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GeneralGeneral introduction 

Thee germinal center reaction 

Fig.1.Fig.1. Tonsil section, stained with 
hematoxylin.hematoxylin. A secondary follicle is 
indicatedindicated by the arrow, that ends in the 
germinalgerminal center. The dark area around 
thethe germinal center is the mantle zone, 
consistingconsisting of resting B cells. 

Germinall  center (GC) reactions, occurring in secondary lymphoid tissues, are crucially 
importantt for the generation of high affinity memory B lymphocytes and plasma cells. GCs 

aree normally found in secondary follicles of 
peripherall  lymphoid organs, i.e. the spleen, lymph 
nodess and mucosal lymphoid tissue (1-3) (fig. 1). 
Ectopicc germinal center-like structures can also be 
foundd in nonlymphoid tissues in a variety of auto-
immunee diseases or inflammatory diseases including 
rheumatoidd arthritis (in inflamed synovial stroma) 
(4),, Sjögrens syndrome (in salivary glands) (5), 
Hashimoto'ss thyroiditis (in thyroid gland) (6), 
chronicc hepatitis (in liver after hepatitis C infection) 
(7),, uveoretinitis (in choroid of the eye) (8) and 
cryptogenicc fibrosing alveolitis (in lung) (9). GCs 
cann also be found in the lung after an airway 
antigenicc challenge (10). Furthermore, it has been 
shownn that during Helicobacter pylori infections 
lymphoidd tissue with GC can be induced in the 

stomachh (11). 
Histologically,, GCs can be defined as areas that consist of a dark zone and a light zone, 
surroundedd by a zone of resting B cells (mantle zone; fig. 2). The GC reaction is a dynamic 

process,, schematically represented in fig. 3, that is 
initiatedd in the T cell area (1-3,12,13). Here, antigen-
specificc naive or memory B cells become activated. 
Theyy are helped by T cells that must be activated by 
interdigitatingg dendritic cells (IDCs). After activation, 
antigenn specific B cells can become plasma cells 
duringg reactions that occur outside the follicle, or they 
cann enter the follicle where they will undergo a series 
off  reactions including: proliferation, somatic 
hypermutation,, selection and isotype switching. These 
reactionss will finally result in isotype switched 
memoryy B cells and plasma cells. B lymphocytes that 
enterr the follicle in the dark zone are called 
centroblasts.. These B cells start to proliferate and they 
undergoo somatic hypermutation of Immunoglobulin 
(Ig)) Variable (V) region genes resulting in changes of 
affinityy and specificity of their antigen receptor. After 

thee process of somatic hypermutation, the B cells, now referred to as centrocytes, undergo 
selectionn in the basal light zone. GC B cells are prone to die, as they express high levels of the 

Mantlee zone 

Lightt zone 

Darkk zone 

TT cell area 

Fig.Fig. 2. Schematic representation of 
aa secondary follicle containing a 
GC.GC. Activation of antigen specific B 
cellscells takes place in the T cell area 
outsideoutside the follicle. The follicle consists 
ofof a dark zone, a basal light zone and 
anan apical light zone. The mantle zone 
containscontains resting B cells. 
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pro-apoptoticc proteins c-myc, p53, Fas, Bax and low levels of the anti-apoptotic protein Bcl-2 

Memory y 
Bcell l Bm5 5 

Checkpointt 3. Ag-dependent T cell 
checkpoint:: isotype switching, plasma 
celll and memory formation. Apoptosis of 
nonspecificc B cells. 

Checkpointt 2. Ag-dependent, FDC-
mediatedd selection of high affinity BCR 
bearingg B cells. Apoptosis of low affinity 
BB cells. 

Proliferation,, somatic hypermutation, 
receptorr editing. 

Checkpointt 1 . Ag-dependent activation, 
IDC-TT and T-B interaction 

Fig.Fig. 3. Overview of the GC reaction. Ag-specific T cells become activated by IDCs (a) 
inin the T cell area. This is followed by migration to the follicular border and activation of 
Ag-specificAg-specific B cells (b). Some B cells become antibody-producing plasma cells (c), 
whereaswhereas other B cells start to proliferate and undergo somatic hypermutations of their Ig 
variablevariable region genes. A pool of B cells is generated bearing B cell receptors (BCRs) 
withwith a changed affinity for the initial Ag. FDCs select only the B cells bearing high 
affinityaffinity BCRs and provide these B cells with survival and proliferation signals (d). After 
thisthis selection, T cells check antigen-specificity of B cells again, resulting in isotype-
switchedswitched memory B cells and plasma cells (e). Apoptosis is the fate of all B cells with 
thethe wrong antigen specificity. The different B cell populations, Bm1-5, that exist in tonsil 
areare depicted as well. 

(14).. Follicular dendritic cells (FDCs) carry antigens trapped in immune complexes (IC) at 
theirr surface and it is believed that only B cells with the highest affinity antigen receptors 
receivee essential survival signals from the FDCs. B cells that are unable to bind to FDCs die 
byy apoptosis. Rescued high affinity B cells are supposed to pick up antigen from the FDCs, 
processs this and present peptides in MHC class II molecules to GC T cells in the apical light 
zone.. This provides further survival signals and induces isotype switching and further 
differentiationn into memory and plasma cells. In summary, activation occurs in the T cell area, 
somaticc hypermutation in the dark zone, selection in the basal light zone and isotype 
switchingg and further differentiation into plasma cells and memory B cells in the apical light 
zone.. The outer rim of the follicle, the mantle zone consists of small recirculating B cells. In 
humann tonsils, the subject of our studies, 5 different B cell populations can be defined (fig. 3), 
thee so-called Bml (naive, CD38 IgD+CD23"), Bm2 (naive, CD38 IgD+CD23+), Bm3 
(centroblasts,, CD38+IgD CD77+), Bm4 (centrocytes, CD38+IgD"CD77") and Bm5 (memory, 
CD381gD-)) cells (15). 

10 0 



GeneralGeneral introduction 

Threee antigen-specific checkpoints in the GC reaction 

Recently,, it was proposed that there are three specific checkpoints during GC reactions to 
ensuree antigen specificity (fig. 3) (16). The first Ag-specific checkpoint, checkpoint 1, occurs 
duringg initiation of the GC reaction. The second Ag-specific checkpoint, checkpoint 2, is the 
selectionn of high affinity GC B cells by FDCs. The third checkpoint, checkpoint 3, is carried 
outt by GC T cells to exclude survival of GC B cells that are not specific enough for the 
antigen. . 

Firstt antigen-specific checkpoint 

Thee first antigen-specific activation of B cells occurs in the T cell area (fig. 4). Here, B cells 
receivee signals from antigen-specific T cells that on their turn have been activated by antigen-
presentingg cells (APCs) 
likee IDCs. APCs present 
peptidess in MHC class II 
moleculess that are 
recognizedd by the T cell 
receptorr (TCR)/CD3 
complexx of antigen-
specificc T cells. Important 
costimulationn signals come 
fromm interactions between 
CD40,, CD80, CD86 on the 
IDCC and CD40L (CD154) 
andd CD28 on the T cell. B 
cellss internalize BCR-
boundd native antigen, 
processs it and present its 
peptidess to T cells in MHC 
classs II molecules. B cells 
wil ll  then receive activation 
signalss from T cells that 
aree a result of interactions 
betweenn CD40L, CD28 (on 
TT cells) and CD40, CD80 
andd CD86 (on B cells). The importance of these interactions for GC formation has been 
illustratedd by several lines of research. For instance, GCs are not found in patients that suffer 
fromm hyper-IgM syndrome, and this is due to the absence of functional CD40L at the surface 
off  T cells in these patients (17). GCs are not found either in mice with experimentally 
inhibitedd CD40-CD40L interactions (18). Furthermore, defective CD28-signalling results in 
thee absence of GCs as was shown in CD28 knock-out mice and in mice overexpressing 

Checkpointt 1 

Fig.Fig. 4. Checkpoint 1. Ag-specific T cells become activated in the 
TT cell area by IDCs. MHC class II peptides are presented to Ag-
specificspecific T cells. Additional interactions between the co-stimulatory 
moleculesmolecules CD40L-CD40 and CD80/CD86-CD28 finally result in 
fullfull activation of T cells. Ag-specific T cells are capable of 
activatingactivating Ag-specific B cells that present MHC class II bound 
peptidespeptides to the T cells. Both Ag-specific and CD40L-CD40 and 
CD80/CD86-CD28CD80/CD86-CD28 signals are of crucial importance. Part of the B 
cellscells become plasma cells (extra-follicular), whereas other B cells 
enterenter the follicle, with the characteristic pro-apoptotic GC B cell 
phenotypephenotype to undergo somatic hypermutations and receptor 
editing. editing. 
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CTLA44 (thereby blocking CD28 signalling) (19,20). MHC class II-deficient mice show 
terminall  differentiation of B cells into plasma cells, whereas GCs are absent (21). Recently, 
studiess in mice indicated that DC-T cell and T-B cell interactions do not take place in the 
samee area. Antigen-specific B cells move to the edge of the follicles shortly after 
immunisationn and present peptide-MHC complexes to specific CD4+ T cells, that have 
enteredd this site after activation by DCs. These B cells receive lymphokine and CD40L 
signalss from T cells and proliferate in the follicles (22). Once activated, a fraction of these B 
cellss become antibody-producing plasma cells. A variety of DC subsets like IDCs, GC-DCs 
andd other monocyte-derived DCs can induce antibody-producing plasma cells from CD40L-
activatedd naive B cells in the presence of cytokines (23-27). Other antigen-specific B cells 
startt to proliferate as centroblasts in the dark zone where they undergo somatic hypermutation 
off  their IgV-region genes. In addition, receptor revision of IgV-region genes takes place in 
humann tonsil B lymphocytes, thereby contributing to the BCR repertoire (28). 

Secondd antigen-specific checkpoint 

Att the second antigen-specific checkpoint (fig. 5), FDCs are supposed to select centrocytes 
withh the highest affinity BCRs. FDCs have been described already in 1927 by Maximow and 
weree considered to be a nonlymphoid population of embryonic nonphagocytic reticulum cells 
(29).. Other names are: dendritic reticular cells or reticulum cells, follicular dendritic reticulum 

cells,, follicular antigen-

Checkpointt 2 

Fig.Fig. 5. Checkpoint 2. Affinity-maturated centrocytes are selected 
byby FDCs. FDCs trap Ag in immune complexes (IC) via complement 
receptorsreceptors (CR) and Fey Rll. Only B cells with high affinity BCRs 
bindbind and receive essential survival signals from the FDC. Signals 1 
andand 2 are described in this thesis. Besides Ag-BCR interactions, 
interactionsinteractions between the adhesion molecules LFA-1/ICAM-1 and 
VLA-4A/CAM-1VLA-4A/CAM-1 are crucial for firm contact. A proliferation signal is 
providedprovided by the FDC via 8D6. Of note, interactions between LTfi 
andand TNFcc on the B cells with LTfiR on the FDC are crucial for the 
GCGC reaction. 

bindingg dendritic cells and 
dendriticc macrophages. 
FDCss are restricted to 
lymphoidd follicles and are 
especiallyy found in the 
centerss of secondary 
follicles.. It is important to 
realizee that despite their 
name,, FDCs are not related 
too other types of monocyte-
derivedd DCs, IDCs, or 
Langerhanss cells (29). FDCs 
doo not process antigens as 
theyy lack phagocytic activity 
andd they do not synthesize 
MHCC class II molecules 
(30).. Nevertheless, FDCs 
cann be MHC class II-
positivee as a result of 
bindingg of MHC class II-
positivee vesicles, the 
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exosomes,, that originate from B cells (31). FDCs trap antigens in ICs on their surface via 
complementt receptors (CRs) and FcyR IIB. The predominant complement receptors on these 
cellss are CD21 (CR2) and CD35 (CR1). The importance of these receptors and FcyR IIB for 
thee GC reaction was confirmed by the use of blocking antibodies or disruption of encoding 
locii  in mice (32-35). As a result of local competition for antigen on the FDC surface, only B 
cellss with the highest affinity BCRs can bind. Due to this interaction, these B cells receive 
essentiall  survival signals from FDCs, whereas low affinity B cells either undergo apoptosis or 
aree re-used in the GC reaction (36,37). Interactions between B cells and FDCs are 
strengthenedd by the action of the adhesion molecules LFA-l/ICAM- 1 and VLA-4/VCAM- 1 
(38,39).. Interestingly, FDC-B cell interactions and survival signals are independent of CD40-
CD40LL interactions (40). The formation of FDC networks critically depends on signals 
transducedd via the lymphotoxin (3 receptor (LTJ3R) on the FDC stimulated by LTp and tumour 
necrosiss factor (TNF) on B cells (41). It has been demonstrated that manipulation of a variety 
off  molecules including adhesion molecules, CD20, CD21, CD35, CD40, and recombinant 
CD233 in the presence of interleukin-la, more or less inhibits or delays apoptosis of GC B cell 
inn vitro. However, the exact nature of essential FDC-derived survival signals is not known 
yet.. The signals that block endonuclease activity in nuclei of GC B cells and prevent 
activationn of caspases have not been identified so far (33,39,40,42-46). Moreover, it has 
recentlyy been suggested that in addition to survival signals, GC B cells also receive 
proliferationn signals from FDCs. The FDC specific molecule, 8D6 Ag, is capable of inducing 
proliferationn in vitro after stimulation of CD40-activated B cells (47). 

Thirdd antigen-specific checkpoint 

Selectionn by FDCs results in the generation of a pool of high-affinity B cells. However, 
unwantedd bystander binding can occur. Therefore, we have proposed an additional checkpoint 
forr antigen specificity, checkpoint 3 (fig. 6a,b). Presumably, B cells pick up antigen from ICs 

presentt on the surface of FDCs, 
internalizee it and present peptides 
too GC T cells in an MHC class II 
context.. If the peptide presented 
iss recognized by the T cell, a 
survivall  signal may be provided, 
presumablyy via CD40/CD40L 
interaction.. This would also 
inducee isotype switching, 
resultingg in the formation of a 
memoryy B cell pool and a plasma 
celll  pool. It has clearly been 
demonstratedd that isotype 
switchingg events occurred after 
thee process of somatic 

Fig.Fig. 6a. Checkpoint 3. Ag-specific B cells present MHC class 
IIII bound peptides to GC T cells that provide them with CD40-
CD40LCD40L signals that result in survival, iso-type switching and 
memorymemory formation. ICOS signalling results in upregulation of 
CD40LCD40L and the production of IL-10 that may contribute to 
classclass switching events. 
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hypermutationn (48). Antigen-
specificc GC T cells are present in 
thee apical light zone of the GC 
andd in this area, memory B cells 
andd plasma cells are most likely 
generatedd (1-3,49). An interesting 
moleculee involved in the late 
stagee of the GC reaction is the 
recentlyy described inducible co-
stimulatorr (ICOS), which is 
structurallyy and functionally 
relatedd to the costimulatory Fig. 6b. Elimination of bystander B cells. Bystander B 
moleculee CD28 ICOS is ce!ls Present peptides in their MHC class II molecules that 

"" are not recognized by Ag-specific GC T cells. Therefore, 
expressedd by GC T cells, mainly tnese B cells receive a FasL-induced death signal, leading to 
onn CD45RO+ cells, in the apical apoptosis. 
lightt zone as well as in resting memory T cells. In the apical light zone, terminal B cell 
maturationn takes place. This is in line with the fact that co-stimulation by ICOS results in the 
superinductionn of IL-10, a growth factor involved in terminal differentiation of memory and 
plasmaa cells (50). IL-2 produced by T cells as a result of CD28-signalling in the early phase 
off  the GC reaction (49) is not induced by ICOS and, therefore, expansion of GC-B cells is no 
longerr supported. CD28 is most likely involved in earlier interaction phases between B and T 
cells,, whereas CTLA-4 is counteracting CD28 signals in later stages in the GC reaction (51). 
Moreover,, ICOS-signalling induces CD40L on T cells and co-stimulation through ICOS 
resultss in a comparable costimulation of B cells with respect to IgM and IgG synthesis as was 
observedd with CD28. Most likely, ICOS is not involved in primary responses as resting naive 
TT cells do not express ICOS. Stimulation via ICOS is a result of ligation with B7-related 
protein-11 (B7RP-1) produced on B cells and macrophages. B7RP-1 is mainly expressed in the 
BB cell area in both primary and secondary follicles. Overexpression of B7RP-1 results in B-
celll  hyperplasia with plasmacytosis and hypergammaglobulinaemia (52,53). 
Whenn the peptide presented in MHC class II molecules on GC B cells is not recognized by 
GCC T cells a death signal is provided to the B cells via Fas/FasL interactions and B cells 
undergoo apoptosis (54). This was demonstrated in an in vivo model showing that expansion or 
eliminationn of B cells depend on CD40L-survival signals and FasL-induced death signals, 
respectively,, that can be modulated by the BCR (55). Moreover, it has been demonstrated 
recentlyy that mice lacking functional Fas (Ipr mice) or FasL (gld mice) show autoimmune 
phenomena.. Mice overexpressing cFLIP, a Fas signal blocking protein, showed autoimmune 
phenomenaa as well (56-58), indicating that a functional Fas-signalling machinery is required 
duringg GC reactions to warrant exclusion of potential autoimmune B cells. 

Antigen n 
fromm IC 

Apoptosis s 

Bystander r 
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Apoptosis s 

Cellss die by necrosis or apoptosis. Necrosis, or accidental cell death, is a process by which 
cellss die due to external causes such as a lack of oxygen or nutrition. Necrosis entails release 
off  intracellular components that often result in local inflammation. Apoptosis, as part of 
programmedd cell death, is a process that eliminates cells in a ordered fashion avoiding 
pathogenicc leakage of the cell's internal components. This is achieved by maintaining the 
plasmaa membrane barrier function. Nevertheless, neighbouring cells are able to recognize 
subtlee membrane changes like phosphatidyl serine (PS) exposure (59), and can take up these 
doomedd cells by phagocytosis and degrade them in their phagolysosomes. Internalisation can 
bee facilitated by reducing the volume of apoptotic cells. Ions are pumped out (mainly K+), the 
cytoskeletonn is reorganized and contracted, forming a sort of a cage around the nucleus. 
Overalll  shrinkage is usually accompanied by nuclear condensation (60). Digestion inside an 
apoptoticc cell is carried out by catabolic enzymes such as caspases and DNA-digesting 
enzymess (DNases). Apoptosis is crucial for the maintenance of homeostasis in multicellular 
organisms.. It is important in the elimination of unwanted cells during embryogenesis, tissue 
remodelling,, and elimination of self-reactive lymphocytes (61,62). Apoptotic characteristics 
thatt occur during development of multi-cellular organisms have been described already in 
18855 by Flemming (63). However, the term apoptosis was defined only in 1972 by Kerr and 
colleaguess (64). 

Shortly,, three distinct apoptotic pathways can be described: (1) death receptor (DR)-mediated 
celll  death, (2) mitochondria-dependent cell death and (3) endoplasmic reticulum (ER)-
dependentt cell death (65-67). Examples of the DR-pathway (Fas/FasL) are depicted in fig. 
7a,b.. The mitochondrial pathway is depicted in fig. 7c. The DR-family consists of members 
thatt belong to the TNF receptor gene family: TNFRl/p55/CD120a, CD95/Fas/Apol, CAR1, 
DR3/Apo3/WSLl/TRAMP/LARD,, DR4 and DR5/Apo2/TRAIL-R2/TRICK2/KILLER (65). 
Whenn a FasL trimer binds three Fas molecules, an internal machinery is formed based on 
protein-proteinn interactions. First, a death-inducing signalling complex (DISC) is formed. Fas-
activatedd death domain (FADD/MORT) interacts with the intracellular C-terminal tail of the 
receptorr via protein-protein interactions of death domains. Then, pro-caspase-8 binds via its 
deathh effector domain (DED) to the DED of FADD, finally resulting in the activation of 
caspase-88 and effector caspases such as caspase-3 (68-72). 

Inn the mitochondrial pathway, stress signals or growth factor withdrawal result in the release 
off  cytochrome c into the cytosol where it activates caspases (fig. 7c). Cytochrome c release is 
aa rapid process that is temperature-independent. The exact mechanisms of the release are still 
unclearr (73-75). After its release, a pro-apoptotic protein complex is formed in thee presence of 
dATP,, consisting of 3 apoptotic protease activating factors (Apafs). Apaf-1, contains a central 
domainn with homology to C elegans CED-4, Apaf-2 is identical to cytochrome c and Apaf-3 
iss identical to pro-caspase-9. The amino-terminal domain of Apaf-1 shares homology with 
caspasee recruitment domains (CARDs) of some caspases. After the release of cytochrome c, 
Apaf-11 is able to interact with pro-caspase-9 via CARD interaction, resulting in the 
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autocatalyticc cleavage of pro-caspase-9 producing active caspase-9 (76). Caspase-9 can 

activatee caspase-9, 3 and 7, which in turn can activate caspases-2, 6, 8 and 10 (77). 

Ass for the ER-dependent pathway, caspase-12 is present as inactive pro-caspase-12 in the ER 

andd becomes activated upon ER stress and as a result of Ca2+-release (66). 

Fas-inducedd apoptosis can occur in two ways. Type I cell death implies the rapid formation of 

thee DISC with high levels of active caspase-8 (fig. 7a). In contrast, type II cell death is 

a.. DR-type I 

Deathh receptor 

Fass Ligand 

Fas s 

Protease e 
cascade e 

11 Death domain 

ii Death effector 
'domain n 
Caspase-EE A n 

 Caspase-3,6,7 

PARP,, Acinus, ICAD, etc. 

c.. Mitochondria Growthh factor withdrawal, 
stress s 

01--
Caspase-3,6,7 7 

\ \ 

Cytochromee c 

Apaf-11 dATP 

Pro-caspase-9 9 

'' H J Caspase-9 

PARP,, Acinus, ICAD, etc. 

b.. DR-type 

Protease e 
cascade e 

'Caspase-3,6,7 7 

HH Cytochrome c 

Apaf-11 dATP 

Pro-caspase-9 9 

-10 0 Caspase-9'' ' 

PARP,, Acinus, ICAD, etc. 

FigFig 7. Fas DR-induced and mitochondria-induced apoptosis. Type I DR-apoptosis (a) results in 
rapidrapid DISC formation and caspase-8 activation, whereas type II DR-apoptosis (b) results in low 
levelslevels of caspase-8 activation, sufficient to cleave BID that on its turn amplifies the apoptotic signal 
byby inducing cytochrome c release followed by caspase-9 and caspase-3,6,7 activation. The 
mitochondrialmitochondrial pathway (c) becomes activated as a result of growth factor withdrawal and stress 
signalssignals that induce cytochrome c release followed by caspase-9 activation and caspase-3,6,7 
activation.activation. As a result of caspase activation substrates such as PARP, Acinus or CAD are cleaved 
andand the cell dies. 

characterizedd by low levels of DISC and active caspase-8 (fig. 7b). In these cells, 

amplificationn of the minimal apoptotic signal depends on processing of BID and loss of the 

mitochondriall  membrane potential (78). FLICE-inhibitory protein (FLIP, also named Casper 

/iFLICEE /FLAME-1/CASH/CLARP/ MRIT/usurpin) can inhibit both type I and II cell death 

ass it interferes with caspase-8 activation. FLIP has first been identified as a viral product 

(vFLIP)) that interferes with DR-mediated elimination of virus-infected cells. Cellular 
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homologuess of vFLIP, cFLIPs, exist as well and at least two splice variants have been 
described,, i.e. FLIPs and FLIPL, both capable to inhibit DR-induced apoptosis. All cFLIP 
variantss block caspase-8 activation, but CFLIPL is the most potent inhibitor (79-81). 
Alll  death pathways lead to activation of effector caspases that cleave a variety of proteins. 
DNAA repair is uncoupled from DNA damage by the cleavage of DNA protein kinase and 
poly(ADP-ribose)) polymerase (PARP) (82,83). Cleavage of lamin destroys the nuclear 
envelopee (84), cleavage of gelsolin, actin and intermediate filaments most likely cause the 
stronglyy altered cell shape and induces movement of intracellular compartments during 
apoptosiss (85-87). 

DNAA fragmentation 

Many,, but not all, apoptotic processes lead to final enzymatic cleavage of genomic DNA into 
nucleosomall  oligomers. Pyknosis, a phenomenon characterized by condensed nuclei with 
clumpedd condensed chromatin and karyorrhexis, fragmentation of the nucleus, are 

characteristicss of the late phase of apoptosis. These 
processess result in the formation of the typical, 
internucleosomall  chromosomal DNA fragments of 
180bp.. This biochemical hallmark of apoptosis, DNA 
laddering,, can be visualized on agarose gels (fig. 8a) 
(88).. The enzyme responsible for DNA degradation is 

8000 b p -

2000 bp -

Fig.8a.Fig.8a. Examples of endonuclease 
activityactivity in GC B cell nuclei. Lane a, 
freshlyfreshly isolated GC B cells with 
endonucleaseendonuclease activity in nuclei. Lane 
b,b, apoptotic GC B cells. Lane c, GC 
BB cells attached to FDC, without 
endonucleaseendonuclease activity. 

7000 kbp-

3000 kbp-

50kbp p 

Fig.Fig. 8b. Example of PFGE in GC B 
cellcell nuclei. Lane a, freshly isolated 
GCGC B cells showing large DNA 
fragments.fragments. Lane b, apoptotic GC B 
cellscells characterized by fragments 
<50kbp. <50kbp. 

Ca2+-andd Mg2+-dependent and can be inhibited by Zn2+ 

ass was demonstrated in glucocorticoid-treated 
thymocytess (89). The advent of pulsed field gel 
electrophoresiss (PFGE) (90) revealed a more complex 
mechanismm of DNA fragmentation. First, large 
fragmentss of about 300 kbp (rosettes) are formed that 
aree further processed into 50 kbp chromatin loops (fig. 
8b)) (91). These loops are then cleaved into the typical 
1800 bp fragments (fig. 8a). Factors involved in the 
nuclearr effector phase of apoptosis, chromatin 
condensationn and pyknosis are plenty and they are still 
increasingg in numbers. Pyknosis can be inhibited in 
mostt cases by caspase inhibitors, indicating that 
caspasess act as upstream effectors, or may act directly 
onn nuclear proteins to facilitate condensation and 
digestionn of chromatin. An example of a caspase-
dependentt endonuclease is caspase-activated DNase 
(CAD).. Caspase-3 and -7 digest the inhibitor of CAD 
(ICAD),, resulting in the liberation and nuclear 
translocationn of CAD (92,93). CAD generates oligomer 
fragmentss of 180bp. The human homologues of CAD 
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aree DNA fragmentation factor (DFF) 40 and caspase-activated nuclease (CPAN), whereas the 
ICADD homologue is DFF45 (94,95). Splenocytes and thymocytes from mice lacking DFF45 
showw resistance to DNA fragmentation and chromatin condensation upon induction by a 
varietyy of stimuli. However, the immune system of these mice develops normally (96). 
Caspase-33 can also activate Acinus, which is the precursor of a chromatin condensation 
factor.. To activate the DNA-condensing activity of Acinus, yet unidentified additional 
proteasess and unidentified nuclear import factors are required (97). NUC70, a cytoplasmic, 
hematopoieticc apoptotic endonuclease is activated in a caspase-dependent manner as well 
(98). . 
Chromatinn condensation does not always require a caspase-dependent step. One of the 
proteinss involved in caspase-independent chromatin condensation is apoptosis inducing factor 
(AIF).. AIF can translocate from mitochondria to the nucleus, where it causes chromatin 
condensationn in the periphery of the nucleus. This condensation differs from that caused by 
CADD or Acinus, since AIF only generates DNA fragments of >50 kbp (99). Other examples 
off  caspase-independent endonucleases are L-DNase II and human deoxyribonuclease II 
(DNasee II). L-DNase II translocates from the cytoplasm to the nucleus and is derived from a 
serpin-likee protease inhibitor, the leukocyte elastase inhibitor. It cleaves DNA into 180 bp 
fragmentss (100). DNase II is an endonuclease, activated at low pH, acting downstream of 
caspases.. DNase II causes chromatin condensation even when caspase activity is blocked. The 
mechanismm of this type of DNA digestion is still unknown (101). 
Whatt is the purpose of this type of DNA cleavage one may ask? Unpackaged DNA in a 
humann cell that is over 1.5 m, creates an unmanageable environment for neighbouring cells. 
Apoptosis-associatedd nuclease activity is generally not sequence-specific and, therefore, DNA 
iss destroyed even before it can threaten a neighbouring cell. This is an elegant way to prevent 
colonizationn of host DNA with virus DNA. So, not only the cell is killed fastly, but even the 
evidencee is buried rapidly (102). 
Inn addition to the more general endonucleases mentioned above, a number of endonucleases 
havee been associated with apoptosis of T and B lymphocytes. Currently, both Ca2+-and Mg2+-
dependentt as well as Ca2+-and Mg2+-independent endonucleases are held responsible for 
apoptoticc DNA cleavage. For instance NUC18, an 18 kDa Ca2+-and Mg2+-dependent 
endonuclease,, was isolated from rat thymocytes (103). Interestingly, GC B cells show 
endonucleasee activity in their nuclei even in the absence of caspase activity. The biochemical 
characteristicss of this GC B cell endonuclease resemble NUC18. Recently, we described that 
FDCss switch off endonuclease activity in nuclei of GC B lymphocytes adhering to FDCs (40). 
Cathepsinn activity has also been linked to late phases of apoptosis. For instance, digitonin-
permeabilizedd lysosomes were capable of activating caspases, implying that moderate 
lysosomall  leakage contributes to apoptosis directly, or indirectly via activation of caspases. In 
addition,, cathepsin B can activate a variety of caspases, whereas it also can cause nuclear 
fragmentationn directly in isolated nuclei (104-106). This suggests that cystatins, natural 
inhibitorss of cathepsins, may be involved in the regulation of apoptosis. 

18 8 



GeneralGeneral introduction 

Scopee of the thesis 

FDCss provide GC B cells with crucial survival factors leading to the rescue of potential 
memoryy B cells. Important molecules that contribute to the rescue are ICs with native Ag, 
adhesionn molecules, complement receptors and Fc receptors. None of these factors, however, 
cann switch off endonuclease activity in the nuclei of GC B cells as was demonstrated with 
FDCs.. Here, we provide insight in the complex proteolytic apoptotic pathways, that occur in 
GCC B lymphocytes. Furthermore, we explain the nature of the survival signals provided by 
FDCss to GC B lymphocytes during selection of high affinity GC B cells in GC reactions. The 
survivall  signals studied are: (1) inhibition of GC B cell endonuclease and (2) the caspase 
silencingg signal. 

Thee questions addressed in this thesis are: 

1.. How is the endonuclease in GC B cell nuclei silenced by FDCs? Do cathepsins play a 
pivotall  role in the late phase of apoptosis in GC B lymphocytes? Does cystatin A, a natural 
inhibitorr of cathepsins that is present in FDCs, play a regulatory role? 

2.. What signals prevent caspase activation in GC B cells that are in close contact with FDCs? 
Forr instance: why are GC B cells present in FDC-B cell aggregates Fas-resistant? Does 
caspase-88 play an important role in GC B cells and if so, how is the activity of this protease 
regulated? ? 

3.. Do RA-fibroblast-like synoviocytes (FLS) functionally resemble FDCs with respect to anti-
apoptoticc signalling? Can RA-FLS prevent apoptosis in GC B cells like FDCs do? 

Inn the second chapter an overview is given of the functions of cysteine proteinases and their 
inhibitorss in the immune system, focussing on apoptosis and antigen presentation. The 
importancee of cathepsin activation and its regulation in GC B cell apoptosis is addressed in 
chapterss 3 and 4. Activation of caspases in GC B cells and its regulation by FDCs is described 
inn chapters 3 and 5. Anti-apoptotic signals provided by RA-FLS to GC B cells are 
demonstratedd in chapter 6. The implications of the findings presented in this thesis are 
discussedd in the general discussion in chapter 7. 
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