (Lyve-1 in green, VE-cadherin in red, MAdCAM-1 in blue) (K). VEGFR-1+VEGFR-2+MECA32lo 
arteriole and a MECA32+VEGFR-2+ blood vessel proximal to the VEGFR-2+ capsule of the ectopic lymph 
node anlage (VEGFR-1 in green, MECA32 in red, VEGFR-2 in blue) (L). Scale bars: 75 mm (H-L).

and ICAM-1 are expressed in the developing splenic white pulp (Vondenhoff et al., 
2008). Although the expression of ICAM-1 was remarkably high at some locations 
in the splenic white pulp of Glce-/- mice (Fig. 3E,F), we did not observe a consistent 
change in the expression of these adhesion molecules in Glce-/- mice. Hence, although 
Glce deficiency leads to a decreased spleen size, Glce activity is not required for the 
first steps of splenic white pulp development.

Morphology	of	Glce-/-	lymph	node	anlagen
To investigate the role of Glce in the formation of LN primordia, the peripheral and 
mesenteric LN anlagen of Glce-/-, and their Glce+/+ and Glce+/- littermates were 
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studied. We observed that Glce deficiency disturbs inguinal (Fig. 4A-E) but not 
mesenteric LN development (Fig. 4H,I). At the macroscopic level, all Glce-/- mice 
(n=13) displayed defects in blood vessel formation proximal to the inguinal LNs (Fig. 
4B-E), including abnormal positioning (Fig. 4B) and excessive branching of major 
blood vessels (Fig. 4B-E). Moreover, in 69% of the Glce-/- mice one or more inguinal 
LN anlagen were absent (Fig. 4B,C). In marked contrast, the development of the 
mesenteric LN anlagen was undisturbed in all Glce-/- mice (Fig. 4F,G).
To assess early LN development in more detail, immunofluorescence studies were 
performed employing whole body sections of E16.5 and E18.5 Glce-/- (n=5) and wild 
type mice (n=5). In these sections, the LN anlagen were identified by double staining 
for MAdCAM-1 and CD4. These studies revealed variable abnormalities in 80% of 
the inguinal LN anlagen of Glce-/- mice, including a reduced primordium size (n=4) 
and an ectopic localization posterior or anterior of the liver (n=2). However, within 
these ectopic lymph nodes, LTi and stromal cells appeared undisturbed (data not 
shown). Analysis of MAdCAM-1+Lyve-1+ lymphatic endothelial cells, VE-Cadherin+ 
vascular endothelial cells, and MAdCAM-1+ LN stromal cells in the peripheral LN 
anlagen, revealed that all non-hematopoietic cell types were present in Glce-/- LNs 
(Fig 4I). In addition, LTi cells expressing CD4+IL7R+CD45+ were also present (data 
not shown). However, in the Glce-/- LNs, the overall number of MAdCAM-1+ stromal 
organizer cells appeared to be reduced and these cells were only found in the direct 
vicinity of lymphatic endothelial cells that constituted the LN capsule. This capsule 
displayed an irregular morphology shown by its extensions into the primordium (Fig. 
4H,I). Interestingly, the ectopic LNs present in several Glce-/- mice showed normal 
organizational features including the presence of CD4+IL7R+CD45+ LTi cells (Fig. 
4J) co-localized with VCAM-1+ICAM-1+MAdCAM-1+ stromal cells (Fig. 4H and data 
not shown) and surrounded by Lyve-1+VEGFR-2+ lymphatic endothelial cells (Fig. 
4H,I). Like in the LNs of wild type mice, VEGFR-2+MECA32+ (Fig. 4H) and VE-
cadherin+VEGFR-1+ vascular endothelial cells (Fig. 4H,I) were present within these 
anlagen.These results show that the development, localization, as well as the internal 
organization of the LN primordia are affected by Glce deficiency, but that the Glce-

/- primordia have the potency to attract and retain LTi cells that induce outgrowth of 
the anlage. We suggest that alterations in the morphology and location of inguinal 
LN primordia are most likely a secondary effect of a combination of impaired vessel 
development and altered neuronal outgrowth (van de Pavert et al., 2009). Because 
inguinal LN anlagen are situated at the junction of large vessels, distant to innervating 
neurons, this effect is of specific importance for these lymph node primordia.

Transplantation	and	outgrowth	of	Glce-/-	lymph	node	primordia
As demonstrated above, Glce deficiency leads to defects in the early development 
of the inguinal LN primordia. However, since Glce-/- mice die neonatally, the possible 
consequences of Glce deficiency for the later stages of LN development and function 
could not be addressed. To circumvent this limitation, we isolated mesenteric lymph 
nodes (MLNs) of both Glce-/- and Glce+/+ E18.5 embryos. After surgical removal of 
the popliteal lymph node (PLN), these were transplanted to the popliteal fossa of 5-6 
week old wild-type recipient mice (Mebius et al., 1993). The LNs were allowed to 
mature and LNs were allowed to mature and attract lymphocytes for 3-4 weeks, after
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Figure 5. Glce-/- transplanted 
mesenteric lymph nodes contain 
vasculature without C5-epimerized 
heparan sulfate but reveal a normal 
and functional organization. Confocal 
microscopy images of an adult wild 
type popliteal lymph node (PLN) (A, 
B) and of transplanted wild type and 
Glce-/- mesenteric lymph nodes (MLN) 
(C-G). (A) Within the PLN, the B cells 
(B220+CD19+, blue/green) form an outer 
cortex organized into lymphoid follicles, 
and the paracortical areas are made up 
mainly of T cells (CD3+, red). (B) Within 
the B and T cell areas (CD45+, blue), 
many blood vessels (VEGFR-2+, green) 
are formed that express C5-epimerized 
heparan sulfate (AO4B08+, red) on the 
basement membrane at the basolateral 
surface as indicated by the white 
arrowheads. In contrast with the vessels 
of the wild type MLN (C), the vessels 
in the knockout transplanted MLNs (D, 
E) do not express C5-epimerized HS. 
White arrowheads point to wild type HS 
and red arrowheads point to HS lacking 
C5-epimerization. (F) A Glce-/- MLN 
stained for B cells (B220+CD19+, blue/
green) and T cells (CD3+, red). The B 
and T cells are organized in follicles 
and a cortex as was shown for the 
wild type PLN in A. (G) Identification of 
follicular dendritic cells (FDC-M2+, red) 

in the B cell (B220+, green) follicles indicated by white arrowheads. Antibody secreting plasma cells 
within de medullary cords are shown in blue as immunoglobulin G (IgG) positive cells, as pointed out by 
red arrowheads. B’-E’ Enlargements of B-E as indicated by the white squares. f, follicle; T, T cell area/
cortex; mc, medullary cords. Scale bars 500 mm. 

which they were removed and analyzed by fluorescent confocal microscopy.
B and T lymphocytes enter LNs from the blood through specialized high endothelial 
venules (HEVs), located in the T cell areas (Fig. 5A), and naïve B cells subsequently 
migrate to the B cell follicles (Fig. 5A). This migration process is guided by 
chemokines, including CCL19, CCL21, and CXCL13 expressed by high endothelial 
venules, follicular reticular cells, and follicular dendritic cells (FDCs) (47). We 
observed that the endothelial cells (VEGFR-2+) lining HEV express high levels of 
C5-epimerized HS (Fig. 5B) as determined by AO4B08 staining (Kurup et al., 2007). 
Consistent with this finding, HEVs of the transplanted Glce+/+ LNs were also positive 
for C5-epimerized HS (Fig. 5C), while venules of Glce-/- LNs were negative, with the 
exception of (recipient derived) vessels at the outer border (Fig. 5D,E). Despite the 
absence of C5-epimerized heparan sulfate on all the (inner) vessels, the Glce-/- LNs 
did not reveal any abnormalities in size, architecture, or cell composition. Thus, the 
lymph nodes contained distinct T cell (CD3+) and B cell areas (B220+CD19+) with 
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follicles containing FDCs (Fig. 5F,G). Within the B cell follicles and in the medullary 
cords of the Glce-/- LNs, isotype switched (IgG+) B cells and plasma cells were 
detected, implying an intact germinal center function (Fig. 5G). Taken together, Glce 
deficiency has variable but often profound effects on the initial phases of lymph node 
development, and may even result in complete absence of the LN anlage. However, 
once formed the outgrowth to a fully populated and functional LN appears to be 
undisturbed.

Discussion
This study in Glce mutant mice, which lack the D-glucuronic acid stereoisomer 
L-iduronic acid, demonstrates that a proper control of HS-chain conformation is 
required for normal lymphoid organ development. Glce deficiency did not prevent 
lymph organogenesis per se, but gave rise to an array of abnormalities in the 
developing spleen, thymus, and LNs. Of these defects, a strongly reduced spleen 
size was uniformly present in all Glce-/- mutant mice, while the effects of Glce 
deficiency on thymus and lymph node development were highly variable among 
individual mice, with a spectrum from undisturbed to dysplasia and dislocation, or 
even complete agenesis of the organ. This broad variability suggests that HSPG 
modification by Glce plays a role in the regulation of the activity of factors that 
control cell fate decisions during early lymphoid tissue development. Presumably, 
the interaction of morphogens with appropriately processed and modified HSPGs 
ensures their correct spatio-temporal distribution, thereby fine-tuning organogenesis. 
Indeed, genetic and cell biological studies in Drosophila, mice, and man have 
provided ample evidence for a crucial role of HSPGs in the regulation of the activity 
of various morphogens, including members of the BMP, WNT, and Hedgehog (Hh) 
families (Belenkaya et al., 2004; Gallet et al., 2008; Giraldez et al., 2002; Kahn et 
al., 2008 Takei et al., 2004).
Glce mutant mice showed defective thymus lobe migration and positioning, while 
the organization of the thymus and differentiation of thymocytes to mature (SP) T 
cells were unaffected. This implies that HS modification by Glce is required for a 
proper control of early steps in thymus morphogenesis but is dispensable for the 
lymphopoietic function of the thymus. Thymus development can be divided into 
distinct phases and is initiated by the development of the thymus primordia (E10.5) 
from the third pharyngeal pouch and their successive migration towards the anterior 
mediastinum. This results in the formation of a bilobular thymus, positioned at the 
midline (E13.5), which subsequently becomes populated by thymocytes (Blackburn 
et al., 2004). The majority of the Glce mutant embryos displayed thymic lobe 
positioning and/or development defects, with dysplastic thymic lobes that were either 
ectopically located or were entirely absent, resulting in an unilobular thymus. Similar 
defects have also been reported in mice in which BMP or FGF signaling was inhibited 
in thymic epithelial cells by conditional transgenic expression of the BMP antagonist 
Noggin, or by knocking out Fgfr2-IIIb (35-37). Since BMP and FGF signaling have 
been demonstrated to be modulated by HS (Aviezer et al., 1994; Hu et al., 2009; 
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Kahn et al., 2008; Olivares et al., 2009), these findings suggest that misregulation 
of BMP and/or FGF signaling underlies the thymus defects in Glce mutant mice. 
Consistent with this notion, we observed that MEFs lacking Glce show a reduced 
capacity to bind BMP4 and FGF10 (Fig. 1K), two major players implicated in thymus 
development (Bluel et el., 2005; Tsai et al., 2003). Interestingly, BMP4 heterozygous 
null mice display haploinsufficient phenotypes with highly variable penetrance, 
resembling the phenotypes in Glce mutant mice. This variability is believed to be 
caused by stochastic variation in active BMP4 protein levels at critical stages during 
the development of specific organs (Chang et al., 2001; Dunn et al., 1997; Hwang 
et al., 2008). Reduced interaction of BMP4 with HSPGs lacking iduronic acid might 
similarly cause variation in ligand availability leading to misregulation of cell fate 
decisions, which could explain the variable thymic phenotypes.
Despite the above thymic defects, colonization of Glce-deficient thymus primordia 
by thymocyte precursors, as well as their maturation to mature single positive 
thymocytes, was unaffected, which is similar in Fgfr2-IIIb deficient mice (Dooley 
et al., 2007; Revest et al., 2001). This colonization by thymocyte precursors and 
thymopoiesis depends on the chemokines CCL21, CCL25 and CXCL12a (Alves et 
al., 2009; Liu et al., 2006; Schwarz et al., 2007), which are all reported to posses 
HSPG binding properties (Amara et al., 1999; Handel et al., 2005; de Paz et al., 
2007; Sadir et al., 2001). We observed that the HS modification that is required 
for effective binding, differs among these, and other chemokines: whereas binding 
of CXCL13 was unaffected, the binding of CCL21 and CXCL12a to HS of Glce-/- 
MEFs was reduced by 50-95% (R. M. Reijmers and S. T. Pals, unpublished). This, 
however, did not result in defective thymocyte maturation suggesting that CXCL12a-
HSPG interaction is not required. Recently, it has been demonstrated that Cxcl12 
can be spliced in an alternative variant known as CXCL12g (Rueda et al., 2008). This 
splice variant is found to be abundantly and specifically expressed in several organs 
including the brain, heart, bone marrow, and thymus. Binding analysis of CXCL12g 
revealed an astoundingly high affinity interaction with cell-surface HS, superior to 
that of any known HS-protein interaction. This high affinity interaction might allow 
CXCL12g to bind to HS lacking IdoA (Rueda et al., 2008), which could explain the 
relative mild effects of Glce deficiency on (lymphoid) organ development in general 
and thymocyte development in particular. In support of this hypothesis, we observed 
expression of the CXCL12g protein in the embryonic thymus (R. M. Reijmers and 
S. T. Pals, unpublished).
It has recently been reported that HSPGs play a crucial role in vascular development. 
Specifically, lack of HS N-sulfation was shown to result in diminished PDGF-BB 
binding, leading to defective pericyte recruitment. Although much less severe, 
pericyte recruitment defects were also found in Glce-/- mice (Abramsson et al., 2007). 
In our current study, we demonstrate that Glce deficiency indeed leads to distinct 
changes in blood vessel development at the lymphoid organ primordia, which might 
be caused by impaired FGF2 interaction since FGF dosage is critical for (lymph)
angiogenesis (Chang et al., 2004). These defects did not completely block the 
formation of lymphoid tissue, but it is conceivable that they are, at least in part, 
responsible for the aberrant LN formation and splenic hypoplasia. Indeed, impaired 
blood vessel function was previously reported to have a dramatic impact on spleen 
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development (Katoh-Fukui et al., 2005). Nevertheless, both red pulp and white pulp 
anlagen could be distinguished in Glce-/- spleens and contained all cell populations 
that were present in wild-type control spleens.
Due to the neonatal lethality of Glce deficiency, more ‘mature’ splenic functions, 
including the ability to support B cell maturation and mediate immune responses, 
could not be studied. For lymph node development, this limitation of our model 
was circumvented by transplanting E18.5 LN into adult recipients (Mebius et al., 
1993). Interestingly, LNs lacking the expression of Glce developed normally; not 
only did they show a normal architectural separation of T and B cell areas with 
follicles containing follicular dendritic cells, but they also contained isotype-switched 
B cells (IgG), implying that the Glce-/- LN anlage is able to support both full lymph 
node development as well as lymphocyte differentiation. This finding indicates that 
modification by Glce of HSPGs on LN stromal cells is dispensable for lymph node 
development and function. Although non-epimerized HSPGs could be essential, it 
is noteworthy that chemokines including CXCL12a, CXCL13, CCL19 and CCL21, 
have recently been shown to be capable of binding to collagen IV (Yang et al., 
2007), suggesting that apart from HSPGs, such as perlecan, also other extracellular 
proteins lacking heparan sulfate moieties can regulate their distribution. In the 
lymph node, collagen IV, fibronectin, and laminin expression are reported to be 
restricted to reticular fibers and the basal lamina of HEVs, and they have a similar 
distribution pattern, whereas perlecan is limited to the vascular system of the lymph 
node (Ma et al., 2007; Sixt et al., 2005). Thus, interplay between several types of 
extracellular proteins could determine the distribution of chemokines within the LN 
microenvironment thereby controlling e.g. the directional lymphocyte trafficking from 
HEVs into the lymphoid tissue parenchyma.
Taken together, in recent years studies in model organisms and man have provided 
ample evidence for a crucial role of HSPGs and their correct modification by heparan 
sulfate modifying enzymes in controlling morphogen and growth factor activities 
during embryonic development, but their potential impact on lymphoid organogenesis 
had remained unexplored. Our study represents the first report that specifically 
addresses the impact of HS modification on lymphoid organogenesis. Our results 
indicate that modification of HS by Glce is required for controlling the activity of 
molecules that are instructive for early lymphoid tissue morphogenesis, but may 
be dispensable at later developmental stages and for lymphocyte maturation and 
differentiation.
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Abstract
The development and antigen-dependent differentiation of B lymphocytes is 
orchestrated by an array of growth factors, cytokines, and chemokines that require 
tight spatio-temporal regulation. Heparan sulfate proteoglycans (HSPGs) are 
designed to specifically bind and regulate the bio-activity of soluble protein ligands, 
but their role in the immune system has remained largely unexplored. Here, we 
report that modification of heparan sulfate (HS) by glucuronyl C5-epimerase (Glce), 
which controls HS-chain flexibility, is required for optimal B cell maturation and affects 
plasma cell survival. We show that mice with Glce-deficient lymphocytes display an 
impaired B cell maturation, diminished baseline- and antigen-specific immunoglobulin 
levels, and decreased plasma cell numbers. In addition, C5-epimerase modification 
of HS is critical for binding of APRIL and Glce-deficient plasma cells fail to respond 
to APRIL-mediated survival signals. Our results identify HSPGs as novel players in 
B cell maturation and differentiation and suggest that correct HS conformation is 
crucial for recruitment of factors that control plasma cell survival.
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Introduction
Heparan sulfate proteoglycans (HSPGs) are proteins with covalently attached 
polysaccharide HS-chains, which in the native form consist of alternating N-acetylated 
glucosamine (GlcNAc) and D-glucuronic acid (GlcA) units (Esko and Selleck, 2002; 
Lindahl et al., 1998). These macro-molecules are expressed in all mammalian tissues 
as extracellular matrix components (e.g. perlecan) or as cell-membrane-bound 
glycoconjugates (e.g. syndecans, glypicans). To exert their function, the HS-chains 
undergo a series of processing reactions involving N-deacetylation/N-sulfation, 
epimerization, and O-sulfation (Esko and Selleck, 2002; Lindahl et al., 1998). This 
endows HS-chains with highly modified domains, which provide specific docking sites 
for a large number of bio-active molecules. Binding of these ligands, such as growth 
factors and cytokines, serves a variety of functions, ranging from immobilization and 
concentration to distinct modulation of signaling (Belenkaya et al., 2004; Lindahl and 
Li, 2009; Ruoslahti et al., 1991). In this way, HSPGs act as multifunctional scaffolds, 
regulating important biological processes, including cell adhesion and migration, 
angiogenesis, and tissue remodeling (Bishop et al., 2007).
Genetic defects in man and studies with genetically modified animals have 
unequivocally demonstrated the critical role of HSPGs and their correct modification 
by heparan sulfate modifying enzymes (HSMEs) in development and tissue 
homeostasis (Bishop et al., 2007; Esko and Selleck, 2002; Merry et al., 2001; Li et 
al., 2003; Reijmers et al., 2010; Ringvall et al., 2000). Altered HSPG core protein 
expression or defective HS modification can cause mistargeting of morphogens and 
growth factors, which may lead to developmental defects and can initiate or modulate 
tumor growth (Alexander et al., 2000; Li et al., 2003; Pilia et al., 1996; Reijmers et 
al., 2010; Takeo et al., 2005; Tsuda et al., 1999). The fact that many of the growth 
factors, cytokines, and chemokines critical for lymphocyte growth, differentiation, 
and positioning contain HS-binding domains suggests that HSPGs could also play 
a key role in the control of lymphocyte function (Handel et al., 2005, Reijmers et 
al., 2010; van der Voort et al., 2000). Consistent with this notion, previous studies 
from our own and other laboratories have demonstrated that HSPG expression by B 
lymphocytes is developmentally regulated and stimulation-dependent (Sanderson et 
al., 1989; van der Voort et al., 2000; Yamashita et al., 1999). Specifically, activation 
by B cell antigen receptor (BCR) and CD40 ligation was shown to induce strong 
expression of cell surface CD44-HS, which acted as functional co-receptors 
promoting growth factor signaling (van der Voort et al., 2000). In addition, B cells 
acquire strong expression of the HSPG syndecan-1 upon their terminal differentiation 
into plasma cells. These observations indicate that dynamic regulation of HSPG 
expression by B cells could play a role in tuning their sensitivity to soluble signals 
from the microenvironment, and might thus be crucial for B cell development and 
antigen-dependent differentiation. To explore this hypothesis, we studied the effect 
of targeted deletion of Glce, a gene encoding glucuronyl C5-epimerase which 
converts GlcA to its stereo-isomer L-iduronic acid (IdoA). This conversion releases 
the conformational constraints of the polysaccharide, creating chain flexibility and 
allowing the access of protein ligands to specific regions of the HS chains (Mulloy 
et al., 2000). Since Glce knock out (Glce-/-) mice die neonatally (Li et al., 2003), we 
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studied B cell development and differentiation in alymphoid Rag-2-/-gc
-/- mice (Colucci 

et al., 1999), reconstituted with fetal liver hematopoietic stem cells (FLHSCs) 
derived from Glce-/- mice or wild type littermates. We report here that Glce-deficiency 
leads to attenuated B cell maturation, diminished baseline- and antigen-specific 
immunoglobulin levels, and reduced plasma cell numbers. Furthermore, we report 
that plasma cells lacking Glce show an impaired response to a proliferation inducing 
ligand (APRIL)-mediated survival signals. Our data establish a role for HSPGs in the 
control of B cell maturation and antigen-dependent differentiation in vivo.

Materials and methods

Mice
C57BL/6 mice carrying a mutant allele for Glce, described previously (Li et al., 2003), 
were bred under specified pathogen free conditions. Offspring of Glce+/- couples 
was genotyped by PCR, using primers as described (Li et al., 2003). Rag-2-/-gc

-/-

mice, which lack T, B and NK cells (Colucci et al., 1999), were bred under specified 
pathogen free conditions and housed in individual ventilated cages. All mice were 
housed in the animal facility of the Academic Medical Center (AMC, Amsterdam, 
The Netherlands). All animal experiments were conducted according to Institutional 
Guidelines of the University of Amsterdam, after acquiring permission from the local 
Ethical Committee for Animal Experimentation and in accordance with current Dutch 
laws on animal experiments.

Antibodies	and	reagents
For immunohistochemistry and/or FACS analysis primary anti-,ouse antibodies 
used were anti-CD45R/B220, RA3-6B2 (BD Pharmingen, San Diego, CA, USA); 
anti-IgA, anti-IgD, 11-26c.2 and anti-mouse Kappa (all from Southern Biotechnology 
Associates Inc, Birmingham, USA); anti-FLAG (Sigma, Saint Louis, Missouri, USA); 
anti-stromal-derived factor alpha (SDF-1a or CXCL12a) K15C (kindly provided by Dr 
F. Arenzana-Seisdedos, Grenoble, France); anti-hepatocyte growth factor (HGF) and 
anti-CXC chemokine ligand 13 (CXCL13) (both from R&D Systems, Abingdon, UK); 
anti-CC chemokine ligand 19 (CCL19) and anti-CCL21 (Kindly provided by Dr. RE 
Mebius, Amsterdam, the Netherlands); a phage display-derived single chain antibody 
vesicular stomatitis virus-tagged (VSV) AO4B08 (anti-HS; Kurup et al., 2007); biotin-
conjugated peanut agglutinin (PNA, selective binding to germinal center B cells) 
(Sigma); biotin- and FITC-conjugated anti-syndecan-1, 281-2; FITC-conjugated anti-
CD3 (Armenian hamster, 145-2c11, eBioscience); FITC-conjugated anti-c-kit; FITC-
conjugated anti-IgM; PE-conjugated anti-IgD; APC-conjugated anti-B220, RA3-
6B2 (all from BD Pharmingen). Secondary antibodies used were Cy3-conjugated 
anti-VSV, P5D4 (Sigma); biotin-conjugated rabbit anti-rat immunoglobulins (Dako, 
Glostrup, Denmark).
For ELISA unconjugated and HRP-conjugated goat anti-mouse immunoglobulins 
used were anti-mouse IgM, IgG1, IgG2b, and IgA (All from Southern Biotechnology). 
For ELISA standards and quantification, purified mouse IgM, IgA, IgG1, and IgG2b 
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(100 mg/ml) were used (all from Southern Biotechnology). Recombinant proteins 
used were APRIL, BAFF, HGF, SDF-1a, CXCL13 (all from R&D systems), CCL19 
and CCL21 (both from PeproTech, Rocky Hill, NJ, USA). TACI-Ig was from Sigma-
Aldrich. Tri-nitrophenylated keyhole limpet hemocyanin (TNP-KLH) and TNP-
bovine serum albumin (TNP-BSA) were obtained from Biosearch Technologies 
Inc., Novato, CA, USA.

Immunohistochemistry
Immunohistochemistry on frozen and on formalin-fixed paraffin embedded tissues 
was performed as described previously (Tjin et al., 2006). Bone (marrow) was 
fixed in formalin, embedded in plastic, and processed for immunohistochemistry as 
described (Groen et al, 2008, Reijmers et al., 2010).

Flow	cytometry
Expression of membrane proteins was analyzed by single, double, or triple 
stainings, as described previously (van der Voort et al., 2000). Stainings were 
measured on a FACSCantoII flow cytometer system (BD Biosciences, San Jose, 
CA, USA) interfaced to FACS Diva software (v 6.0), and analyzed with Flo Jo (v 
7.2.1).

Growth	factor	and	chemokine	binding	assay
Mouse embryonic fibroblasts (MEFs) were generated and cultured as described 
(Jia et al., 2009). To examine Glce dependent HS binding, 2x105 MEFs were 
incubated with 100 ml of DR-ARPIL-FLAG (2 mg/ml), HGF (2 mg/ml), SDF-1 (5 mg/
ml), CXCL13 (10 mg/ml), CCL19 (5 mg/ml) or CCL21 (5 mg/ml) at 4ºC for 90 minutes 
in RPMI 1640 medium containing 20 nM HEPES and 1% bovine serum albumin. 
Ligand concentrations used, represent the minimal concentrations required to 
saturate binding to Glce+/+ MEFs. Subsequently, cells were washed and incubated 
with specific antibodies to determine binding to the cells, by FACS analysis.

Adoptive	transfer	of	fetal	liver	hematopoietic	stem	cells	(FLHSCs)
To obtain mice with a Glce-deficient lymphoid system, alymphoid Rag-2-/-gc

-/- mice, 
were transplanted with FLHSCs from Glce-/- or wild-type (Glce+/+) embryos. At 
E14.5, fetal livers were harvested and gently smashed and total cell suspensions 
were collected of each donor embryo. Cell suspensions were genotyped by 
PCR and stored at -80°C until used. The FLHSCs were injected into the liver of 
newborn Rag-2-/-gc

-/- mice. After 4-5 weeks, the mice were analyzed for lymphoid 
reconstitution in the blood by FACS, using markers for B and T cells.

Immunizations
Mice were immunized i.p. with 100 mg TNP-KLH (alum precipitated in PBS) 
(Biosearch Technologies, Inc., Novato, USA) in a 200 ml volume, for analysis 
of T cell-dependent B cell differentiation. For induction of a secondary immune 
response, mice were boosted at day 28 and reboosted at day 42 after primary 
immunization. Blood samples were taken from every mouse at indicated time 
points.
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Measurement	of	total	and	antigen-specific	immunoglobulin	levels
Mice were bled from the femoral vein and serum was isolated. Serum levels of 
distinct Ig subclasses were measured by a sandwich ELISA, employing plates coated 
with unlabeled anti-mouse Ig isotype-specific antibodies (Southern Biotechnologies 
Associates) at 4ºC overnight. For measurement of TNP-specific antibodies, ELISA 
plates were coated with TNP-BSA at 4°C overnight. Serially diluted plasma samples, 
as indicated, were incubated at room temperature for 1h, followed by 1h incubation 
with anti-mouse Ig isotype specific HRP-labeled antibodies at room temperature. 
As a liquid substrate 3, 3’, 5, 5’-Tetramethylbenzidine (TMB) was used. Absorbance 
was measured at 450 nm. For antibody concentration determination, purified Ig’s 
(Southern Biotechnologies Associates) were used as standards.
In vitro culture of bone marrow plasma cells. Femurs of immunized mice were 
isolated, and total bone marrow (BM) was collected by flushing the bones. Total 
bone marrow cells (1-2x106) were cultured in complete RPMI 1640 supplemented 
with 10% FCS containing APRIL (200 ng/ml), APRIL* (mutated such that it is unable 
to bind to HS, 200 ng/ml) (Kimberly et al. 2009), BAFF (200 ng/ml), and/or TACI-Ig 
(2 mg/ml) for 8-10 d. At the end of the culture period, all cells were harvested and 
stained for plasma cells (CD138hiLy6C+B220-) (O’Connor et al., 2004), and analyzed 
by FACS.

Results
Lymphoid	 reconstitution	of	 alymphoid	Rag-2-/-gc-/-	mice	with	Glce-/-	 or	Glce+/+	
donor	fetal	liver	cells
The generation and phenotype of the glucuronyl C5-epimerase (Glce-/-) deficient 
mice employed in this study has been described previously (Li et al., 2003, Reijmers 
et al. 2010, and Figure 1a). Importantly, these mice die at birth due to renal agenesis 
and pulmonary dysplasia. To study the role of HS-chain modification by Glce in 
lymphocyte development and antigen-dependent differentiation, we therefore 
engrafted fetal liver hematopoietic stem cells (FLHSC) from Glce-/- embryos or 
Glce+/+ littermates (E14.5) to alymphoid Rag-2-/-gc

-/-  mice. Rag-2-/-gc
-/- mice completely 

lack B, T, and NK cells, and consequently permit highly reproducible engraftment 
of lymphocytes (Collucci et al., 1999). Preceding grafting, the FLHSC donor 
populations were genotyped by PCR (Figure 1a). In addition, the ‘Glce phenotype’ 
of FLHSC was determined by FACS employing antibody AO4B08, directed against 
an HS epitope that is dependent for its binding on the presence of IdoA, the product 
of Glce activity (Kurup et al., 2007) (Figure 1b). At 4-5 weeks after grafting of either 
Glce+/+ or Glce-/- FLHSCs, T and B lymphocytes were present in the peripheral 
blood of the recipients. Notably, however, the B/T cell ratio is significantly different 
(Figure 2a, upper panels). Peripheral blood B cells of mice reconstituted with Glce+/+ 
FLHSCs expressed IdoA-HS, while IdoA-HS was not present on B cells of Glce-/- 

reconstituted animals (Figure 2a, lower panels). Nonetheless, these data indicate 
that although B cells (but not T cells, data not shown) express Glce-modified HS 
moieties, Glce activity is not required for reconstitution of the T- and B-lineages 
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of Rag-2-/-gc
-/- mice. From here on, alymphoid Rag-2-/-gc

-/- mice reconstituted with 
Glce-/- or Glce+/+ FLHSCs will be referred to as Glce-/- and Glce+/+ mice, respectively.

Glce-/-	mice	have	a	reduced	splenic	follicular	mature	B	cell	pool
B cell development from committed precursors to mature immunocompetent B 
cells takes place in the bone marrow (BM) and the spleen and proceeds through a 
number of developmental checkpoints. During early development in the BM, mouse 
B cell precursors consecutively pass through the pro-B cell (B220+,c-kit+, IgM-), pre-B 
cell (B220+, c-kit-, IgM-), and immature B cell (B220+, c-kit-, IgM+) stages. Our flow-

Glce in B cell differentiation

Figure 1. Targeted disruption of	Glce	and loss of IdoA containing heparan sulfate. (a) A neo-
cassette was inserted into the endogenous Glce gene by homologous recombination. Glce wild-type 
(top, WT or Glce+/+) and mutant allele (bottom, KO or Glce-/-) is shown. Mice were genotyped by PCR; F, 
forward primer; R1/R2, reverse primers; P, probe (for primer sequences: see materials and methods). 
Representative PCR reactions are shown. (b) left panel: Expression of IdoA containing HS on the cell 
surface of fetal liver cells of Glce+/+ (blue line) and Glce-/- (red line) mice (E14.5), detected by antibody 
AO4B08 (Background staining, green line). Right panel: Bar diagram showing the mean fluorescence 
intensity (MFI) ± SD of AO4B08 staining of Glce+/+ and Glce-/- fetal liver cells (n=4). The dotted line 
indicates background staining. *p<0.05.
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cytometric analysis of the bone marrow of Glce-/- mice and Glce+/+ littermates showed 
an identical representation of these subsets within the BM (Figure 2b), indicating that 
the early maturation of B cells in the BM is independent of Glce activity.
Once B cells have reached the immature B cell stage, they will leave the BM and 
migrate to the spleen. Here, they will pass through the transitional type 1 (T1) and 
transitional type 2 (T2) stages to become follicular mature (FM) B cells. Interestingly, 
compared to their Glce+/+ littermates, Glce-/- mice showed a significant reduction 
of the total number of splenic B cells (B220+). This reduction in Glce-/- mice was 

Glce in B cell differentiation

Figure 2. Detection of blood lymphocytes and B cell development in the BM. (a) upper panel: B 
(B220+) and T (CD3+) cells detected in the peripheral blood of Rag-2-/-gc

-/- mice reconstituted with Glce+/+ 
and Glce-/- FLHSC at 4 weeks after transplantation. The bar diagram shows the mean B/T cell ratios 
± SEM (n=8). Lower panel: Expression of IdoA containing HS on the cell surface of B220+ B cells was 
measured. The bars show the mean ± SEM (n=4). The dotted black line indicated background staining, 
**p<0.01. (b) Bone marrow of Glce+/+ and Glce-/- mice was isolated and stained for B220, CD117 (c-Kit) 
and IgM. The dot plots show 3 distinct B220+ B cell populations; pro-B cells (Pro, CD117+/IgM-), pre-B 
cells (Pre, CD117-/IgM-), and immature B cells (Imm, CD117-/IgM+). The bar diagram shows the mean ± 
SD of each subsets as percentage of the total B cell population (n=4). 
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accompanied by a near twofold increase in the percentage of immature (IgMlow, IgD-) 
and T1 (IgM+, IgDlow/-) B cells as well as a significant decrease in the percentage of 
FM B cells (IgMlow, IgDbright) (Figure 3a and b). Consistent with these flow-cytometric 
data, immunohistochemical studies showed a reduction in the size of the splenic 
B cell areas in Glce-/- mice (Figure 3c). Hence, whereas maturation to the FM cell 
stage takes place in the absence of Glce activity, the reduced size of the FM B 
cell pool suggests that naïve mature B cells require Glce-modified HS for optimal 
development and/or survival.

Glce-/-	mice	have	 reduced	basal	serum	 immunoglobulin	 levels	and	show	an	
attenuated	antigen-dependent	immune	response
Under physiological conditions, the immune system is continuously stimulated by 
antigens from the microenvironment, leading to differentiation of naive B cells into 
memory cells and antibody-forming plasma cells. The latter cells are responsible for 
the basal protective serum levels of IgG and IgM antibodies, and are characterized 
by expression of high levels of the HSPG syndecan-1 on their cell surface, which may 
functions as a (co) receptor for survival signals from the microenvironment (Derksen 
et al, 2002, Reijmers et al., 2010). To explore the possible effect of Glce-deficiency on 
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Figure 3. Glce-/- mice have a reduced 
follicular mature B cell pool. (a) B 
cell maturation in the spleen of Glce+/+ 
and Glce-/- mice was analyzed by triple 
staining with B220, IgM and IgD. Gates 
represent: IgMlo/IgD-, immature B cells; 
T1, transitional 1 B cells (IgM+/IgDlow/-); 
T2, transitional 2 B cells (IgM+/IgDhigh); 
FM, follicular mature B cells (IgMlow/
IgDbright) (b) Left panel: Bar diagram 
showing the total number of splenic 
B cells in Glce+/+ and Glce-/- mice. 
Right panel: B cell subsets quantified 
by FACS analysis, measuring the 
percentage of all B220+ B cells of the 
total spleen. The four different B220+ 
B cell populations (as in a) are shown 
in a bar graph (right panel). The bars 
are the mean ± SD of six mice, and are 
representative for three independent 
groups. *p<0.05, **p<0.01. (c) Serial 
cryosections of the spleens of Glce+/+ 
and Glce-/- stained for B220 and IgD to 
identify the B cells. T, T cell area; f, B 
cell follicle; rp, red pulp.
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Glce in B cell differentiation

Figure 4. Glce-/- mice have reduced basal serum immunoglobulin levels, an attenuated antigen-
dependent immune response, and reduced plasma cell numbers. (a) Serum immunoglobulin 
concentrations in non-immunized Glce+/+ and Glce-/- mice. The concentration of immunoglobulins of 
different isotypes was measured by means of ELISA, preceding immunization with TNP-KLH. Bars 
represent the mean ± SD (n=12). (b) The timeline of the immunization protocol. Glce+/+ and Glce-/- mice 
were immunized at three (primary, boost, re-boost) subsequent time points (white triangles). Blood 
samples were taken and serum was isolated (black triangles). Mice were sacrificed at 84 and 150 
days (grey triangles) after primary immunization for analysis of the bone marrow plasma cells. (c) 
TNP-specific antibody levels after immunization with TNP-KLH. ELISA was performed to measure the 
TNP-specific antibody titer of the IgM, IgG1 and IgG2b isotypes. Black and white squares represent the 
Glce+/+ and Glce-/- mice respectively. Outliers and non-responders were statistically excluded. These 
graphs represent 3 independent experiments of at least 4-8 mice (mean ± SEM). (d) Number of bone 
marrow plasma cells (day 84). Tissue sections of femurs obtained at autopsy were stained for Kappa-
light chain to quantify the number of plasma cells per optic field (X40) (mean ± SEM, n=4/group). (e) 
Number of bone marrow plasma cells (day 150). Whole bone marrow was isolated and bone marrow 
plasma cells (B220-, syndecan-1+, Ly6c+) were quantified by FACS as percentage of total bone marrow 
cells (mean ± SD, n=4/group). (f) Total serum immunoglobulins concentrations in Glce+/+ and Glce-/- mice 
(d49). The concentration of immunoglobulins of different isotypes was measured by means of ELISA 
after repeated immunization with TNP-KLH. Bars represent the mean ± SD (n=12).
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plasma cell function, we measured the concentration of immunoglobulins in the serum 
of 8-10 week old non-immunized Glce-/- mice and Glce+/+ littermates. Interestingly, 
the serum levels of IgM, as well as the levels of IgG1and IgG2b were significantly 
reduced in Glce-deficient mice (Figure 4a). This suggests that modification of HS-
chains by Glce is involved in the regulation of plasma cell differentiation and/or 
plasma cell survival.
To further explore the impact of Glce deficiency on antibody formation and plasma 
cells homeostasis, Glce-/- mice and Glce+/+ littermates were immunized with the 
T-cell dependent antigen TNP-KLH (Figure 4b), and the TNP-specific serum Ig 
levels were measured. Upon primary immunization, the Glce-/- mice showed an 
attenuated antibody response with significantly lower serum levels of TNP-specific 
IgM and IgG2b compared the Glce+/+ littermates (Figure 4c, d7 and d28). However, 
after repeated antigenic challenge, the TNP-specific IgM and IgG response of the 
Glce-/- mice equaled that of their Glce+/+ littermates (Figure 4c, d49). This delayed 
generation of TNP-specific plasma cells in Glce-/- mice could be related to the 
reduced size of their mature naive B cells pool (Figure 3). Interestingly, however, 
reduced levels of TNP-specific IgM and IgG2b were also found at a late phase of the 
immune response (Figure 4c, d150), suggesting a decreased lifespan of Glce-/- TNP-
specific plasma cells.
The above data indicate that Glce deficiency affects plasma cell differentiation and/
or survival. Consistent with this notion, immunohistochemical studies and FACS 
analysis revealed a significant reduction in the total number of BM plasma cells in 
Glce-/- mice at both d84 and d150 (Figure 4d and e, respectively). Furthermore, after 
repeated immunizations, the total concentration of IgG1 and IgG2b in the serum of the 
Glce-/- mice remained significantly lower compared to their Glce+/+ littermates, while 

Glce in B cell differentiation

Figure 5. Germinal center formation 
and splenic plasma cells in Glce+/+ 
and Glce-/- mice. (a) Germinal center 
formation is undisturbed in Glce-/- mice. 
Glce+/+ and Glce-/- mice were sacrificed 
after repeated immunization with KLH-
TNP (day 56). Serial cryosection of 
spleen were stained with anti-B220 and 
PNA , respectively. T, T cell area; f, B 
cell follicle; wp, white pulp; rp, red pulp; 
GC, germinal center. (b) Quantification 
of germinal centers in the spleen of 
Glce+/+ and Glce-/- mice. GCs were 
quantified per mm2 tissue section, 
(mean ±SEM, n=4/group). (c) Glce-/- 
mice show decreased splenic plasma 
cell numbers. Number of syndecan-1+ 
plasma cells in the spleen of Glce+/+ and 
Glce-/- mice quantified per mm2, (mean ± 
SEM, n=4/group). *p<0.05.
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IgA levels were also strongly reduced (Figure 4f). Importantly, immunohistochemical 
studies of the spleens of the Glce-/- mice after TNP-KLH challenge (d56) revealed 
a small but significant decrease in plasma cell numbers (Figure 5a-c), without any 
abnormalities in size or architecture of germinal centers (Figure 5a and b). Thus, 
modification of HS by Glce on B cells is required for optimal antibody formation and 
affects the fate of plasma cells, both short- and long-lived, but is not required for 
germinal center formation.

Glce	deficiency	impairs	HS	interaction	with	a	subset	of	ligands
Unlike interactions of protein ligands with heparin, their interaction with natural 
HSPGs is believed to be highly selective and dependent on specific modifications to 
the HS-chains (Esko and Selleck, 2002; Lindahl et al., 1998; Lindahl and Li, 2009). 
Altered HS modification could thus cause loss of interaction with specific, rather than 
all, immune cytokines and chemokines. To explore whether Glce deficiency indeed 
selectively impairs ligand binding, we tested a panel of cytokines and chemokines 
with established HS-binding for interaction with MEFs from either Glce-/- or Glce+/+ 
mice (Jia et al., 2009). The panel consisted of a proliferation inducing ligand (APRIL), 
hepatocyte growth factor (HGF), CXCL12a (SDF-1a), CXCL13 (BLC), and CCL21 
(SLC), factors which all have important functions in B cell and plasma cell biology. 
Interestingly, although Glce-/- and Glce+/+ MEFs synthesize equal amounts of HS (Jia 
et al., 2009), the Glce-/- cells almost completely failed to bind the cytokines APRIL 
and HGF, as well as the chemokine SDF-1a (Figure 6a and b). In marked contrast, 
the binding of the chemokines CXCL13 and CCL21 was hardly affected by Glce 
deficiency. FACS analysis ruled out that these chemokines were bound to the MEFs 
via their cognate receptors, since these cells were devoid of CXCR5 (for CXCL13) 
and CCR7 (for CCL19/CCL21) (data not shown). These findings demonstrate that 
modification of HS by Glce selectively affects ligand binding, and that IdoA moieties 
are required for interaction of HS with a distinct subset of cytokines involved in B cell 
and plasma cell functioning.

Glce in B cell differentiation

Figure 6. Glce deficiency impairs HS interaction with a subset of growth factors/chemokines. 
Binding of ligands to Glce+/+ and Glce-/- mouse embryonic fibroblasts (MEFs). MEFs from Glce+/+ and 
Glce-/- mice were incubated with (a) growth factors (HGF and APRIL) or (b) chemokines (CXCL12a, 
CXCL13, and CCL21), washed and the binding was analyzed by FACS. Graphs represent the relative 
binding, as compared to the Glce+/+ MEFs (relative mean MFI ±SEM, n=3-5). *p<0.05; **p<0.01; 
***p<0.001. DR-APRIL: point mutant (R231A) that is unable bind to the high-affinity receptor BCMA 
and TACI.
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APRIL-mediated	plasma	cell	survival	is	dependent	on	HS	modification	by	Glce
Recent studies have identified APRIL as an important survival factor for plasmablasts 
and bone marrow plasma cells (Belnoue et al., 2008, Bossen et al., 2008; O’Connor 
et al., 2004). Our current finding that Glce-/- mice have decreased serum antibody 
levels (Figure 4a) and diminished  plasma cell numbers in bone marrow and spleen 
(Figure 4d,e ), together with our observation that  Glce-deficient cells are unable to 
bind APRIL (Figure 6a), prompted us to explore whether Glce-deficient plasma cells 
are able to respond to APRIL-mediated survival signals. To this end, BM plasma 
cells from Glce-/- and Glce+/+ littermates were cultured in vitro in the presence or 
absence of APRIL and plasma cell survival was determined by measuring cell 
numbers (O’Connor et al., 2004). Whereas the survival of Glce+/+ plasma cells was 
strongly promoted by APRIL, stimulation with this protein did not have any effect on 
the survival of Glce-/- plasma cells (Figure 7a). Importantly, this lack of stimulation was 
not due to a general defect in survival signaling since B cell activating factor (BAFF), 
a close relative of APRIL which acts in a HS-independent fashion (Mackay and 
Schneider, 2009), strongly promoted the survival of Glce+/+ as well as Glce-/- plasma 
cells (Figure 7b). Consistent with the HS-binding requirement for the activity of APRIL, 
a mutant form of APRIL containing six point mutations in regions responsible for HS 
binding, and denoted as APRIL* (Kimberley et al., 2009), was unable to stimulate 
plasma cell survival. Furthermore, co-incubation with of APRIL withTACI-fc, which 
blocks APRIL binding to the high affinity receptors BCMA and TACI, abrogated the 
stimulatory effect of APRIL on the survival of the Glce+/+ plasma cells (Figure 7b). 
Taken together, we show that HS-modification by Glce is required for APRIL binding 
to HS and is essential for APRIL-mediated survival of BM plasma cells.

Glce in B cell differentiation

Figure 7. Glce-/- bone marrow plasma show impaired APRIL-mediated survival. (a) APRIL-mediated 
survival of Glce+/+ and Glce-/- bone marrow plasma cells. BM was isolated from Glce+/+ and Glce-/- mice, 
and cultured in vitro with or without APRIL (200 ng/ml). Bars represent the relative number of surviving 
plasma cells (B220-, Syndecan-1+ and Ly6c+) after 10 days of culture of three independent experiments. 
*p<0.05 (b) Unlike APRIL-mediated survival, BAFF-mediated bone marrow plasma cell survival is 
independent of Glce activity. Glce+/+ and Glce-/- bone marrow plasma cells were isolated and cultured 
as above. Bar diagrams shows the relative number of surviving bone marrow plasma cells at day 10. 
*p<0.05. BAFF (200 ng/ml); TACI-Ig ( 2 µg/ml); APRIL* (200 ng/ml) = APRIL mutant which cannot bind 
to HS.
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Discussion
HSPGs are designed to specifically bind and regulate the bio-activity of soluble 
protein ligands (Esko and Selleck, 2002; Lindahl et al. 1998) and play an essential 
role in the spatial control of extracellular signals regulating cell growth, survival, and 
differentiation (Bishop et al 2007; Esko and Selleck 2002; Hayashi et al., 2009). 
Previous studies have demonstrated that B cells show developmentally regulated 
and stimulation-dependent expression of cell surface HSPGs (Sanderson et al., 
1989; van der Voort et al., 2000; Yamashita et al., 1999), suggesting a role for HSPGs 
in the control of B cell development and antigen-dependent differentiation. To explore 
this role, we studied the effect of targeted deletion of Glce, an enzyme which converts 
GlcA to its stereo-isomer IdoA creating chain flexibility, thereby allowing access of 
protein ligands to specific regions of the HS chains (Mulloy et al., 2000). In addition 
to imposing conformational constraints, Glce deficiency results in a distorted sulfation 
pattern, which may also contribute to altered ligand binding (Li et al., 2003; Lindahl 
et al., 1998). Glce-/- mice die neonatally (Li et al., 2003; Figure 1a). Therefore, the 
effect of Glce deficiency on B cell development and differentiation was assessed 
in alymphoid Rag-2-/-gc

-/- mice (Colucci et al., 1999), immune reconstituted with fetal 
liver hematopoietic stem cells (FLHSCs) derived from Glce-/- embryos or Glce+/+ 
littermates (Figure 1b). We observed that Glce activity in lymphocytes is not required 
for T- and B-lineage development: grafting of both Glce-deficient and wild type 
FLHSCs resulted in the presence of T and B lymphocytes in the peripheral blood of 
the Rag-2-/-gc

-/- recipients, albeit in different ratio’s, suggesting a decline in circulating 
B cells in Glce-/- mice (Figure 2a). In line with these findings, mice with Glce-deficient 
lymphocytes displayed an attenuated B cell maturation, as well as diminished 
baseline- and antigen-specific immunoglobulin levels and decreased plasma cell 
numbers. Moreover, we found that Glce-deficient plasma cells display an impaired 
response to APRIL-mediated survival signals.
During B cell development in the BM, precursor cells consecutively pass through the 
pro-B, pre-B, and immature B cell stages. This early maturation was not affected by 
Glce deficiency (Figure 2b). Pre-B cell receptor (BCR) and IL-7R mediated signals are 
indispensable for B cell development in BM (Dias et al., 2005; Melchers et al., 1994; 
Melchers, 1999). Notably, several studies have shown that HS can interact with both 
the pre-BCR (Bradl et al., 2003; Milne et al., 2008) and with IL-7 (Borghesi et al., 1999), 
suggesting that they may play a role in controlling early B lymphopoiesis. However, 
the critical HSs in these in vitro studies were either exogenously added or expressed 
by supporting stromal cells, rather than by the B cells, the Glce-deficient cells in our 
current model. Whether B cell development in vivo requires HSPG expression (and 
Glce modification of HS) by BM stromal cells remains to be established. 
Immature B cells leave the bone marrow and migrate to the spleen where they pass 
through the transitional type 1 (T1) and 2 (T2) stages to become follicular mature 
(FM) B cells. Glce deficiency resulted in a significant size reduction of the splenic 
B cell pool (Figure 3b, c). This was accompanied by a markedly altered B cell 
subset distribution with a near twofold increase in the proportion of immature and 
T1 B cells, and a significant decrease in FM B cells (Figure 3a and b). Hence, in the 
absence of Glce activity splenic B cell maturation is clearly attenuated although not 
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completely blocked. The maturation of T1 B cells to mature follicular B cells is critically 
dependent upon signals emanating from the BCR and from interaction of BAFF-R 
(BR3) with its ligand BAFF (BLyS) (Hoek et al., 2009; Kraus et al., 2004; Mackay 
and Schneider, 2009; Monroe and Dorshkind, 2007; Stadanlick et al., 2008; Treml et 
al., 2009). These signals activate the non-classical and classical NF-kB pathways, 
respectively, and crosstalk between these pathways is believed to orchestrate the 
selection and survival of mature B cells (Stadanlick et al., 2008). Glce deficiency 
could potentially interfere with B cell maturation by affecting either or both of these 
signaling routes. Since BAFF has the capacity to auto-multimerize and therefore 
does not require HSPGs for signaling (Hendriks et al., 2005; Ingold et al., 2005), 
a contribution of defective BAFF-BAFF-R signaling in the B cell maturation defect 
of Glce-/- mice seems unlikely. Upon maturation to the T2 and FM stage, however, 
T1 B cells acquire expression of the receptor TACI, in addition to BAFF-R. Besides 
serving as a receptor for BAFF, TACI can also engage APRIL and signaling requires 
APRIL multimerization by HSPGs (Hendriks et al., 2005; Ingold et al., 2005; Kimberly 
et al., 2009). Since we found that Glce deficiency leads to an almost complete loss of 
HS interaction with APRIL (Figure 6), it is tempting to attribute the B cell maturation 
defect of Glce-/- mice to defective APRIL-TACI signaling. However, APRIL mutant mice 
did not display clear defects in T1 to FM transition (Castigli et al., 2004; Varfolomeev 
et al., 2004), indicating that this explanation may overestimate the role of APRIL in 
B cell maturation, at least as a single factor. Conceivably, defective interaction with 
other ligands e.g. with CXCL12, may also contribute to the maturation defect (Figure 
6). Moreover, Glce deficiency may also affect B cell maturation by interfering with the 
organization of the BCR signalosome responsible for generating tonic survival signals. 
A potential key player in this scenario is CD19, which possesses a heparan sulfate 
binding domain (de Fougerolless et al., 2001), and during B cell activation, acts as an 
adaptor which transiently recruits signaling molecules like Vav, PI3K and Lyn into BCR 
microclusters (Harwood and Batista, 2010). Altered interaction between CD19 and the 
abnormally modified heparan sulfates on Glce-/- B cells could affect CD19 dynamics, 
leading to defective recruitment of CD19 to the BCR complex, attenuating survival 
signaling.
Upon stimulation by antigen, naive B cells can differentiate directly into plasmablasts 
or engage in a germinal center (GC) reaction to undergo affinity maturation, isotype 
switching, and differentiation into memory B cells or plasma cells. Antibody secreting 
plasma cells subsequently migrate to the bone marrow, where they reside in specific 
niches to maintain protective serum antibody levels (Manz et al., 2005). Plasma cells 
are characterized by expression of high levels of the HSPG syndecan-1 (Sanderson 
et al., 1989). In multiple myeloma (MM), a malignancy of long-lived plasma cells, 
syndecan-1 acts as a crucial mediator of tumor cell proliferation and survival (Derksen 
et al, 2002, Khotskaya et al., 2009, Reijmers et al., 2010), a function that involves 
recruitment of growth factor from the BM microenvironment. By engaging soluble 
factors produced in the plasma cell niche, syndecan-1 may similarly control the survival 
of normal plasma cells in the BM. The reduced basal serum IgM and IgG levels in Glce-

/- mice (Figure 4a) indeed signify the presence of a disturbed plasma cell homeostasis, 
either caused by defective plasma cell formation in response to antigenic-stimulation 
and/or from impeded plasma cell survival or retention. The attenuated primary 
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antibody response against TNP in Glce-/- mice (Figure 4c, d7 and d28) suggests 
that Glce deficiency indeed delays plasma cell generation (Figure 4c). This might 
be explained by the reduced size of the mature naive B cells pool, also since the 
peak responses upon repeated antigenic stimulation were normal (Figure 3). On the 
other hand, the apparent inability of Glce-/- mice to maintain TNP-specific IgM and IgG 
antibody levels (Figure 4c), suggests that Glce deficiency also impedes the longevity 
of plasma cells, a notion that is supported by the reduced numbers of BM plasma cells 
(Figure 4d and 4e), as well as by the fact that the serum Ig concentrations remained 
reduced despite repeated immunizations (Figure 4f). Whereas retention of plasma 
cells in the bone marrow depends on the expression of CXCR4 by plasma cells and 
its ligand CXCL12 by the stromal cells (Hargreaves et al., 2001), survival of plasma 
cells and plasmablasts in spleen and bone marrow was recently shown to be critically 
dependent on BAFF/APRIL (Belnoue et al., 2008; Bossen et al., 2008; O’Connor et 
al., 2004). In particular APRIL appears to be a key player in promoting plasmablast/
cell survival. Upon differentiation of plasmablasts into plasma cells BAFF-R and TACI 
are lost, whereas BCMA, which has a much higher binding affinity for APRIL compared 
to BAFF, is upregulated (Bossen et al., 2006). APRIL requires HSPG interaction for 
effective signaling (Hendriks et al., 2005). The strongly reduced capacity of APRIL to 
interact with HS-moieties lacking IdoA (Figure 5) could thus render APRIL unable to 
convey survival signals to Glce-/- plasma cells, explaining the reduced antibody levels 
and plasma cell numbers in Glce-/- mice. Consistent with this hypothesis, we observed 
that Glce-deficient plasma cells were unable to respond to APRIL-mediated survival 
signals in vitro, whereas their survival response to BAFF was undisturbed.
Apart from promoting survival of BM plasma cells, APRIL also plays an important role 
in IgA antibody responses to T cell-independent (TI)-1 antigens encountered in the 
mucosa of the intestine (Castigli et al., 2004). The strongly reduced serum IgA levels in 
older Glce-deficient mice (Figure 4f) presumably reflects this role and may result from 
impaired binding of APRIL to HS lacking IdoA (Figure 6a) leading  to defective APRIL-
mediated IgA class switching (Castigli et al., 2004; Sakurai et al., 2007) and/or to 
reduced survival of IgA plasma cells in the intestinal lamina propria (Huard et al., 2008). 
Further studies are needed to discriminate between these possible mechanisms. 
Our data show that Glce-deficient B cells can undergo maturation and can differentiate 
to plasma cells in response to stimulation with a T-cell dependent antigen, but they also 
reveal that Glce deficiency leads to distinct defects in B- and plasma cell maturation 
and homeostasis. In marked contrast to our findings, Garner and colleagues recently 
reported that conditional inactivation of the HS polymerase exostin-1 (Ext1) at the 
pro-B cell stage does not significantly affect B cell maturation and antigen-dependent 
differentiation (Garner et al., 2008). However, unlike in our model where all B 
lymphocytes contain the mutant Glce, the Cre-mediated deletion of Ext1 in the study 
of Garner was incomplete ranging from 50-85%. As also debated by these authors, 
positive selection of cells that escaped HS deletion could thus explain the absence 
of a B cell phenotype in these mice. Unfortunately, no data on serum Ig levels and 
plasma cell numbers or survival were reported in this study. In conclusion, our results 
identify HSPGs as novel players in B cell maturation and differentiation and imply 
that regulation of HS conformation is crucial for the recruitment of factors that control 
survival of BM plasma cells.
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Abstract
Expression of the heparan sulfate proteoglycan (HSPG) syndecan-1 is a hallmark 
of both normal and multiple myeloma (MM) plasma cells. Syndecan-1 could 
affect plasma cell fate by strengthening integrin-mediated adhesion via its core 
protein and/or by accommodating and presenting soluble factors via its HS side-
chains. Here, we show that inducible RNAi-mediated knockdown of syndecan-1 
in human MM cells leads to reduced growth rates and a strong increase of 
apoptosis. Importantly, knockdown of EXT1, a co-polymerase critical for HS-
chain biosynthesis, had similar effects. By employing an innovative myeloma 
xenotransplant model in Rag-2-/-gc

-/- mice, we demonstrate that induction of 
EXT1 knockdown in vivo dramatically suppresses the growth of bone marrow 
localized myeloma. Our findings provide direct evidence that the HS-chains of 
syndecan-1 are crucial for the growth and survival of MM cells within the bone 
marrow environment, and indicate the HS biosynthesis machinery as a potential 
treatment target in MM.
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Introduction
Within the lymphoid system, expression of the heparan sulfate proteoglycan (HSPG) 
syndecan-1 is characteristic for terminally differentiated B cells (Wijdenes et al., 
1996), i.e. plasma cells, and their malignant counterpart multiple myeloma (MM), a 
plasma cell neoplasm, which expands in the bone marrow (Hideshima et al., 2007; 
Kuehl and Bergsagel, 2002). HSPGs are proteins with covalently attached HS-chains, 
which consist of alternating N-acetylated glucosamine and D-glucuronic acid units. To 
exert their function, the HS-chains undergo a complex series of processing reactions 
involving deacetylation, epimerization, and (de)sulfation (Esko and Selleck, 2002; 
Lindahl, 2007). This endows HS-chains with highly modified domains that provide 
specific docking sites for many bio-active molecules. Binding of these ligands serves 
a variety of functions, ranging from immobilization and concentration to distinct 
modulation of biological functions. HSPGs are widely expressed in mammalian 
tissues as extracellular matrix components or cell-membrane-bound proteins. These 
membrane-localized HSPGs can also function independent of their HS side chains, 
for example by the ability of their core protein to interact with signaling molecules 
or cytoskeletal proteins (Kramer and Yost, 2007; Morgan et al., 2007; Yoneda and 
Couchman, 2003) Thus, HSPGs act as multifunctional scaffolds regulating important 
biological processes including cell adhesion and migration, tissue morphogenesis 
and angiogenesis (Bishop et al., 2007; Esko and Selleck, 2002; Kramer and Yost, 
2003; Morgan et al., 2007)
Studies from several laboratories, including our own, point to a versatile role of the 
transmembrane HSPG syndecan-1 in the interaction of MM plasma cells with the BM 
microenvironment (Borset et al., 2000; Derksen et al., 2002; Mahtouk et al, 2006; 
Yang et al., 2007). Various growth factors have been implicated in controlling MM 
survival and growth, including hepatocyte growth factor (HGF), epidermal growth 
factor (EGF)-family members, and WNTs (Borset et al., 2000; Derksen et al., 2002, 
2003, 2004; Mahtouk et al., 2006; Tjin et al., 2004). Most of these factors can bind to 
the HS-chains of syndecan-1 (Alexander et al., 2000; Derksen et al., 2002; Mahtouk 
et al., 2006), which promotes their ability to stimulate MM cell growth and survival 
in vitro (Derksen et al., 2002; Mahtouk et al., 2006). Independent of HS-chains, 
the syndecan-1 core protein can interact with, and regulate the activity of, integrin 
adhesion molecules (Beauvais et al., 2004; Morgan and Couchman, 2007). Thus, 
both the HS-chains and the syndecan-1 core protein could contribute to the dynamic 
interaction of tumor with the BM milieu and influence tumor behavior (Sasisekharan 
et al., 2002; Yang et al., 2007). This notion prompted us to specifically study the 
impact of targeting of EXT1, an enzyme indispensable for HS-chain synthesis (Lind 
et al., 1998; McCormick et al., 1998), on MM growth, both in vitro and in vivo.
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Materials and methods
Cell	lines	and	culture
The human MM cell lines RPMI-8226 and L363 were cultured as described 
(Rozemuller et al., 2008).

Generation	of	inducible	cell	lines
Doxycycline-inducible cell lines were generated using theT-REx™ System (Invitrogen 
Life technologies). L363 and RPMI-8226 were transfected by electroporation 
(Gene Pulser Apparatus, BioRad, USA) with the pTER construct alone (TetR), 
or in combination with a construct containing an shRNA directed against either 
syndecan-1 (shSYN1) or EXT-1 (shEXT1a, b, or c). shRNA sequences are given 
in the supplemental methods and the position of the target sites is shown in 
supplemental Figure 1A. To induce shRNA expression, 1 µg/ml doxycycline (Sigma-
Aldrich, St Louis, MO) was used.

In	vitro	growth	and	apoptosis	measurements
Cells were plated (1x104) in 96-wells plates. Cells were quantified by FACS (BD 
Biosciences, Erembodegem, Belgium), employing TO-PRO-3-’iodide to exclude 
dead cells. Apoptotic cells were identified by AnnexinV and TO-PRO-3-’iodide.

Transplantation	of	MM	cells	in	mice
Rag-2-/-gc

-/- mice (9-14 weeks) were bred and housed as described (Rozemuller et al., 
2008). Transplantation of GFP-luciferase transduced L363 or RPMI-8226 cells into 
Rag-2-/-gc

-/- mice was performed essentially as described (Rozemuller et al., 2008), 
except that 1x106 MM cells were injected intracardially. During the experiment, the 
mice were supplied with water ad libitum, containing 5% sucrose with or without 
1 mg/ml doxycycline (Sigma-Aldrich). In addition, mice receiving doxycycline were 
injected i.p., twice a week, with 125 mg doxycycline to sustain adequate serum 
levels.

Bioluminescent	imaging
Mice were anesthetized by isoflurane inhalation before they received an i.p. injection 
of 100 µl 7.5 mM D-luciferine (Synchem Chemie, Kassel, Germany). Bioluminescence 
images were acquired using a third generation cooled GaAs intensified charge-
coupled device (ICCD) camera, controlled by the Photo Vision software and analyzed 
with M3Vision software (all from Photon Imager; Biospace lab, Paris, France).

Statistical	analysis
The unpaired two-tailed Student’s-t test was used to determine the significance of 
differences between means, unless stated otherwise.
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Results and discussion
In this study, we have directly explored the impact of HS-modification of syndecan-1 
on MM growth in vivo, by using a recently developed, innovative, xenotransplant 
model (Rozemuller et al., 2008). Key features of this model are that it employs 
immunodeficient Rag-2-/-gc

-/- mice as recipients of human MM cells transduced with 

HS is essential for MM growth in vivo

Figure 1. Loss of syndecan-1 and cell surface HS reduces the in vitro growth of MM due to 
increased apoptosis. L363 and RPMI-8226 MM control cells (TetR) and L363 and RPMI-8226 MM 
cells containing inducible shRNA, targeting either syndecan-1 (shSYN1) or EXT1 (shEXT1a, b and c), 
were incubated with (+dox) or without doxycycline (-dox) for 5 days prior to each experiment to allow 
for optimal knockdown of the target genes. (A, B) Expression of syndecan-1 (A) or cell surface HS (B) 
measured by FACS using antibodies BB4 (Serotec, Bicester, United Kingdom) and 10E4 (Seikagaku 
America, Rockville, MD), respectively. The expression level of the untreated samples was normalized 
to 100%, and the bars represent the means ± SD of at least 5 independent experiments. (C, D) The 
growth rate of L363-TetR, -shSYN1 and -shEXT1a, b and c MM cells (C) or RPMI-TetR and -shEXT1a 
MM cells (D) was analyzed over a 10 day culture period in the presence of 10% FCS. The growth 
curves represent the means ± SD of 3-5 independent experiments (in triplicate). (E) The percentages of 
apoptotic cells were measured for the different L363 MM cell lines after 3 days of culture. Apoptotic cells 
were determined as AnnexinV+/TO-PRO-. Necrotic, TO-PRO single positive cells, were excluded.
*, p≤0.05; **, p≤0.01; ***, p≤0.001.
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GFP-luciferase to allow non-invasive real-time monitoring of MM cell growth in vivo. 
Rag-2-/-gc

-/- mice completely lack B, T, and NK cells, and therefore permit highly 
reproducible engraftment of human lymphocytes (Legrand et al., 2008; van Rijn et al., 
2003; Traggiai et al., 2004). As we recently demonstrated, these Rag-2-/-gc

-/- mice are 
also highly permissive to grafting of human MM cell lines, several of which displayed 
a strikingly selective tumor outgrowth in recipient’s bone marrow compartment upon 
i.v. injection (Rozemuller et al., 2008). For our current studies, two of these MM cell 
lines (L363 and RPMI-8226) were selected and stably transfected with doxycycline-
inducible shRNAs against either the syndecan-1 core protein or the HS co-polymerase 
EXT1 (shSYN1 and shEXT1 respectively). To rule out off-target effects of the shRNAs, 
three differerent L363-shEXT1 lines, each containing a different non-overlapping 
targeting sequence for EXT1, were generated (shEXT1a, b and c), (see supplemental 
Methods and Supplemental Figure 1A,B).
Doxycycline treatment of L363-shSYN1 cells led to a ~75% reduction of syndecan-1 
expression (Figure 1A), while treatment of L363-shEXT1a, b, or c or RPMI-shEXT1a 
cells was even more effective and reduced cell-surface HS expression by ~90% 
(Figure 1B). In control (TetR) cells, doxycycline did not affect syndecan-1 or HS levels 
(Figure 1A,B). Interestingly, the doxycycline induced knockdown of either syndecan-1 
or EXT1 led to a marked reduction of the in vitro growth rate of the myeloma cells 
(Figure 1C,D), which was accompanied by a prominent increase in apoptosis (Figure 
1E), as well as a minor increase in the percentage of cells in phase G1/G0 of the cell 
cycle (data not shown). Importantly, the expression of the syndecan-1 core protein 
was unaffected by EXT1 knockdown (Figure 1A). Therefore, our results underscore 
the importance of HS side-chains, rather than the proteoglycan core protein per se, 
in the growth and survival of MM cells in vitro.
To directly assess the role of HS on tumor growth in vivo, the L363-shEXT1a and 
RPMI-shEXT1a MM cells were retrovirally transduced to express a GFP-luciferase 
fusion protein and injected intracardially into irradiated Rag-2-/-gc

-/- mice. Consistent 
with our previous observations using untransfected L363 cells (Rozemuller et al., 
2008), mice that did not receive doxycycline displayed a rapid exponential tumor 
growth (Figure 2A,B and Supplemental Figure 3A), localized in various parts of the 
skeleton, preferentially in the large bones, including the femurs (Figure 2A), and 
the lower spinal cord (Supplemental Figure 2). Immunohistochemical analysis of 
the isolated bones confirmed the presence of highly proliferative tumor-foci (Figure 
2C,D). In striking contrast, mice injected with L363-shEXT1a that received doxycycline 
from the first day remained completely tumor free throughout the entire experiment 
(Figure 2A-D). Interestingly, in mice in which these tumors were allowed to form prior 
to doxycycline treatment, doxycycline administration from week 6 onwards led to 
either growth arrest or even a reduction in tumor size. Histological studies revealed 
the presence of areas of extensive necrosis within these tumors, which were found 
to be devoid of HS expression (Figure 2E), confirming EXT1 knockdown in vivo. 
In line with these findings, knockdown of EXT1 in RPMI-8226 cells also markedly 
inhibited the in vivo MM tumor growth, resulting in a significantly extended survival 
(Supplemental Figure 3A,B). Importantly, doxycycline did not influence the tumor 
growth of L363-TetR or RPMI-TetR control cells in vivo (Figure 2B and Supplemental 
Figure 3A).
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Figure 2. In vivo growth of MM requires EXT1. L363-TetR or L363-shEXT1a MM cells, transduced to 
express a GFP-Luciferase fusion protein, were injected intracardially into Rag-2-/-gc

-/- mice. Subsequently, 
the mice were divided into two (L363-TetR) or three (L363-shEXT1a) groups; the first group did not 
receive doxycycline (no dox), the second group was treated with doxycycline throughout the entire 
experiment (dox day 1), and the third group (L363-shEXT1a only) received doxycycline after 6 weeks 
(dox week 6). Bones were collected after 9 weeks, fixed in normal buffered formalin, decalcified, and 
embedded in paraffin. (A) Bioluminescence images of the ventral side of mice injected with L363-
shEXT1a MM cells, taken at week 3 (w3), w6, w7 and w9. Representative mice are shown for each 
group. (B) Tumor growth in mice injected with L363-TetR or L363-shEXT1a MM cells, as determined by 
the average photon emission intensity (arbitrary units) measured for the total body, data shown as the 
mean ± SD (n=5 per group). A Mann-Whitney test (two-tailed) was applied to determine significance 
(*, p<0.05, **, p≤0.01; ***, p≤0.001) (C) Hematoxylin-stained femur sections of representative mice. 
Within the femurs of the no dox and dox week 6 mice, myeloma tumors (indicated with asterisks) were 
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found. Bars are 500 mm and 100 mm for upper and lower panels respectively. #, necrotic MM cells;
*, MM cells. (D) To visualize the tumors and their proliferation, anti-human syndecan-1 (clone MI-15, 
Dako, Glostrup, Denmark) and anti-human Ki67 (M7240, Dako) immunostainings were performed. 
The no dox and dox week 6 mice had tumors with ~87% and ~34% Ki67+ MM cells, respectively (data 
not shown). In the dox week 6 mice, areas of necrosis with weak and diffuse syndecan-1 and Ki67 
staining were found. Representative areas are shown. Bars are 50 mm. Insets, isotype controls. (E) 
Cell surface HS expression of GFP+ L363-shEXT1a MM cells harvested from the bones of no dox and 
dox week 6 mice, as determined by FACS. The mean fluorescence intensity (MFI) of the untreated 
mice was normalized to 100%. N.D., not determined (no tumor).

In conclusion, although mutations in essential growth control genes underlies MM 
development, signals from the BM microenvironment are also essential for driving 
tumor growth (Hideshima et al., 2007; Kuehl and Bergsagel, 2002). As targets for 
intervention, these signals may be equally important as are mutated oncogene 
products. Our current study demonstrates that the HS-chains decorating syndecan-1 
are crucial for the growth and survival of MM cells within the bone marrow environment 
and indicates these HS-chains and their biosynthesis machinery (Lindahl, 2007) as 
potential treatment targets in MM.
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Supplemental data

Supplemental material and methods

Generation	of	inducible	cell	lines
Doxycycline-inducible cell lines were generated using theT-REx™ System (Invitrogen 
Life technologies). L363 and RPMI-8226 were transfected by electroporation 
(Gene Pulser Apparatus, BioRad, USA) with the pTER construct alone (L363-
TetR and RPMI-TetR), or in combination with a construct containing an shRNA 
directed against syndecan-1 or EXT1. For targeting of syndecan-1 we designed one 
shRNA (shSYN1) and for EXT1 three different shRNAs (shEXT1a, shEXT1b, and 
shEXT1c) with non-overlapping target sequences. For a schematic overview see 
supplemental Figure 1A. shSYN1: 5’-GGTGCTTTGCAAGATATCA-’3; shEXT1a: 
5’-GCACATATCACGTAACAGT-3’; shEXT1b: 5’-GACAACACCGAGTATGAGA-3’; 
shEXT1c: 5’-CCTAGCACTTAGACAGCAGAC-3’. To induce shRNA expression, 1 
µg/ml doxycycline (Sigma-Aldrich, St Louis, MO) was used.

RT-PCR
For mRNA, transcripts were quantified by semi-quantitative reverse transcriptase 
polymerase chain reaction (RT-PCR) and compared to the amount of hypoxanthine-
guanine phosphoribosyltransferase (HPRT) mRNA expressed (see supplemental 
Figure 1B). The PCR products were separated on a 1% agarose gel by electrophoresis 
and bands were visualized by ethidium bromide staining. PCR product sizes 
were 310 bp for syndecan-1, 435 bp for EXT1 and 752 bp for HPRT. Forward an 
reverse primers used were: Syndecan-1, 5’-GCTCTGGGGATGACTCTGAC-3’ and 
5’-ACCACTCATCTGGCCTCAAC-3’; EXT1, 5’-CACAAGGATTCTCGCTGTGA-3’ and 
3’GGAACAAACATCCTGGAGGA-3’; HPRT, 5’-TTCCTCCTCCTGAGCAGTCAGC-3’ 
and 5’- CATCTGGAGTCCTATTGACATCGC-3’.
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Supplemental figures

Supplemental Figure 1. shRNA-mediated targeting of syndecan-1 and EXT1. (A) Schematic 
overview of the syndecan-1 (SDC1) and EXT1 genes. The shRNA target sites (shSYN1, shEXT1a, b, 
c) and the locations of the primers used for the RT-PCR are depicted. P1, primer 1; P2, primer 2; E, 
exon; ATG, translation start; TGA, translation stop. shEXT1a was used for both L363 and RPMI-8226 
myeloma cells. (B) SDC1 and EXT1 mRNA expression in L363 and RPMI-8226 cell lines containing 
the different inducible shRNAs depicted in A. The cells were treated for 5 days without (-) or with (+) 
doxycycline to obtain optimal knockdown of SDC1 (shSYN1) or EXT1 (shEXT1a, -b, -c). The HPRT 
gene was used as an mRNA input control. dox, doxycycline.
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Supplemental Figure 2. In vivo growth of MM requires EXT1 expression (dorsal images). L363-
shEXT1a MM cells, transduced to express a GFP-Luciferase fusion protein, were injected intracardially 
into Rag-2-/-gc

-/- mice (n=15). Subsequently, the mice were divided into three groups of five mice; the first 
group did not receive doxycycline (no dox), the second group was treated with doxycycline throughout 
the entire experiment (dox day 1), and in the third group the mice received doxycycline after 6 weeks 
(dox week 6), all until the end of the experiment. Bioluminescence images of the dorsal side of mice 
injected with L363-shEXT1a MM cells, taken at week 3 (w3), w6, w7 and w9. Representative mice are 
shown for each group (n=5).
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Supplemental Figure 3. EXT1 knockdown inhibits the in vivo growth of RPMI-8226 MM cells 
and extends survival. (A,B) RPMI-TetR or RPMI-shEXT1a MM cells, transduced to express a GFP-
Luciferase fusion protein, were injected intracardially into Rag-2-/-gc

-/- mice (n=10 and n=24 respectively). 
Subsequently, the mice were divided into two (n=5 for RPMI-TetR) or three groups (n=8 for RPMI-
shEXT1a); the first group did not receive doxycycline (no dox), the second group was treated with 
doxycycline throughout the entire experiment (dox day 1), and in the third group (RPMI-shEXT1a only) 
the mice received doxycycline after 3 weeks (dox w3), all until the end of the experiment. (A) Tumor 
growth was monitored by measuring bioluminescence photon emission; data shown represent means ± 
SD of photon emission intensity (arbitrary units) measured for the total body (dorsal and ventral sides). 
(B) Kaplan-Meier survival plot showing the survival of the mice injected with RPMI-shEXT1a MM cells 
treated either with doxycycline (dox d1 or dox w3) or untreated (no dox). Significance was determined 
by a Logrank test; *, p≤0.05; **, p≤0.01; ***, p≤0.001.
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Introduction

Despite the recent advances made in the treatment of MM, the patients’ prognosis 
is still poor, with an median survival of 3-5 years. A major problem in the treatment is 
that the malignant plasma cells, although initially sensitive, inevitably develop drug 
resistance irrespective of the drug dosage used (Hideshima et al., 2007). An additional 
problem is that high drug dosages, which are often required, will unavoidably lead 
to side-effects, such as neutropenia, thrombocytopenia, peripheral neuropathy, 
acute respiratory failure, and pulmonary embolism (Raab et al., 2009). Our previous 
findings imply that targeting of the HS biosynthesis may be a promising therapeutic 
strategy, since it can induce apoptosis of MM cells (Reijmers et al., 2010). Here, we 
show that EXT1 knock down sensitizes myeloma cells to drug-induced cell death.

Materials and methods

Anti-myeloma	drugs
Lenalidomide was obtained from Celgene Corporation (Summit, NJ, USA) and 
bortezomib was from Millennium Pharmaceuticals (Cambridge, MA, USA), 
concentrations used were 0.1 mM and 9.0 nM, respectively. The concentrations were 
based on a titration, which resulted in the most enhanced effect compared to the 
control, and are in range with concentrations applied in the clinic (Richardson et al., 
2010).

Cell	lines	and	culture
The human MM cell line L363 was cultured as described (Rozemuller et al., 2008).

Generation	of	inducible	cell	lines
Doxycycline-inducible cell lines were generated as described (Reijmers et al., 2010). 
To induce shRNA expression, 1 mg/ml doxycycline (Sigma-Aldrich) was used.

In	vitro	growth	and	apoptosis	measurements
Cells were plated (104) in 96-well plates. Cells were quantified by fluorescence-
activated cell sorter (FACS; BD Biosciences), using TO-PRO-3-’iodide to exclude 
dead cells. Apoptotic cells were identified by annexin V and TO-PRO-3-’iodide.

Statistical	analysis
The unpaired 2-tailed Students’-t test was used to determine the significance of 
differences between means, unless stated otherwise.
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Results and discussion
Our previous findings indicated that HS expression is crucial for MM cell survival 
(Reijmers et al., 2010). In the current study, we have investigated the effect of 
targeting the HS biosynthesis on the sensitivity to drug-induced cell death, and the 
impact on the growth rate of MM cells. For this purpose, we used the L363-shEXT1a 
cells. Upon treatment with doxycycline for a 5 day period, the expression of cell 
surface HS was reduced by ~90%, as determined by FACS analysis (Figure 1A). 
To directly assess the effect on cell viability by chemotherapeutic drugs either or 
not after EXT1 knockdown, we performed an experiment in which we incubated 
L363-shEXT1a cells with lenalidomide or bortezomib, as these chemotherapeutics 
demonstrate the most promising effects in current phase I/II trials (Raab et al., 
2009; Richardson et al., 2010). In line with our previous findings (Reijmers et al., 
2010), knockdown of EXT1 only resulted in a marked reduction in viable cell number 
(Figure 1B, no drugs). In addition, both lenalidomide and bortezomib clearly affected 
the viable cell number reducing it to ~68% and ~31%, respectively (Figure 1B). 
Interestingly, the doxycycline-induced knockdown of EXT1 caused an additional 
effect on the percentage of viable MM cells by lenalidomide (~24%) and bortezomib 
(~9%), demonstrating a synergism of drug-induced cell death and the removal of 
cell surface HS (Figure 1B). Of note, the control L363-TetR cells lacking shRNA 
against EXT1 that were pre-treated with doxycycline, only demonstrated a drug-
induced effect on viable cell number, excluding a role for doxycycline in the results 
obtained (data not shown). These findings suggest that targeting HS expression 
sensitizes the MM cells to drug-induced cell death, which is in particularly striking 
for bortezomib (Figure 1B), and provide a strategy to lower the concentration of 
current chemotherapeutics that could result in similar, or even enhanced cell 
death, but prevents the development of secondary events, such as neutropenia, 
thrombocytopenia, peripheral neuropathy, acute respiratory failure, and pulmonary 
embolism (Raab et al., 2009).
To further explore the role of EXT1 knockdown on drug-induced cell death in MM, 
we performed a growth assay in the presence of the same chemotherapeutics. As 
anticipated, loss of HS expression on L363-shEXT1a cells significantly affected the 
cell growth. Similarly, treatment with lenalidomide and bortezomib clearly diminished 
the cell growth, however, EXT1 knockdown already resulted in a growth rate similar 
(bortezomib) or even lower (lenalidomide) than the control cells treated with the 
chemotherapeutic drugs (Figure 1C). Moreover, whereas L363-shEXT1a cells 
expressing cell surface HS could still proliferate in the presence of bortezomib 
and lenalidomide, knockdown of EXT1 (+dox) almost completely inhibited the cell 
growth during the 7-day culture period when incubated with a similar drug dosage 
(Figure 1C). Hence, these findings reveal that in vitro MM cell growth is attenuated 
in the presence of bortezomib and lenalidomide, and that loss of cell surface HS 
dramatically increases that effect by nearly completely inhibiting cell growth (Figure 
1C).
In conclusion, our current study demonstrates that the HS chains are crucial 
for the growth and survival of MM cells. Furthermore, by targeting the HS chain 
biosynthesis, thereby preventing the MM cells to accumulate proliferation and 
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survival inducing soluble factors, MM cells are sensitized to drug-induced cell death. 
These findings provide interesting new opportunities in the treatment of MM patients, 
since the cell viability after treatment with the chemotherapeutic drugs lenalidomide 
and bortezomib was dramatically reduced upon loss of surface HS. For this reason, 
drug-induced side effects could be prevented or minimized, or treatment regimens 
could be shortened.

Appendix

Figure 1. Knockdown of EXT1 results in loss of HS and sensitizes L363 MM cells to drug-induced 
cell death leading to a strongly impaired growth. L363-shEXT1a cells were incubated with (+dox) or 
without doxycycline (-dox) for 5 days before each experiment to allow for optimal knockdown of EXT1. 
All experiments were performed in the presence of 10% FCS. (A) Expression of cell surface heparan 
sulfate (HS) on L363-shEXT1a measured by FACS using antibody 10E4 (Seikagaku America) after 
RNAi-mediated knockdown of EXT1. The expression of untreated samples was normalized to 100%. 
Bars represent mean ± SEM of 3 independent experiments. (B) Viable L363-shEXT1a cells after a 
5-day incubation period with or without lenalidomide or bortezomib. Untreated samples (no drugs) 
were normalized to 100%. Bars represent mean ± SEM of two independent experiments, performed in 
triplicate. (C) The growth rate of L363-shEXT1a cells was analyzed over a 7-day culture period, in the 
absence or presence of lenalidomide (left panel) or bortezomib (right panel). Curves represent mean ± 
SEM of two independent experiments, performed in triplicate. len, lenalidomide; bor, bortezomib.
(A-C) * p<0.05, **p<0.01, *** p<0.001.
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Abstract
Chemokine-controlled migration plays a critical role in B cell development, differen-
tiation and function, as well as in the pathogenesis of B cell malignancies, includ-
ing the plasma cell neoplasm multiple myeloma (MM). Here, we demonstrate that 
stimulation of B cells and MM cells with the chemokine SDF-1 induces strong mi-
gration and activation of the Ras-like GTPase Ral. Inhibition of Ral, by expression 
of the dominant negative RalN28 mutant or of RalBP∆GAP, a Ral effector mutant 
which sequesters active Ral, results in impaired SDF-1-induced migration of B cells 
and MM cells. Of the two Ral isoforms, RalA and RalB, RalB was found to mediate 
SDF-1-induced migration. We have recently shown that Btk, PLCg2 and Lyn/Syk 
mediate SDF-1-controlled B cell migration; however, SDF-1-induced Ral activation 
is not affected in B cells deficient in these proteins. Also treatment with pharmaco-
logical inhibitors against PI3K and PLC, or expression of a dominant negative Ras 
mutant did not impair SDF-1-induced Ral activation. Taken together, these results 
reveal a novel function for Ral, i.e. regulation of SDF-1-induced migration of B cells 
and MM cells, thereby providing new insights into the control of B cell homeostasis, 
trafficking and function, as well as into the pathogenesis of MM.
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Introduction

Depending on their stage of development or differentiation, B cells express specific 
chemokine receptors enabling them to respond to chemokines which control homing 
to the bone marrow (BM) and secondary lymphoid organs (Campbell et al., 2003; Pals 
et al., 2007; Tokoyoda et al., 2004). Here they are provided with signals crucial for 
progression through the consecutive stages of B cell development and differentiation. 
The chemokine stromal cell-derived factor-1 (SDF-1, also known as CXCL12) plays 
an important role in lymphocyte trafficking. SDF-1, originally identified as a growth-
stimulatory factor for pre-B cells (Ansel et al., 2001), is constitutively expressed by 
BM stromal cells (Bleul et al., 1996; Nakayama et al., 2003; Tashiro et al., 1993). 
Its cognate receptor, the seven-transmembrane G-protein-coupled receptor CXCR4, 
is broadly expressed by cells of the immune system and mediates SDF-1-induced 
migration of hematopoietic progenitors and lymphocytes (Campbell et al., 2003; Ma 
et al., 1999; Okada et al., 2002; Pals et al., 2007; Tokoyoda et al., 2004). In the B cell 
lineage, CXCR4 is prominently expressed by pre-B cells and controls localization in 
cellular niches in the BM obligatory for B cell development (Ma et al., 1999; Tokoyoda 
et al., 2004). Furthermore, CXCR4 expression by mature B cells is required for 
proper germinal center organization, which is essential for antigen-specific B cell 
differentiation (Allen et al., 2004). In addition, SDF-1 controls plasma cell migration 
(Nakayama et al., 2003), and plasma cells require CXCR4 expression to localize in 
the BM compartment (Hargreaves et al., 2001; Hauser et al., 2001).
Multiple myeloma (MM), an incurable hematological malignancy with a median 
survival of 3-4 years, is characterized by the expansion of malignant plasma cells 
in the BM. These  tumor cells also express CXCR4 Moller et al., 2003), and SDF-1 
controls their a4b1-mediated adhesion to VCAM-1, fibronectin and endothelial cells, 
as well as their transendothelial migration and homing/retention in the BM tumor 
microenvironment (Alsayad et al., 2007; Gazitt et al., 2004; Kuehl et al., 2002; Menu 
et al., 2006; Moller et al., 2003; Parmo-Cabanas et al., 2004; Sanz-Roderiguez et 
al., 2001). MM cells are critically dependent on the BM microenvironment, where 
cytokines produced by BM stromal cells provide them with proliferation and survival 
signals required for their expansion (Kuehl et al., 2002). Thus, by controlling 
homing and retention of MM cells in the BM, SDF-1 plays an important role in the 
pathogenesis of MM. 
The important role of chemokine-induced migration in B cell development and 
differentiation, as well as in the pathogenesis of MM, prompted us to explore the 
underlying signaling pathways. Recently, we have established an important role 
for Bruton’s tyrosine kinase (Btk) and phospholipase C-g2 (PLCg2) in chemokine-
induced integrin-mediated migration and homing of B cells (de Gorter et al., 2007). 
Importantly, however, Btk is not expressed in plasma cells and MM cells (Genevier 
et al., 1994; Smith et al., 1994; de Weers et al., 1993). Several members of the Ras 
superfamily of small GTPases have also been implicated in chemokine-controlled B 
cell migration (Etienne and Hall, 2002; McLeod et al., 2002; Ridley, 2001; Weber et 
al., 2001). This includes members of the Rho family (Etienne and Hall, 2002; Ridley, 
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2001) and members of the Ras family, like Ras and Rap1 (McLeod et al., 2002; 
Weber et al., 2001). Ral, another member of the Ras family of small GTPases, has 
been shown to mediate a wide variety of cellular responses, including regulation of 
cytoskeletal rearrangements and cell motility (Feig et al., 2003). Ral can bind to and 
regulate the activity of phospholipase D1 (Jiang et al., 1995), the Sec5 and Exo84 
subunits of the exocyst complex (Moskalenki et al., 2002, 2003), the actin binding 
protein filamin (Ohta et al., 1999), and the Cdc42/Rac GTPase-activating protein Ral 
binding protein-1 (RalBP1) (Cantor et al., 1995; Jullien-Flores et al., 1995). Notably, 
accumulating evidence indicates that Ral is an essential mediator of Ras-induced 
transformation of human cells (Gonzalez-Garcia et al., 2005; Hamad et al., 2002; 
Lim et al., 2005; Rangarajan et al., 2004). Interestingly, Ral is involved in invasion 
and metastasis of transformed cells and in Ras- and growth factor-controlled cell 
migration (Gildea et al., 2002; Lee et al., 1996; Neuhaus et al., 2003; Oxford et al., 
2005; Rosse et al., 2006; Suzuki et al., 2000; Takaya et al., 2004; Tchevkina et al., 
2004; Ward et al., 2001), however, thus far a role for Ral in chemokine-controlled 
signaling and migration has not been described. Here we show that Ral is activated 
in response to SDF-1 and mediates SDF-1-induced chemotaxis of B cells and MM 
cells.

Materials and Methods
Materials
Monoclonal antibodies used were:  mouse anti-RalA (IgG2a), anti-Rap1 (IgG1), 
biotinylated rat anti-mouse CXCR4 (2B11/CXCR4) (all BD Biosciences), and Strep-
tavidin-PE (Southern Biotechnology Associates). Polyclonal antibodies used were: 
rabbit anti-RalB (BD Biosciences), rabbit anti-phospho PKB/Akt (Ser 473), rabbit 
anti-phospho p44/42 MAP kinase (Thr 202/Tyr 204) (both New England Biolabs), 
HRP-conjugated rabbit anti-mouse and HRP-conjugated goat anti-rabbit (both 
DAKO). Pharmacological inhibitors used were: LY294002, Wortmannin, PD98059, 
and U73122 (Biomol). 

Plasmids
pA-puroII-RasN17 (Hashimoto et al., 1998) was kindly provided by Dr. T. Kurosaki 
(Kansai Medical University, Moriguchi, Japan). pRK5-RalBPDGAP and pMT2-HA-
RalAN28 were described previously de Ruiter et al., 2000). pRK5-RalBPDGAP was 
kindly provided by Dr. F. Zwartkruis (Utrecht Medical Center, The Netherlands). pCD-
NA-HA-RalAN28 was generated by ligating the blunted PstI-digested 952 bp fragment 
of pMT2-HA-RalAN28 into EcoRV-digested pCDNA3.1+. pA-puroII-HA-RalAN28 
was generated by ligating the KpnI-XhoI-digested fragment of pCDNA-HA-RalAN28 
in KpnI-SalI-digested pA-puroII. pTER-shRalA and pTER-shRalB were generated 
by ligating the annealed oligos into BglII-HindIII-digested pTER. The oligonucle-
otides used were: for RalA 5’-GATCCCGACAGGTTTCTGTAGAAGATTCAAGA-
GATCTTCTACAG-AAACCTGTCTTTTTGGAAA-3’ and 5’-AGCTTTTCCAAAAAGA-
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CAGGTTTCTGTAGAAG-ATCTCTTGAATCTTC-TACAGAAACCTTCGG-3’; for 
RalB 5’-GATCCCGGTGATCAT-GGTTGGCAGCTTCAAGAGAGCTGCCAACCAT-
GATCACCTTTTTGGAAA-3’ and 5’-AGCT-TTTCCAAAAAGGTGATCATGGTTG-
GCAGCTCTCTTGAAGCTGCCAACCATGATCACCGG-3’. These target sequences 
were previously shown to result in efficient knock down of RalA (Moskalenko et al., 
2002) or RalB (Chien and White, 2003), respectively.

Isolation	of	primary	cells	and	cell	culture
Human tonsillar B cells were isolated essentially as described previously (Spaargaren 
et al., 2003). Isolated B cells were maintained in RPMI containing 10% FCS and 
were used immediately. Human primary MM cells were isolated essentially as 
described previously (Derksen et al., 2003). The Burkitt’s lymphoma cell line Ramos 
was cultured in Iscove’s medium (Life Technologies) containing 10% fetal clone I 
serum (HyClone Laboratories, Logan, UT, USA), 100 IU/ml penicillin, and 100 IU/ml 
streptomycin (Life Technologies), 20 mg/ml human recombinant transferrin (Sigma, 
Bornem, Belgium), 50 mM b-mercaptoethanol. Isolated primary MM cells and XG-1 
MM cells were maintained in the same medium supplemented with 500 pg/ml IL-6 
(R&D systems, Abington, UK). The Burkitt lymphoma cell line Namalwa, and the 
MM cell lines NCI-H929 and OPM-1 (Gazdar et al., 1986; Katagiri et al., 1985), 
were cultured in RPMI 1640 supplemented with 10% Fetal Clone I serum, 2 mM 
L-Glutamine, 100 IU/ml penicillin and 100 IU/ml streptomycin (all Life Technologies, 
Breda, The Netherlands). The chicken bursal lymphoma cell line DT40 were 
cultured at 39,5°C as described (Hashimoto et al., 1998). Stable overexpression 
of RasN17 in DT40 cells was performed by electroporation, using the pA-puroII-
RasN17 expression vector (kindly provided by Dr. T. Kurosaki), exactly as described 
(de Gorter et al., 2007).

Ral	and	Rap	pull-down	assays
Cells were resuspended in RPMI or IMDM to 2.0 x 107 cells/ml and stimulated with 
SDF-1 (100 ng/ml). Reactions were terminated by adding an equal volume of cold 
2 x lysis buffer (100 mM Tris-HCl pH 7.4, 400 mM NaCl, 5 mM MgCl2, 2% Nonidet 
P-40, 20% glycerol, 2 x EDTA-free protease inhibitor cocktail tablets (Roche) per 
50ml). After 10 minutes on ice, cell-debris was removed by centrifugation. Cell 
lysates were used immediately for Ral or Rap1 pull-down assays. For this purpose, 
glutathione-Sepharose beads (100 ml of a 20% solution per sample) were pre-
coupled with GST-RalBP-RBD or GST-RalGDS-RBD fusion protein by continuous 
mixing for 30 minutes at 4°C with bacterial cell lysates from Escherichia coli strain 
AD202 transformed with pGEX4T3-RalBP-RBD or E. coli strain BL21 transformed 
with pGEX4T-RalGDS-RBD96, respectively (Herrmann et al., 1996; Wolthuis et al., 
1998). After being washed three times with cell lysis buffer, these pre-coupled beads 
were added to the cell lysates, and incubated for 30 minutes at 4°C during continuous 
mixing. Finally, the beads were washed four times with lysis buffer, bound proteins 
were eluted with sample buffer, separated by 12% SDS-PAGE, and immunoblotted 
with anti-RalA or anti-Rap1.

Ral mediates SDF-1-induced migration

BinnenwerkRogierReymers4-8-10.indd   110 4-8-2010   15:50:14



111

5

Generation	of	stably	transfected	DT40	cells
25 mg linearized pA-puroII-HA-RalN28 was mixed with 107 DT40 cells in 0.5 ml 
RPMI 1640 medium in a 0.4 cm electrode gap Gene Pulser Cuvette (BioRad) and 
electroporated using a Gene Pulser Apparatus with Capacitance Extender (BioRad) 
at 250 V, 960 mF. After 24 h recovery at 39.5 °C in DT40 medium, cells were selected 
in DT40 medium containing 0.5 mg/ml Puromycin (Sigma). Puromycin-resistant 
clones were screened for expression of HA-RalN28 by immunoblotting.

Transient	transfections
107 cells in 0.5 ml RPMI 1640 medium were transfected by electroporation as 
indicated above with 5 mg pEGFP-N3 (for migration assays) or pRL-TK (for adhesion 
assays), together with the indicated expression plasmids or empty control plasmid 
up to a total amount 25-30 mg DNA per transfection. Cells were allowed to recover for 
16 hours at 37 °C in complete medium. Then viable cells were isolated using Ficoll–
Paque density gradient centrifugation (Amersham Pharmacia, Uppsala, Sweden), 
and after 24 hours incubation in complete medium cells were used in migration or 
adhesion assays. For immunoblot analysis of RalA and RalB knockdown, FACS-
sorted GFP-positive cells were used. 

Cell	migration	assay
Migration assays were performed in triplicate using 5 mm (DT40 cells) or 8 mm pore 
size Transwells (Costar), washed twice with PBS and blocked for 1 hr at 37°C with 
0.5% BSA in RPMI 1640. Unless indicated otherwise, the lower compartment was 
filled with 600 ml 0.5% BSA/RPMI containing 100 ng/ml SDF-1, and 5 x 105 cells 
in 100 ml were applied to the upper compartment and allowed to migrate for 5 hrs. 
The amount of viable (GFP-positive) migrated cells was determined by FACS and 
expressed as a percentage of the input, i.e., the number of cells applied directly into 
the lower compartment in parallel wells. Unless otherwise indicated, the migration 
of non-pretreated WT or GFP-positive empty control-plasmid transfected cells in the 
presence of SDF-1 was normalized to 100% ± S.D. of triplicates. 

Flow	cytometry
Quantification of (GFP-positive) migrated cells and analysis of CXCR4 expression 
was carried out on a FACScalibur flow cytometer (Becton Dickinson (BD) Biosciences, 
San Jose, CA) with CELLQuest TM software (BD).

Cell	adhesion	assay
Adhesion assays were performed in triplicate on flat-bottom, high binding 96-well 
plates (Costar) coated overnight at 4° C with PBS containing 1 mg/ml sVCAM-1 
and 4% BSA, with or without 150 ng/ml SDF-1, and then blocked for 1 h at 37° 
C with 4% BSA in RPMI 1640. 1.5 x 105 cells were plated in 100 ml/well RPMI 
containing 1% BSA, spun down briefly (6000 rpm, 30 s) and incubated at 37° C 
for 2 min. After extensive washing of the plate with RPMI containing 1% BSA to 
remove nonadhering cells, the adherent cells were lysed and Renilla luciferase 
activity was determined according to manufacturer’s instructions (Dual-Luciferase 
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Reporter Assay System, Promega). Adhesion was calculated and corrected for 
transfection efficiency and nonspecific effects of constructs by measuring renilla 
luciferase activity of total input cells. 

Immunoblotting
Immunoblotting was performed essentially as previously described (Spaargaren et 
al., 2003). Quantification was performed using Image-Pro plus (MediaCybernetics) 
software.

Statistical	analysis
The unpaired two-tailed Student’s t test was used to determine the significance of 
differences between means. All relevant comparisons were significantly different (P 
< 0.05), unless otherwise indicated.

Results
SDF-1	induces	migration	and	Ral	activation	in	B	cells	and	MM	cells
SDF-1 is an important chemoattractant for B cells (Allen et al., 2004; Ma et al., 
1999; Okada et al., 2002; Tokoyoda et al., 2004), as illustrated by its potential to 
induce migration of the chicken bursal lymphoma cell line DT40, the GC-like B cell 
lymphoma cell lines Namalwa and Ramos, and human tonsillar B cells in a Transwell 
migration assay (Figure 1A). SDF-1 is acting exclusively as a true chemotactic- and 
not a chemokinetic factor, since migration only occurred when SDF-1 was present in 
the lower but not the upper compartment of the Transwells (Figure 1B). To determine 
whether Ral is involved in chemokine-induced signaling, we performed Ral pull-down 
assays. We found that SDF-1 stimulation of the chicken B cell line DT40 resulted in 
a rapid, transient activation of Ral (Figure 1C). Ral was already maximally activated 
after 30 seconds of SDF-1 stimulation and Ral-GTP levels were back to basal 
levels within 5 minutes. A similar pattern of Ral activation was observed after SDF-1 
stimulation of Ramos and Namalwa B cell lines as well as primary human tonsillar B 
cells (Figure 1C).
Similar to normal plasma cells (Hargreaves et al., 2001; Hauser et al., 2002; 
Nakayama et al., 2003), SDF-1 is a potent chemoattractant for MM cell lines 
(Alsayad et al., 2007; Gazitt et al., 2004; Menu et al., 2006; Moller et al., 2003; 
Sanz-Roderigeuz et al., 2001) and the malignant plasma cells from MM patients 
(Alsayad et al., 2007; Moller et al., 2003; Pellegrino et al., 2005; Sanz-Roderigeuz 
et al., 2001; Trentin et al., 2007), as illustrated by the ability of SDF-1 to induce 
migration of the MM cell lines NCI-H929 and OPM-1, and of primary MM cells, in 
the Transwell migration assay (Figure 2A). Also for MM cells (cell lines and primary 
patient material), SDF-1 is acting exclusively as a true chemotactic factor, i.e., 
migration only occurred when SDF-1 was present in the lower but not the upper 
compartment of the Transwells (Fig. 2A). Therefore, a role for Ral in SDF-1 signaling 
in MM cells was also examined. Similar to B cells, Ral was activated in response to 
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SDF-1 in several MM cell lines and in primary MM cells (Figure 2B). Active Ral levels 
were maximal after 1 to 2 minutes of SDF-1 stimulation, and returned to basal within 
5 minutes. Taken together, these results demonstrate that SDF-1 induces migration 
and activation of Ral in B cells and MM cells.

Ral	mediates	SDF-1-induced	migration	of	B	cells	and	MM	cells
To investigate whether Ral mediates SDF-1-induced B cell migration, we generated 
DT40 cells stably expressing a dominant negative Ral mutant, RalN28, which 
prevents SDF-1-induced activation of endogenous Ral (Figure 3A). Interestingly, 
in a trans well migration assay the RalN28-expressing cells showed strongly 
reduced migration towards SDF-1 in comparison to wild-type (WT) cells (Figure 
3B), indicating that Ral mediates SDF-1-induced migration. Expression of RalN28 
did not affect SDF-1-induced activation of the small GTPase Rap1, of PI3K (as 
determined by phosphorylation of PKB), and of the MAP kinase ERK (Figure 

Ral mediates SDF-1-induced migration

Figure 1. SDF-1 stimulation induces migration and Ral activation in B cells. (A) DT40, Ramos and 
Namalwa B cell lines, and human tonsillar B cells were allowed to migrate for 4 hrs in the absence (c) or 
presence of 100 ng/ml SDF-1 (SDF-1) in Transwells (shown as the mean ± S.D. of triplicates). (B) DT40 
cells were allowed to migrate for 4 hrs in the absence (-) or presence (+) of 100 ng/ml SDF-1 in the 
upper or lower compartment of Transwells, as indicated (shown as the mean ± S.D. of triplicates). (C) 
DT40,  Ramos and Namalwa B cell lines, and human tonsillar B cells were stimulated for the indicated 
periods of time with 100 ng/ml SDF-1, lysed and the amounts of Ral-GTP in the lysates was determined 
by pull-down assay (PD) using GST-RalBP-RBD fusion protein. As a control, total lysates (TL) were 
immunoblotted and probed using anti-Ral antibodies. (A and B) All relevant comparisons (e.g., migration 
in absence versus migration in presence of SDF-1) were significantly different (P < 0.05). (A-C) The 
results are representative of at least 2 independent experiments. 
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3A), which have previously been implicated in SDF-1-induced migration (Ganju et 
al., 1998; Shimonaka et al., 2003; Wang et al., 2007). Thus, Ral does not mediate 
migration through activation of these migration-regulatory signaling molecules. In 
addition, these results demonstrate the specificity of the inhibitory effect of RalN28 on 
SDF-1-induced activation of Ral and migration.
Inhibition of Ral by means of transient transfection of either RalN28 or RalBPDGAP
a Ral effector mutant which sequesters active Ral, also resulted in reduced SDF-1-
induced  migration  of  the  MM  cell lines OPM-1 and NCI-H929 (Figures 3C). Since Ral 
has  been  implicated  in  the  regulation  of  gene  transcription  and  vesicle,transport 
(de Gorter et al., 2007; Moskalenko et al., 2002, 2003; Nakashima et al., 

Ral mediates SDF-1-induced migration

Figure 2. SDF-1 stimulation induces migration and Ral activation in MM cells. (A) The MM cell 
lines OPM-1and NCI-H929, and the malignant plasma cells from a MM patient, were allowed to migrate 
for 4 hrs in the absence (-) or presence (+) of 100 ng/ml SDF-1 in the upper or lower compartment 
of Transwells, as indicated (shown as the mean ± S.D. of triplicates). All relevant comparisons (e.g., 
migration in absence versus migration in presence of SDF-1) were significantly different (P < 0.05) and 
the results are representative of 3 independent experiments and of freshly isolated malignant plasma 
cells from 3 MM patients. (B) NCI-H929, OPM-1 and XG-1 MM cell lines, and primary human MM cells 
were stimulated for the indicated periods of time with 100 ng/ml SDF-1, lysed and the amounts of Ral-
GTP in the lysates was determined by pull-down assay (PD) using GST-RalBP-RBD fusion protein. As 
a control, total lysates (TL) were immunoblotted and probed using anti-Ral antibodies. The results are 
representative of at least 2 independent experiments.
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Figure 3. Ral mediates SDF-1-
induced migration of B cells and 
MM cells. (A) Wild type (WT) and 
stably RalN28-transfected DT40 
cells were stimulated for 1 minute 
with 100 ng/ml SDF-1, and lysed. 
The amounts of Ral-GTP and 
Rap1-GTP in the DT40 lysates was 
determined by pull-down assay 
(PD) using GST-RalBP-RBD and 
GST-RalGDS-RBD fusion protein 
and immunoblotting with anti-Ral 
and anti-Rap,  respectively. Total 
lysates (TL) were immunoblotted 
and probed using anti-Ral, anti-
P-PKB or anti-P-MAPK (P-ERK) 
antibodies.  The lower (minor) band 
in the Ral pull-down assays of the 
RalN28-expressing DT40 cells 
represents endogenous Ral and the 
upper two (major) bands represent 
overexpressed HA-tagged RalN28 
(*), i.e., the full length and a partial 
product resulting from instability of 
RalN28. (B-C) Wild type (WT) and 
stably RalN28-transfected DT40 
cells (B) or  OPM-1 and NCI-H929 
MM cells co-transfected with GFP 
and either RalN28 or RalBPDGAP 
(C), were allowed to migrate for 4 
hrs in the absence (c) or presence 
of 100 ng/ml SDF-1 (SDF-1) in 
Transwells. The migration (of GFP-
positive cells) in the presence of 
SDF-1 was normalized to 100%, 
and shown as the mean ± S.D. of 
triplicates. All relevant comparisons 
were significantly different (P < 
0.05). The results are representative 
of at least 3 independent 
experiments.  (D) OPM-1 and 
NCI-H929 MM cells co-transfected 
with GFP and either RalN28 or 
RalBPDGAP were analyzed for 
CXCR4 expression by FACS. The 
results are representative of at 

least 3 independent experiments.  (E) OPM-1 MM cells co-transfected with Renilla luciferase and either 
RalN28 or RalBPDGAP were allowed to adhere to VCAM-1 for 2 min in the absence (c) or presence 
of SDF-1. The Renilla luciferase activity for the cells adhering to VCAM-1 in the presence of SDF-1 
(reflecting 52% of input cells) was normalized to 100%, and shown as the mean ± S.D. of 3 independent 
experiments. All relevant comparisons were significantly different (P < 0.05). 
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1999), the impaired responsiveness to SDF-1 upon inhibition of Ral could have 
been the consequence of reduced surface expression of CXCR4; however, CXCR4 
expression of OPM-1 and NCI-H929 cells expressing either dominant negative Ral 
or RalBPDGAP was similar to untransfected cells (Figure 3D), and inhibition of Ral 
did not affect SDF-1-induced internalization or recycling of CXCR4 either (data not 
shown). In line with this, SDF-1-induced phosphorylation of PKB and ERK was not 
affected by expression of RalN28 in OPM-1 MM cells (data not shown): please note 
that a GTPase pull-down assay for Rap1 (or Ral) can not be performed in these 
transiently transfected MM cells due to limited transfection efficiency and assay 
sensitivity.
Integrin-mediated adhesion is an important aspect of chemokine-controlled migration 
and of the pathogenesis of MM. To investigate whether Ral regulates SDF-1-induced 
integrin-mediated adhesion of MM cells, OPM-1 cells were transiently transfected 
with RalN28 or RalBPDGAP and allowed to adhere to VCAM-1 in the presence of 
SDF-1. SDF-1 strongly induced adhesion, and inhibition of Ral due to expression of 
RalN28 or RalBPDGAP resulted in a modest reduction of SDF-1-induced adhesion 
(Figure 3E). Notably, inhibition of Rap1, another mediator of chemokine-induced 
lymphocyte migration and adhesion (Shimonaka et al., 2003), resulted in a similarly 
modest inhibition of adhesion (data not shown). Taken together, our results show 
that Ral mediates SDF-1-induced migration, which may, at least in part, involve the 
control of integrin activation.

RalB	rather	than	RalA	mediates	SDF-1-induced	MM	migration
Mammalian cells can express two isoforms of Ral, RalA and RalB, which show 85% 
identity. Although these proteins are highly similar, they appear to have different 
functions. Whereas RalA is an essential mediator of Ras-controlled tumorigenesis, 
RalB has shown to be involved in tumor cell motility (Lim et al., 2005; Oxford et 
al., 2005). To determine which Ral isoform is involved in SDF-1-induced MM 
migration, OPM-1 and NCI-H929 were transiently transfected with a GFP construct 
and constructs expressing short-hairpin RNA (shRNA) directed against either RalA, 
RalB or, as a control, renilla. In OPM-1 cells, and to a lesser extent NCI-H929 cells, 
these constructs were found to efficiently knock down expression of RalA or RalB, 
respectively (Figure 4A). Notably, however, expression of RalA shRNA also resulted 
in decreased anti-RalB signal, and vice versa (Figure 4A), indicating that although 
these antibodies display isoform preference, they are not strictly specific. This was 
confirmed by the observation that the anti-RalB antibody also detects ectopically 
expressed RalA (data not shown). Interestingly, MM cells transfected with shRNA 
against RalB showed impaired migration towards SDF-1, whereas only a modest 
or no decrease in migration was observed in cells with reduced RalA expression 
(Figure 4B). Furthermore, among the MM cell lines there appears to be a correlation 
between the efficiency of RalB silencing and the suppression of migration. Taken 
together, our data suggest that SDF-1-induced MM cell migration is predominantly 
mediated by RalB.
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SDF-1-induced	Ral	activation	is	independent	of	Lyn/Syk,	Btk,	PLC,	PI3K,	and	
Ras	activity
Recently, we have established a prominent role for the cytoplasmic kinases Lyn, 
Syk and Btk, and for Btk-mediated activation of PLCg2, in chemokine-controlled B 
cell migration (de Gorter et al., 2007). Therefore, we employed cell lines deficient 
in Lyn and Syk, Btk or PLCg2 to investigate if Ral may act downstream of these 
signaling molecules. Interestingly, however, SDF-1-induced activation of Ral in these 
gene-deficient cells was similar to the wild-type (WT) cells (Figure 5A). Also the 
PLC isoform PLCb and PI3K have been shown to mediate SDF-1-induced migration 
(Ganju et al., 1998; Wang et al., 2000), for PI3K this includes studies in B cells 
(Fox et al., 2002; de Gorter et al., 2007; Kim et al., 1999; Le et al., 2005; Reif et al., 
2004) and myeloma cells (Alsayad et al,. 2007; Hideshima et al., 2002; Lentzsch et 
al., 2004; Sanz-Roderigeuz et al., 2001). In line with this, pretreatment with either the 
pharmacological PI3K inhibitors LY294002 and Wortmannin or the general PLC inhibitor 
U73122 inhibited migration of DT40 cells (Figure 5B); however, these pharmacological 
inhibitors did not affect SDF-induced Ral activation either (Figure 5B).
Ral can be activated by Ras-independent mechanisms via Ca2+ (Wolthuis et al., 
1998) and calmodulin (Wang et al., 1999) or b-arrestins (Bhattacharya et al., 2002), 
however, most cytokines have been found to activate Ral in a Ras-dependent 
manner Spaargaren et al., 1994; Wolthuis et al., 1996). Therefore, we used DT40 
cells stably expressing RasN17, a dominant negative Ras mutant, to examine 
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Figure 4. RalB rather than RalA mediates SDF-1-induced MM cell migration. (A) Lysates of OPM-1 
and NCI-H929 MM cells co-transfected with GFP and shRenilla, shRalA or shRalB were immuno-blotted 
to determine RalA and RalB expression. Actin served as a loading control. (B) OPM-1 and NCI-H929 
MM cells co-transfected with GFP and shRenilla, shRalA or shRalB were allowed to migrate for 4 
hrs in the absence (c) or presence of 100 ng/ml SDF-1 (SDF-1) in Transwells. The migration of the 
shRenilla-transfected GFP-positive cells in the presence of SDF-1 was normalized to 100%, and shown 
as the mean ± S.D. of triplicates. (* : P < 0.05). The results are representative of at least 2 independent 
experiments.
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Ral mediates SDF-1-induced migration

Figure 5. SDF-1-induced activation of Ral is independent of Lyn/Syk, Btk, PLC, PI3K or Ras. 
DT40 cells, either Wild type (WT) or deficient in Lyn/Syk, Btk, or PLCg2 (A), DT40 cells pretreated 
for 30 minutes with either 20 mM LY294002 or 10 mM U73122 (B), or DT40 cells stably transfected 
with RasN17 (C), were stimulated for the indicated periods of time with 100 ng/ml SDF-1, lysed and 
the amounts of Ral-GTP in the lysates was determined by pull-down assay (PD) using GST-RalBP-
RBD fusion protein. As a control, total lysates (TL) were immunoblotted and probed using anti-Ral, 
anti-P-PKB or anti-P-MAPK (P-ERK) antibodies. (A) The lower panel displays quantification of the 
Ral activation, the fold induction of the Ral-GTP/Ral ratio is shown as the mean ± S.D. of at least 2 
independent experiments. (B) DT40 cells pretreated for 30 minutes with either 20 mM LY294002, 100 
nM Wortmannin (WM), or 10 mM U73122 were allowed to migrate for 4 hrs in the presence of the 
inhibitors, and in the absence (c) or presence of 100 ng/ml SDF-1 (SDF-1) in Transwells. The migration 
was normalized to 100% for the cells allowed to migrate in the presence of SDF-1, and shown as the 
mean ± S.D. of triplicates. All relevant comparisons were significantly different (P < 0.05). (B-C) The 
results are representative of at least 2 independent experiments.
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whether SDF-1-induced Ral activation requires Ras activity. However, whereas 
BCR-controlled activation of Ral (de Gorter et al., 2007) and SDF-1-induced 
phosphorylation of the downstream Ras target Erk was completely abolished in 
these RasN17-expressing cells, activation of Ral by SDF-1 was not affected (Figure 
5C).
Taken together, these data demonstrate that activation of Ral is required but not 
sufficient for full SDF-1-induced migration, and SDF-1-induced activation of Ral and 
Ral-mediated migration occurs independent of the established migration-regulatory 
pathways involving Lyn/Syk, Btk, PLC, PI3K or Ras.

Discussion
We found that SDF-1 stimulation of B cells and MM cells results in activation of the 
small GTPase Ral (Figures 1C and 2B). Expression of RalN28 or RalBPDGAP led to 
reduced migration of B cells and MM cells towards SDF-1 (Figure 3), indicating that 
Ral mediates SDF-1-induced B cell and MM cell migration. Notably, inhibition of Ral 
in the Jurkat T cell line also resulted in diminished SDF-1-induced migration (data 
not shown), suggesting that Ral is involved in SDF-1-induced lymphocyte migration 
in general and not only in migration of B cells. The recently identified mediators of 
chemokine-induced B cell migration and homing, Btk and PLCg2 (de Gorter et al., 
2007), are not involved in GTP-loading of Ral upon SDF-1 stimulation (Figure 5A). 
Also PI3K and other PLC isoforms which are known to mediate chemokine-induced 
responses (Figure 5B) (Ganju et al., 1998; Wang et al., 2000) are not involved in 
SDF-1-induced activation of Ral (Figures 5B). Interestingly, whereas Ras mediates 
Ral activation in response to several stimuli, inhibition of Ras activity by means of 
stable expression of a dominant negative Ras mutant did not affect SDF-1-induced 
Ral activation (Figure 5C). Thus, activation of Ral and Ral-mediated migration 
appears to occur independent of these established migration-regulatory pathways. 
DOCK2 is another important mediator of lymphocyte chemotaxis, which controls 
activation of the migration-regulatory GTPases Rac and Rap1 (Fukui et al., 2001; 
Nombela- Arrieta et al., 2004). Therefore, it would be interesting to be determine 
whether chemokine-induced Ral activation may occur in a DOCK2-dependent 
manner.
Members of the Rho family of small GTPases have been identified as important 
mediators of lymphocyte migration. The C3 exoenzyme from the bacterial pathogen 
Clostridium botilinum, which ADP-ribosylates and thereby inactivates RhoA, RhoB 
and RhoC, is widely used as tool to elucidate the cellular functions of Rho GTPases. 
For example, C3 treatment impairs SDF-1-induced MM cell adhesion to VCAM-1 
and fibronectin (Parmo-Cabanas et al., 2004). Interestingly, C3 was also found to 
bind with high affinity to GDP-bound Ral GTPases (Pautsch et al., 2005; Wilde et al., 
2002). C3 binding to Ral stabilizes the GDP-bound, inactive conformation, and as a 
consequence C3 interferes with Ral signaling (Pautsch et al., 2005). Moreover, by 
binding of C3 to Ral, the ribosylation and inactivation of Rho is blocked (Pautsch et al., 
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2005; Wilde et al., 2002). This can be overcome by increasing the C3 concentration 
(Wilde et al., 2002), suggesting that C3-mediated inactivation of Rho only occurs 
after all Ral proteins have been inhibited. Therefore effects of C3 which are ascribed 
to Rho inactivation could also be due to inhibition of Ral.
Ral might regulate chemokine-controlled migration in various manners. Ral GTPases 
may control chemotaxis by modulating the actin cytoskeleton through interaction with 
the Cdc42/Rac GTPase-activating protein RalBP1 (Cantor et al., 1995; Julilien-Flores 
et al., 1995). In addition, RalA can control filopodia formation by recruitment of the 
Ral-effector complex the exocyst (Sugihara et al. 2002) and the actin filament cross 
linking protein filamin (Ohta et al., 1999), which can affect migration. However, RalB 
rather than RalA was found to mediate MM cell chemotaxis (Figure 5B). Similarly, 
specifically RalB was recently shown to be involved in cancer cell motility (Oxford et 
al., 2005; Rosse et al., 2006). By recruiting the exocyst, RalB is believed to control the 
coordinated delivery of secretory vesicles to the sites of dynamic plasma membrane 
expansion that specify directional movement (Rosse et al., 2006). The differential 
requirement for Ral isoforms in cell migration might be the consequence of differences 
in the C-terminal variable regions of RalA and RalB. Due to their different C-termini, 
RalA and RalB localize to different subcellular compartments, which determines their 
specific functions (Lim et al., 2005; Shioitsin et al., 2004). In addition, despite the high 
degree of effector-binding domain sequence homology, the affinity for effectors varies 
between the two Ral isoforms (Shioitsin et al., 2004).
Previously, Battacharya et al. found that Ral is involved in fMLP-induced cytoskeletal 
reorganization (Bhattacharya et al., 2002). In this study, the RalGEF RalGDS was 
found to be activated by b-arrestins in a Ras-independent manner. Interestingly, 
b-arrestins are important mediators of G-protein-coupled receptor signaling (Pierce 
et al., 2002), and are required for CXCR4-mediated lymphocyte chemotaxis (Fong 
et al., 2002). b-arrestin-mediated SDF-1-induced chemotaxis was found to be 
mediated by the p38 MAPK Sun et al., 2002), a signaling molecule activated by Ral 
in growth factor signaling (Ouwens et al., 2002). Combined with our observation 
that SDF-1 induces Ral activation independent of Ras activity (Figure 5C), it is 
tempting to speculate that SDF-1 activates Ral via b-arrestins, which may lead 
to p38-mediated chemotactic responses. JNK, another MAPK, was also found to 
be involved in B cell chemotaxis (Ortolano et al., 2006), and in mediating several 
Ral-dependent processes, including tissue development (Sawamoto et al., 1999), 
protection against oxidative stress (Essers et al., 2004), and survival of tumor cells 
(Gonzalez-Garci et al., 2005). Thus, p38 as well as JNK may act downstream of Ral 
in SDF-1-induced chemotaxis of B cells and MM cells.
We have shown that Ral is activated upon stimulation with SDF-1 and mediates 
SDF-1-induced migration of MM cells (Figures 2B, 3B). Several chemokines, among 
which SDF-1, are produced by BM stromal cells and act as chemoattractants for 
MM cells (Alsayad et al., 2007; Gazitt et al., 2004; Menu et al., 2006; Moller et 
al., 2003; Pellegrino et al., 2005; Sanz-Rodriguez et al., 2001; Trentin et al., 2007). 
As a consequence, MM cells reside in the BM, where various cytokines produced 
in the microenvironment induce MM growth and survival. Hence, chemoattractants 
controlling homing of MM cells to the BM can be considered equally important for 
MM growth as the cytokines that provide the actual proliferative and anti-apoptotic 
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signals. Consequently, Ral may play an important role in the pathogenesis of MM. 
In addition, Ral appears to be an important mediator in Ras-induced transformation 
of solid tumors (Gonzalez-Garcia et al., 2005 Hamad et al., 2002; Lim et al., 2005; 
Rangajaran et al., 2004), and may also directly control the survival and proliferation 
of MM cells. Thus, by inhibition of Ral both migration to the BM and direct MM 
growth might be affected. This putative property of Ral, being involved in both MM 
cell migration and MM growth and survival, could make this protein a very attractive 
target for therapeutic intervention.
In conclusion, we have shown that Ral mediates SDF-1-controlled migration of B 
cells and MM cells and may therefore play an important role in B cell development 
and function, as well as in the pathogenesis of MM.
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Abstract
Adoptive transfer of retrovirally transduced stem cells has recently been described 
for instant transgenesis in the hematopoietic compartment of mice. This method 
circumvents the need to manipulate the germline. However, cell type specific gene 
expression in this ‘retrogenic’ mouse model has remained tedious. Here we report 
a single retroviral vector-based method to rapidly generate conditional retrogenic 
mice. For this purpose, mutated LoxP-flanked DNA segments are transduced into 
hematopoietic stem cells isolated from Cre-recombinase transgenic mice, which are 
subsequently transferred into immunodeficient mice. In this way gene expression 
can be restricted to hematopoietic cell lineages of choice in the acquired immune 
system.
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Introduction
To investigate the biology of a wide range of immune cells in vivo, it is common 
practice to generate conditional transgenic mice. However, the classical approach 
to produce transgenic mice is labor intensive, time consuming and therefore 
expensive. The recent development of the retrogenic mouse model allows for the 
rapid generation of transgenic mice (Holst et al., 2006; Nakagawa et al., 2006). In 
this system, a gene of interest is introduced into hematopoietic stem cells (HSCs) by 
retroviral infection. The infected cells are subsequently injected into immunodeficient 
mice, which eventually will lead to the development and differentiation of a donor-
derived, transgenic, immune system. Although instant in vivo transgenesis is a 
powerful approach to rapidly study gene function during immune cell development, 
the generation of cell-specific gene expression remains inefficient and complex 
in this system: for gene expression in a differentiated hematopoietic cell type of 
interest, suitable promoter sequences, either with or without proximal enhancers, 
must be designed (Marodon et al., 2003; Zhang et al., 2005), cloned in a retroviral 
vector and tested. We have created a method, which obviates these additional steps 
and significantly simplifies the procedure to obtain conditional retrogenic mice.
Our system of conditional retrogenic gene expression is based on the inversion of 
mutated loxP-flanked DNA segments by Cre recombinase (Nagy, 2000; Zhang and 
Lutz, 2002). The flanked gene of interest is introduced in HSCs derived from Cre 
recombinase transgenic strains. Thus, the cell-specific expression of the introduced 
gene is determined by the promoter driving Cre recombinase and not by cell type 
specific promoters cloned in the retroviral vector. Hence, a single cloning vector can 
be used to express the transgene in a broad spectrum of hematopoietic cell types, 
both spatially and temporarily.

Materials and methods
Materials
Mouse stem cell virus cloning vector (pMSCVpuro) was obtained from Clontech Labs. 
Inc. (Mountain View, CA, USA). The anti-mouse CD45R/B220 (clone RA3-6B2) and 
anti-mouse CD3ε (clone 145-2C11) monoclonal antibodies (both APC-conjugated) 
were from Pharmingen BD (San Jose, CA, USA). Recombinant Murine IL-3 and IL-6 
were derived from PeproTech Inc. (Rock Hill, NJ, USA). Recombinant Rat Stem Cell 
Factor (SCF) was obtained from Amgen (Thousand Oaks, CA, USA). Phosphate 
Buffered Saline (PBS) was from Fresenius Kabi (the Netherlands). Ficoll-Paque™ 
PLUS was obtained from Amersham Biosciences (AB, Uppsala, Sweden). Ecotropic 
Phoenix cells were derived from the lab of Gary Nolan (http://www.stanford.edu/
group/nolan/retroviral_systems/phx.html). The Adeno-cre virus (Ad5CMVCre) was 
obtained from Gene Transfer Vector Core (University of Iowa, USA). NIH3T3 mouse 
fibroblast were obtained from the American Type Culture Collection (ATCC Rockville, 
MD, USA). DNA modifying enzymes, Iscove’s modified Dulbeccco’s modified Eagle’s 
medium (IMDM) cell culture media and its components Penicilline/Streptomycine/
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Glutamine (Pen/Strep/Glu) were purchased from Invitrogen (Carlsbad, CA, USA). 
Fetal Bovine Serum (FBS) was produced by Hyclone (Logan,UT, USA). Polybrene 
and primers were from Sigma-Aldrich.com. The FuGENE transfection reagent was 
from Roche (Roche Diagnostics, Roche Applied Science, Indianapolis, IN, USA). 
Fluorescent cell culture pictures were generated with a camera coupled fluorescent 
microscope (Olympus, Japan).

Mice
Cre-recombinase transgenic- and C57BL/6 wild type mice (Harlan) were kept under 
standard housing conditions, whereas recipient Rag-2-/-gc

-/- mice (Colucci et al., 
1999) were kept under sterile conditions in individual ventilated cages. All mice were 
treated according to regulations concerning laboratory animal experiments in the 
Netherlands.

Retroviral	particle	production
Virus was produced using the ecotropic Retroviral System of Gary Nolan’s laboratory 
according to their recommendations (http://www.stanford.edu/group/nolan/
retroviral_systems/retsys.html). Usually 5 μg of pRetroSwitch-EGFPinv was used 
to transfect Phoenix cells in a 10 cm culture dish, using the FuGENE transfection 
reagent according to manufacturers recommendations. Two days after transfection, 
virus was harvested and stored at -80 ˚C until needed.

Transduction,	adoptive	transfer	and	FACS	analysis
The transduction of HSCs has been described previously in detail (Nakagawa 
et al., 2006). Briefly, fetal livers, were removed from E14.5 CD19cre+/− or 
CD4cre+/− embryos. HSCs from fetal livers were enriched through discontinuous 
gradient centrifugation using Ficoll and subsequently cultured for 48 h in IMDM, 
supplemented with Pen/Strep/Glu and 10% FBS, in the presence of 10 ng ml−1 IL-3, 
IL-6 (PeproTech Inc., Rock Hill, NJ, USA) and SCF (Amgen, Thousand Oaks, CA, 
USA), 5 μg ml− 1 polybrene (Sigma-Aldrich.com) and virus supernatant. HSCs were 
spin-infected once at 600 g for 60 min at room temperature prior to a 48 h incubation. 
Before and after transduction, the HSC population (Lin-/c-Kit+/Sca-1+) was  0.1% of 
the total population of fetal liver cells (data not shown). Cells were harvested and 
resuspended at a density of 2 × 107 - 4 × 107 cells ml−1 PBS. Non-irradiated neonates 
(Rag-2−/− gc

−/−) were injected with 50 μl of cell suspension intra liver. Four weeks post-
adoptive transfer, mice were sacrificed, and splenic cells were measured by FACS 
(FACSCantoII, BD, USA), supported by the Cell Quest Pro or FACS Diva software. 
FACS data were analyzed with FlowJo (version 7.2.1).

Results and discussion
Construction	of	pRetroSwitch-EGFPinv

First, we designed a vector, pRetroSwitch-EGFPinv (Figure 1A,B), to express an 
enhanced green fluorescent protein (EGFP) reporter, specifically in either B or 
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T cells in vivo. For this purpose, we modified a mouse stem cell virus vector to 
contain a multiple cloning site flanked by the mutant LoxP sites Lox66 and Lox71 
in an opposite head-to-head orientation (pRetroSwitch) (Figure 1A). Cre-mediated 
recombination of this mutant LoxP pair will result in unidirectional genetic inversion 
as it produces an inactive double mutant (Lox72), thereby locking any insert in 
the reverse orientation (Figure 1B) (Albert et al., 1995; Zhang and Lutz, 2002). 
Subsequently, an IRES-EGFP reporter was cloned in the anti-sense orientation in 
between the mutant LoxP pair. Consequently, Cre recombinase activity will revert 
this insert to its sense orientation, resulting in expression of EGFP (and any other 
gene of interest) (Figure 1B).

Figure 1. The construction and 
validation of the pRetroSwitch 
expression vector. (A) The modified 
multiple cloning site (MCS) was cloned 
into the pMSCV expression vector, 
hereafter known as pRetroSwitch. 
An oligonucleotide was made with 
the restriction sites BamHI and NotI 
which are flanked by the mutated 
LoxP sites (Lox71 and Lox66) in an 
opposite orientation. A gene of interest 
can be cloned into the BamHI site. 
Dashed arrows represent the DNA 
primers which contain appropriate 
restriction sites to facilitate cloning 
into pMSCV, following PCR. The solid 
arrows represent the direction of the 
core 8 bp sequence in the LoxP sites, 
and the sequences in bold with stars 
are the mutations within the LoxP 
sites. (B) Schematic representation 
of pRetroSwitch-EGFPinv before 
and after Cre recombinase activity. 
In the presence of Cre recombinase 
activity the IRES-EGFP cassette is 
switched into the sense orientation 
leading to EGFP expression. The 
double mutated Lox72 site is no longer 
recognized by Cre recombinase. Stars 
represent the mutations in the LoxP 
sites. EGFP activity in living cells 
transduced for 48 h. (C) NIH3T3 cells 
after transduction with Adeno-cre virus 
or with (D) pRetroSwitch-EGFPinv. 
Scale bar, 50 μm. (E) NIH3T3 
fibroblasts after co-transduction with 
pRetroSwitch-EGFPinv and Adeno-

cre. Scale bar, 50 μm. (F) B220 MACS-sorted B cells isolated from a CD19cre adult mouse, transduced 
with pRetroSwitch-EGFPinv. Scale bar, 25 μm. Histogram plots (C–F) show percentages EGFP positive 
cells. White arrows point to EGFP expressing B cells. All pictures (C–F) were taken with normal (phase/
contrast) and fluorescent light simultaneously.
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Figure 2. (A) FACS analysis of a total 
spleen cell population isolated from 
an adult Rag-2-/- gc

-/- recipient mice 
after reconstitution with CD19cre+/-/ 
pRetroSwitch-EGFPinv-transduced 
hematopoietic stem cells. FSC/SSC 
plot of total spleen cell population 
with lymphocyte gate (upper left 
panel). Lymphocytes were stained for 
CD45R (B220), the left and right gate 
represent the non-B cell (CD45Rlow/-) 
and B cell (CD45Rhigh) populations 
(upper right panel). Non-B cell and 
B cell populations were analyzed for 
EGFP expression. EGFP expression 
was detected only in B cells (lower left 
and lower right panels, respectively). 
(B) FACS analysis of a total spleen cell 
population from an adult Rag-2-/- gc

-/- 
recipient mouse, after reconstitution 
with CD4cre+/-/ pRetroSwitch-EGFPinv-

transduced hematopoietic stem cells. FSC/SSC plot of total spleen cell population with lymphocyte gate 
(upper left panel). Lymphocytes were stained for CD3, the left and right gate represent the non-T cell 
(CD3-) and T cell (CD3+) populations, respectively (upper right panel). Non-T cell and T cell populations 
were analyzed for EGFP expression. EGFP expression was detected only in T cells (lower left and lower 
right panels, respectively). Figures are representative of at least 3 recipient mice per genotype.

Conditional	EGFP	expression	in	vitro
First, we designed a vector, pRetroSwitch-EGFPinv (Figure 1A,B), to express 
an enhanced green fluorescent protein (EGFP) reporter, specifically in either 
B or T cells in vivo. For this purpose, we modified a mouse stem cell virus 
vector to contain a multiple cloning site flanked by the mutant LoxP sites Lox66 
and Lox71 in an opposite head-to-head orientation (pRetroSwitch) (Figure 1A). 
Cre-mediated recombination of this mutant loxP pair will result in unidirectional 
genetic inversion as it produces an inactive double mutant (Lox72), thereby 
locking any insert in the reverse orientation (Figure 1B) (Albert et al., 1995; 
Zhang and Lutz, 2002). Subsequently, an IRES-EGFP reporter was cloned in 
the anti-sense orientation in between the mutant LoxP pair. Consequently, Cre 
recombinase activity will revert this insert to its sense orientation, resulting in 
expression of EGFP (and any other gene of interest) (Figure 1B).

Conditional	EGFP	expression	in	vivo
Having confirmed Cre-recombinase-induced switching, we pursued the generation of 
retrogenic mice specifically expressing the EGFP reporter in B cells. For this purpose, 
HSCs were isolated from CD19cre+/- transgenic embryos (E14.5), transduced with 
pRetroSwitch-EGFPinv, and subsequently injected into alymphoid neonates (Colucci et 
al., 1999). Four weeks after injection, the reconstituted mice were sacrificed. Splenic 
cells were isolated and analyzed by FACS. A gate was set for lymphocytes (empirical 
observation) in the total splenic cell population (Figure 2A, upper left panel), which was 
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stained with the B cell marker CD45R (aka. B220, Fig. 2A, upper right panel). EGFP 
expression was determined for both the CD45Rlow/- (non-B cells) and CD45Rhigh 
(B cells) population (Figure 2A, lower left and lower right panel, respectively). As 
expected, B cells carried the EGFP signal, whereas all other splenic cells, including 
those outside the lymphocyte gate (data not shown), lacked the EGFP signal. In a 
comparable, but separate experiment, we transduced HSCs isolated from CD4cre+/- 
fetal livers with pRetroSwitch-EGFPinv to obtain EGFP expression specifically in T 
cells. FACS analysis shows that EGFP expression was observed in CD3 positive 
cells only (Figure 2B).

Concluding	remarks
We present a system which enables the instant specific expression of a transgene in 
vivo in a broad range of hematopoietic cell lineages. Using a single vector backbone 
in combination with HSCs derived from Cre transgenic mouse strains, this system 
permits the expression of a gene of interest in B (CD19cre) or T lymphocytes 
(CD4cre), but also in myeloid progenitor-derived lineages including monocytes, 
mature macrophages, and granulocytes (LysMcre) or in megakaryocytes and 
platelets (Pf4cre). Additional Cre transgenic mouse strains commonly used in 
immunology and hematology will allow for instant expression of the transgene in 
diverse developmental and differential stages of B and T cells. Thus, the choice of 
cell type for transgene expression is only dogged by the availability of Cre transgenic 
mice (Table 1). 

Table 1.  Available Cre transgenic mouse strains used in immunology

In our system, it is not necessary to design and clone promoters and/or enhancers 
to obtain conditional gene expression, which significantly reduces the cloning 
effort. In addition, the insert size is restricted to the transgene’s open reading 
frame only, thus improving packaging of viral particles, which is size dependent. 
Although ectopic recombination is a major concern when applying Cre-Lox systems 
(Schmidt-Supprian et al., 2007) and cannot be ruled out in the present model, it will 
be exclusively limited to the hematological compartment, making data interpretation 
less complex (Schmidt-Supprian et al., 2007). Furthermore, the relatively low costs 
and simple logistics of our system allows for ample controls, including mice carrying 
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Cre strain Cre activity in cell population Original publication
Vav Hematopietic lineages Georgiades, P. et al. Genesis (2002)
Pf4 Megakaryotic lineage Tiedt, R. et al. Blood (2006)
CD11b Macrophage lineage Ferron, M. et al. Genesis (2005)
CD11c Dendritic cell lineage Caton, M.L. et al. J. Exp. Med. (2007)
LysM Macrophages (Monocytes/Neutrophils) Clausen, B.E. et al. Transgenic Res. (1999)
Mcp6 Mast cells Thakurdas, S.M. et al. J. Biol. Chem. (2007)
Lck Thymocytes McCormack, M.P. et al. Mol. Cell. Biol. (2003)
Rag1 B and T cells McCormack, M.P. et al. Mol. Cell. Biol. (2003)
Granzyme-B Activated CD4/CD8 T cells Jacob, J. et al. Nature (1999)
CD4 T cells Lee, P.P. et al. Immunity (2001)
CD19 B cells Rickert, R.C. et al. Nucl. Acid Res. (1997)
Mb1 B cells Hobeika, E. et al. Proc. Nat. Acad. Sci. (2006)
CD21(3A) Mature B cells Kraus, M. et al. Cell (2004)
Cγ1 GC B cells Casola, S. et al. Proc. Nat. Acad. Sci. (2006)
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the Cre transgene alone or mice carrying only IRES-reporters, even in littermates 
(Schmidt-Supprian et al., 2007). Obviously, other than in the previously described 
retrogenic system (Holst et al., 2006; Nakagawa et al., 2006), the nature of our 
system prevents premature phenotype development as reporter activity becomes 
only apparent after Cre expression, which can easily be monitored even prior to 
reconstitution. Hence, transgene-induced side effects such as interference with HSC 
homing/migration to the bone marrow niche, or untimely differentiation, proliferation, 
or induction of apoptosis are excluded. The development of sophisticated transgenic 
mouse models is a major asset to the study of hematological diseases. We suggest 
that our conditional retrogenic model can be applied to test a set of open reading 
frames with, for example, oncogenic potential in a relatively short period of time, 
in contrast to the efforts involved to generate classical conditional mice. This is 
especially relevant when dealing with complex genes, such as CD44, which sprouts 
lots of different open reading frames (Koopman et al., 1993), either described or 
predicted in silico, all of which could play a role in tumorigenesis.
Compared to the classical transgenic mouse models (Jonkers et al., 2002), Cre-
Lox models are considered to more closely resemble human oncogenesis, as they 
allow the study of gene expression in specific cell populations. Concerning the 
hematological compartment, we argue that our conditional retrogenic mouse system 
even more faithfully recapitulates the pathobiology of sporadic tumor formation in 
humans, since only a relatively small proportion of cells within a specific population is 
modified. At least, this novel mouse model could provide exciting new opportunities 
to gain insight into the pathogenesis of hematological malignancies, viz. leukemia, 
malignant lymphoma, and multiple myeloma.
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General discussion

Heparan sulfate proteoglycans (HSPGs) are ubiquitously expressed by most cells, 
and are abundantly found in the extracellular matrix (Bishop et al., 2007; Lindahl et 
al., 1998). In addition, genetic defects in man and studies with genetically modified 
animals have indisputably demonstrated the vital role of HSPGs in development, 
organogenesis, physiology and disease (Bishop et al., 2007; Campos-Xavier et al., 
2009; Li et al., 2003). It is therefore remarkable that very little is known about the 
contribution of HSPGs and their modification by heparan sulfate (HS) modifying 
enzymes in the development of lymphoid organs or the maturation and differentiation 
of lymphocytes. Even more so, because nearly all growth factors and chemokines 
involved in immunology, contain HS-binding domains (Lindahl and Li, 2009).

Modification	 of	 heparan	 sulfate	 proteoglycans	 by	 Glce	 in	 lymphoid	
organogenesis
Already in 1995, Nakato and colleagues have demonstrated, using D. Melanogaster 
as a model organism, that HSPGs are required for cell division patterning during 
development (Nakato et al., 1995). In the last two decades, accumulating data 
on Drosophila provided ample evidence for the reciprocal relation of morphogens 
(e.g. BMP and WNT) and HSPGs in the patterning of the body axis, regulating 
organogenesis and wing formation (Penton et al., 1997; Tsuda et al., 1999). In 
view of that, lymphoid organ development is a complex process that also requires 
tightly controlled spatio-temporal expression of morphogens, chemokines and 
angiogenic factors (Manley and Blackburn, 2003; Mebius, 2003; Mebius and Kraal, 
2005). Nevertheless, this thesis describes for the first time a function for HSPGs, 
and in particular HS modification by C5-epimerase (Glce), in the development 
of lymphoid organs including thymus, spleen, and lymph nodes. Glce causes a 
release of the conformational constraints of the HS polysaccharide, creating chain 
flexibility and allowing the access of protein ligands to specific regions of the HS 
chains (Mulloy et al., 2000). In chapter 2 and 3, we show that this is crucial for 
binding to HS for an array of morphogens and chemokines, including BMP4, 
FGF2, FGF10, and SDF-1. Reduced interaction with HSPGs lacking IdoA might 
therefore cause variation in ligand availability, leading to misregulation of cell fate 
decisions, which could contribute to the defects we observed in lymphoid organ 
development. It is therefore surprising that despite the profound abnormalities, 
once the lymphoid organs are formed, all the expected cell types could be identified 
and were located at the expected locations in normal numbers. Moreover, we 
show that transplantation of the Glce-deficient lymph node primordium is capable 
of attracting lymphocytes and provides a stromal environment with distinct B and 
T cell areas, sufficient for the generation of class-switched B cells. Apparently, 
production and presentation of chemokines by the Glce-deficient vessels is not 
severely disturbed, enabling (wild type) lymphocytes to enter the lymph node via 
the high endothelial venules. Notably, in chapter 3 we demonstrate that binding of 
the homeostatic chemokines CXCL13 and CCL21 that guide B and T lymphocytes 
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to their destined compartment, respectively (Cyster, 2005), is only marginally 
affected in the absence of IdoA, which could explain their normal distribution within 
the Glce-deficient stromal environment.

Glce	function	in	B	cell	development	and	plasma	cell	survival
Although there is still debate on the contribution and expression of HSPGs in T cells, 
several laboratories, including our own, have started to reveal a role for HSPGs in 
B cells (Borgehsi et al., 1999; Garner et al., 2008; Sanderson et al., 1989; van der 
Voort et al., 2000). Specifically, it was shown that B cells express syndecan-1 during 
different stages of B cell development (Sanderson et al., 1989), and that early B cells 
can bind IL-7 via HS, which is an important proliferation inducing cytokine (Borgehsi 
et al., 1999). In addition, we found that upon simultaneous ligation of CD40 and 
the B cell receptor (BCR) a very strong increase of cell surface HS expression 
was induced (van der Voort et al., 2000). Therefore, it is puzzling that conditional 
loss of EXT1 expression in B cells, by crossing the EXT1flox/flox mice with CD19-Cre 
mice, resulted in only minor changes in B cell development (Garner et al., 2008). 
As discussed by the authors, because only 50-85% of the cell surface HS on the 
B cells was lost, it is possible that either the remaining amount of HS is sufficient 
for the selection of B cells, or this selection process may have favored the more 
normal B cells. The latter is supported by the observation that, in comparison to 
the immature B cells in the bone marrow, a larger proportion of the B cells in the 
peripheral blood expressed HS. Nevertheless, there was a tendency towards lower 
B cell counts in peripheral blood of the mice with EXT1 gene inactivation (Garner et 
al., 2008). Indeed, in this thesis we show that during B cell development, correctly 
modified HS is required for the maturation of B cells. In chapter 3 we find that the 
follicular mature B cell pool in Glce-deficient mice is smaller, which is accompanied 
by lower basal immunoglobulin levels. Importantly, throughout the lifespan of a B 
cell, signaling by the BCR is essential, guiding growth, selection, and differentiation. 
However, over the last years it has become apparent that another major pathway 
is essential for driving transition into, and survival of follicular mature B cells, that is 
signals emanating from the interaction of BAFF-R (BR3) with its ligand BAFF (BLyS) 
(Hoek et al., 2009; Kraus et al., 2004; Mackay and Schneider, 2009; Monroe and 
Dorshkind, 2007; Stadanlick et al., 2008; Treml et al., 2009).
We demonstrate in chapter 2 and 3 that Glce deficiency can lead to diminished 
binding of growth factors and chemokines to HS, up to 90%. This could potentially 
interfere with B cell maturation and/or survival by affecting growth factor signaling. 
However, since BAFF, which is one of the most potent and crucial mediator in 
follicular mature B cell survival, has the capacity to auto-multimerize and therefore 
does not require HSPGs for signaling (Hendriks et al., 2005; Ingold et al., 2005), it 
seems unlikely that impaired growth factor signaling contributes to the defect we 
observe in mature B cell survival or maturation. We therefore suggest a novel role 
for HSPGs in B cell survival. Once matured, naive B cells require signals of the BCR. 
This BCR signaling is antigen independent, and is known as tonic signaling (Monroe, 
2004). HSPGs could affect B cell maturation by interfering with the organization 
of the BCR signalosome, responsible for generating these tonic survival signals. A 
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potential key player in this scenario is CD19, which possesses a heparan sulfate 
binding domain (de Fougerolless et al., 2001), and during B cell activation, acts as 
an adaptor which transiently recruits signaling molecules like Vav, PI3K and Lyn 
into BCR microclusters (Harwood and Batista, 2010). Altered interaction between 
CD19 and the abnormally modified HS on Glce-/- B cells could affect CD19 dynamics, 
leading to defective recruitment of CD19 to the BCR complex. This could result in 
an imbalance of cell surface molecules determining the outcome of the BCR signal, 
favoring cell death over cell survival (Monroe, 2006).

At the end of the germinal center (GC) reaction, a point of divergence is reached 
at which a GC B cell can differentiate into a memory B cell or plasma cell. After 
antigen-dependent differentiation, plasma cells migrate to the bone marrow, where 
they reside in specific niches to maintain protective serum antibody levels (Manz 
et al., 2005). A key difference between plasma cells and all other B cells is the 
status of the BCR comlex. While the B cells have a cell surface-bound receptor 
type BCR, plasma cells delete the membrane-associated portion of the BCR, 
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Figure 1. Heparan sulfate proteoglycans in B cell maturation and (myeloma) plasma cell 
survival. Proposed model for the contribution of C5-epimerase (Glce) and EXT1 in the maturation 
and/or survival of B cells and (myeloma) plasma cells. HSPGs can form microclusters with, amongst 
others, the B cell receptor (BCR) and CD19. If the HS chains are not properly modified (without Glce 
modification; Glce-/-) the microclusters cannot be formed to provide the necessary (tonic) survival 
signal. Normal (bone marrow) plasma cells require Glce for HSPG-dependent binding of APRIL to 
induce survival signals. Lack of Glce expression renders the plasma cell incapable of APRIL binding. 
Loss of EXT1 in myeloma plasma cells prevents the cells to accumulate survival factors, including 
APRIL and SDF-1. See text for more details.
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thereby producing secreted BCRs, better known as immunoglobulins or antibodies. 
Consequently, plasma cells lack cell surface-associated BCRs, and may therefore 
be more dependent upon growth factors that provide survival supporting signals 
(Melchers et al., 1994). Indeed, plasma cells fully depend on the microenvironment 
for their survival. Importantly, plasma cells are characterized by expression of high 
levels of the HSPG syndecan-1 (Sanderson et al., 1989). Thus, by engaging soluble 
factors produced in the plasma cell niche, syndecan-1 can control the survival of 
plasma cells in the BM. In line with this, it was recently found that a proliferation 
inducing ligand (APRIL), which is key to the survival of bone marrow plasma cells 
(O’Connor et al., 2004; Belnoue et al., 2008; Bossen et al., 2008), requires HSPG 
interaction for effective signaling (Hendriks et al., 2005). Interestingly, in chapter 3 
we show that Glce-deficient plasma cells were unable to respond to APRIL-mediated 
survival signals in vitro, which could be attributed to the strongly reduced capacity of 
APRIL to interact with HS-moieties lacking IdoA. This suggests that Glce deficiency 
could impede the longevity of plasma cells, a notion that is supported by the reduced 
numbers of BM plasma cells, explaining the reduced basal- and antigen-specific 
antibody levels in Glce-/- mice we observe.
Taken together, we propose a novel role for HSPGs in B cell development, i.e. 
facilitating the generation of BCR microclusters to induce tonic survival signals, and 
we demonstrate for the first time that plasma cells require properly modified HS to 
accumulate soluble factors, e.g. APRIL, for survival (Figure 1). 

EXT1-controlled	heparan	sulfate	expression	in	myeloma
A hallmark for the malignant plasma cells in multiple myeloma (MM) is the 
expression of the HSPG syndecan-1 (Wijdenes et al., 1996). Syndecan-1 is a 
pleiotropic proteoglycan, which can affect cell fate by strengthening integrin-
mediated adhesion via its core protein or by accumulating and presenting soluble 
factors via its HS side chains (Derksen et al., 2002; Kramer et al., 2003; Morgan 
et al., 2007; van der Voort et al., 2000). In this thesis we provide unique direct 
evidence that the cell surface HS chains attached to syndecan-1 are crucial for MM 
cell growth. By applying RNAi-mediated knockdown of EXT1, the MM cells lose 
their cell surface HS expression, which results in increased apoptosis and reduced 
growth. In addition, we show that suppressing syndecan-1 results in the loss of HS 
on the cell membrane of MM cells, which also impairs cell growth. In support of 
our observations, others have demonstrated that subcutaneous myeloma tumors 
treated with bacterial heparitinase, an HS degrading enzyme, caused a reduction 
in tumor size and significantly interfered with the MM growth. This demonstrates 
that HS in the microenvironment can support the tumor, regardless of the cell 
expressing it, since heparitinase also targets non-MM-derived HS, which could 
be equally important (Yang et al., 2007). Nonetheless, in vitro studies revealed 
that treating MM cells with heparitinase is sufficient to induce cell death and inhibit 
cell signaling required for survival (Derksen et al., 2002; Mahtouk et al., 2006). 
Furthermore, overexpression of Hsulf-1 and -2, which clip of 6-O sulfate groups 
on HS chains, resulted in a retarded MM tumor growth in mice as well (Dai et 
al., 2005). Importantly, as the authors stated, Hsulf activity was only found on the 
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MM cell surface, and not within the microenvironment, since it is a cell membrane 
bound protein. As MM cells can shed syndecan-1 into the microenvironment, this 
could explain why eventually (within seven weeks) in all cases tumors were found, 
albeit smaller: the shedded syndecan-1 is unaffected by the sulfatase activity and 
could accumulate in the extracellular matrix to eventually create a sufficiently rich 
tumor environment. Nevertheless, this study supports the fact that (modified) HS, 
generated by MM cells, is essential for the growth of MM cells, and that Hsulf-1 
and -2 could be potent inhibitors (Dai et al., 2005). Hence, although ample 
evidence points towards a pivotal role for HS expression by MM, we are the first to 
demonstrate that cell autonomous expression of HS (EXT1) and not the syndecan-1 
core protein per se, is absolutely required for the growth of MM. In our study, MM 
cells express syndecan-1 without any HS chains. Consequently, syndecan-1 is 
unable to accumulate growth enhancing and proliferation inducing (soluble) factors, 
rendering it incapable to support MM growth in the BM (Figure 1).
Besides cytokines and growth factors, another important type of interaction that 
can control the communication between MM cells and the BM environment is direct 
cell-cell contact via adhesion- and other cell membrane molecules. Specifically, 
recruitment of integrins can lead to outside-in signaling, resulting in a series of 
biological responses, including assembly of focal contact, modulation of cell 
migration, and proliferation (Katz, 2010). Moreover, adhesion to bone marrow 
stromal cells (BMSCs) triggers their production of molecules that can modulate 
growth, survival, and adhesion of MM cells. For example, adhesion of MM cells to 
BMSCs induces the release of IL6 from the BMSCs. In addition, CD40 triggering 
on MM cells results in production of IL6 by MM cells. Furthermore, bFGF (FGF2), 
produced by the MM cells, can also induce IL6 secretion by BMSCs (Bisping et 
al., 2003; Cauhan et al., 1996). This underscores that even though MM cells are 
allowed to interact with the BM microenvironment, e.g. via integrins, cadherins, 
but also the syndecan-1 core protein, it is not sufficient to overcome the loss of HS 
expression. In chapter 4 we provide evidence that this indeed could be the case, 
because human MM cells localized in the bone marrow could no longer sustain 
growth, after the induction of EXT1 knockdown. Furthermore, the loss of heparan 
sulfate could also sensitize MM cells to drug-induced cell death. Together, the 
findings in this thesis indicate the HS biosynthesis machinery is a potential novel 
treatment target for MM (Lindahl, 2007).
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Conclusions
Since HS modification consists of a complex series of enzymatic reactions, 
ultimately leading to a polysaccharide with highly sulfated regions, it is tempting to 
speculate that each individual modifying enzyme contributes to the generation of 
specific protein binding domains (Lindahl and Li, 2009). As demonstrated by studies 
with full knockout mice, specific loss of different HS modifying enzymes leads to 
distinct, but specific defects in development and organogenesis. Loss of heparan 
sulfate 2-O sulfotransferase, N-deacetylas/N-sulfotransferase-1, or glucuronyl C5-
epimerase results in polysaccharides with aberrant sulfation patterns, which likely 
determines the strength and outcome of HS-ligand interactions (Bullock et al., 1998; 
Li et al., 2003; Merry et al., 2001; Ringvall et al., 2000). This is especially interesting, 
because Bret and colleagues have shown that different B cell subsets have a distinct 
expression profile of HS modifying enzymes. For example, plasmablasts and plasma 
cells expressed high levels of heparan sulfate 2-O-sulfotransferase (HS2ST) and 
EXT1 as compared to memory B cells, whereas HS3ST2 and HS6ST1 expression 
was higher in memory B cells than in plasmablasts. In addition, compared to normal 
bone marrow plasma cells, MM cells also display an altered expression pattern (Bret 
et al., 2009). It is interesting to note that EXT2 was overexpressed in MM compared to 
normal plasma cells, and patient studies revealed that the overexpression of HS2ST 
and EXT1 was linked to a bad prognosis (Bret et al., 2009). Together with the studies 
described in this thesis, it has become clear that the regulation of spatio-temporal 
expression of HS modifying enzymes is essential in determining the outcome of 
cell fate, and plays a critical role in a variety of biological processes, including cell 
adhesion and migration, cell survival, angiogenesis, and tissue remodeling.
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Summary

Immune responses are mediated by leukocytes, which derive from precursors in the 
bone marrow. These precursors give rise to amongst others the polymorphonuclear 
leukocytes and macrophages of the innate immune system, and also to the 
lymphocytes of the adaptive immune system. There are two major types of 
lymphocytes: B lymphocytes, which mature in the bone marrow, and T lymphocytes, 
which mature in the thymus. The bone marrow and thymus are thus known as 
the central primary lymphoid organs. After development, lymphocytes recirculate 
between the bloodstream and the peripheral secondary lymphoid organs, where 
the antigen-presenting cells are localized and the adaptive immune responses are 
initiated. The major secondary lymphoid organs are the spleen, the lymph nodes and 
the mucosal associated lymphoid tissue. The development of these lymphoid organs 
is a tightly controlled process, requiring spatio-temporal regulation of morphogens, 
chemokines and angiogenic factors. Heparan sulfate proteoglycans (HSPGs) are 
molecules designed to specifically bind and regulate the bioactivity of many of these 
soluble protein ligands.
Chapter 2 presents data showing that modification of heparan sulfate (HS) by 
glucuronyl C5-epimerase (Glce) is essential for normal lymphoid organ development. 
Glce controls HS chain flexibility, allowing the access and binding of protein ligands 
to specific regions of the HS chains. Targeted disruption of Glce in mice resulted 
in a strongly reduced size of the fetal spleen, as well as a spectrum of defects in 
thymus and lymph node development, ranging from dislocation to complete absence 
of the organ anlage. In line with this, several morphogens and cytokines involved 
in the organogenesis of these lymphoid structures, including bone morphogenic 
protein-4 (BMP4) and fibroblast growth factor-2 (FGF2) and -10 (FGF10), displayed 
a strikingly diminished binding to HS lacking IdoA, the product of Glce activity. Once 
established, however, the Glce-/- primordia recruited lymphocytes and developed 
normal architectural features. In concordance, we demonstrated that Glce-/- lymph 
node anlagen transplanted into wild type recipient mice showed outgrowth of the 
primordium, and allowed undisturbed wild type lymphocyte maturation. These 
results indicate that modification of HS by Glce is required for controlling the activity 
of molecules that are instructive for early lymphoid tissue morphogenesis, but may 
be dispensable at later developmental stages and for lymphocyte maturation and 
differentiation.
Since Glce-deficient mice die neonatally, we were unable to study the development, 
maturation and differentiation of the B cells. Therefore, in chapter 3, we transplanted 
Glce-/- fetal liver hematopoietic stem cells (FLHSCs) into alymphoid Rag-2-/-gc

-/- mice. 
Consequently, in contrast to the LN transplantation in chapter 2, here the B cells 
did not express Glce, whereas the stromal compartment was wild type. In these 
mice, we observed an attenuated B cell maturation, as well as diminished baseline- 
and antigen-specific immunoglobulin levels and decreased plasma cell numbers. 
In support of these data, we demonstrated that HS-dependent binding of important 
factors for B cell homeostasis and survival, e.g. APRIL and SDF-, is severely impaired. 
Moreover, we showed that Glce-deficient plasma cells responded poorly to APRIL-
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mediated survival signals. These findings reveal that regulation of HS conformation 
by Glce is essential for the recruitment of factors that control B cell maturation and 
survival of plasma cells.
As discussed in chapter 3, plasma cells require correctly modified HS for their 
survival. For malignant plasma cells, i.e. multiple myeloma (MM), it was demonstrated 
that the HSPG syndecan-1 is required for growth and survival. In chapter 4 we 
showed that apart from the syndecan-1 core protein, also the HS chains covalently 
attached to it were essential for the growth and survival of MM cells. Inducible RNAi-
mediated knockdown of EXT1, a co-polymerase critical for HS biosynthesis, resulted 
in the loss of cell surface HS of human MM cells. As a consequence, we observed 
reduced growth and enhanced apoptosis of the MM cells in vitro. By applying a 
xenotransplantation model in Rag-2-/-gc

-/- mice, we demonstrated that induction 
of EXT1 knockdown in vivo dramatically suppressed the growth of bone marrow 
localized myeloma. Taken together, our results provide direct evidence that the 
HS chains of syndecan-1 are crucial for the growth and survival of MM cells within 
the bone marrow environment, and indicate the HS biosynthesis machinery as a 
potential treatment target in MM.
Chemokine-controlled migration plays an important role in B cell development, 
differentiation and function, but is also implicated in the pathogenesis of B cell 
malignancies, including MM. In chapter 5 we demonstrated that stimulation of B 
cells and MM cells with the HS-binding chemokine SDF-1 induced strong migration 
and activation of the small GTPase Ral. Inhibition of Ral, by expression of the 
dominant negative RalN28 mutant or of RalBPDGAP, resulted in impaired SDF-1-
induced migration of B cells and MM cells. Of the two isoforms, RalA and RalB, we 
showed that RalB mediates the SDF1-induced migration. In addition, we showed 
that deficiency for the signaling molecules Btk, PLCg2, and Lyn/Syk, treatment with 
pharmalogical inhibitors of PI3K and PLC, or expression of a dominant negative Ras 
mutant did not impair SDF-induced Ral activation. Taken together, these experiments 
suggest that Ral plays an important role in B cell trafficking and function, and provide 
new insight into the pathogenesis of MM.
Previously, classical conditional mice had to be generated to express a gene of 
interest in a cell type of choice. However, to circumvent embryonic stem (ES) cell 
targeting and many crossings, the retrogenic mouse model was recently introduced. 
In this model, hematopoietic stem cells are retrovirally transduced and subsequently 
injected into, for example, Rag-2-/-gc

-/- mice. When a viral vector is used, containing 
regulatory sequences from for example the B cell-specific CD19 gene, even cell 
type specific expression of a gene of interest can be achieved. In chapter 6 we have 
improved the current retrogenic mouse model. We generated conditional retrogenic 
mice, based on a single retroviral vector. This vector contains mutated LoxP-flanked 
DNA segments, which we transduced into hematopoietic stem cells, isolated 
from Cre recombinase transgenic mice, and subsequently transferred them into 
immunodeficient mice. In this way gene expression was restricted to hematopoietic 
cell lineages of choice in the acquired immune system, depending on the chosen 
Cre-recombinase mouse strain, e.g., B cells in case of the CD19-Cre mice. This 
method provides a powerful tool to rapidly investigate novel or candidate oncogenes 
for their involvement in lymphomagenesis.
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Nederlandse samenvatting
Gedurende het leven worden organismen voortdurend blootgesteld aan een grote 
diversiteit aan ziekteverwekkers, waaronder bacteriën en virussen, maar ook 
schimmels en parasieten (o.a wormen). Om zich te kunnen weren tegen deze, in 
potentie, dodelijke indringers of pathogenen, hebben gewervelde dieren, waaronder 
de mens, gedurende de evolutie een complex en vernuftig multicellulair systeem 
ontwikkeld. Dit systeem wordt het immuunsysteem genoemd, ook bekend als het 
afweersysteem. Het immuunsysteem kan evolutionair gezien, worden verdeeld in 
twee delen die samenwerken. Het als eerste ontwikkelde deel is het zogeheten 
aangeboren immuunsysteem, het is aspecifiek, maar wordt meteen in werking 
gesteld op het moment dat er ziekteverwekkers het lichaam binnendringen. 
Daarnaast hebben hogere organismen een adaptief (verworven) immuunsysteem. 
Het adaptieve deel past zich aan de pathogeen aan, wat meer tijd kost, maar 
uiteindelijk een zeer specifieke afweer zal vormen. Dit is ook het deel van het 
immuunsysteem dat in werking wordt gesteld bij vaccinatie (inenting). Het voordeel 
van het adaptieve immuunsysteem is dat er ook geheugen wordt gevormd, wat het 
organisme in staat stelt om bij een herhaalde, gelijke infectie, zeer specifiek en veel 
efficiënter de indringer te vernietigen en op te ruimen.
In dit proefschrift wordt voornamelijk onderzoek beschreven met betrekking tot 
het adaptieve immuunsysteem. De verkregen immuniteit wordt tot stand gebracht 
door lymfocyten, beter bekend als witte bloedcellen, welke op hun beurt worden 
onderverdeeld in B en T lymfocyten. Communicatie tussen deze B en T cellen 
zorgt uiteindelijk voor circulerende antistoffen (antilichamen), die specifiek aan 
bepaalde lichaamsvreemde stoffen (antigenen) kunnen binden. De antilichamen 
worden geproduceerd door gespecialiseerde B cellen, en fungeren als een 
herkenningssignaal, waarna de drager van het antigeen onschadelijk kan worden 
gemaakt. Om te komen tot een antilichaam producerende B cel, ofwel plasmacel, 
ondergaat de B cel een verscheidenheid aan selectie procedures. Een belangrijk eiwit 
op het celoppervlak (membraan), nauw betrokken bij de selectie, is de B cel receptor 
(BCR). De BCR is een celmembraan gebonden antilichaam, dat signalen aan de cel 
kan doorgeven op het moment dat er antigeen aan bindt. Deze signalen bepalen of 
een B cel zal overleven (selectie) en delen, om uiteindelijk verder te differentiëren. 
Tijdens deze selectie vinden DNA veranderingen plaats, waardoor uiteindelijk 
antilichamen zullen worden geproduceerd met hoge affiniteit en specificiteit voor 
het antigeen. Hierna zal de B cel differentiëren tot een plasmacel, terwijl een deel 
van de B cellen tot zogenaamd geheugen B cellen zullen differentiëren, die bij een 
herhaalde infectie met hetzelfde antigeen een versnelde en specifiekere immuun 
reactie te weeg brengen, waarop de hiervoor besproken vaccinatie berust.
Zoals gezegd vindt er tijdens de selectie van B cellen DNA verandering plaats 
(mutaties). Hoewel dit een strikt gereguleerd proces is, komt het voor dat behalve 
de genen coderend voor het antilichaam, ook genen betrokken bij celgroei en 
celoverleving worden gemuteerd. Dit kan uiteindelijk resulteren in ongecontroleerde 
celgroei, ofwel kanker. Kanker van de B cel wordt B cel lymfoom genoemd, en 
behoort tot de non-Hodgkin lymfomen en mutipel myeloom (MM). MM, ook bekend 
als de ziekte van Kahler, is een kwaadaardige woekering van plasmacellen in het 
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beenmerg, waaraan in dit proefschrift twee hoofdstukken zijn gewijd.
Een sleutelrol voor een efficiënte adaptieve immuunreactie is weggelegd voor de 
primaire en secundaire lymfoïde organen. In de primaire lymfoïde organen, het 
beenmerg en de thymus (zwezerik), vindt respectievelijk de ontwikkeling tot vroege 
(onrijpe) B en T cellen plaats. De onrijpe cellen verlaten deze organen en migreren 
vervolgens naar de secundaire lymfoïde organen, zoals de milt en de lymfeknopen. 
De secundaire lymfoïde organen hebben een gespecialiseerde micro-omgeving wat 
verdere rijping van de lymfocyten bevordert, en waarin de B cellen in contact komen 
met antigeen en andere immuuncellen, wat uiteindelijk resulteert in de differentiatie 
tot plasmacellen. De mens heeft meer dan vijfhonderd lymfeknopen, allen gelegen 
op strategische plekken in het lichaam. Doordat er miljoenen lymfocyten in de 
lymfeknopen bijeen zijn, en deze organen de verzamelpunten zijn van antigeen, 
opgepikt vanuit verschillende plekken van het lichaam, wordt de kans dat een 
specifieke B cel in aanraking komt met zijn antigeen aanzienlijk vergroot. Eenmaal 
tot een plasmacel geworden, zullen de cellen terug migreren naar het beenmerg, 
waar ze voor een zeer lange periode (jaren) verblijven in een gespecialiseerde micro-
omgeving of niche. Het is op deze plek waar de plasmacellen continu een basale 
hoeveelheid antilichamen produceren ter bescherming. Zoals al eerder genoemd, 
bevinden MM cellen zich ook in het beenmerg. Dit komt omdat MM de kwaadaardige 
tegenhanger is van de normale plasmacel. Hoewel het een kanker is migreren de 
cellen naar dezelfde locatie, omdat ze nog wel afhankelijk zijn van dezelfde signalen 
uit deze specifieke omgeving voor hun overleving en groei.
Zowel de ontwikkeling van lymfoïde organen, alsook van de lymfocyten zelf, is een 
complex proces, waarbij een grote diversiteit aan groeifactoren (cytokinen) zijn 
betroken. De meeste van deze instruerende moleculen binden aan heparan sulfaat 
proteoglycanen (HSPGs). Dit zijn macromoleculen opgebouwd uit een basiseiwit 
(proteoglycaan) waaraan suikerketens (heparan sulfaat) zijn verbonden. Bijna alle 
cellen in het lichaam hebben HSPGs op het celmembraan en er bevinden zich grote 
hoeveelheden in de micro-omgeving (extracellulaire matrix). De HS-ketens worden 
blootgesteld aan modificerende enzymen wat resulteert in geladen domeinen in 
de HS-ketens, waaraan de cytokinen specifiek kunnen binden. De binding van 
cytokinen met de gemodificeerde HSPGs reguleert verschillende processen, zoals 
groei, overleving en migratie. Het is duidelijk gebleken dat de modificatie van de HS-
ketens van essentieel belang is bij de ontwikkeling van mens en dier, en dat deze 
macromoleculen orde uit chaos creëren, door op lokaal niveau specifiek benodigde 
cytokinen te concentreren en te verdelen.
Eén van de enzymen betrokken bij de modificatie van HS-ketens is C5-epimerase. 
Zonder deze modificatie blijft de HS-keten star van structuur, waardoor cytokinen 
veel minder goed kunnen binden, en dus onvoldoende signalen kunnen doorgeven 
aan de desbetreffende cellen. C5-epimerase deficiënte muizen (knock-out) hebben 
bij de geboorte onderontwikkelde longen, afwijkingen aan het skelet, en missen de 
totale aanleg van de nieren. Hierdoor sterven deze muizen direct na de geboorte. 
In hoofdstuk 2 lieten we zien dat ook de normale embryonale ontwikkeling van 
lymfoïde organen sterk afhankelijk is van C5-epimerase. In perinatale C5-epimerase 
knock-out muizen ontdekten wij een sterk gereduceerde grootte van de milt, alsook 
afwijkingen in de aanleg van de thymus en de lymfeknopen dat varieerde van 
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abnormale positionering tot het totaal afwezig zijn van het orgaan. Een verklaring 
hiervoor is dat cytokinen betrokken bij de ontwikkeling van deze organen, zoals 
bone morphogenic protein-4 (BMP-4), fibroblast growth factor-2 (FGF-2), en FGF-
10, inderdaad nauwelijks meer in staat waren te binden aan HS-ketens zonder C5-
epimerase modificatie. Echter, wanneer de organen eenmaal aanwezig waren, al 
dan niet volledig in grootte, was de structuur vergelijkbaar met de normale situatie 
(wild type) en konden we B en T cellen detecteren in hun juiste omgeving. Zelfs 
na transplantatie van lymfeknopen in wild type ontvanger muizen, toonden we aan 
dat in de C5-epimerase deficiënte lymfeknopen antilichaam producerende wild type 
plasmacellen konden worden gegenereerd.
Aan de andere kant waren we geïnteresseerd of de ontwikkeling van B cellen en 
hun differentiatie tot plasmacel beïnvloed zou worden door C5-epimerase, wat staat 
beschreven in hoofdstuk 3. Om dit te kunnen bestuderen waren we genoodzaakt 
hematopoietische stamcellen (HSCs) van C5-epimerase knock-out (Glce-/-) in 
immuun-deficiënte muizen te transplanteren, vanwege de vroege postnatale dood 
van de Glce-/- muizen. In vergelijking met de transplantatie studie van hoofdstuk 2, 
brengen de B cellen hier geen C5-epimerase tot expressie, terwijl de stromale cellen 
wild type zijn. Als gevolg van het C5-epimerase defect vonden wij een verminderde 
hoeveelheid rijpe, naïeve B cellen, alsook een verlaagde hoeveelheid basale en 
antigeenspecifieke antilichamen in de circulatie, en een lager aantal plasmacellen. 
Ter versterking van deze data, toonden wij aan dat groeifactoren als hepatocyte 
growth factor (HGF), a proliferation inducing ligand (APRIL) en stromal-derived 
factor-1 (SDF1), betrokken bij B cel homeostase en overleving, sterk verminderd 
bonden aan HS-ketens zonder C5-epimerase modificatie. Daarnaast lieten wij zien 
dat Glce-/- plasmacellen niet in staat waren om te overleven in de aanwezigheid van 
APRIL, terwijl wild type plasmacellen dit wel konden. De studies in hoofdstuk 2 en 
3 samengenomen, tonen aan dat modificatie van HS-ketens door C5-epimerase 
belangrijk is in immunologische processen, zoals lymfoïde orgaanontwikkeling en 
de rijping, differentiatie en functie van B cellen, doordat essentiële factoren niet op 
de juiste manier kunnen binden.
Plasmacellen hebben een grote hoeveelheid van de HSPG syndecan-1 op hun 
celoppervlak. Dit eiwit is karakteristiek voor normale plasmacellen, maar wordt in de 
diagnostiek ook gebruikt om multipel myeloom cellen te identificeren. In hoofdstuk 
3 toonden wij aan dat HS-ketens een belangrijke rol spelen in de overleving van 
normale plasmacellen, en dat plasmacellen op deze manier met hun omgeving 
communiceren door groeifactoren en cytokinen te binden en te gebruiken ten 
behoeve van overleving. Al eerder hebben wij laten zien dat syndecan-1 cruciaal is 
voor de groei en overleving van MM plasmacellen, maar onduidelijk was of dit door 
het eiwit zelf wordt gereguleerd, of dat juist de HS-ketens aan dit eiwit de cruciale 
mediators zijn. Door MM cellen te manipuleren, waardoor met behulp van doxycycline 
de gen transcriptie induceerbaar wordt geblokkeerd van EXT1, een enzym 
onmisbaar voor de polymerisatie van de HS zijketens, toonden we in hoofdstuk 4 
aan dat de HS-ketens essentieel zijn voor de groei en overleving van deze maligne 
plasmacellen. Zonder EXT1, en dus zonder HS-ketens aan het syndecan-1 eiwit 
op het celoppervlak, waren de MM cellen niet in staat verder te groeien, zowel in 
de kweekfles, alsmede in muizen waarin de cellen waren getransplanteerd. De 
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ongemanipuleerde MM cellen migreerden daarentegen naar het beenmerg, zoals 
in de mens, en manifesteerden zich als de ziekte van Kahler. Met deze studie zijn 
wij de eersten die aantonen dat de HS-ketens gekoppeld aan syndecan-1 op het 
celoppervlak van MM cellen van cruciaal belang zijn voor de communicatie met de 
micro-omgeving van het beenmerg. Zonder EXT1 zijn de MM cellen niet in staat 
om de benodigde groei- en overlevingfactoren te verzamelen, wat uiteindelijk leidt 
tot het doodgaan van deze kankercellen. Het wegnemen van de mogelijkheid om 
interactie met de micro-omgeving aan te gaan, kan hierdoor worden beschouwd als 
de “Achilles hiel” van dit type kanker. Deze bevindingen bieden een opening voor 
therapeutische strategieën. In het appendix van hoofdstuk 4, demonstreerden wij 
dan ook dat MM cellen zonder EXT1 expressie aanzienlijk gevoeliger waren voor 
therapeutica als bortezomib en lenalidomide, welke tegenwoordig worden gebruikt 
in de kliniek voor het behandelen van MM patiënten.
Zoals eerder genoemd, is de migratie van B cellen, maar ook MM plasmacellen, 
van cruciaal belang om de juiste micro-omgeving te bereiken voor hun ontwikkeling, 
groei, overleving en functie. Migratie is een proces dat wordt gereguleerd door 
speciale cytokinen, bekend als chemokinen, zoals SDF-1. In hoofdstuk 5 hebben we 
gekeken welke intracellulaire signaaleiwitten van belang zijn bij SDF-1 geïnduceerde 
migratie van B cellen en MM cellen, met nadruk op de GTSPase Ral. Stimulatie met 
SDF-1 induceerde migratie van B cellen en MM cellen, en een sterke activatie van 
Ral. Door de Ral remmers RalN28 en RalBPDGAP, werd dit proces sterk onderdrukt. 
Daarnaast toonden wij aan dat signaalmoleculen als Btk, PLCg2, Lyn/Syk, en PI3K, 
alsook de GTPase Ras, niet betrokken zijn bij de activatie van Ral. Met deze 
experimenten is er duidelijk een specifieke nieuwe functie aangetoond die Ral heeft 
in de regulering van SDF-1 geïnduceerde B cel en MM celmigratie.
Manipulatie van DNA, ofwel genetische manipulatie, is een techniek waarvan de 
toepassingsmogelijkheden in de laatste tien tot vijftien jaar explosief gegroeid 
zijn. Ook de biomedische wetenschap heeft niet stil gestaan. Voorheen was het al 
mogelijk om in muizen de transcriptie van een gen van interesse te inactiveren of 
overactiveren, zelfs in een celtype naar keuze. Echter, dit is een omslachtig proces, 
omdat embryonale stamcellen moeten worden gemanipuleerd en er meerdere 
kruisingen met verschillende muizenstammen moeten plaatsvinden, wat vaak 
maanden tot jaren kan duren. Recentelijk is er een techniek ontwikkeld, het retrogene 
muismodel, waarbij hematopoietische stamcellen (HSCs) worden gemanipuleerd 
middels virale transductie. Het voordeel hiervan is dat deze HSCs kunnen worden 
getransplanteerd in immuun-deficïente muizen, en binnen 4 weken hebben alle 
hieruit ontstane witte en rode bloedcellen het geïntroceerde stukje DNA, echter dit 
is niet celtype specifiek. In hoofdstuk 6 hebben we deze methode verbeterd. Op 
basis van een enkele retrovirale vector, hebben we cel specifieke genexpressie 
gegenereerd in het retrogene muis model. De vector bevat gemuteerde loxP 
fragmenten rond het DNA van het gen van interesse. Om de conditionele expressie 
te bewerkstelligen, hebben we gebruik gemaakt van HSCs die na differentiatie, cel 
specifiek Cre-recombinase tot expressie brengen. Cre-recombinase herkent de 
loxP fragmenten en na Cre-recombinase activiteit zal het gen van interesse worden 
aangezet. Het unieke van deze HSCs is dat niet alle witte en rode bloed cellen Cre-
recombinase tot expressie brengen, maar alleen in B of T cellen, of in plasmacellen, 
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afhankelijk van het type Cre-recombinase HSC (CD19-Cre HSCs voor B cellen). 
Deze methode bevordert de snelheid waarmee onderzoek kan worden gedaan naar 
bepaalde (kanker gerelateerde) genen in bijvoorbeeld B cellen of MM cellen.
De belangrijkste bevindingen in dit proefschrift hebben aangetoond dat heparan 
sulfaat proteoglycanen een cruciale rol hebben in immunologische processen. De 
correcte modificatie van HS-ketens door C5-epimerase en EXT1 zijn noodzakelijk 
voor de normale ontwikkeling van lymfoïde organen en B cellen, en essentieel 
voor de groei en overleving van (MM) plasmacellen. Bovendien hebben we 
signaleringsprocessen geïdentificeerd en gekarakteriseerd die een rol spelen bij de 
migratie van deze cellen dat van groot belang is voor het uitvoeren van hun functie. 
Samenvattend verwachten wij dat het verkregen inzicht uiteindelijk zal leiden tot 
ondermeer nieuwe therapeutische strategieën voor behandeling van de ziekte van 
Kahler en andere immunologische ziekten.
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Dankwoord
Het dankwoord, meestal als laatste geschreven, en vaak als eerste gelezen. Dit 
is het gedeelte van het proefschrift waar door veel promovendi reikhalzend naar 
wordt uitgekeken, want dit betekent dat het is afgerond, klaar, finito, gepiept. 
Hoewel een proefschrift zeer persoonlijk is, moge het duidelijk zijn dat deze niet 
tot stand is gekomen door alleen mijn eigen inzet, maar ook door de bijdrage van 
vele anderen, in welke vorm of mate dan ook. Gelukkig is hiervoor het dankwoord 
uitgevonden.
Als eerste wil ik mijn promotor Steven Pals bedanken. In de afgelopen ruim 6 
jaar heb je mij de gelegenheid en vrijheid gegeven om mij te ontwikkelen tot de 
onderzoeker die ik nu ben. Hoewel labwerk essentieel is voor een promovendus, 
heb jij mij de andere belangrijke kneepjes van het vak geleerd; presenteren, 
schrijven en publiceren. Dit heeft geresulteerd in een mooi proefschrift. Daarnaast 
wil ik je bedanken voor de momenten buiten het lab. De congressen waren 
interessant, zeer leerzaam, leuk(!) en soms ook ver (Brazilië), maar ook de uitjes 
en Nieuwjaars borrels waren erg gezellig. We zijn een paar keer wezen zeilen 
en we zijn naar België geweest om te langlaufen, een leuke impulsieve actie, 
zeer gewaardeerd, het sneeuwde destijds al hevig in Nederland. Met name denk 
ik met veel plezier terug aan Rio de Janeiro, naast de prachtige locatie en het 
congres zelf, was één van de leuke momenten toch wel het schoenen poetsen op 
de Boulevard, je wacht nog steeds op je wisselgeld.
Ook mijn co-promotor Marcel Spaargaren heeft een belangrijke bijdrage geleverd 
aan mijn proefschrift. Marcel, ik wil je bedanken voor de leerzame momenten tijdens 
mijn promotie. Het was iedere keer weer duidelijk voor mij dat jouw visie en ervaring 
een substantiële bijdrage leverde ten gunste van de presentaties of papers. Zeker in 
de eerste jaren heb ik daar erg veel van opgestoken. Daarnaast wil ik je bedanken 
voor de vele andere momenten. Promotiefeesten, congressen, labuitjes, het was 
nooit saai als jij er bij was. Hoe zit het nou eigenlijk met die katten in Parma? Wellicht 
doodgereden door Super Mario, met zijn opgevoerde Fiat Panda.
Annemieke Kuil, nu zal ik je als “eerste” noemen, daar je op de papers vaak een plekje 
moest opschuiven voor een ander. Het is duidelijk dat jij een bijzonder belangrijke 
bijdrage hebt geleverd aan dit proefschrift, misschien kun je het zelfs wel een beetje 
als jouw proefschrift beschouwen? Afgezien van hoofdstuk 6, zijn er in alle andere 
hoofdstukken figuren van jou terug te vinden. Het mag dan ook niet verassend zijn dat 
ik je als paranimf heb gevraagd. We hebben goed samengewerkt, en ik zou je meteen 
aannemen als ik de kans zou krijgen. Ik wens je veel geluk toe in je verdere carrière, 
en heel veel plezier in de wetenschap.
Richard Groen, mijn tweede paranimf, zoals je had begrepen gaan dames voor. We 
hebben elkaar al leren kennen tijdens een cursus “veilig werken met radioactiviteit” 
van de Vrije Universiteit in 2001, toen al eigenwijs. Des te leuker was het dat ik je in 
mei 2003 weer tegenkwam, maar dan als collega AIO. We hebben elkaar goed leren 
kennen, en hebben in de 5 jaar (eigenlijk 6) dat we samenwerkten een hoop van 
elkaar opgestoken, maar ook enkele mooie publicaties bijeen gepipetteerd. Wat niet 
veel mensen weten is dat wij tot in de kleine uurtjes hebben ge-FACSed in Utrecht, 
daar we al om half acht ’s ochtends begonnen. Wat hebben we gelachen, hopelijk 
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zullen die data binnenkort worden gepubliceerd. Eenmaal vrienden geworden, kom 
je ook bij elkaar over de vloer, ik hoop dat nog vele jaren voort te zetten. Bedankt 
voor alles, maar ook dat je mijn paranimf wilde zijn, 18 november aanstaande zal ik 
naast jou staan, en dan vieren we jouw feestje. Het onderzoek in Utrecht is mogelijk 
gemaakt door de samenwerking met Anton Martens en Henk Rozemuller, waarvoor 
uiteraard mijn dank.
Tamás Csikós, köszönöm szépen, bednakt, ofwel bedankt. Vanaf het moment dat 
je op de afdeling kwam werken was er een klik. Ook wij zijn vrienden geworden. 
Van alle collega’s was jij in ieder geval een bijzonder persoon. Van skinny dipping 
in Sneek tot shoarma eten in Amsterdam-oost, never a dull moment. We hebben fijn 
samengewerkt, buiten dat je veel van mij hebt geleerd (denk ik), heb ik zeker ook 
veel van jou geleerd. Hoofdstuk 6 is van ons samen, we hebben het letterlijk samen 
geschreven, en dat werkte erg bevorderlijk. Het was vrij snel geschreven, en eigenlijk 
vrijwel gelijk gebleven aan de versie zoals het nu in dit proefschrift staat. Ook in Utrecht 
heb jij nog een bijdrage geleverd aan hoofdstuk 4, de hulp was zeer gewaardeerd en 
maakte het werken in de bunker aanzienlijk verdraagzamer. We hebben daar veel 
gelachen, zou dat door de isofluraan gekomen zijn? Yes, yes, walking fridge, and 
a ride on my discostick staan ook in het geheugen gegrift. Papieren onderbroek uit, 
douchen, weer terug fietsen en dan lekker eten, ook bij jou thuis. Ik ben twee keer op 
je verjaardag geweest, ik hoop het nog meerdere keren mee te maken, en een uitje 
naar Hongarije zal er toch ook nog eens van komen? Ik ben blij dat je een nieuwe baan 
(directeur!) hebt gevonden, en dat de rust is wedergekeerd.
Mark Vondenhoff, ook bij jou kan ik alweer een behoorlijk aantal jaartjes terug in de 
tijd, in oktober 2004 heb ik je leren kennen. Hoofdstuk 2 is van ons samen. Begin dit 
jaar gepubliceerd in JI. Vijf jaar intensief zoeken naar de rol van C5-epimerase in de 
embryonale ontwikkeling van lymfoïde organen, wie had dat gedacht? Kennelijk levert 
werken in de wetenschap veel vrienden op, ook bij jou ben ik over de vloer geweest, 
en hebben we de nodige biertjes gedronken, al dan niet in combinatie met een BBQ. 
Het viel mij op dat jij, ondanks de tegenslagen, gepassioneerd over wetenschap kon 
praten, volgens mij hoor je er toch in thuis...niet? Voor hoofdstuk 2 wil ik ook Ramon 
Roozendaal en Reina Mebius bedanken. Zonder jullie bijdrage was het hoofdstuk 
waarschijnlijk niet zo geworden als nu. Ramon, we moesten even doorzetten, maar de 
transplantaties waren mooi gelukt.
Gedurende mijn verblijf op de afdeling pathologie heb ik de kamer gedeeld met een 
groot aantal collega’s. Ook jullie wil ik bedanken. Elles Boon, Esther Tjin, Laura Smit, 
David de Gorter en Richard Bende, jullie waren mijn eerste kamergenoten. Van jullie 
heb ik de beginselen van het AIO leven geleerd, waar ik jullie dankbaar voor ben. Ik 
zal eens origineel zijn, en niet beginnen over de immense kennis van Richard Bende 
met betrekking tot B cellen en lymfomen, en treinen en stations...nee...dat doe ik niet. 
Richard, bedankt voor de leuke momenten en de interessante gesprekken, op de 
kamer, tijdens de lunch alsook in de Epstein-Bar. In deze alinea wil ik ook de oude 
overbuurman van Richard Bende nog eens extra noemen. David, bedankt dat jij mijn 
fitness trainingsmaatje hebt willen zijn tijdens onze periode samen op het lab. Ik ben 
blij dat ik je heb kunnen helpen voor een mooie publicatie in Blood, hoofdstuk 5 van 
dit proefschrift. Bedankt voor de figuren, zo op het laatst, veel succes in Leiden (en 
verder), we houden contact.
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Snel daarna kwam de tweede lichting, ik heb jullie zien komen en zien gaan. 
Naast Richard Groen heb ik de langste periode de kamer gedeeld met Febe van 
Maldegem en Jurrit Zeilstra. Als ik jullie noem, dan komt ook automatisch Laura 
weer naar voren. Wie had gedacht dat jij eerder vader dan doctor zou worden...jij 
Jurrit? Het eerste is goed geslaagd, nu het tweede deel nog, ongetwijfeld zal het 
een mooi proefschrift worden! Ook wil ik je bedanken voor de leuke en gezellige 
momenten naast het lab, met name in de beginjaren hebben we veel gepilst, 
waar Texel toch een klein hoogtepuntje van is. Febe, iemand met passie voor de 
wetenschap en vol zelfvertrouwen. Ik bewonder de manier waarop jij opeens klaar 
was met je proefschrift, het ging nagenoeg geruisloos voorbij. Dit is ook typerend 
voor jouw manier van wetenschap bedrijven, het is dan ook niet verassend dat je nu 
in Engeland zit met eigen geld. Ook hier heb je het lastig in de opstart, maar ik weet 
zeker dat er wat moois uit komt!
Dan is er nog de laatste groep. Kinga Kocemba, the AIO who talks faster than her 
shadow. You started as a masters student, and worked with Richard Groen. Soon, 
it became clear that you were made for PhD research. Although you had a tough 
time, things are finally coming together, as always. I have no doubt that you will 
write a very nice thesis! Thanks for the Polish snacks. Verder wil ik hier Robbert 
Hoogeboom, Martine Keimpema, Martin de Rooij, Sander Joosten, Ronald van 
der Neut en Carel van Noesel bedanken. Carel, jouw blik op bepaalde delen van 
mijn onderzoek werkte vaak verfrissend, en verhelderend, of zorgde er voor dat ik 
bepaalde dingen vanuit een ander perspectief bekeek, bedankt hier voor. Ronald, 
naast de gezelligheid op het lab en de koffie (nu gratis destijds op jouw kosten) ook 
erg gezellig geborreld en gegeten bij jou thuis. Robbert en Sander, altijd lachen 
met jullie. Aan woordgrapjes niet te kort. Robbert je onderzoek begint te lopen, veel 
succes met laatste periode. Sander, ook vader geworden. Al ingeschreven voor de 
zwemschool, ik neem aan dat de kleine eerder zwemt dan loopt? Ook met deze 
groep hebben we leuk geborreld en gefeest.
Naast Tamás, zijn er nog een aantal postdocs die ik wil hier wil noemen. Patricia 
Celie, Anand Iyer, Jeroen Guikema en Karène Mahtouk. Patricia, het begon op de 
VU, toen ik als stagaire bijna klaar was, starte jij daar als AIO. Vervolgens heb ik jou 
en Jaap van den Born beter leren kennen op de HSPG congressen. Dit leidde tot 
een gezamenlijke publicatie, mijn dank hier voor. Uiteindelijk werden we zelfs directe 
collega’s en deelden we een kamer. Jammer misschien dat het kort was, maar wel 
leuk dat jij verder gaat met het HSPG onderzoek. Karène, thanks for the French 
accent, hope you are happy, and I wish you all the luck. Anand, het was goed je te 
leren kennen, het is indrukwekkend hoe jij de Nederlandse taal beheerst. Ik zal je 
promotie feest niet snel vergeten. Als je Anand zeg, dan zeg je automatisch Pran 
Das. Pran, bedankt voor de discussies en de afleiding tussendoor, we zullen elkaar 
ongetwijfeld nog spreken. Jeroen, toen ik net weg was, kwam jij op de afdeling, toch 
heb ik je een beetje leren kennen tijdens het afronden van mijn proefschrift, lekker in 
het weekend als het rustig is op de afdeling, bedankt voor het luisterend oor.
Helen Meijer en Esther Beuling, ik wil jullie bedanken voor alles wat ik van jullie 
heb geleerd. Allebei niet meer werkzaam in de wetenschap, maar zeer zeker wel 
bekwaam. Hier wil ik ook Liane Klok, Annemiek Vos, Irma Vogelzang, Marije Overdijk, 
Leonie Grüneberg en Anneke de Haan-Kramer bedanken. In het bijzonder wil ik 
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Anneke noemen, als student begonnen, en een bijdrage geleverd aan hoofdstuk 
4, zeer bedankt! Ook de onafscheidelijke Monique Oud en Esther Schilder-Tol 
(EsMo, of MoEs?), ben ik dank verschuldigd, voornamelijk voor de gezelligheid, 
maar ook natuurlijk voor de niet te onderschatten PCR introductie. Uiteraard wil ik 
mijn waardering uiten aan Peter van Amstel en Nike Claessen. Jullie hebben er altijd 
voor gezorgd dat het lab bleef draaien, wat moest ik zonder jullie? Wilfried Meun 
wil ik heel erg bedanken voor zijn grafische ondersteuning, maar met name voor de 
lay-out van mijn proefschrift, het ziet er netjes uit! Wim van Est, nog bedankt voor de 
tussendoor adviezen.
De afdeling pathologie bestaat niet alleen uit hemato-immuno-B cel-patho-biologen 
(of zoiets), maar er zijn ook andere onderzoeksgroepen en ondersteunend 
personeel. Jan Weening, Marc van de Vijver, Sandrine, Jan Aten, Onno, Allard, 
Ronald Verkruisen, Remco, Johan, Anya, Folkert, Alex, Ralph, Wendy, Peter de 
Rooij, Peter Teling, Loes, Elena, Xiaofei, Frank, Marius, Gwen, Ingrid, Jaklien, 
Joris, Marnix, Mark Dessing, Mirjam, Jitske, Mireille, Thera, Hans, Frederike, Gerrit, 
Bert, de assistenten, het secretariaat en de diagnogstiek (Robert), allen bedankt 
voor de gezelligheid (labuitjes), de input tijdens presentaties of anderszins. Jelger 
van der Meer en Wilco Pulskens wil ik toch even apart noemen. Jelger, het was 
een zeer leuke ervaring de WK wedstrijd Nederland-Argentinië in Frankfurt, helaas 
een bloedeloze 0-0, wel gefeest met de Argentijnen. Toch leuk dat Tomoya en jij, 
mij meevroegen voor de oefeninterland, en nog wel in de ArenA, (ik zag je angstig 
zweten) bedankt! Wilco, bedankt voor de leuke gesprekken, het eind is in zicht, de 
publicaties stromen binnen, succes met het afronden van je proefschrift. O ja, we 
hebben nu iedereen kampioen laten worden (behalve Feyenoord natuurlijk), dus 
dit seizoen gaan wij er weer eens met de titel vandoor, ok? Anders halen we de 
Champions League natuurlijk nooit....
Het ARIA wordt nog wel eens overgeslagen, maar zoals duidelijk moge zijn bestaat 
mijn proefschrift voornamelijk uit onderzoek met muizen. Ik wil het personeel van 
het ARIA, te weten Sandra, Cindy, Lydia, Anneke, Francis, Karen, Stacey en Sanne 
bedanken voor hun zorg en toewijding.
Tot slot ben ik dank verschuldigd aan Tom Cupedo. Allereerst omdat je mij als postdoc 
hebt aangenomen, maar zeer zeker ook voor de tijd en ruimte die je me hebt geboden 
om mijn proefschrift netjes af te ronden. Na mijn vakantie kan de volledige energie 
gestoken worden in het uitdagende project, succes gegarandeerd? In dezelfde groep 
wil ik ook Kerim, Eric V, Natalie, Irene, Elwin, Miranda, Ellen, Georgi, Jan en Eric B 
bedanken voor hun support tijdens de laatste loodjes.
Gedurende de vele jaren, zijn er heel veel personen die ik heb willen, en zou moeten 
bedanken, en ik heb de stille hoop dat ik niemand ben vergeten. Mocht dit onverhoopt 
toch zo zijn...sorry, en dan alsnog bedankt!
Naast werk bestaat er ook zoiets als een privé leven, gelukkig. Voor de nodige 
afleiding op de tennisbaan, het voetbalveld, aan de poker tafel of in de kroeg wil ik 
graag in het bijzonder Richard, Gert, Domininique, Jaap, en Patrick bedanken. Ik ken 
jullie al erg lang, en we hebben veel gelachen, laten we dit in ieder geval voortzetten. 
Jim, bedankt voor de snowboard uitjes, het was erg gezellig in Oostenrijk, jammer dat 
je pa het huisje heeft verkocht.
Tijdens mijn AMC periode heb ik natuurlijk veel steun gehad van mijn familie. 
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Er was altijd veel interesse, en ik denk dat jullie uiteindelijk ook een beetje begrepen 
waar ik al die jaren mee bezig ben geweest. Lieve Pap, hoewel ikzelf heb moeten 
solliciteren, heb jij de vacature gevonden voor mijn AIO plek, waarvoor dank, het is de 
juiste beslissing geweest. Het heeft wel even geduurd, maar hierdoor promoveer ik 
wel op een bijzondere datum en heb ik een mooi proefschrift. Mama zou ongetwijfeld 
zeer trots zijn geweest. Bedankt voor jouw steun, adviezen en het luisterend oor. 
Stefan, mijn tweeling broer, en toch een totaal andere studie gekozen dan ik. Je 
bent er altijd voor mij, misschien wel de meest verstandige van de twee, in ieder 
geval wel een stuk liever. Met jou en Anja op vakantie (en daar buiten), steeds weer 
gezellig. We gaan na mijn promotie meteen naar Amerika, leuk! De vakanties waren 
altijd relaxed, het kwam zelfs voor dat ik een paar dagen niet aan mijn werk dacht, 
allebei bedankt daar voor. Monica, jouw interesse in mijn werk begon al toen ik nog 
stage liep op de VU. Later hebben jij, Stefan en papa mij naar Oxford gebracht voor 
mijn tweede stage, vanaf dat moment wist ik dat ik wilde promoveren, je interesse 
en steun zijn altijd gebleven, heel erg bedankt. Margo, Wouter en Maarten, bedankt 
voor de gezellige familie dagjes, laten we dat vooral vaker doen, het zorgde voor 
veel ontspanning en plezier. Wim en Jolande, Robbert en Niels, ik heb het altijd erg 
leuk gevonden als jullie vroegen hoe het op mijn werk ging. Volgens mij hebben jullie 
een aardig idee gekregen van mijn bezigheden in het AMC. Mijn dank is groot voor 
de steun em interesse. Ik voelde me altijd thuis, en het was altijd gezellig op valantie, 
tijdens een borrel of een lekkere BBQ.
Tot slot, degene waar ik het meeste van hou, mijn lieve vriendin. Lieve Chandra 
ik ben je oneindig dankbaar voor het geduld dat je hebt opgebracht, iedere keer 
weer, ook als ik in het weekend weer even naar het AMC moest, of dat het een late 
werkdag werd. Het is bewonderenswaardig hoe jij hier mee bent omgegaan, die 
zeven lange jaren. Er leek geen eind aan te komen. Jij bent mijn nummer één, die 
altijd achter mij staat. Je kon alles lekker relativeren en mij motiveren en opbeuren 
als ik weer eens chagrijnig thuis kwam. Bedankt voor de toepasselijke, bijzondere 
en mooie kaft van mijn boekje, de eigen figuren (hoofdstuk 1 en 7) en de muisjes. 
Nu is het tijd voor ons. We zijn onze relatie begonnen net op het moment dat ik in 
dienst trad bij het AMC, wat zal er een hoop veranderen!

Rogier :)
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Curriculum vitae
Rogier Reijmers werd geboren op 1 mei 1980 in Amsterdam. Vanaf zijn zesde 
levensjaar heeft hij in Amstelveen de basisschool en middelbare school doorlopen. 
In 1998 heeft hij het gymnasium afgerond, waarna hij medische biologie is gaan 
studeren aan de Vrije Universiteit van Amsterdam. Tijdens deze studie is hij zich 
gaan specialiseren in de immunologie, en heeft twee stages gelopen in deze richting. 
De eerste stage was onder leiding van Dr. Marjolein van Egmond op de afdeling 
Moleculaire Celbiologie en Immunologie. Tijdens deze stage onderzocht hij de rol 
van de Fcg- en Fca-receptors in neutrofiel-gemedieerde cel dood van borstkanker 
cellen, wat resulteerde in een wetenschappelijk publicatie. Voor zijn tweede stage 
heeft hij een half jaar in Oxford, Engeland gewoond, waar hij heeft gewerkt in 
de groep van Professor Dr. Siamon Gordon aan de Sir William Dunn School of 
Pathology. Dit was in samenwerking met de groep van Dr. Robbert Sim, van de 
Department of Biochemistry. Doel van het onderzoek was inzicht te verkrijgen in de 
rol van Scavenger Recptor A, op macrophagen, in de opname van het thrombine-
anti-thrombine complex en de vorming van zogeheten schuimcellen.

In februari 2003 studeerde hij af, waarna direct werd gestart met het 
promotieonderzoek op de afdeling Pathologie van het Academisch Medisch 
Centrum onder begeleiding van Professor Dr. Steven Pals en Dr. Marcel 
Spaargaren. Tot eind 2009 werkte hij hier aan HSPGs, B cellen en myelomen in 
verschillende muismodellen, wat heeft geleid tot dit academisch proefschrift.

Per januari 2010 is hij werkzaam als post-doc op de afdeling Hematologie van 
het Erasmus Medisch Centrum, in de groep van Dr. Tom Cupedo, waar hij werkt 
aan lymfeklier ontwikkeling in de mens, met specifieke interesse voor het ontstaan 
van B cel follikels. Dit onderzoek wordt eveneens ondersteund door gebruik van 
muismodellen.
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