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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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