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GeneralGeneral introduction 

Thee germina l cente r reactio n 

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 

Memor y y 
Bcel l l Bm5 5 

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

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

Proliferation,, somatic hypermutation, 
receptorr editing. 

Checkpoin tt  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-

Checkpoin tt  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). 

Thir dd antigen-specifi c checkpoin t 

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. 

Antige n n 
fro mm IC 

Apoptosi s s 

Bystande r r 
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Apoptosi s 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-typ e I 

Deathh recepto r 

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-typ e 

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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GeneralGeneral introduction 

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 fragmentatio n 

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. 
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Scop ee of the thesi s 

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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Summar y y 

Thee most important functions of proteinases in the immune system are observed in apoptosis 
andd MHC class II antigen presentation. A variety of cysteine proteinases, serine proteinases 
andd aspartic proteinases are involved in the regulation of apoptosis during selection of specific 
BB and T lymphocytes, in neutrophils and monocytes and in apoptosis induction by cytotoxic T 
cellss and natural killer cells. Antigen presentation in antigen presenting cells requires two 
proteinase-dependentt processes. First, endocytosed antigens are digested by both aspartic and 
cysteinee proteinases into antigenic peptides. Second, MHC class II molecules are processed 
andd also require activity of aspartic and cysteine proteinases to degrade the invariant chain 
thatt occupies the peptide binding site. Proteinase activity in these processes is highly 
regulated,, particularly by specific endogenous inhibitors such as cystatins, thyropins and 
serpins.. The present review is focussed on the regulation of proteolytic processes in apoptosis 
andd antigen presentation in immune cells. 
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Introductio n n 

Proteolyticc enzymes or proteases are enzymes that catalyze hydrolysis of amide bonds. They 
havee a wide range of physiological functions in virtually all cell types and species ranging 
fromm digestion of food to specific processes such as zymogen activation. Two classes of 
proteasess exist, the proteinases that cleave amide bonds within a protein and peptidases that 
cleavee one, two or three end-chain amino acids of a protein. Proteinases are categorized on the 
basiss of what compound is used to generate a nucleophile that is required to attack the 
carbonyl-carbonn of an amide bond. Based on this classification, four specific major groups of 
proteinasess exist and one non-specific group: serine proteinases, cysteine proteinases, aspartic 
proteinases,, metallo proteinases and a group of unclassified proteinases. As far as we know 
now,, proteinases that play a role in the immune sytem are mainly cysteine proteinases, but 
alsoo some serine proteinases and aspartic proteinases (Table I) are involved. 
Thee most important members of the cysteine proteinases are cathepsins, calpains and 
caspases.. Cathepsins are proteinases which were originally described as typically 
intracellular,, usually located in lysosomes. Studies in the last decades have revealed a whole 
familyy of cathepsins, including cathepsin A, B, C (also referred to as dipeptidyl peptidase I), 
D,, E, F, G, H, J, K, L, N, S, T, U, V, W, X/Z. Most of the cathepsins are strongly related to 

Tablee I. Overview of proteinases that are discussed here 
Majorr group 

Cysteinee proteinases 

Serinee proteinases 

Asparticc proteinases 

Members s 

Papain-like:: cathepsin B, C, F, H, J, K, L, N, S, 

T,, U, V, W, X/Z, papain, calpain, legumain 

Caspasess 1-14 

Cathepsinn A, G 

Granzymes s 

Cathepsinn D, E 

papainn the first cysteine proteinase that was recognized as such, and hence are member of the 
papain-likee cysteine proteinases. Some are serine proteinases such as cathepsin A and G and 
somee are aspartic proteinases such as cathepsin D and E. Calpains, calcium-dependent papain-
likee cysteine proteinases belong to the papain-like family as well. Caspases are also members 
off  the cysteine proteinase group, but they are not members of the papain-like proteinases (1-

15). . 
AA limited amount of cathepsins is expressed in a tissue-specific fashion. For instance, 
cathepsinn S is expressed in lymphatic tissue and is involved in invariant chain (li) degradation 
off  MHC class II molecules in antigen presenting cells (16-19). Cathepsin W, or lymphopain is 
expressedd in CD8+ cytotoxic T lymphocytes (CTLs) and natural killer (NK) cells (6,20), 
cathepsinn J in murine placenta (15), cathepsin K in osteoclasts and cathepsin V in thymus and 
testiss (9,21-23). 
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Proteinasee activity has to be tightly regulated and this regulation can be achieved by many 
factorss such as local pH, redox potential, synthesis as inactive precursor, targeting to specific 
cellularr compartments such as endosomes or lysosomes and binding to specific inhibitors (4). 
Naturallyy occurring inhibitors of cathepsins are cystatins, thyropins and serpins. Cystatins are 
naturall  inhibitors of cysteine proteinases of the papain-like proteinase family. The cystatin 
superfamilyy can be divided in four families: the stefins, cystatins, kininogens and the recently 
discoveredd group of glycosylated cystatins. Family 1, the stefins, consists of stefm/cystatin A 
andd B, which are characterized by the lack of disulphide bridges and are not synthesized as 
preproteinss with a signal peptide sequence. Family 2 members are secreted cystatins C, D, S, 
SNN and SA, containing two intra-chain disulphide bonds. Family 3 consists of low molecular 
weightt (Mw) kininogens, high Mw kininogens and T-kininogens. Family 4 members are 
secretedd glycosylated cystatins E/M and F/leukocystatin sharing low homology with family 2 
memberss (5,24-26). Recently, a new family of inhibitors of cysteine proteinases has been 
described,, the thyropins, containing a thyroglobulin type-1 domain (27). 
Serinee proteinases such as cathepsin G can be inhibited by members of the serine proteinase 
inhibitorr super family, the serpins (28). 

Inn this review, we discuss the various functions of cysteine, serine and aspartic proteinases 
andd their endogenous inhibitors, the cystatins, thyropins and serpins, in the immune system. 
Wee focus on the role of these proteinases in two major proteolytic routes, i.e. apoptosis and 
antigenn presentation. We also discuss potential therapeutic consequences of affecting the 
balancee between the proteinases and their inhibitors in various human diseases or animal 
diseasee models. 

Cystein ee proteinase s and thei r natura l inhibitor s in apoptosi s 

Apoptosiss is a sophisticated mechanism to eliminate cells in an ordered way without release 
off  intracellular contents into the environment. Spilling is prevented by keeping the barrier 
functionn of the plasma membrane intact. However, subtle changes such as phosphatidyl serine 
(PS)) exposure at the extracellular side of the plasma membrane can be easily recognized by 
neighbouringg cells. This signal results in efficient digestion and clearance of apoptotic cells. 
Typicall  characteristics of apoptosis are cell shrinkage, membrane blebbing and DNA 
condensationn (29,30). These changes are a result of catabolic actions inside cells and are 
causedd by hydrolytic enzymes such as caspases and endonucleases. When these enzymes are 
activated,, they destroy cytoskeletal proteins, nuclear proteins, DNA repair enzymes and DNA. 
Thee family of caspases consists currently of 14 members but is still growing. Many caspases 
playy a role in either cytokine activation or apoptosis. 
Threee major pathways have been described that lead to caspase activation and subsequent 
apoptosiss (fig. 1): death receptor (DR)-dependent induction, mitochondrion-dependent 
inductionn and endoplasmic reticulum (ER)-dependent induction. 
Fass ligand-induced apoptosis is a typical and well-characterized example of DR-induced 
apoptosiss (31,32). Stimulation of Fas results in the formation of a death-inducing signalling 
complexx (DISC). The C-terminal domain of an adaptor molecule named Fas-activated death 
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domainn (FADD/MORT) is recruited to the death domain of Fas. The N-terminal domain of 
FADDD contains a death-effector domain (DED) that interacts with the DED domain of 
procaspase-8/FLICE,, resulting in the activation of caspase-8 and subsequently caspase-3 (33-
36). . 
Mitochondrion-dependentt induction occurs due to growth factor withdrawal or irradiation. 
Bothh induce cytochrome c release from mitochondria which causes the formation of a protein-

Fig.Fig.  1. Three major  pathways  exist  that  lead to  apoptosis,  the DR-dependent, 
mitochondrion-dependentmitochondrion-dependent  and ER-dependent  induction  of  apoptosis.  Fas-
inducedinduced apoptosis is described as an example of DR-mediated apoptosis. 
TrimerizationTrimerization of Fas by its ligand results in the activation of caspase-8. This 
activationactivation can be prevented by FLIP. Stress signals or growth factor withdrawal can 
activateactivate the mitochondrion-dependent apoptotic pathway. Cytochrome c is released 
fromfrom mitochondria, resulting in the activation of caspase-9. Cytochrome c release 
cancan be prevented by Bcl-2. ER stress signals result in the activation and release of 
caspase-12.caspase-12. Finally, executioner caspases such as caspase-3, 6 and 7 become 
activatedactivated and essential substrates are cleaved, leading to destruction of a cell. 

proteinn complex that is composed of apoptotic protease activating factor (Apaf)-1, 
cytochromee c (Apaf-2), dATP and procaspase-9 (Apaf-3), finally resulting in the activation of 
caspase-9,, followed by the activation of other caspase members. This pathway can be 
inhibitedd by proteins of the Bcl-2 family. These proteins block the release of cytochrome c, 
therebyy preventing the activation of caspase-9 (37-39). 
ER-dependentt induction of apoptosis is the most recently described pathway and is 
characterizedd by activation of procaspase-12 that resides in the ER (40). All three routes result 
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inn activation of executioner caspases such as caspase-3, 6 and 7 that cleave a variety of 
substrates. . 
Fas-inducedd apoptosis can occur in two ways. So-called type I apoptosis is characterized by 
rapidd DISC formation and high levels of active caspase-8. Type II apoptosis is characterized 
byy low levels of DISC and low caspase-8 activity. The latter form of apoptosis requires an 
amplificationn step via the mitochondrial route (41). Both forms of apoptosis can be inhibited 
byy FLICE inhibitory proteins (FLIPs). Two isoforms exist, cFLIPs and CFLIPL, both capable 
off  inhibiting Fas-induced apoptosis by blocking caspase-8 activation (42-44). 
AA final result of apoptosis is activation of endonucleases (30). Caspase-dependent 
endonucleasee activities have been described of which caspase-activated DNase (CAD) or 
DNAA fragmentation factor (DFF45) is best understood. A recently discovered chromatin 
condensationn factor, Acinus, induces chromatin condensation after activation by caspase-3 
withoutt DNA fragmentation (45-48). However, caspase-independent mechanisms of DNA 
fragmentationn have been described as well. For instance, apoptosis inducing factor (AIF) 
translocatess from mitochondria to the nucleus, where it can cleave DNA into large fragments 
(49). . 

Recently,, lysosomal cysteine and aspartic proteinases have been linked to apoptosis as well. 
Forr instance, leakage from digitonin-permeabilized lysosomes is capable of causing apoptosis 
directlyy or indirectly via activation of caspases. In addition, cathepsin B can both activate a 
varietyy of caspases and it can also cause nuclear fragmentation directly in isolated nuclei (50-
53).. The roles of cysteine proteinases and their inhibitors in apoptosis that occurs in, or is 
inducedd by B cells, T cells, NK cells, neutrophils and monocytes are increasingly appreciated 
andd are discussed in detail in the following chapters. 

Cystein ee proteinase s and thei r inhibitor s in the regulatio n of apoptosi s in B 
andd T lymphocyte s 

Duringg their life span, both B and T lymphocytes encounter various episodes of selection. The 
basicc selection mechanism is survival of highly specific B or T cells and as a consequence, 
apoptosiss of the other, less specific, cells. 
BB cell apoptosis can be induced at several stages. First, triggering of the B cell receptor (BCR) 
leadss to adequate B cell activation only when other growth factor and costimulation signals 
aree optimal. On the other hand, activation of BCRs in the absence of essential helper stimuli 
leadss to apoptosis. BCR-induced apoptosis of CD40-stimulated memory B cells requires a 
caspase-independentt phase upstream of mitochondria and a caspase-dependent phase 
mediatedd by caspase-9 and subsequently activated effector caspases such as caspase-3, 
downstreamm of mitochondria. Mitochondria connect BCR-induced apoptosis to effector 
caspasess independently of caspase-8. Fas-induced apoptosis in CD40-stimulated memory B 
cellss required activation of caspase-8 (54). BCR-induced apoptosis in the immature B cell 
lymphomaa WEHI-231 requires activation of calpain. In turn, calpain can activate caspase-7 
withoutt caspase-8 activation or mitochondrial involvement. Cross linking of CD40 results in 
upregulationn of calpastatin, a specific inhibitor of calpain which inhibits apoptosis of B 
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lymphocytess (55). Calpain activity is also involved in the regulation of apoptosis induced by 
TT cell receptor (TCR)-triggering, dexamethasone, the calcium ionophores A23187 and 
ionomycin,, or the adenylate cyclase activator forskolin. Inhibition of calpain in these 
experimentall  settings inhibits DNA fragmentation, suggesting an upstream regulatory role as 
welll  (56-58). 
Second,, B cells can internalize antigens, process them and present them as peptides on their 
surfacee in MHC class II molecules to T cells. Signals can be transmitted to B cells via MHC 
classs II antigens. Recently, it has been suggested that apoptosis in B cells can also be induced 
viaa their MHC class II molecules. This form of apoptosis is caspase-independent (59). 
Finally,, during germinal center (GC) reactions in secondary lymphoid follicles, B cells 
undergoo several steps of development that lead to the formation of high affinity memory B 
cellss and plasma cells (60-62). GC B lymphocytes die spontaneously by apoptosis unless they 
receivee survival signals from follicular dendritic cells (FDCs). FDCs prevent caspase 
activationn and block endonuclease activity in GC B cells when they are in close contact with 

themm (63,64). Recently, we have found that GC B cell 
apoptosiss requires both caspase and cathepsin activity (64). 
Thee occurrence of DNA strand breaks could be prevented 
byy addition of E64d, a cysteine proteinase, but not a 
caspase,, inhibitor. We believe that a cathepsin-like 
proteinase,, different from the cathepsins B, F, K, L and S, 
andd active downstream of caspase-3, regulates activity of 
GCC B cell endonuclease. Remarkably, nuclei of GC B cells 
containn active endonuclease even without caspase activity, 

FF''99::  2; ?yf*Ü"  A exPression indicating that this endonuclease differs from the recently inin isolated FDCs. b J 

describedd caspase-dependent endonuclease CAD/DFF45 or 
thee chromatin condensation factor Acinus (45-48). Induction of the GC B lymphocyte 
phenotypee may cause a cathepsin-like proteinase to leak out of the lysosomal compartment, 
whichh is capable of activating an endonuclease by either removing its inhibitor, or causing 
DNAA fragmentation directly. Lysosomal leakage has been linked with apoptosis before (see 
above)) (50). Interestingly, FDCs contain large amounts of cystatin A, a natural inhibitor of 
cathepsinn activity (fig. 2) (65). Of note, FDCs do not process antigens but trap immune 
complexess containing antigens at their surface. Cystatin A is also expressed in thymic cells 
andd granulocytes (66,67). FDCs secrete cystatin A by a mechanism that requires vesicular 
transport.. GC B cells can take up this cystatin A when they are in close contact with FDCs by 
aa yet unknown process. Cystatin A uptake is sufficient to inhibit endonuclease activity in 
nucleii  of GC B cells. As is shown in fig. 3, cystatin A is believed to block a currently 
unknownn cathepsin-like proteinase that upregulates endonuclease activity in nuclei of GC B 
lymphocytess (68). A comparable mechanism was found when apoptosis was induced with bile 
saltss in a heptoma cell line (69). In that model, cystatin A was capable of inhibiting cathepsin 
BB downstream of caspases. In addition, it was demonstrated that cystatin A inhibits virally 
inducedd apoptosis in a fish cell line (70). Finally, Pennacchio and co-workers demonstrated 
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stronglyy elevated apoptosis in the cerebellum of cystatin B'-mice, thereby linking cathepsins 
too the apoptotic cascade as well (71). 
Inn conclusion, cysteine proteinases, besides caspases, are very important mediators of 
apoptosiss B and T lymphocytes. 

Inductionn of GC 
BB cell phenotype 

Lysosomal l 
leakage? ? 

Fig.Fig. 3. Upon  induction  of  a GC B cell  phenotype,  endonuclease  activity  can be detected  in 
nuclei.nuclei.  We propose that cathepsins contribute to the activation of this endonuclease. FDCs contain 
cystatincystatin A, a natural inhibitor of cathepsin activity, that is secreted and taken up by GC B cells. This 
cystatincystatin A uptake results in inhibition of endonuclease activity in the nuclei of GC B cells. 

Cysteinee and serine proteinases in apoptosis of neutrophils and monocytes 

Neutrophilss and monocytes contain a series of proteolytic enzymes, including cathepsin G, 
neutrophill  elastase, proteinase 3 and azurocidin (72). These serine proteinases are present in 
azurophilicc granules and after degranulation of neutrophils, cathepsin G can be detected at the 
celll  surface as well (73,74). Cathepsin G plays a role in blood clotting, in responses to a 
varietyy of bacteria, during lymphocyte activation, in enhancing cytotoxicity of T cells and NK 
cells,, in tissue remodelling and in cleavage and inactivation of neutrophil chemoattractants 
suchh as TNF-oc, IL-1 and IL-8 (75). Cathepsin C is involved in posttranslational processing 
andd activation of cathepsin G. Inhibition of cathepsin C impairs activation of cathepsin G 
(76). . 

Micee lacking cathepsin G have no defects in neutrophil function (75), but show excessive 
numberss of neutrophils at sites of wounds. This suggests that neutrophils are attracted to the 
sitee of a wound in an early phase and that cathepsin G is involved in degradation of 
chemoattractant(s)) involved in neutrophil chemotaxis (77). Interestingly, mice lacking either 
cathepsinn G or neutrophil elastase or both show increased susceptibility to fungal infections 
(78). . 
Recently,, it was demonstrated that cathepsin G may be involved in apoptosis as it can activate 
recombinantt procaspase-7 (79). When cathepsin G is introduced into the cytoplasm it can 
inducee morphological changes that are characteristic for apoptosis (80). Normally, cathepsin 
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GG is compartmentalized in granules, but it may leak into the cytoplasm when errors occur in 
packaging,, degranulation or phagocytosis (80). 
Serpinss can control activity of cathepsin G after leakage into the cytoplasm (28). A well-
studiedd serpin is cowpox virus serpin cytokine response modifier A, CrmA, that can inhibit 

activityy of the CTL granule 
proteinase,, granzyme B, and 
severall  caspases that are 
involvedd in either apoptosis or 
cytokinee maturation (81-85). 
CrmAA belongs to the 
mammaliann ovalbumin serpin 
groupp as well as proteinase 
inhibitorr 6 (PI-6) (86). 
Interestingly,, PI-6 expression is 
restrictedd to the cytoplasm only 
andd cannot be released via the 
conventionall  secretory pathway 
(87).. PI-6 is a potent inhibitor of 
cathepsinn G and may serve as a 
safee guard against cathepsin G 
leakagee into the cytoplasm to 
preventt self-induced apoptosis 
(fig.. 4). In addition, two other 
ovalbuminn serpins, squamous 
celll  carcinoma antigen-2 
(SCCA-2)) and monocyte/ 
neutrophill  elastase inhibitor 
(M/NEI)) can inhibit cathepsin G 
ass well, although to a lesser 

extentt (88-91). Yet another serpin, SPI-1, produced by rabbit pox virus, forms stable 
complexess with cathepsin G. Furthermore, it has been demonstrated that SPI-1 may function 
ass an inhibitor of caspase-independent apoptosis (92). 

Inn conclusion, tight regulation of cathepsin G by serpins is very important to prevent 
unwantedd cell death that can occur when cathepsin G leaks into the cytoplasm. 

Cystein ee proteinase s in apoptosi s induce d by cytotoxi c T lymphocyte s and 
natura ll  kille r cell s 

Fig.Fig.  4. Cathepsin  G is  present  in  azurophilic  granules  of 
neutrophilsneutrophils  and monocytes  and may be spilled  into  the 
cytoplasm.cytoplasm.  This can cause unwanted activation of caspase-7 
andand subsequent apoptosis. Danger of unwanted apoptosis after 
leakageleakage of cathepsin G into the cytoplasm is minimized by the 
presencepresence of a set of serpins of which PI-6 is the most powerful 
inhibitorinhibitor and SSCA-2, M/NEI and PI-1 are less potent. 
CathepsinCathepsin C actvity is required to fully activate cathepsin G. 

Cytotoxicc cells like CTLs and NK cells can use two types of contact-dependent mechanisms 
too kill target cells. One mechanism depends on DR-mediated apoptosis by actions of FasL and 
Fass or tumour necrosis factor (TNF) and the TNF receptor (TNFR). The second mechanism 
dependss on exocytosis of granules that relies on the action of a pore-forming protein, perforin, 
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inn combination with secretion of granzymes, a powerful set of serine proteinases. CD8+ CTL 
andd NK cells preferentially use the granule exocytosis pathway. However, they can use the 
FasL/Fass pathway as well. Besides CD8+ CTLs, CD4+ Thl and Th2 CTL subsets exist as 
well.. Thl cells kill their targets by action of FasL/Fas, whereas Th2 subsets display 
cytotoxicityy by exocytosis of granules (93). FasL/Fas interactions result in formation of DISC, 
activationn of caspases such as caspase-8 which cleave a broad range of substrates that 
ultimatelyy leads to destruction of the target cell. Five granzymes are known that are produced 

Fig.Fig.  5. CTLs can kill  target  cells  by two  cell  contact-dependent  mechanisms:  DR-induced  and 
granzyme-mediatedgranzyme-mediated  cell  death.  DR-induced cell death results in the activation of caspase-8, that 
cancan be blocked by the serpin CrmA. Granzymes, together with perforin, can induce cell death by 
processingprocessing of caspases (via granzyme B), or by inducing DNA fragmentation (via granzyme A). 
PreventionPrevention of spontaneous apoptosis of CTLs themselves as a result of leakage of granzyme B into 
thethe cytoplasm is prevented by serpins such as PI-9. PI-9 is present in the cytoplasm and not 
secretedsecreted and is capable of inhibiting granzyme B activity. Activation of granzymes requires the 
activityactivity of cathepsin C. Cathepsin C knock out mice only contain the inactive proform of granzyme 
AA and B and are defective in CTL-killing. Humans that carry mutations in the gene encoding 
cathepsincathepsin C do not show a generalized T cell immuno deficiency. It may very well be that in the 
humanhuman system cathepsin W compensates for loss of cathepsin C to to activate granzymes. 

byy human CTLs. Granzyme A and B are discussed in more detail. Perforin is held responsible 
forr the pore-formation in the target cell membrane and most likely mediates the entry of 
granzymess into the cytoplasm and nucleus of the target cell (94). Granzyme B, a serine 
proteinasee with aspase activity, can cleave caspases-3, 7, 8, 9 and 10 and in this way the 
apoptoticc cascade becomes activated and amplified (95). Granzyme A, however, initiates an 
alternativee way of DNA damage, independent of caspase activation. This provides an 
apoptoticc back up pathway that remains functional in the presence of viral caspase-blocking 
anti-apoptoticc proteins such as CrmA (96-98). 
Granzymess are produced as preproenzymes with a leader sequence. Proteolytic removal of 
thiss leader sequence produces a proenzyme with dipeptide domains. Activation of granzymes 
requiress cleavage of these dipeptide domains (99). Active granzymes are stored in lysosomes 
(100).. Lysosomal cathepsin C (dipeptidyl peptidase I) can activate granzymes in vitro and is 
presentt in the secretory granular compartment of CTLs (fig. 5) (101,102). It has recently been 
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demonstratedd that cathepsin C knock out mice contain normal levels of granzymes A and B, 
butt all granzymes contained their prodipeptide domains. Therefore, the granzymes were not 
active.. These findings demonstrated that cathepsin C is required for activation of granzymes 
AA and B and granule-mediated apoptosis (102a). The viral ovalbumin serpin CrmA/SPI-2 
inhibitss caspases-8, 9 and 10 and prevents Fas-induced and TNF-induced apoptosis. Other 
caspasess involved in cytokine maturation like caspase-1, 4, and 5 are inhibited as well, 
therebyy downregulating proinflammatory cytokines (81-85). In addition, serpin PI-9 can 
inhibitt caspase-1 and to a lesser extent, caspases-4 and 8 and granzyme B (103-105). 
Recently,, it has been suggested that leakage of granzyme B into the wrong cellular 
compartmentt may occur. For instance, it may leak into the cytoplasm of a CTL, or digestion 
off  a cell by antigen-presenting cells may induce unwanted cell damage as a result of caspase 
activationn by granzyme B. In order to prevent this unwanted cell death, CTLs express high 
levelss of intracellular serpin PI-9 in their cytoplasm. This protects CTLs against granzyme B-
inducedd apoptosis, whereas the Fas DR-pathway is still functional (103). 
Recently,, a novel papain enzyme family member, cathepsin W, or lymphopain, has been 
cloned.. Cathepsin W belongs to the cathepsin F-like subgroup and is only expressed in NK 
cellss and CD8+ CTLs (6,11,20,106). This cathepsin may also be involved in the death-
inducingg cytolytic pathway used by CTLs to kill their target cells. Interestingly, patients 
lackingg functional cathepsin C show no generalized T cell immunodeficiency indicating that 
compensatoryy mechanisms exist (107). Possibly cathepsin W fulfil s this role by replacing 
cathepsinn C to activate granzyme A and B. Regulation of cathepsin W activity remains to be 
elucidated,, but it has been suggested that cystatin F, or leukocystatin, a specific inhibitor of 
papain-likee proteinase family members, that is highly expressed in T cells, monocytes and 
dendriticc cells, may control activity of cathepsin W (25,26). 

Inn conclusion, both caspases and cathepsins on the one hand, and cystatins and serpins on the 
otherr hand are important players in apoptotic pathways. Probably, unbalanced regulation of 
thee activity of caspases and cathepsins by their specific inhibitors may result in either 
increasedd or decreased apoptosis. Decreased apoptosis may contribute to cancer. 

MHCC Class ll-mediate d antige n processin g 

Antigenn presenting cells (APCs), dendritic cells (DCs), B cells and macrophages take up 
antigenss (for example, bacterial products) which are processed into peptides that are exposed 
onn MHC class II molecules. Antigens derived from the cells themselves (for example, viral 
products)) are presented on MHC class I molecules. CD4+ T lymphocytes can recognize the 
peptide-MHCC class II complexes and then, initiate an immune response (108). MHC class II 
moleculee expression can be induced on a variety of cells by stimulation with IFNy. MHC 
classs II molecules are also constitutively expressed on thymic cortical and medullary 
epitheliall  cells. This is the environment where positive selection of CD4+ T cells during 
thymicc selection takes place (109). 
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AntigensAntigens are presented on MHC class II molecules after internalization by APCs via 
endocytosiss and degradation in the endosomal compartment (fig. 6). Newly synthesized MHC 

Antigen n 

Fig.Fig.  6. Antigens  are taken  up via  endocytosis  and processed  by proteolytic  enzymes  in 
thethe  endosomal  compartment  (EC). Newly synthesized MHC class II heterotrimers are 
assembledassembled in the ER where they complex with li chain trimers. Via the Golgi apparatus these 
complexescomplexes are transported to the endocytic pathway. Here the li chain is first processed by an 
asparticaspartic proteinase and further processed by cysteine proteinases, finally resulting in CLIP-
loadedloaded MHC class II molecules. HLA-DM exchanges the CLIP molecule for an antigen-derived 
peptidepeptide and the MHC class ll-peptide complex is transported to the cell surface. 

classs II ocP-heterodimers are assembled and associated with the li chain in the ER. Ii chain 

trimerss associate with three a(3-dimers forming a complex that is transported to the Golgi (fig. 

6).. A specific target signal directs Ii-ccp complexes to the endocytic pathway, where they 

encounterr processed antigens. When the complexes enter the endosomes, the Ii chain is 
cleaved.. Degradation of Ii chains occurs stepwise. Early stage of Ii chain degradation require 
asparticc proteinase activity and later phases require the activity of cysteine proteinases. The 
resultss are fragments of 21-22 kDa and 11-14 kDa, respectively. These fragments are named 
leupeptin-inducedd protein (LIP/Iip22) and small leupeptin-induced protein (SLIP/IiplO), 
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respectively.. Further processing of LIP and SLIP gives rise to a product called class-H-
associatedd invariant chain peptide (CLIP). These CLIP molecules occupy MHC class II 
molecules.. HLA-DM (H2-M in mice) is required to exchange CLIP for an antigenic peptide. 
Thesee MHC class II-peptide loaded complexes are then transported to the cell surface (110). 
Variouss proteinases are required for antigen processing and Ii chain degradation. The 
proteinasess that may be involved are cathepsins B, D, E, F, H, K, L, S, calpain and legumain 
(reviewedd in 111-114). So far, only the cathepsins F, L, and S have been proven to be 
essentiall  for in vivo Ii degradation in knock out mice (115-117). Although aspartic 
proteinasess are required for early degradation of Ii , cathepsin D is not crucial as mice lacking 
cathepsinn D show normal Ii degradation. Cathepsin B is not essential either, since Ii 
processingg is not inhibited in cathepsin B knock out mice (118). 

Thee specific proteinases involved in antigen processing and Ii chain degradation in the various 
celll  types are discussed in the following chapters. 

Antige nn presentatio n in DCs and B cell s 

Thee process of Ii chain degradation is relatively well understood, in contrast to degradation of 
internalizedd antigens. Normally, exogenous antigens are presented on MHC class II 
molecules.. However, endogenous antigens can be presented on MHC class II molecules as 
well.. For instance, epitopes derived from glutamate decarboxylase (GAD) are presented on 
thee B lymphoblastoid cell line Priess. GAD requires cytoplasmic processing by calpain and 
thee proteasome complex for epitope presentation on MHC class II molecules (119). Non-
lysosomall  cathepsin E is involved in processing of the antigen ovalbumin in the murine B cell 
lymphomaa A20. Furthermore, human cathepsins D and E can cleave the tetanus toxin C 
fragmentt (TTCF) for antigen presentation (120,121). Recently, it became clear that instead of 
cathepsinss B, D, E, L, or S, a lysosomal asparagin-specific cysteine proteinase (also called 
legumainn or AEP) was involved in the degradation of TTCF. AEP resembles 
legumain/haemoglobinase,, an AEP found in plants and Schistosoma mansoni. Inhibitors of 
AEPP blocked TTCF processing in vitro. Application of such inhibitors in vivo reduced 
presentationn of peptides to T cells, whereas pretreatment in vitro of TTCF with AEP 
acceleratedd presentation. In addition, it was demonstrated that AEP is efficiently inhibited by 
cystatinss C and E/M, and partly by cystatin F. In contrast, activity was not blocked by 
cystatinss A and B or low Mw kininogen (122-124). TTCF contains three major AEP cleavage 
sites.. Elimination of these three cleavage sites by amino acid substitution resulted in 
resistancee against proteolysis. Remarkably, only one of the three cleavage sites is required for 
optimall  presentation to T cells. This implies that processing at a single site only is sufficient 
forr effective antigen presentation (125). 
Cathepsinn S is the best characterized cathepsin involved in Ii chain degradation. It is highly 
expressedd in DCs, B lymphocytes and macrophages. Cathepsin S is essential for degradation 
off  Ii chain in B cells and DCs. Purified cathepsin S can digest specifically Ii chain in ccp-Ii 
trimerss generating oc(3-CLIP, whereas cathepsins B, D, and H cannot (18). Antigen generation 
occurss normally, but binding of peptides to class II molecules is defective. In vivo inhibition 
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off  cathepsin S in B lymphoblastoid cells by morpholine urea leucine-homophenylalanine-
vinyll  sulfone methyl (LHVS) resulted in accumulation of a 13 kDa Ii fragment, indicating that 
completee degradation of Ii chain is prevented (126). Additional evidence for the crucial role 
off  cathepsin S in antigen presentation was found in cathepsin S-negative mice. Their APCs 
faill  to process Ii chain beyond a 10 kDa fragment, resulting in delayed peptide loading and 
accumulationn of MHC-class 11/10 kDa Ii fragments at the surface. Furthermore, these mice 
virtuallyy lacked germinal centers. Most likely, B cells are deprived of local activation and 
proliferationn signals from T helper cells. B cells are not able to degrade Ii chains and therefore 
doo not express MHC class II-peptide complexes required for interactions with T cells and 
subsequentt signalling events. In addition, B cells of mice lacking cathepsin S induced 
proliferationn of T cells poorly. These mice showed reduced isotype switching towards IgG, 
especiallyy IgG] and IgG3 which is in line with the absence of germinal centers (116,117). 
DCss of cathepsin S~'~ mice showed defects in Ii degradation as well. Immature DCs are poor 
stimulatorsstimulators of T cells as they do not express activation markers such as CD40, CD54 and 
CD86.. However, immature DCs are very efficient in taking up antigens by endocytosis, 
phagocytosiss or macropinocytosis. Maturation induced by, for instance intact bacteria, 
bacteriall  cell wall products such as LPS, or cytokines, blocks this capacity to take up antigens. 
Maturee DCs express high amounts of peptide-loaded MHC class II complexes and are well-
equippedd to activate T cells in lymphoid organs (108). In summary, a shift from antigen 
uptakee to antigen presentation of peptide-loaded MHC class II complexes on the surface of 
DCss takes place during maturation. This concept was supported by the finding that in 
maturingg mouse DCs developmental regulation of MHC class II transport could be 
demonstrated.. Immature DCs contain mainly intracellular lysosomal MHC class II molecules. 
Uponn maturation, these MHC class II molecules are found in nonlysosomal vesicles at the 
peripheryy of DCs. Late DCs mainly express MHC class II molecules at their surface (128). In 
addition,, inflammatory stimuli such as LPS, TNFa and CD40L initiate intracellular formation 
off  MHC class II-peptide complexes (129). This implies that MHC class II trafficking and 
degradationn is tightly controlled during DC development. Indeed, this was found when Ii 
chainn proteolysis and MHC class II trafficking were studied during DC development in mice. 
Increasedd cathepsin S activity with subsequent Ii degradation has been observed in mature 
DCss in combination with efficient delivery of MHC class II molecules to the plasma 
membrane.. In contrast, immature DCs show low cathepsin S activity and inefficient Ii 
degradationn due to the presence of cystatin C. Thus, the balance between cathepsin S and its 
inhibitorr cystatin C determines the fate of newly synthesized MHC class II molecules. A 
recentlyy described cystatin, cystatin F/leukocystatin, is expressed in DCs and monocytes. 
Thereforee it may control Ii degradation as well (25,26). In other words, MHC class II 
traffickingg is regulated by control of Ii degradation (130). The crucial role of cathepsin S in 
traffickingg and maturation of MHC class II molecules was further extended in studies on 
cathepsinn S"A mice or LHVS-treated mice. The majority of MHC class II molecules was 
retainedd in late endocytic compartments in mature DCs of these mice as in immature DCs. 
Moreover,, traffic of MHC class II molecules to the plasma membrane was impaired (131). 
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Thus,, both B cells and DCs require active cathepsin S for proper trafficking of matured MHC 

classs II molecules. 

Antige nn presentatio n in lun g macrophage s 

Cathepsinn S-deficient mice do not show defects in IgE responses and develop normal 
pulmonaryy eosinophilia upon challenges with ovalbumin (116). However, a normal IgE 
responsee and infiltration of eosinophils into the lung are not observed when either wild type or 
cathepsinn S' mice are treated with the cathepsin S inhibitor LHVS. This implies that an 
additionall  cysteine proteinase, other than cathepsin S that can be inhibited by LHVS, is 
requiredd for the observed IgE responses and lung eosinophilia. Interestingly, lung 
macrophagess show normal peptide loading even in the absence of both cathepsin S and L, the 
onlyy essential cysteine proteinases known so far in the generation of CLIP (116,117,132). 
Macrophagess express two unique cathepsins, when compared with splenocytes and DCs, 
namelyy cathepsins F and Z (115). Of these two cathepsins, only cathepsin F is capable of 
degradingg lip (SLIP) as efficiently as cathepsin S, thereby generating CLIP fragments. 
Cathepsinn F and S are both inhibited by LHVS, cystatin C and to a lesser extent by cystatin A 
andB. . 

Thus,, lung macrophages contain an additional cathepsin, cathepsin F, that can substitute for 
cathepsinss L and S in Ii degradation. 

Antige nn presentatio n in thymi c epithelia l cell s 

Inn contrast to DCs, B lymphocytes and macrophages, cortical thymic epithelial cells (cTECs) 
doo not express cathepsin S, but cathepsin L (132). cTECs are involved in positive selection of 
CD4++ T cells in the thymus. They express self-peptides complexed with MHC class II 
moleculess (109). Cathepsin L"A mice revealed that this proteinase was of crucial importance in 
thee degradation of Ii in cTECs, but not in bone marrow-derived APCs. Decreased Ii chain 
degradationn and increased amounts of MHC class II-CLIP/IiP10-complexes at the surface of 
cTECss were in line with the impaired selection of CD4+ T cells (132). Cathepsin L activity 
cann be inhibited by cystatins, or members of the recently described thyropin family (27,88). 
Twoo splice forms of Ii chain exist, a p31 and p41 form. The p41 form contains an additional 
domainn with a strong homology to members of the thyropin family. Interestingly, the thyropin 
domainn of p41 forms a complex with and inhibits cathepsin L, but not cathepsin S, implying a 
specificc regulatory role during thymic selection. In addition, the amino terminal parts of both 
p311 and p41 forms show homology to cystatins (133,134). Human cathepsin L can be 
inhibitedd by cystatin A, C and F/leukocystatin (25,26,137). Recently, human cathepsin V/L2 
wass described (9,135,136); human cathepsin V mapped to the chromosomal region adjacent 
too the cathepsin L locus. Interestingly, structural analysis of human cathepsin V indicated that 
itt resembled murine cathepsin L rather than human cathepsin L. Cathepsin V is expressed 
specificallyy in human testis and thymus. Cystatin A is expressed in human thymus, thus 
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makingg it a possible regulator of Ii processing (67). Human cathepsin V may function in the 
humann thymus as the proteinase involved in selection of CD4+ T cells. 
Anotherr thymus-specific proteinase may be involved in positive selection by cTECs (138). 
Thiss proteinase shows sequence homology with lysosomal prolylcarboxypeptidase and is 
mostt likely a serine proteinase. Thymus-specific serine protease (TSSP) is exclusively 
expressedd in the thymus by cTECs and it has been suggested that it is involved in removal of 
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Fig.Fig. 7. B cells,  DCs, macrophages  and cTECS require  aspartic  proteinase  activity  for  the 
initialinitial  degradation  of  Ii chains.  Further processing into CLIP fragments in the different cell 
typestypes is carried out by a set of unique cysteine proteinases. Cathepsin S is the essential cysteine 
proteinaseproteinase required for Ii chain degradation in both B cells and DCs. Cathepsin F is the essential 
proteinaseproteinase activity in alveolar macrophages, whereas cathepsin L fulfils this task in cTECs. 

thee endosomal targeting signal from Ii chain, thereby enabling the MHC class II-peptide 
complexess to reach the cell surface. The existence of such proteinase may explain why mice 
lackingg cathepsin L show normal expression of MHC class II molecules. 
Thee involvement of the various proteinases in antigen presentation in the different cell types 
off  the immune system is summarized in fig. 7. In B lymphocytes and DCs, Ii chain 
degradationn depends on activity of cathepsin S. Ii chain degradation in lung macrophages 
requiress cathepsin F activity and in cTEC Ii chain degradation depends on cathepsin L 
activity.. As far as we know now, cathepsins F, L, and S are the only essential proteinases for 
Iii  chain degradation. 

Interferenc ee wit h cystein e proteinas e activit y as therapeuti c strateg y 

Humann diseases caused by mutations in genes encoding for either cathepsins or cystatins have 
beenn described. For example, loss of function mutations in the cathepsin K gene lead to 
pycnodysostosiss (23), an autosomal recessive osteochondrodysplasia characterized by 
osteosclerosiss and short stature. Mutations in the cathepsin C gene results in periodontal 
diseasess and palmoplantar keratosis (107). Mutations in the cystatin B gene lead to 
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progressivee myoclonus epilepsy and cystatin C gene mutations cause hereditary brain 
haemorrhagee (140,141). A variety of diseases such as arthritis, allergy, tumour invasion and 
metastasis,, osteoporosis, gingivitis, human atherosclerosis, aortic aneurysms and parasitic 
infectionss are characterized by an unbalanced cathepsin/inhibitor ratio during their 
pathogenesis. . 
Rheumatoidd arthritis (RA) is an autoimmune disease characterized by chronic inflammation 
andd destruction of bone. Cathepsin B, K, and L are strongly associated with RA (142,143). 
Patientss with RA and animals with experimentally induced arthritis have elevated levels of 
cathepsinss in the synovial tissues and fluids. When rats, suffering from antigen-induced 
arthritis,, are treated with a synthetic cysteine proteinase inhibitor selective for cathepsin B, 
cathepsinn B activity in chondrocytes, inflammation of knee joints and cartilage damage were 
reducedd (144,145). Furthermore, cathepsin S-negative mice exhibit diminished susceptibility 
too collagen-induced arthritis (CIA). Therefore, cathepsin S is an interesting candidate for drug 
targetingg to manipulate the peptide repertoire without interfering with the overall class II 
repertoiree (117). 
Recently,, a different strategy has been described to interfere with presentation of peptides. 
RA-MHCC class II-specific peptides were modified and used as antagonists. T cell responses 
weree potently inhibited by these peptidomimetic compounds and resistance of the antagonistic 
peptidess against cleavage by cathepsins B, D and H was used as a selection criterium to 
developp these antagonists (146). RA is often associated with a pathological Thl phenotype. 
Byy pushing the immune system towards the Th2 phenotype protection against autoimmunity 
mayy be induced. A shift in Th subsets can for instance be induced by the application of 
exogenouss CLIP. This results in downregulation of antigen-specific responses because 
internalizedd CLIP competes with peptide epitopes, thereby favouring a Th2-type reaction as 
wass demonstrated by a shift in cytokine profiles and antibody isotypes (147). 
Modulationn of Th-subsets can also be observed when selective proteinase inhibitors are used. 
Forr instance, inhibition of cathepsin B in experimental leishmaniasis resulted in a switch from 
Th22 to Thl, most likely caused by modulation of antigen processing. Interestingly, the effects 
off  inhibition of cathepsin B with CA074 were not directed to the parasites themselves. In 
anotherr model of experimental leishmaniasis, treatment of infected mice with other selective 
cathepsinn B and cathepsin L inhibitors killed the parasites without affecting the host 
(148,149).. Degradation of haemoglobin by both the cysteine proteinase, falcipain and the 
asparticc proteinases, plasmepsin I and II, is essential for survival of the malaria parasite, 
PlasmodiumPlasmodium falciparum. Simultaneous inhibition of these proteinases reduced development of 
thee parasite and haemoglobin degradation synergistically, both in cultured parasites and in a 
murinee model of malaria (150). 

Interferencee with antigen presentation by testing selective inhibitors of cysteine proteinases 
wass also observed in an animal model of Th2-driven allergic inflammatory responses in the 
lung.. In this mouse model, cathepsin activity was inhibited by LHVS and this resulted in 
attenuationn of IgE levels and decreased infiltration of inflammatory cells into the lung. This 
effectt is most likely due to inhibition of cathepsin F in lung macrophages as cathepsin S"" 
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micee showed normal IgE levels and only showed a defective IgE response in the presence of 
LHVSS (115,116,126). 

Inn human vascular diseases such as atherosclerosis and aortic aneurysms, pathogenesis is 
characterizedd by breakdown of the elastic lamina. During arterial wall remodelling, the 
balancee between cathepsins K and S and their inhibitor cystatin C is essential. Vascular wall 
smoothh muscle cells express cystatin C under normal conditions, but cystatin C levels are 
stronglyy reduced in both atherosclerotic and aneurysmal aortic lesions. This reduction results 
inn disturbance of the balance of proteinases and proteinase inhibitors and thus to increased 
breakdownn of the elastic lamina. In addition, it was found that cystatin C levels correlated 
inverselyy with the diameter of the aorta in patients, indicating that proteolytic activity is 
highestt in a bulging aortic wall. In vitro, pro-inflammatory cytokines, such as IFN7, induce 
secretionn of cathepsins with elastolytic activity from smooth muscle cells. Interestingly, 
treatmentt with TGFfil inhibited this elastolytic activity by induction of cystatin C production 
(151,152). . 

Gingivitiss and periodontitis are infectious diseases of the periodontium caused by bacteria. 
Bothh oral pathogens and cells in the connective tissue can produce proteolytic enzymes such 
ass cathepsins B, C, D, G, and L that contribute to tissue destruction (153,154). During 
inflammation,, proteolytic enzyme activity can be regulated by cystatin levels. For example, 
levelss of the cystatins A, C and S are increased in periodontal diseases (155,156). Of 
therapeuticall  interest is the recent finding that cystatins and cystatin-derived peptides directly 
showw antibacterial activity against the pathogen Porphyromas gingivalis, independently of 
proteinasee inhibition (157). 

Cathepsinss and cystatins are also involved in tumour invasion and metastasis. For instance, 
cathepsinn B has been found on the plasma membrane of cancer cells where it is active and 
mayy facilitate invasion by breakdown of surrounding connective tissue (158). Cathepsin B can 
bee secreted by cancer cells and become active on the plasma membrane by complexing with 
annexinn II (159). Moreover, extracellular cathepsin B activity can result in activation of a 
proteolyticc cascade. Active cathepsin B can activate uPA that can cleave plasminogen into 
plasminn that can then degrade elements of tumour stroma. Plasmin can activate MMPs as 
well,, thereby stressing once more the importance of cathepsin B in this cascade (160-162). 
However,, in vivo inhibition of cathepsin B delays rather than blocks tumour development, 
indicatingg that it is involved but not essential in this process (158,163). 
Therapeuticall  interference with cathepsin activity may be beneficial as it directly can inhibit 
tissuee damage or tumour progression. The immune system can also be affected indirectly by 
interferingg with peptide processing and presentation and subsequent activation of T cells. 
Furthermore,, beneficial shifts in Th-subsets can be induced that may result in decreased 
autoimmunityy or parasitic infections. However, one needs to consider the possible side effects 
off  such strategies as well. For example, cathepsin L secreted by a hemangioendothelioma, can 
generatee endostatin from collagen XVII I and by inhibition of this extracellular cathepsin this 
anti-angiogenicc endostatin is not generated, thereby increasing neovascularization and growth 
off  tumours (164). 
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Inn conclusion, cysteine proteinases are important players in the immune system and their 

activityy is tightly regulated. Influencing proteinase/inhibitor ratios may be interesting from 

therapeuticall  point of view but one always needs to consider the possibility of unwanted side 

effects. . 
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Summar y y 

Follicularr dendritic cells (FDCs) select B cells during germinal center (GC) reactions. The B 
cellss that are able to bind to the FDCs receive a signal that leads to the termination of 
endonucleasee activity in nuclei of those B cells. This signal must be additional to the signals 
transferredd through the cross-linkage of the B cell receptors (BCR) and signals resulting from 
thee interactions of the adhesion molecules LFA-1 and ICAM-1, respectively VLA-4 and 
VCAM-1.. In this report, we present evidence that the FDCs silence all apoptotic processes in 
GCC B lymphocytes and additionally switch off pre-present endonuclease activity. We also 
showw that GC B cell apoptosis requires cathepsin activity downstream of caspase-3. This 
cathepsinn activity is directly connected to endonuclease activity and, therefore, may be an 
interestingg target for anti-apoptotic factors produced by FDCs. 
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Introductio n n 

Germinall  centers (GCs) are specialized microenvironments in lymphoid follicles of secondary 
lymphoidd organs. Here, B lymphocytes undergo affinity maturation of their B cell receptors 
(BCR)) and immunoglobulin (Ig) isotype-switch, resulting in the formation of memory B cells 
(1-3).. During a GC reaction, B cells are selected and their antigen specificity is checked at 
differentt levels (4). Anti-apoptotic signals provided by follicular dendritic cells (FDCs) are 
cruciall  in this selection process. Native antigens are presented to GC B cells in immune 
complexess present on FDCs, allowing B lymphocytes with high affinity BCR to bind. As a 
resultt of this highly competitive binding, the programmed cell death of the GC B cells is 
cancelledd in the binding cells only (5, 6). FDCs protect the attached B lymphocytes in such a 
wayy that endonuclease, that is pre-present in the nuclei of GC B cells, is switched off within a 
feww hours (7). 

Thee precise mechanism of this action is largely unknown. BCR cross-linkage with antigen in 
thee immune complexes on FDCs is an important prerequisite, but also interactions between 
thee adhesion molecules ICAM-1 (CD54) and LFA-1 (CD 11 a/CD 18), respectively VCAM-1 
(CD106)) and VLA-4 (CD49d), do play a role in the intimate contact between B lymphocytes 
andd FDCs (8-10). So far, apoptosis of GC B cells could be postponed by cross-linkage of 
LFA-1,, VLA-4, CD21, CD40, BCR, or CD40 and BCR, but none of these signals could 
switchh off endonuclease activity in GC B cells (5, 7, 9-13). 

Too get insight in the specific rescue mechanism of FDCs, it is necessary to know what routes 
aree used to trigger apoptosis in GC B cells. Cysteine proteases fulfil l crucial roles in 
apoptosis.. For instance, the family of ICE-like proteases (now called caspases) (14-16), forms 
ann important cascade that links triggering signals such as Fas-ligation to final activation of 
DNAA fragmentation (17-19). This cascade is highly redundant, but in general, the activation 
off  various members of the caspase family may lead to the activation of caspase-3, resulting in 
cleavagee of various substrates that are crucial in the execution phase of apoptosis. In addition, 
itt was recently shown that members of the papain family of cysteine proteases may be 
involvedd in apoptotic processes as well. For example, calpains are involved in the upstream 
regulationn of thymocyte apoptosis (20, 21) and recently, cathepsin W, also called lymphopain, 
wass found in CD8+ T lymphocytes and NK cells, suggesting a role in the apoptosis pathway 
thatt is used for target cell killing (22, 23). 

Inn the present paper we have addressed the role of FDCs on GC B cell apoptosis, and 
especiallyy the enzymes involved in the regulation of endonuclease activity. Our experiments 
indicatee that both caspase- and cathepsin activity are required in the apoptotic cascade of GC 
BB cells. Furthermore, we show that the cathepsin activity acts downstream of caspases and is 
probablyy the last proteolytic step involved in the activation of DNA fragmentation. FDCs 
therefore,, may act on endonuclease activity directly because that is the only apoptotic 
parameterr present in freshly isolated GC B cells that is switched off. 
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Material ss  and method s 

IsolationIsolation ofGC B cells from human tonsils 
BB lymphocytes were isolated from tonsils according to the method of Lindhout et al (7). 
Briefly,, tonsillar cell suspensions were depleted of T cells using 2-
aminoethylisothiouroniumhydrobromide-treatedd SRBCs (AET-hydrobromide, Sigma 
Chemicall  Company, St. Louis, MO) (24) followed by density centrifugation on Lymphoprep 
(10777 mg/ml; Nycomed, Oslo, Norway) to remove rosetted cells. The final cell population 
containedd > 98 % CD20+ cells (B cells) and < 2 % CD3+ cells (T cells). This B cell 
suspensionn was centrifuged (15 min, 1200g, 4° C) on a Percoll gradient (Pharmacia, Uppsala, 
Sweden)) consisting of three layers (1043, 1067, 1077 mg/ml). Cells at the 1043/1067 
interfacee were collected and incubated with antibodies against slgD (MAS 590p, Harlan Sera-
Labb Ltd., Loughborough, UK) and anti-CD39 (AC2, Immunotech, Marseille, France). 
Labelledd cells were depleted using sheep anti-mouse Ig-coated Dynabeads (Dynal AS, Oslo, 
Norway).. The resulting purified GC B cell fractions consisted of >98 % CD38+ cells, < 2 % 
CD39++ and sIgD+ cells. 

IsolationIsolation ofFDCs 
FDCss were isolated from tonsils as described by Parmentier et al (25). Tonsils were cut into 
piecess and treated with a collagenase/DNase (200 U/ml Collagenase IV, Worthington 
Biochemicall  Corporation, Lakewood, NJ; 10 U/ml DNase I, Boehringer Mannheim, 
Mannheim,, Germany) solution in IMDM (Life Technologies Ltd, Paisley, UK), followed by 
densityy sedimentation on a cold discontinuous BSA gradient (Path-o-cyte 4, bovine albumin, 
Instruchemie,, Hilversum, The Netherlands) in HBSS (Life Technologies Ltd), consisting of 
layerss of 1.5, 2.5 and 5%. The cells at the 2.5-5% interface were harvested and washed in 
IMDM .. These FDC-enriched fractions were used in the experiments. 

CellCell cultures 

Alll  standard media used (IMDM, HBSS) contained gentamicin (90 (ig/ml). B cells were 
culturedd for 4 h in 24-wells culture plates (Costar, Cambridge, MA) in IMDM supplemented 
withh 10% FCS (Hyclone, Logan, UT), in the presence or absence of the general cathepsin 
inhibitorr E64d, the cathepsin B inhibitor CA074-Me (Scientific Marketing Associates, Barnet, 
UK),, the cathepsin L inhibitor Z-phenyl-phenyl-CHN2 (ZPP; Enzyme System Products, 
Dublin,, CA), the cathepsin S inhibitor morpholine urea leucine-homophenylalanine-vinyl 
sulfonee methyl (LHVS; a kind gift of Dr. Rebecca A.R. Bryant, Harvard Medical School, 
Boston,, USA), and the broad range caspase inhibitor z-Val-Ala-DL-Asp-fluoromethylketone 
(ZVAD-FMK ;; Alexis Corporation, Laufelfingen, Switzerland). The inhibitors were dissolved 
inn DMSO (Sigma) and applied at concentrations ranging from 50 nM-150 uM as indicated. 
FDC-enrichedd cell suspensions were depleted from T cells using SRBCs and cultured in 
IMDMM supplemented with 10% FCS. After 14 h, FDC-B cell clusters were separated from 
singlee B cells by 1-g sedimentation on IMDM with 30% FCS for 30 min at 0° C. Clusters 
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weree isolated from the pellet and single B cells were harvested from the interface. Apoptotic 
parameterss were determined as described below. 

DetectionDetection of apoptotic parameters 

Thee reduction of mitochondrial membrane potential (A\|/m) was analyzed according to the 
methodd of Zamzami et al (26) using 3,3'-dihexyloxacarbocyanine iodide (DiOC6(3); 
Molecularr Probes, Leiden, The Netherlands) in combination with propidium iodide (Sigma). 
DiOC6(3)) was applied to the cells at a concentration of 40 nM in PBS for 15 minutes at 37° 
C.. The cells were washed and taken up in PBS. PI (50 ng/ml final concentration) was added 
andd samples were directly analyzed. 

DNAA strand breaks were analyzed using the In Situ Cell Death Detection Kit (Boehringer 
Mannheim,, Mannheim, Germany), according to the instructions of the manufacturer. Briefly, 
l-2xl066 B cells were washed in PBS with 1% BSA, taken up in PBS and paraformaldehyde 
(2%% final concentration), and permeabilized in 0.1% Triton X-100 and 0.1% sodium citrate. 
dUTP-Fluoresceinn was coupled to the DNA strand breaks using terminal transferase. 
Phosphatidyll  serine (PS) exposure was determined using annexin V-FITC (Bender 
Medsystemss Diagnostics GmbH, Vienna, Austria) in combination with PI. Cells were labeled 
withh Annexin V-FITC for 30 minutes on ice, washed and taken up in medium containing PI. 
Caspase-33 activity was measured using the ApoAlert™ CPP32 Fluorescent Assay Kit 
(CLONTECHH Laboratories, Inc., Palo Alto, CA). Briefly, prior to or following induction of 
apoptosis,, cells were lysed and taken up in reaction buffer. After addition of the 7-amino-4-
trifluoromethyll  coumarin-peptide substrate conjugate (DEVD-AFC) and subsequent 
incubationn at 37°C the enzyme activity was monitored in a JASCO FP-750 spectrofluorometer 
(BB & L Systems, Maarssen, The Netherlands). 

Poly-(ADP-ribose)-polymerasee (PARP) fragmentation was assessed by Western blotting, 
usingg a rabbit polyclonal antibody (Boehringer Mannheim). Blots were stained with the 
horseradishh peroxidase-conjugated goat anti-rabbit immunoglobulin G (Nordic 
Immunologicall  Laboratories, Tilburg, The Netherlands), using Enhanced Chemiluminescence 
Westernn Blotting Detection Reagents (Amersham international pic, Buckinghamshire, UK). 
Endonucleasee activity was determined as has been described by Lindhout et al (7). Briefly, 
isolatedd nuclei were incubated at 37°C for 4 hours in TSN-buffer (10 mM Tris-HCl, 200 mM 
sucrose,, 60 mM NaCl, pH 7.5) followed by separation of large and small DNA fragments 
whichh were precipitated and run on an agarose gel. 

Fluorescencee analysis of DiOC6(3) signal, DNA strand breaks and Annexin V-FITC staining 
wass carried out on a FACScan (Becton-Dickinson, Mountainview, CA) and analyzed using 
WinMDii  2.7 software developed by Joseph Trotter. 
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Result s s 

FDCsFDCs silence a variety of apoptotic signals and additionally switch off endonuclease 
activityactivity in GC B lymphocytes 
Apoptoticc parameters were measured and compared in freshly isolated GC B cells (F-B), in B 
cellss clustered to FDCs (C-B) and in non-clustered B cells (N-B) that were separated from 
eachh other by \\g sedimentation on IMDM with 30% FCS. Several apoptotic parameters were 
analyzed:: phosphatidylserine (PS) exposure using annexin V-FITC staining (fig.la), reduction 
off  mitochondrial membrane potential (A\|/m) using DiOC6(3) staining (fig. lb), DNA strand 
breakss using the In Situ Cell Death Detection method (fig. lc), caspase-3 activity by 
monitoringg the cleavage product AFC of the caspase-3 specific substrate DEVD-AFC (fig. 
2a),, cleavage of poly (ADP-ribose) polymerase (PARP) (fig. 2b) and endonuclease activity in 
isolatedd nuclei of GC B cells (fig. 2c). 
Ass is shown in fig. 1 a-c, F-B showed low levels of PS exposure, a high mitochondrial 

F-BB N-B C-B 

Fig.Fig. 1. PS exposure,  mitochondrial  membrane  potential  and DNA strand  breaks  in  GC B 
lymphocyteslymphocytes  upon  contact  with  FDCs. PS exposure (a), mitochondrial membrane potential (\\ij 
(b),(b), DNA strand breaks (c). Apoptotic parameters were determined in freshly isolated GC B cells (F-
B),B), unbound B cells separated from FDC-B cell clusters (N-B) and B cells found in clusters with 
FDCsFDCs (C-B). In a-c, an increase is observed in the N-B fraction. fraction. A representative example of at least 
threethree experiments is shown. 

membranee potential (\|/m), and very littl e DNA strand breaks. Caspase-3 is inactive in these 
cellss (fig. 2a) and this is consistent with the finding that the DNA repair enzyme PARP is 
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presentt in its uncleaved 113 kDa form (fig. 2b). These data confirm the non-apoptotic 
phenotypee of freshly isolated GC B cells. 
Afterr 14 h, however, N-B showed a largely increased level of PS exposure, reduced \|/m, and 
increasedd numbers of DNA strand breaks (fig. la-c). Moreover, caspase-3 activity could be 
demonstratedd at this time point (fig. 2a). This is in agreement with the finding that PARP was 
noww present in its inactivated 89 kDa fragment (fig. 2b). 
Byy contrast, the GC B cell fraction found in C-B showed levels of PS exposure, mitochondrial 
membranee potential, DNA strand breaks, PARP cleavage and caspase-3 activity that were 
similarr with the freshly isolated GC B cells. 
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Fig.Fig. 2. Caspase-3,  PARP and DNA 
fragmentationfragmentation  in  GC B lymphocytes  upon 
contactcontact  with  FDCs. Caspase-3 activity (a), 
PARPPARP cleavage (b), endonuclease activity in 
isolatedisolated nuclei (c). Apoptotic parameters 
werewere determined in freshly isolated GC B 
cellscells (F-B), unbound B cells separated from 
FDC-BFDC-B cell clusters (N-B) and B cells found 
inin clusters with FDCs (C-B). Caspase-3 
activityactivity is expressed as % of the values 
foundfound in the F-B fraction. In a-c, an increase 
isis observed in the N-B fraction. In c, the 
latentlatent endonuclease activity in the F-B 
fractionfraction is switched off in the C-B fraction. A 
representativerepresentative example of at least three 
experimentsexperiments is shown with respect to PARP 
cleavagecleavage and endonuclease activity (b, c). 
ResultsResults in (a) are expressed as mean  S.D. 
(n=3). (n=3). 

Interestingly,, endonuclease activity could be demonstrated in the nuclei of both F-B (fig. 2c, 
lanee 2) and N-B (fig. 2c, lane 3). In contrast, endonuclease activity (fig. 2c, lane 4) could not 
bee demonstrated anymore in isolated nuclei of GC B cells found in C-B. 
Thesee data clearly show that FDCs keep the entire apoptotic machinery in GC B cells silent 
andd furthermore switch off the latent endonuclease activity in the nuclei of the GC B 

lymphocytes. . 

57 7 



ChapterChapter 3 

ApoptosisApoptosis ofGC B cells involves both caspase and cathepsin activity 
Too investigate if caspases and other cysteine proteases, such as cathepsins, were involved in 
thee apoptotic machinery of GC B lymphocytes, purified GC B cells were cultured in the 
presencee or absence of various cathepsin inhibitors and the general caspase inhibitor ZVAD 
(fig.. 3). DNA strand breaks were analyzed after 4 hours using the In Situ Cell Death 
Detectionn assay. Strikingly, DNA strand breaks were not only blocked with the caspase 
inhibitorr ZVAD, but also with the general cathepsin inhibitor E64d. However, this was not 
observedd when specific inhibitors for cathepsin B (CA074-Me), cathepsin L (ZPP), or 
cathepsinn S (LHVS) were used. These data imply that both caspase and cathepsin activities 
aree required for the occurrence of DNA strand breaks in GC B cells, and that caspase(s) and 

Fig.Fig.  3. Inhibition  of  caspase  activity  or  cathepsin 
activityactivity  blocks  the occurrence  of  DNA strand 
breaksbreaks  in  GC B cells.  Purified GC B lymphocytes 
werewere incubated for 4 h at  C in IMDM/10% FCS in 
thethe presence or absence of the general caspase 
inhibitorinhibitor ZVAD (150 pM), the general cathepsin 
inhibitorinhibitor E64d (60 pM), the cathepsin B inhibitor 
CA074-MeCA074-Me (20 pM), the cathepsin L inhibitor ZPP 
(10(10 pM), the cathepsin S inhibitor LHVS (50 nM) and 
DNADNA strand breaks were analyzed using the In Situ 
CellCell Death Detection Kit. Both E64d and ZVAD were 
ableable to inhibit DNA strand breaks, whereas CA074-
Me,Me, ZPP and LHVS could not. Data are expressed 
asas % inhibition of DNA strand break formation; 
positivepositive and negative controls as 0 and 100% cells 
withwith DNA strand breaks, respectively. Results are 
expressedexpressed as mean  S.D. (n=3). 

CathepsinsCathepsins act downstream ofcaspase-3 on endonuclease activity in GC B lymphocytes 
Too further investigate at which level the cathepsins were involved in the apoptotic cascade, 
thee effects of the cathepsin inhibitor E64d and the caspase inhibitor ZVAD on different 
apoptoticc processes were measured, including PS exposure, reduction of mitochondrial 
membranee potential (Aym), caspase-3 activity, cleavage of PARP and DNA strand breaks. As 
shownn in fig. 4a, PS exposure was inhibited by ZVAD, but not by E64d. Also, ZVAD 
inhibitedd mitochondrial damage (fig. 4b), caspase-3 activity (fig. 4c) and processing of the 
caspase-33 substrate PARP (fig. 4d). E64d did not block any of these processes, indicating that 
cathepsinn activity could not reside upstream of caspase activity. Clear inhibition by E64d was 
onlyy found when DNA strand breaks were studied (fig. 4e). These data demonstrate that a so 
farr unidentified cathepsin activity is involved in one of the very downstream steps of the 
apoptoticc machinery, and that this activity is essential for the execution of DNA 
fragmentation.. Consequently, cathepsin activity must be downstream of caspase-3 activity. 

cathepsin(s)) must act in a sequential way. 
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Fig.. 4. Cathepsin activity is required for the 
appearanceappearance of DNA strand breaks, but not for 
upstreamupstream caspase-dependent activities. Purified 
GCGC B cells were incubated for 4 h at 37°C in 
IMDM/10%IMDM/10% FCS with or without E64d or ZVAD 
andand a variety of apoptotic parameters were 
determined,determined, including: PS exposure (a), 
mitochondrialmitochondrial inactivation (b), relative caspase-3 
activityactivity (c), PARP cleavage (d) and occurrence of 
DNADNA strand breaks (e). Cathepsin activity is 
essentialessential for DNA strand break formation only, 
andand consequently acts downstream of caspase-3. 
DataData shown for PARP cleavage in (d) are a 
representativerepresentative example of at least four 
experimentsexperiments with different donors. F-B indicates 
freshlyfreshly isolated GC B cells. Control indicates GC 
BB cells incubated for 4 h at 37°C without 
inhibitors.inhibitors. Results shown in (a, b, c, e) are 
expressedexpressed as mean  (n=4). 
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Discussio n n 

Wee have previously shown that binding of GC B cells to FDCs in vitro results in the silencing 
off  endonuclease in the B cell nuclei within 4 hours (7). Recently, we have found that as few 
ass 1 - 2 hours may be sufficient for this process (data not shown). 
Soo far, the enzymatic activities that are operational during GC B cell apoptosis as well as the 
mechanismss used by FDCs to rescue the binding B lymphocytes are poorly understood. Many 
factorss contribute to the rescue process, but none of these -either alone or in concert- seem to 
explainn the rapid switch-off of nuclear endonuclease in GC B cells by FDCs. Obviously, BCR 
cross-linkagee with antigen present in immune complexes on the surface of FDCs must be 
implicatedd as a first step in the binding process in vivo. Subsequent interaction of adhesion 
molecules,, including LFA-l/ICAM- 1 and VLA-4/VCAM- 1 will establish firm contact 
betweenn FDC and GC B cells. The relevance of these interactions for B cell survival has been 
shownn in many studies in which B cell binding was impaired and/or apoptosis was delayed or 
inhibitedd by antibodies to the BCR, LFA-1, VLA-4, ICAM-1 or VCAM-1 (5, 8-10). 
However,, the cross-linkage of these molecules, alone or in combination, could not entirely 
switchh off the B cell apoptotic capacity, i.e. it failed to block the latent endonuclease in their 
nucleii  (7). At this stage, the rescue process is essentially CD40 independent: although CD40 
ligationn postpones GC B cell death, it cannot eliminate the endonuclease activity (7). 
Consequently,, some additional, unique signal given by FDCs must be implicated for the 
definitivee switch-off of this endonuclease.The present paper confirms and extends previous 
studiess demonstrating this unique function of FDCs (7). In the absence of FDCs in vitro, GC 
BB lymphocytes show several different aspects of apoptosis, including PS exposure, 
mitochondriall  inactivation, caspase-3 activity, PARP-cleavage and DNA-fragmentation. All 
thesee processes are cancelled upon binding to FDCs. Remarkably, FDCs prevent the 
upregulationn of multiple, caspase-related events. In addition to that they eliminate the latent 
endonucleasee activity that is present in the nuclei of freshly isolated B lymphocytes. 
Wee found that caspase-3 activity is absent in both freshly isolated and FDC-bound GC B 
cells.. Concordantly, PARP is found in its intact form only. These data are in agreement with 
ourr previous experiments showing that GC B lymphocytes are resistant to Fas-mediated 
apoptosiss as long as they remain in contact with FDCs (27). The reason for this resistance is 
stilll  unclear, but it may be speculated that inhibitory proteins like FLIP or FAIM (28, 29) are 
instrumentall  to keep the caspase route silent. Detachment of GC B cells from their natural 
counterstructuress may lead to a reactivation of the caspase route, resulting in execution of 
apoptosis.. Recently, it was reported that a caspase-activated DNase (CAD)/DFF40 is released 
fromm its inhibitor ICAD/DFF45 by cleavage through caspase-3 (17-19). These findings 
connectt the caspase route directly to the execution of apoptosis, i.e. to DNA fragmentation. 
Soo far, attempts to demonstrate DFF45 processing in GC B cells by Western blotting have 
beenn unsuccessful in our hands (data not shown). This may either mean that a different DNase 
activityy is used by these cells, or that the activation mechanism of the DNase is different. 
Here,, we have shown that an additional protease, i.e. a so far unidentified cathepsin, is part of 
thee apoptotic cascade of GC B lymphocytes. Inhibition of this cathepsin with the inhibitor 
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E64dd completely prevents DNA strand breaks, but leaves the caspase-dependent PS 
expositionn and PARP cleavage untouched, demonstrating that the cathepsin acts downstream 
off  caspase-3. 
Itt is tempting to speculate that blockade of this very downstream cathepsin activity may well 
bee the target of FDC action. Natural inhibitors of cathepsins belong to the family of cystatins 
(30,, 31) and it has been demontrated that cathepsins and cystatins are involved in different 
modelss of apoptosis. For instance, in a model for bile-salt induced apoptosis in hepatocytes it 
wass shown that cathepsin B was downstream of caspase-3. Cystatin A could efficiently block 
apoptosiss in this model (32). In addition, increased apoptosis was reported in the brain of 
cystatinn B knockout mice (33). Moreover, it was shown that cystatin A could inhibit virus-
inducedd apoptosis of a carp cell line (34). 

Interestingly,, cystatin A is present in FDCs (35) and it is attractive to consider the possibility 
thatt it is transported to the B cell during the intimate contact with FDCs. Currently, we are 
investigatingg this protein and its relevance in FDC-mediated anti-apoptotic signalling in GC B 
lymphocytes. . 
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Summar y y 

Follicularr dendritic cells (FDCs) are crucial in the selection of memory B lymphocytes during 
germinall  center (GC) reactions. The basis of this process is that FDCs provide the candidate B 
lymphocytess with a signal that leads to the termination of active endonuclease in the nuclei of 
thesee B cells. This signal is additional to the signals transferred through the cross-linkage of B 
celll  receptors (BCR) and signals resulting from interactions of the adhesion molecules 
lymphocytee function associated molecule-1 (LFA-1) and intercellular adhesion molecule-1 
(ICAM-1),, respectively very late antigen-4 (VLA-4) and vascular cell adhesion molecule-1 
(VCAM-1).. Recently, we described that GC B lymphocyte apoptosis requires cathepsin 
activityy downstream of caspase activity. Furthermore, FDCs keep the caspase pathway silent 
andd additionally switch off endonuclease activity in nuclei of GC B lymphocytes. In this 
report,, we present evidence that cystatin A, an acid cysteine protease inhibitor, is transferred 
fromm FDCs to the adhering GC B lymphocytes. FDCs secrete this protein by a process 
involvingg membrane transport. As a result of cystatin A transfer, endonuclease activity of GC 
BB cells is switched off. Our data show that cystatin A is a crucial element of the rescue 
mechanismm used by FDCs during GC reactions. 
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Introductio n n 

Germinall  centers (GCs) are specialized microenvironments in lymphoid follicles of secondary 
lymphoidd tissues. Here, B lymphocytes undergo affinity maturation of their B cell receptors 
(BCR)) and immunoglobulin (Ig) isotype-switch, resulting in the formation of memory B cells 
(1-3).. During a GC reaction, memory B cells are selected and their antigen specificity is 
controlledd at different checkpoints (4). Follicular dendritic cells (FDCs) are crucial in this 
selectionn process, as these cells present native antigen in immune complexes to germinal 
centerr B cells, allowing high affinity B lymphocytes to bind. As a result of this highly 
competitivee binding, the programmed cell death is cancelled in the successfully binding B 
cellss only (5,6). FDCs protect the attached cells in such a way that the endonuclease, which is 
pre-presentt in GC B cells, is switched off within a few hours (7). 

Thee precise mechanism of this action is largely unknown. BCR cross-linkage with antigen in 
thee immune complexes on FDCs is an important prerequisite, but in vitro experiments have 
shownn that interactions between the adhesion molecules ICAM-1 (CD54) and LFA-1 
(CDlla/CD18),, respectively VCAM-1 (CD106) and VLA-4 (CD49d) do play a role in the 
intimatee contact between B lymphocytes and the FDCs as well (8-10). So far, it has been 
demonstratedd that apoptosis of GC B cells is postponed after cross-linkage of LFA-1, VLA-4, 
CD21,, CD40, BCR, or CD40 and BCR, but none of these signals, either alone or in concert, 
couldd switch off the apoptotic machinery, i.e. latent nuclear endonuclease activity, of GC B 
cellss (5,7,9-13). 

Obviously,, FDCs must use an anti-apoptotic mechanism different from the interactions 
mentionedd above. One interesting candidate protein that may be instrumental in this 
mechanismm is cystatin A, a natural inhibitor of the papain enzyme family of cysteine 
proteases,, that has been found in FDCs (14). 
Thiss is an attractive idea, because cysteine proteases fulfi l crucial roles in apoptotic processes. 
Forr instance, the caspase family (15-19) represents an important cascade that links triggering 
signalss like Fas-ligation to final activation of DNA fragmentation (20-23). In general, the 
activationn of various members of the caspase family ultimately leads to the activation of 
caspase-3,, resulting in cleavage of various substrates. In addition, it was recently shown that 
memberss of the papain enzyme family of cysteine proteases may be involved in apoptotic 
processess as well. For example, calpains, which are evolutionary related to the papain enzyme 
family,, are involved in the regulation of thymocyte apoptosis (24,25). More recently, 
cathepsinn W, also called lymphopain, was detected in CD8+ T lymphocytes and NK cells, 
suggestingg a role in the apoptosis pathway that is used for target cell killing (26,27). 
Recently,, we have demonstrated a cathepsin activity in GC B cells, essentially required to 
inducee DNA strand breaks. This novel cathepsin is different from the cathepsins B, L and S, 
andd acts downstream of caspase-3 (28). Similarly, cathepsin B has been reported as a crucial 
activityy to execute nuclear condensation in a bile-salt induced model of apoptosis, and also in 
thatt case it was reported downstream of caspase-3 (29). 
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Cystatinn A is a natural inhibitor of several cathepsins. This protein has no inhibitory capacity 
towardss caspases (30-32). It has been shown that cystatin A has anti-apoptotic behaviour in a 
virus-inducedd model of apoptosis (33). 
Inn the present paper we have addressed the role of cystatin A on GC B cell apoptosis. Our 
experimentss show that cystatin A is the key molecule that is secreted by FDCs and taken up 
byy GC B cells, resulting in the inactivation of the downstream apoptotic machinery present in 
thesee GC B cells. 

Materia ll  and method s 

IsolationIsolation ofB lymphocytes and subsets thereof 
BB lymphocytes were isolated from human tonsils as described previously (7). Briefly, tonsillar 
celll  suspensions were depleted of T cells using 2-aminoethylisothiouronium hydro-bromide-
treatedd (Sigma, St. Louis, MO) SRBCs followed by density centrifugation on Lymphoprep 
(10777 mg/ml; Nycomed, Oslo, Norway) to remove rosetted cells. The final cell population 
containedd > 98% CD20+ cells (B cells) and < 2% CD3+ cells (T cells). This B cell suspension 
wass centrifuged (15 min, 1200g, 4°C) on a Percoll gradient (Pharmacia, Uppsala, Sweden) 
consistingg of three layers (1043, 1067, 1077 mg/ml). Cells at the 1043/1067 interface were 
collected,, and incubated with antibodies against surface IgD (Harlan Sera-Lab, 
Loughborough,, U.K.) and anti-CD39 (AC2, Immunotech, Marseilles, France). Labelled cells 
weree depleted using sheep anti-mouse Ig-coated Dynabeads (Dynal AS, Oslo, Norway). The 
resultingg purified GC B cell fractions consisted of > 98% CD38+ cells and < 2% CD39+ and 
surfacee IgD+ cells. Cells at the 1067/1077 interface were collected, incubated with anti-CD38 
(Bectonn Dickinson, Mountain View, CA) and labelled cells were depleted as described above. 
Thee resulting fraction contained resting mantle zone (MZ) B cells. Peripheral blood 
mononuclearr cells (PBMC) were isolated from buffy coats of healthy blood donors by density 
centrifugationn with Ficoll-Isopaque (Pharmacia Biotech AB, Uppsala, Sweden). 
Subsequently,, B cells were isolated from the PBMC fraction using the StemSep™ antibody 
enrichmentt cocktail (Stemcell Technologies inc., Vancouver, Canada) for human B cells in 
combinationn with StemSep™ magnetic colloid. The cocktail contained antibodies bound in 
bispecificc antibody complexes directed against cell surface antigens on human hematopoietic 
cellss (CD2, CD3, CD 14, CD 16, CD56, glycophorin A) and dextran. 

Briefly,, 100 jul antibody cocktail was used per 50 million cells per ml. After 30 minutes of 
incubationn at 4°C, 60 ul of magnetic colloid was added per ml, followed by an additional 
incubationn of 30 minutes. The resulting suspension was applied to an IMDM prewashed 
Stemsep™™ column placed in a Stemsep™ magnet. The flowthrough fraction containing > 
95%% B cells, as determined by FACS analysis, was collected and used for experiments. 

IsolationIsolation of FDCs 
FDCss were isolated from human tonsils as described by Parmentier et al. (34). Tonsils were 
cutt into pieces and treated with a Collagenase/DNase solution (200 U/ml Collagenase IV, 
Worthingtonn Biochemical, Lakewood, NJ; 10 U/ml DNase I, Boehringer Mannheim, 
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Mannheim,, Germany) in IMDM (Life Technologies, Paisley, U.K.), followed by density 
sedimentationn on a cold discontinuous BSA gradient (Path-o-cyte 4, bovine albumin, 
Instruchemie,, Hilversum, The Netherlands) in HBSS (Life Technologies), consisting of layers 
off  1.5, 2.5 and 5% BSA. The cells at the 2.5-5% interface were harvested and washed in 
HBSSS and IMDM. These FDC-enriched fractions were used in the experiments, or were 
furtherr enriched for FDCs by incubating them with the FDC specific antibody 7D6 (35) (kind 
giftt of Dr. Liu, Schering-Plough, Dardilly, France), followed by positive selection with sheep 
anti-mousee Ig coated Dynabeads. The purified FDC fraction was used to determine cystatin A 
levelss as described in dot blot and Western blot analysis. 

ImmunophenotypingImmunophenotyping ofFDC-enrichedfractions 
Cytospinn preparations of FDC-enriched cell suspensions were fixed in acetone and air dried. 
Thee slides were washed once in PBS containing 1 % FCS (Hyclone, Logan, UT), followed by 
incubationn with either DRC-1 (DAKO A/S, Glostrup, Denmark), or anti-cystatin A antibodies 
(36)) (mAb, clone 23-2-3-3, 1/100 diluted, generous gift of Prof. Dr A. Rinne, Troms0 
University,, Norway, workgroup Rinne-Weber, Troms0-Halle). Peroxidase-conjugated rabbit 
anti-mousee immunoglobulins (DAKO) were used as a detection antibody with 3-amino-9-
ethylcarbazolee (Sigma) as a substrate. The cells were counterstained with Hematoxylin 
(Sigma). . 

CellCell cultures 
Alll  standard media used (IMDM, HBSS) contained gentamicin (90 (ig/ml). B cells were 
culturedd for 5 h in 24-wells culture plates (Costar, Cambridge, MA) in IMDM supplemented 
withh 10% FCS, in the presence or absence of recombinant cystatin A (25 ug/ml, kind gift of 
Dr.. T. Samejima, Department of Chemistry, Aoyama Gakuin University, Tokyo, Japan). In a 
numberr of experiments FDC-enriched cell suspensions were cultured in IMDM supplemented 
withh 10% FCS in the presence or absence of anti-cystatin A mAbs, or Brefeldin A (1 |J.g/ml, 
Sigma).. Brefeldin A was washed away after 4 h and after overnight culture FDC-B cell 
clusterss were separated from single B cells by lxg sedimentation in IMDM with 30% FCS for 
300 min at 0°C. Clusters were isolated from the pellet and single B cells were harvested from 
thee interface. Endonuclease activity or DNA strand breaks were analyzed as described below. 

ConfocalConfocal scanning laser microscopy 
FDC-enrichedd fractions were seeded into 6 well culture plates (Costar). Prior to addition of 
thee cells, a 2% gelatin-coated cover-glass (24x24mm) was placed in each well to bind FDC-B 
celll  clusters to cover slides. After 0, 2, 4 and 16 h of culture the FDC-B cell clusters were 
fixedfixed in acetone and cystatin A was detected using mAb against cystatin A in HBSS 
containingg 2% FCS. Aspecific binding was blocked by the addition of a 1/100 dilution of 
normall  rabbit serum. Cystatin A was visualized using FITC-labelled goat anti-mouse 
immunoglobulinss (Jackson Immuno Research Laboratories, Inc., West Grove, PA) and 
confocall  scanning laser microscopy (CSLM; Leica, Rijswijk, The Netherlands). 
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DetectionDetection ofapoptosis 
DNAA strand breaks were analyzed using the In Situ Cell Death Detection Kit (Boehringer 
Mannheim)) according to the instructions of the manufacturer. Briefly, l-2xl06 B cells were 
washedd in PBS with 1% BSA, taken up in PBS and paraformaldehyde (2% final 
concentration),, and permeabilized in 0.1% Triton X-100 and 0.1% sodium citrate. dUTP-
fluoresceinn was coupled to the DNA strand breaks using terminal transferase and breaks were 
conductedd on a FACScan (Becton Dickinson). Endonuclease activity was determined as has 
beenn described previously (7). Briefly, isolated nuclei were incubated at 37°C for 4 h in TSN-
bufferr (10 mM Tris-HCl, 200 mM sucrose, 60 mM NaCl, pH 7.5) followed by separation of 
largee and small DNA fragments which were precipitated and run on an agarose gel. 

DotDot blot and Western blot analysis 
Supernatantss of FDC-enriched cell suspensions that were cultured for 4 h in the absence or 
presencee of BFA were analyzed for the presence of cystatin A by dot blot or Western blot 
analysis.. Equal volumes of the supernatants were blotted to a ProtranR nitrocellulose transfer 
membranee (Schleicher & Schuell GmbH, Dassel, Germany) using a BIO-DOT™ apparatus 
(Bio-Rad,, Richmond, CA). Blots were incubated in a 5% protifar (Nutricia, Zoetermeer, The 
Netherlands)) protein solution in lxPBS/0.05% Tween to prevent aspecific binding, followed 
byy an incubation with a polyclonal rabbit antiserum (37) (kind gift of Dr. Magnus 
Abrahamson,, University of Lund, Sweden) recognizing cystatin A. Blots were stained with 
thee horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G (Nordic 
Immunologicall  Laboratories, Tilburg, The Netherlands), using Lumi-LightPLUS Western 
blottingg substrate (Boehringer Mannheim). Subsequently, the blots were analyzed in a Lumi-
Imagerr (Boehringer Mannheim). The presence of cystatin A protein was determined by 
Westernn blotting in several fractions, including B cells isolated from peripheral blood, GC B 
cells,, MZ B cells, highly enriched FDCs and B cells detached from FDCs by vigourous 
shakingg in the presence of 1 mM EDTA in PBS, followed by depletion of FDCs using the 
7D66 mAb. The resulting detached B cell fraction contained less than 0.2% FDCs. Equal 
amountss of cell lysates were electrophoresed on a 10% SDS-PAGE, followed by transfer to a 
nitrocellulosee membrane, immunoblotting and detection as described above. 

Result s s 

VesicularVesicular transport is essential for the rescue ofGC B cells by FDCs 
Too unravel the mechanism used by FDCs to switch off GC B lymphocyte apoptosis, Brefeldin 
AA (BFA) was used. BFA application results in the disassembly of the Golgi complex and the 
endoplasmicc reticulum (ER) leading to a complete blockade of vesicular transport (38,39). 
FDC-enrichedd B cell fractions were allowed to form FDC-B cell clusters for 4 h in the 
presencee or absence of 1 jig/ml BFA. After removal of BFA, clusters were incubated 
overnight,, subsequently stained with Hoechst 33342 and analyzed by fluorescence 
microscopy.. Although FDC-B cell clusters were formed in the presence of BFA (fig. lb) they 
showedd profound chromatin condensation and apoptotic bodies of the B cells in these clusters 
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(fig.. Id) As shown before, untreated clusters (fig. la) contained viable B cells only (fig. lc). 
FDCss themselves are not apoptotic after incubation in the presence of BFA as shown by the 
weakk staining of their non-condensed nuclei (arrow in Id). These data imply that normal 
FDCss secrete a soluble factor that inhibits apoptosis in the GC B cells. 
Additionall  evidence for transport of such anti-apoptotic factor from FDCs towards B cells 
wass provided by the analysis of DNA strand breaks in FDC-B clusters that were separated 
fromm single B cells by lxg sedimentation on 30% FCS in IMDM. The amount of DNA strand 

Fig.Fig.  1. Brefeldin  A (BFA) blocks  the 
FDC-mediatedFDC-mediated  rescue  of  GC B cells. 
FDC-enrichedFDC-enriched fractions were incubated in 
thethe presence or absence of BFA. FDC-B 
cellcell clusters were stained with Hoechst 
3334233342 and evaluated using a fluorescence 
microscope,microscope, or DNA strand breaks were 
estimatedestimated with FACScan using The In Situ 
CellCell Death detection method, (a) Phase 
contrastcontrast image of a control FDC-B cluster 
formedformed during 16 hours without BFA. (c) 
HoechstHoechst staining of the same FDC-B cell 
cluster,cluster, (b) Phase contrast image of FDC-
BB clusters formed in the presence of BFA. 
(d)(d) Hoechst staining of the same FDC-B 
cellcell cluster, showing apoptotic B cell nuclei 
withinwithin the cluster. FDCs were not apoptotic 
asas is seen by the intact, dimly stained 
nucleusnucleus (arrow). (e) BFA-treatment 
resultedresulted in an increase of DNA 
fragmentationfragmentation (open bar), compared with 
untreateduntreated (hatched bar). Preformed FDC-B 
cellcell clusters, incubated for 7 hours in the 
presencepresence of BFA, showed low levels of 
DNADNA fragmentation as well (closed bar), 
implyingimplying that a direct toxic effect of BFA to 
BB cells in the clusters can be excluded. 
ResultsResults are expressed as mean  SD for 3 
experimentsexperiments with different donors. C6-
NBD-ceramideNBD-ceramide was applied to FDC-
enrichedenriched cell suspensions in the presence 
oror absence of BFA. (f) Control FDCs show 
clear,clear, localized staining patterns (arrow), 
indicatingindicating intact Golgi and EFt. (g) BFA-
treatmenttreatment results in a diffuse, faint signal, 
indicatingindicating disruption of the Golgi-ER 
complex.complex. Bars represent 20 jiM. 

breakss was low in B cells in control FDC-B cell clusters (fig. le), whereas it was increased in 
BB cells in BFA-treated clusters. Incubation of preformed FDC-B cell clusters with BFA for at 
leastt 7 h did not lead to apoptosis of the B cells, indicating that the effect of BFA was by 
interferencee with the FDCs secretion pathway rather than by a direct toxic effect to the 
clusteredd B lymphocytes. The disruption of the Golgi-ER complex of FDCs was confirmed by 
incorporationn of fluorescent C6-NBD-ceramide. Clear localized staining was observed in the 
Golgi-ERR area when ceramide was given to FDCs (fig. If), whereas a diffuse pattern was 
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foundd in the presence of BFA (fig. lg). Expression levels of molecules like the BCR, LFA-1, 
VLA-4,, CD20 and CD21 were not affected by addition of BFA, indicating that the impaired 
rescuee of B cells upon BFA-treatment was not due to loss of these membrane molecules 
necessaryy for cellular interaction (data not shown). These data show that the rescue of GC B 
cellss by FDCs must involve cellular secretion of a rescue protein. 

FDCsFDCs contain cytoplasmic cystatin A that is redistributed upon binding ofGC B cells 
Thee expression of cystatin A in human FDCs was analyzed by immunostaining of cytospin 
preparationss of FDC-enriched tonsil fractions. Cystatin A staining was seen in the cytoplasm 

Fig.Fig. 2. Cystatin  A expression  in  FDCs isolated  from  human  tonsils  and in 
FDC-BFDC-B cell  clusters.  Immunocytochemical staining of human FDC-enriched cell 
suspensionssuspensions for (a) cystatin A, and (b) the FDC-specific marker DRC-1. Cystatin A 
stainingstaining is present in the cytoplasm of the FDC. Counterstained with Hematoxylin. 
Acetone-fixedAcetone-fixed FDCs and FDC-B cell clusters were stained with anti-cystatin A and 
GoatGoat anti-Mouse-(Fab')2-FITC. (c) Single FDC, fixed immediately after isolation, (d) 
FDC-BFDC-B cell cluster fixed after 2 h, (e) 4 h, and (f) 16 h. From c till f the typical 
formationformation of a large FDC-B cell cluster and the redistribution of cystatin A therein is 
shown.shown. Confocal scanning laser microscopy with cystatin A staining in white. Bars 
representrepresent 20 pm. 

off  cells with a typical FDC phenotype, i.e. in large, often binucleated cells (fig. 2a). Similar 
stainingg patterns were seen with the FDC-specific marker DRC-1 (fig. 2b). 
Thee distribution of cystatin A was followed during FDC-B cell clustering in vitro using 
confocall  scanning laser microcopy. Upon incubation at 37°C, progressive clustering of FDCs 
andd B cells was seen, leading to large clusters after 16 h (fig. 2c-f). Initially, cystatin A is only 
foundd in single FDCs (fig. 2c), but during cluster formation cystatin A was redistributed over 
thee entire cluster, presumably in FDC protrusions that encapsulate the GC-B cells. These data 
indicatee that cystatin A is in the close vicinity of the binding B cells, but this technique has 
insufficientt resolution to conclude if cystatin A is really transferred to the latter. 
Cystatinn A secretion by FDCs was studied by dot blot analysis of supernatants from FDC-
enrichedd fractions. Cystatin A was found after 4 h in the supernatant of all FDC-enriched 
fractionss (fig. 3). Clearly, BFA application resulted in decreased levels of secreted cystatin A 
inn every donor (fig. 3). These data show that cystatin A is actively secreted by FDCs and does 
nott leak out passively. 
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CystatinCystatin A secretion is the key event in the rescue of GC B cells 
Too further investigate the relevance of cystatin A secretion to the rescue of GC B cells, B cells 
andd FDCs were allowed to form clusters in the presence of cystatin A antibodies and 
endonucleasee activity of the clustered B cells was monitored. In line with our previous data, 

minimall  DNA laddering was seen in clustered 
BB cell nuclei in the absence of the antibody 
(fig.. 4a, control). By contrast, extensive DNA 
ladderingg was seen when cluster formation 
wass allowed in the presence of cystatin A 
antibodiess (fig. 4a). These data imply that 
cystatinn A, secreted by FDCs is transported to 
thee adherent B cells and that this transport is 
essentiall  for B cell rescue. This was 
confirmedd by experiments in which 
recombinantt cystatin A was added to purified 
GCC B cells in the absence of FDCs. 
Endonucleasee activity in GC B cells was 
rapidlyy eliminated by recombinant cystatin A 
(fig.. 4b) when compared to the situation 
withoutt cystatin A addition (fig. 4b, t5). 
Too find out if FDC-derived cystatin A actually 
reachess the cytoplasm of GC B cells, the 
cytoplasmicc contents of a variety of cells were 

analyzedd for the presence of cystatin A by Western blotting. FDCs, GC B cells, resting mantle 
zonee (MZ) B cells, B cells detached from FDC-B cell clusters (containing less than 0.2% of 
FDCs)) and peripheral blood B cells were studied. The purity of these cell populations was 
assessedd by FACS analysis or immunohistochemical staining. In agreement with the 
cytoplasmicc stainings showed before, FDCs (fig. 5) contained high amounts of cystatin A 
protein,, whereas GC B cells, MZ B and B cells isolated from peripheral blood contained 
minimall  amounts of cystatin A. Interestingly, GC B cells that were allowed to adhere to FDCs 
andd subsequently were thoroughly detached from the clusters, showed much higher levels of 
cystatinn A than GC B cells that have not been clustered with FDCs. De novo synthesis of 
cystatinn A by GC B cells as a result of interaction with FDCs can be excluded, because 
additionn of anti-cystatin A antibodies alone, leaving cellular signalling events untouched, is 
sufficientt to revert the normally observed termination of endonuclease activity in GC B cells. 
Thesee data strongly suggest that GC B cells acquire cystatin A from FDCs. 

Discussion n 

Inn the present study we have analyzed what key event is responsible for the FDC-mediated 
switchh off of endonuclease activity in nuclei of GC B cells that have attached to them. This is 
consideredd to be a crucial event in the selection of memory B lymphocytes during germinal 
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Fig.Fig.  3. Cystatin  A is  released  from  FDCs. 
FDC-enrichedFDC-enriched fractions were incubated in the 
presencepresence or absence of BFA. Supernatants 
werewere collected after 4 hours and cystatin A was 
detecteddetected using dot blot analysis and subsequent 
stainingstaining with a cystatin A-specific antiserum. 
EqualEqual amounts of control versus BFA-treated 
fractionsfractions were applied. Three representative 
examplesexamples with different donors are shown. 
CystatinCystatin A release is reduced for 66%
(n=3)(n=3) in the presence of BFA. 
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centerr reactions. We have demonstrated previously, that endonuclease activity is present in 
thee nuclei of all GC B cells, but disappears within 4 h of contact with FDCs (7). More recent 
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Fig.Fig. 4. Transfer  of  cystatin  A is 
essentialessential  to  switch  off  endonuclease 
activityactivity  in  GC B cells. 
(a)(a) FDC-B cell clusters were formed in 
thethe presence or absence of cystatin A 
mAbs.mAbs. After 16 h of incubation at  C, 
FDC-BFDC-B cell clusters were separated from 
singlesingle GC B cells and endonuclease 
activityactivity was determined in isolated 
nuclei.nuclei. After incubation of nuclei at 37" C 
thethe endonuclease activity was visualized 
byby gel electrophoresis of low molecular 
weightweight DNA, isolated from the nuclei. 
LaneLane 1: 100 bp marker. Lane 2: 
endonucleaseendonuclease activity has been switched 
offoff in the B cell nuclei isolated from 
controlcontrol clusters. Lane 3: endonuclease 
hashas remained fully active in the B cells in 
thethe presence of the cystatin A mAb 
duringduring cluster formation, (b) Purified GC 
BB cells were incubated with or without 
recombinantrecombinant cystatin A at 37" C in IMDM 
withwith 10% FCS. After isolation of nuclei 
andand incubation at  C the endonuclease 
activityactivity is visualized by DNA gel 
electrophoresiselectrophoresis of low molecular weight 
DNA,DNA, isolated from the nuclei. Lane 1: 
100100 bp marker. Lane 2: endonuclease 
activityactivity immediately after the isolation 
procedureprocedure (tO). Lane 3: endonuclease 
activityactivity after 5 hours without recombinant 
cystatincystatin A. Lane 4: in the presence of 
recombinantrecombinant cystatin A, endonuclease 
activityactivity virtually disappears after 5 hours. 

dataa have shown that as few as 1-2 h is sufficient as well (not shown). BCR cross-linkage 
withh immune-complexed Ag on the FDC, and the subsequent interactions of adhesion 
moleculess LFA-l/ICAM-1 , and VLA-4/VCAM- 1 to establish a firm contact between the FDC 
andd the centrocytes, are believed to be essential in this process (8-10). Cross-linkage of 
variouss receptors like LFA-1, VLA-4, CD21, CD40, and BCR molecules by mAbs results in 
delayedd apoptosis but not in the termination of endonuclease activity in the nuclei of GC B 
cellss (5,7,9-13). Obviously, some additional signal must be implied for this definitive switch 
offf  of endonuclease activity. 
Recently,, we have reported that cathepsin activity is required to execute DNA fragmentation 
inn GC B cells (28). Here we show that cystatin A, an acid cysteine protease inhibitor present 
inn the cytoplasm of FDCs, is secreted and transported to GC B cells to block their apoptotic 
machinery.. Cystatin A is crucial in eliminating GC B cell endonuclease activity. 
Thee evidence for this can be summarized as follows: immunostaining and confocal scanning 
laserr microscopy have shown that FDCs contain high amounts of cystatin A that is 
redistributedd from FDCs towards adhering GC B cells. In addition, FDCs secrete their cystatin 
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AA and this is taken up by GC B cells that have been in contact with FDCs and were 
thoroughlyy detached from them. Brefeldin A addition abrogated the rescue process in FDC-B 
celll  clusters as was demonstrated by Hoechst 33342 staining and analysis of DNA strand 

breakss in B cells in clusters, indicating that a 
mechanismm involving vesicular transport, is 

COO involved. Concordantly, BFA addition 

cüü reduced cystatin A secretion by FDCs. 
Moreover,, the presence of anti-cystatin A 
antibodiess during cluster formation abrogates 

CD D 
GCC B cell rescue, whereas addition of 

Fig.Fig. 5. Cystatin  Ais  taken  up by GCB cells  r e c o m b i n a n t t a t i n A t 0 rified G C B cells 
uponupon  contact  with  FDCs. Cystatin A levels J r 

werewere analyzed in highly enriched FDCs (FDC), completely eliminates endonuclease activity 
GCGC B cells (GC-B), MZ B cells (MZ-B), GC B i n t h e s e c e l i s Altogether, these data indicate 
cellscells that have adhered to FDCs and were „ ^ ^ . . . , , 
subsequentlysubsequently thoroughly detached from these t h a t FDC-denved cystatin A is the pivotal 
FDCsFDCs (B uncoupled), and B cells isolated from factor to eliminate GC B cell endonuclease 
peripheralperipheral blood (PBL-B). Protein amounts from a c t iv i ty 
equivalentequivalent cell numbers were applied to a 10% . , . . , . - , 
SDS-PAGESDS-PAGE followed by Western blotting. Only Our data on cystatin A being involved in the 
FDCsFDCs and those GC B cells that have been in inhibit ion of apoptosis are not entirely unique. 
contactcontact with FDCs showed high amounts of ^ .^ h h a s b e e n s h o w n fe Q t h e r s ^ 
cystatincystatin A, whereas purified MZ B cells, GC B 
cellscells and B cells from peripheral blood showed cystatin A could inhibit virus-induced 
veryvery low levels of cystatin A. apoptosis in a carp cell line (33). Also in a 
bile-saltt induced model of apoptosis, it was reported that cystatin A inhibits a cathepsin B 
activityy downstream of caspase-3 (29). Moreover, cystatin B knockout mice have increased 
apoptosiss in their brains, demonstrating that the capacity to inhibit apoptotic processes is not 
restrictedd to cystatin A (40). 
Thee secretion of cystatin A from FDCs and its transfer to GC B cells is most peculiar, since 
cystatinn A belongs to family I of the cystatin superfamily. It lacks carbohydrates and internal 
disulfidee bonds and is normally found in the cytoplasm, due to its lack of a signal sequence 
necessaryy for protein secretion. Secreted cystatins generally belong to family II of the cystatin 
superfamilyy (30,31,41). Very recently, new data have become available shedding some light 
onn this poorly understood secretion of leaderless proteins. For instance, it has been 
demonstratedd that IL-1B is secreted from macrophages by a process involving the ATP-
bindingg cassette (ABC) transporter 1 (42). In our hands, however, blockade of the ABC1 
transporterr by its inhibitor glyburide did not result in diminished cystatin A secretion or 
blockadee of the rescue signal (not shown). Further studies are necessary to elucidate the 
uncommonn mechanism by which cystatin A is secreted from FDCs. Also, studies are required 
too solve the pathway how cystatin A is taken up by the adhering B cells. 
Iff  cystatin A enters the GC B cells, how might it affect the apoptotic machinery, i.e. 
endonucleasee activity, in these cells? Recently, interesting new data have become available, 
explainingg how endonuclease activation or apoptotic chromatin condensation is linked to 
caspasee activity (20-23,43). Caspase-3, the most downstream member of the caspase family, 
cleavess poly-ADP-ribose-polymerase (PARP), acinus, the DNA fragmentation factor inhibitor 
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DFF455 (human), or the caspase-activated deoxyribonuclease inhibitor ICAD (mouse). The 
caspase-33 activity to cleave DFF45/ICAD results in the liberation of a preformed DNase with 
simultaneouss blockade of the repair (PARP) mechanism. Freshly isolated, pre-apoptotic GC B 
lymphocytes,, however, already have endonuclease activity in their nuclei (7), while caspase-3 
iss inactive and PARP is fully functional, i.e. uncleaved (28). These data suggest an alternative 
mechanismm for endonuclease activation in pre-apoptotic GC B lymphocytes. Apoptotic GC B 
cells,, however, have active caspase-3 and therefore presumably active DFF40, giving rise to 
multiplee activation of endonuclease(s) resulting in an efficient mechanism to eliminate 
potentiallyy dangerous B cell clones. Moreover, we and others have previously shown that as 
longg as GC B lymphocytes, or malignant B cells remain attached to FDCs they are insensitive 
too CD95 cross-linkage, i.e. their caspase route stays inactive, presumably due to signals from 
thee FDC (28,44,45). 
Wee propose that FDCs signal to GC B cells in two ways to control apoptosis. One signal leads 
too the continued silencing of caspases, probably due to cross-linkage of surface molecules 
suchh as the adhesion molecule couples LFA-l/ICAM- 1 and VLA-4/VCAM-1 . Possibly, anti-
apoptoticc proteins such as FLIP (46) prevent caspase activition in B cells in FDC-B cell 
clusters.. A second signal is provided by cystatin A, leading to inactivation of the existing 
endonuclease,, through inhibition of a yet unidentified cathepsin-like protease. 
Thee cellular target of cystatin A in GC B lymphocytes has not been identified so far. Very 
likelyy targets for cystatin A are among the papain family of cysteine proteases, including a 
largee range of cathepsins. The poor sequence homology between the caspases and the papain 
familyy of cysteine proteases makes it difficult to believe that cystatin A acts through a direct 
interactionn with the caspase route (30,32,47). Recently, we have demonstrated that GC B cell 
apoptosiss requires an as yet unidentified cathepsin activity that acts downstream of caspase-3 
andd is essential in endonuclease activation in these cells (28). Additional evidence for such a 
directt role of cathepsin activity in nuclear apoptosis was found with cathepsin B that can 
directlyy induce DNA fragmentation in isolated nuclei (48). The localization of these 
cathepsins,, being the lysosomal compartment or the cytosol, and activation mechanism of 
thesee cathepsins, remains a subject of further studies. 
Thee importance of these non-caspase proteases in apoptosis of lymphoid cells is increasingly 
acknowledged.. For instance cathepsin D, an acidic aspartate protease, has been identified as 
ann important mediator of programmed cell death triggered by interferon-y, Fas and TNF-ot 
(49).. Cathepsin C has been shown essential for the processing of the progranzymes A and B, 
whichh is a prerequisite for granzyme activation and subsequent target cell killing (50-52). 
Granzymee A can mediate apoptosis in a caspase-independent way, whereas granzyme B acts 
viaa caspases. This implies that granzyme A is still able to cause DNA fragmentation, through 
by-passingg of anti-apoptotic, caspase-inhibiting proteins, produced during viral infections 
(53,54).. Probably, a comparable caspase-independent pathway may exist that activates GC B 
celll  endonuclease. Some authors have reported that blockade of calpains in thymocytes results 
inn reduced endonuclease activity in those cells (24,25). 

Cystatinn A cannot inhibit cathepsin D, serine proteases or calpains (30,55,56). In addition, 
involvementt of cathepsin B, L and S has been excluded in GC B cell apoptosis as well (28). 
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Recently,, a newly identified papain member, cathepsin W, or lymphopain has been found in 
CD8++ T cells and NK cells, where it is thought to play a role in the cytolytic process (26,27). 
Att present, studies are performed to isolate the target protease for cystatin A from GC B cells. 
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Summar y y 

Follicularr dendritic cells (FDCs) select B cells with high affinity B cell receptors (BCR) and 
providee them with crucial survival signals during germinal center (GC) reactions. Recently, 
wee have described that FDC-derived cystatin A inhibits the activity of a yet unidentified 
cathepsinn required for the induction of DNA fragmentation in GC B cells. In addition to 
cystatinn A, FDCs prevent activation of caspases in adhering B lymphocytes, even under Fas-
ligation.. Here, we present evidence that FDCs maintain the expression of the anti-apoptotic 
moleculee FLICE-inhibitory protein (cFLIPL) in GC B lymphocytes, thereby preventing 
caspase-88 activation. Apart from FDC-derived signals, also the ligation of CD40 on GC B 
cellss results in continued expression of cFLIPL and low caspase-8 activity resulting in survival 
inn culture. We propose that FDCs provide GC B cells with at least two signals: one signal 
actingg via cystatin A, that prevents activation of latent endonuclease in nuclei of GC B cells, 
thee other signal acting by maintenance of cFLIPL in GC B cells. This protects GC B cells in 
FDC-BB cell clusters from death receptor-induced apoptosis. Also, our data may explain how 
selectedd B cells can leave the germinal center: only after contact with adequate T cells. 
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Introductio n n 

Duringg germinal center (GC) reactions, memory B cells and plasma cells are generated that 
havee increased affinity of their B cell receptors (BCR) (1-3). Antigen specificity is checked at 
multiplee levels to exclude auto-antigen recognition (4). Follicular dendritic cells (FDCs) are 
keyy players in GC reactions as they select B cells with increased affinity of their BCRs. As a 
resultt of local competition for antigens in immune complexes on the surface of FDCs, only 
thee B cells with the highest affinity BCRs will bind. The subsequent interactions between the 
adhesionn molecules LFA-l(CDlla)/intercellular adhesion molecule-1(ICAM-1/CD54) and 
veryy late antigen-4(VLA-4/CD29/CD49d)/vascular cell adhesion molecule-1(VCAM-
1/CD106)) are essential to strengthen FDC-B cell contact (5, 6). 

GCC B cells are prone to die, i.e. they express the pro-apoptotic proteins Fas, p53, c-myc, bax, 
whereass bcl-2 is downregulated (7). Indeed, isolated GC B cells rapidly undergo apoptosis, 
unlesss they receive anti-apoptotic signals provided by FDCs (8-11). The nature of these 
signalss is divers and not fully elucidated: GC B cell apoptosis can be postponed by cross-
linkingg of LFA-1, VLA-4, CD40, BCR, or CD40 and BCR, by signals from the complement 
receptorss CD21 and CD35, as well as by a combination of soluble CD23 and IL-la. 
However,, none of these signals could mimic the survival signals given by FDCs (6, 8, 12-18). 
Recently,, we have demonstrated that a yet unidentified cathepsin activity is required for DNA 
fragmentationn in GC B cells (19). Interestingly, FDCs contain high amounts of cystatin A, a 
naturall  inhibitor of cathepsin activity. Cystatin A is actively secreted from FDCs by a process 
involvingg vesicular transport. Adhering GC B cells take up this cystatin A by an unknown 
mechanism,, resulting in the termination of the latent endonuclease activity in their nuclei (M. 
vann Eijk, E. Lindhout, J. van Marie, and C. de Groot, submitted for publication). Moreover, 
wee have found that the caspase route is silent in freshly isolated GC B cells or in GC B-
lymphocytess that adhere to FDCs (19). Caspase activation can be induced by signals derived 
fromm death receptors (DR) that belong to the tumor necrosis factor-Rl family (20). GC B-
lymphocytess express Fas/APO-1/CD95 and this receptor is part of a well-studied DR-
pathway.. Ligation of this DR results in the formation of an internal death-inducing signalling 
complexx (DISC). When Fas is activated, the adaptor molecule FADD (Fas-associated protein 
withh death domain; also called MORT) will bind with its C-terminal death domain to Fas. The 
N-terminall  death effector domain (DED) of the adaptor molecule binds to the DED domain of 
caspase-8,, resulting in the activation of this enzyme, followed by caspase-3 activation (21-
26).. Fas-ligation can lead to two types of cell death. Type I cell death implies the rapid 
formationn of the DISC with high levels of active caspase-8 and rapid caspase-3 activation. 
Alternatively,, type II cell death involves only low levels of DISC formation and caspase-8 
activation.. In these cells, amplification of the apoptotic signal depends on loss of 
mitochondriall  membrane potential (27). 

FLICE-inhibitoryy proteins (FLIPs) can inhibit both type I and II cell death. FLIPs were 
identifiedd first as viral products (vFLIPs) that could interfere with death-receptor mediated 
eliminationn of infected cells (28). Cellular homologues of vFLIPs, cFLIPs, have been 
describedd as well. At least two splice variants have been described, i.e. FLIPS (a short 
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isoform)) and FLIPL (a long isoform), both capable of inhibiting DR-induced apoptosis (29). 
Bothh cFLIP variants can block caspase-8 activation, however CFLIPL is more potent (30). 
BB cells present in FDC-B cell clusters are poorly sensitive to Fas-induced apoptosis (31). This 
suggestss that anti-apoptotic signalling by FDCs does not only include the silencing of a 
cathepsinn by FDC-derived cystatin A (M. van Eijk, E. Lindhout, J. van Marie, and C. de 
Groot,, submitted for publication), but also a more upstream inhibition of caspase activation. 
Interestingly,, it has been described recently that murine FDCs can protect malignant B cells 
fromm Fas-induced apoptosis. The mechanism of this protection is still unclear, but alterations 
inn the levels of Bcl-2, Bcl-XL, or Bax, seem not to be involved (32). Here, we demonstrate 
thatt GC B cells express the anti-apoptotic protein CFLIPL, whereas memory B lymphocytes 
andd naive B cells express low levels. CD40-ligation on GC B lymphocytes prevents cFLIPL 

degradationn and protects them from spontaneous apoptosis in culture. This may explain how a 
GCC B lymphocyte leaves the GC, i.e. it receives a CD40L survival signal from a GC T cell. 
Moreover,, cFLIPL in GC B cells is maintained by contact with follicular dendritic cells as 
well.. We propose that FDCs provide adhering B cells with two different anti-apoptotic 
signals,, one involving cystatin A transfer resulting in subsequent termination of endonuclease 
activityy and a second signal resulting in the maintenance of CFLIPL expression, thereby 
preventingg activation of caspase-8 and caspase-3. 

Material ss  and method s 

IsolationIsolation of human naive, memory and GC B-lymphocytes 
B-lymphocytess were isolated from human tonsils as described previously (8). Briefly, 
tonsillarr cell suspensions were depleted of T cells using 2-aminoethyl-isothiouronium-
hydrobromide-treatedd (Sigma, St. Louis, MO) SRBCs, followed by density centrifugation on 
Lymphoprep®® (1077 mg/ml; Nycomed, Oslo, Norway) to remove rosetted cells. The resultant 
celll  population contained > 98% CD20+ cells (B cells) and < 2% CD3+ cells (T cells). The B 
celll  suspension was centrifuged (15 min, 1200g, 4°C) on a Percoll® gradient (Pharmacia, 
Uppsala,, Sweden) consisting of three layers (1043, 1067, 1077 mg/ml). Cells at the 
1043/10677 interface were collected and incubated with antibodies against surface IgD (Harlan 
Sera-Lab,, Loughborough, U.K.) and anti-CD39 (Immunotech, Marseille, France). Labeled 
cellss were depleted using sheep anti-mouse Ig-coated Dynabeads® (Dynal AS, Oslo, Norway). 
Thee resulting population was used as GC B cells in the experiments. Naive (CD38~IgD+), 
memoryy (CD38"IgD) and GC B (CD38+IgD) cells were also isolated by FACS® sorting. 
Afterr T cell depletion cell suspensions were incubated with anti-CD38-FITC mAb (IOB6, 
Immunotech)) and Goat anti-human IgD-R-PE (Southern Biotechnology Associates Inc., 
Birmingham,, AL), followed by cell sorting using a FACS® Vantage flow cytometer. 

IsolationIsolation of FDCs 
FDCss were isolated from human tonsils as described before (33). Tonsils were cut into pieces 
andd treated with a collagenase/DNase solution (200 U/ml Collagenase IV, Worthington 
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Biochemical,, Lakewood, NJ; 10 U/ml DNase I, Boehringer Mannheim, Mannheim, Germany) 
inn IMDM  (Life Technologies, Paisley, U.K.), followed by density sedimentation on a cold 
discontinuouss BSA gradient (Path-o-cyte 4, bovine albumin, Instruchemie, Hilversum, The 
Netherlands)) in HBSS (Life Technologies), consisting of layers of 1.5, 2.5 and 5% BSA. The 
cellss at the 2.5-5% interface were harvested and washed in HBSS and IMDM. These FDC-
enrichedd fractions were used in the experiments. 

CellCell cultures 
Alll  standard media (IMDM, HBSS) contained gentamycin (90 ug/ml). Ixl06/ml purified GC 
BB cells were incubated in IMDM supplemented with 10% FCS (Hyclone, Logan, UT) for 5 h 
att 37°C. GC B cells were incubated with or without the cathepsin inhibitor E64d (Scientific 
Marketingg Associates, Barnet, U.K.). Apoptosis was induced using the anti-Fas antibody 
CH111 (Immunotech). Apoptosis was inhibited using lxl06CD40L transfected L cells (kind 
giftt of Dr. C. van Kooten, Leiden University Medical Center, The Netherlands). FDC-
enrichedd fractions were incubated 16 h at 37°C and were enriched for FDC-B cell clusters on 
30%% FCS (Hyclone) in IMDM by lxg sedimentation. These FDC-B clusters were monitored 
usingg a microscope to ensure that only clusters were present and not traces of single cells. 
Clusterss were incubated at 37°C for 5 h in the presence or absence of anti-Fas antibodies. 
Apoptoticc parameters were analyzed as described below. 

DetectionDetection of apoptotic parameters 
PSS exposure was assessed after annexin V and propidium iodide double staining using the 
Apoo Target Annexin V FITC Apoptosis Kit (Biosource Europe S.A., Fleurus, Belgium). DNA 
strandd breaks were analyzed using the In Situ Cell Death Detection method (Roche 
Diagnosticss GmbH, Mannheim, Germany), according to the instructions of the manufacturer. 
Briefly,, l-2xl05 B cells were washed in PBS with 1% BSA, taken up in PBS and 
paraformaldehydee (2% final concentration), and permeabilized in 0.1% Triton X-100 and 
0.1%% sodium citrate. dUTP-Fluorescein was coupled to the DNA strand breaks using terminal 
transferase.. PS exposure and DNA strand breaks were analyzed by FACS®. Caspase-8 
activityy was determined using the caspase-8 fluorometric kit (R & D systems, Minneapolis, 
MN).. Briefly, cell lysates (100-150 ug) were incubated with IETD-7-amino-4-trifluoromethyl 
coumarinn (AFC) substrate and release of AFC correlated with caspase-8 activity. AFC release 
wass measured using a Wallac Vitor2™ 1420 multilabel counter (EG&G Wallac, Turku, 
Finland)) and analyzed using Wallac Workout™ applications data management software. 
Expressionn of cFLIPL was assessed by Western blotting, using the FLIP-specific mAb Nf6. 
Expressionn of active caspase-8 was assessed by Western blotting, using the anti-caspase-8 
mAbb cl (both kind gifts of Dr. P. H. Krammer, Heidelberg, Germany). Blots were stained 
withh the peroxidase-conjugated rabbit anti-mouse immunoglobulin (DAKO A/S, Glostrup, 
Denmark),, and LUMI lightPLUS Western Blotting substrate (Roche). 
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FluorescenceFluorescence microscopy 
Tissuee sections of human tonsils were fixed in acetone and air-dried. Slides were washed once 
inn PBS containing 1% FCS, followed by incubation with anti-FLIP (mAb Nf6), or an isotype-
matchedd monoclonal antibody. FLIP was visualized using FITC-labeled Goat anti-Mouse 
immunoglobulinss (Jackson Immuno Research Laboratories, Inc., West Grove, PA) and 
analyzedd using a LEICA DM RA fluorescence microscope (Leica, Rijswijk, The Netherlands) 
andd Image-Pro® Plus software (Media Cybernetics, L.P.). 

Result s s 

Caspase-8Caspase-8 activation in GC B cells is blocked by FDCs and inhibited after CD40 ligation 
Wee have previously demonstrated that apoptosis of germinal center B lymphocytes requires a 
cathepsin-likee activity downstream of caspase-3 (19). FDCs secrete a natural inhibitor of 
cathepsinn activity, cystatin A, resulting in termination of the endonuclease activity in GC B 
celll  nuclei (M. van Eijk, E. Lindhout, J. van Marie, and C. de Groot, submitted for 
publication).. However, this does not explain the virtual absence of caspase activity in freshly 
isolatedd GC B cells. In addition, we have demonstrated that interactions between FDCs and 
GCC B cells prevent caspase-3 activation (19). Fas-ligation cannot induce apoptosis in GC B 
lymphocytess that adhere to FDCs, suggesting active suppression of this DR-pathway by FDCs 
(31).. Therefore, we have analyzed the factors that may induce caspase activation in purified 
GCC B cells, as well as the factors that block this activation in FDC-B cell clusters. 
Freshlyy purified GC B cells show very low levels of PS exposure (fig. la), but this increases 
rapidlyy upon incubation at 37°C. Anti-Fas-treatment of GC B cells accelerates PS exposure as 
seenn after 2 and 5 h of incubation. PS exposure saturates at 75 - 80% of the cells. CD40-
ligationn can inhibit the increasing PS exposure to some extent. However, this is only seen 
afterr 5 h, not after 2 h, suggesting that the CD40-mediated inhibition of PS exposure requires 
somee time to become effective. In line with this observation, we found that simultaneous 
CD40-ligationn and anti-Fas treatment did not inhibit accelerated PS exposure. By contrast, 
CD40-ligationn for 4 h, followed by anti-Fas treatment resulted in inhibition of apoptosis (data 
nott shown). 

FDC-BB cell clusters, cultured for 5 h, show persistent low levels of PS exposure. Fas-ligation 
resultss in only minor increase of PS exposure in these clusters, much less than in single GC B 
cells. . 
Thesee data on PS exposure closely mirror caspase-8 activation in these cells (fig. lb). 
Caspase-88 processing is seen in GC B cells after 2 and 5 h as indicated by the decreased 
presencee of the 55 kDa fragment and the appearance of the 20 kDa fragment of active 
caspase-88 (lanes 2 and 6). This is even more clear after Fas-ligation of the cells (lanes 3 and 
7).. Active caspase-8 is not observed in freshly isolated GC B cells (lane 1) or in GC B-
lymphocytess present in clusters with FDCs (lane 5). Moreover, the above described inhibition 
off  PS exposure after CD40-ligation is entirely in agreement with the virtual absence of the 20 
kDaa active caspase-8 after 5 h, not after 2 h (lanes 8 respectively 5). 
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Too ensure that the status of the 20 kDa fragment of active caspase-8 in these GC B cells is 
representativee of caspase-8 activity, we have tested caspase-8 activity using IETD-AFC as a 
substratee (fig. lc). When compared to non-apoptotic, freshly isolated GC B cells, a rapid 
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F/g.. ?. Caspase-8  activation  in  GC B cells  is 
inhibitedinhibited  by CD40-ligation  and interaction  with 
FDCs.FDCs.  (A) PS exposure in freshly isolated, pre-
apoptoticapoptotic GC B cells (W), apoptotic GC B cells (t2; t5), 
anti-Fasanti-Fas induced apoptosis (t2+anti-Fas; t5+anti-Fas), 
CD40-ligandCD40-ligand rescued B cells (12+CD40L; t5+CD40L), 
FDC-BFDC-B cell clusters (cluster), incubated FDC-B cell 
clustersclusters (cluster t5), anti-Fas treated FDC-B cell 
clustersclusters (cluster t5+anti-Fas). Data are expressed as 
meanmean  SD (n=3). (b) Processing of caspase-8 in pre-
apoptoticapoptotic versus apoptotic GC B cells was analyzed 
byby Western blotting, using the caspase-8 specific mAb 
d.d. Pre-apoptotic (to, lane 1), apoptotic GC B cells (t2, 
lanelane 2; t5, lane 6), anti-Fas treated GC B cells (t2, lane 
3;3; t5 lane 7), FDC-B cell clusters (lane 5) and CD40-
ligandligand stimulated GC B cells (t2 lane 4; t5 lane 8). One 
representativerepresentative example of at least three experiments 
isis shown, (c) Caspase-8 activity was analyzed using 
IETD-AFCIETD-AFC as a substrate. AFC release correlates with 
caspase-8caspase-8 activity. Relative caspase-8 activity was 
comparedcompared to non-apoptotic GC B cells (W) and the 
increaseincrease is presented on the Y-axis. Apoptotic GC B 
cellscells (t2; t5), anti-Fas treated GC B cells (t2+anti-Fas; 
t5+anti-Fas),t5+anti-Fas), FDC-B cluster (cluster), anti-Fas treated 
FDC-BFDC-B cluster (cluster t5 anti-Fas) and CD40-ligated 
GCGC B cells (t2+CD40L; t5+CD40L). Data are 
presentedpresented as mean  SD (n=3). 

increasee of caspase-8 activity is seen after 2 h in GC B cells even with CD40L. A further 
increasee of caspase-8 activity is observed after 5 h, but at that time point CD40-ligation 
clearlyy inhibits caspase-8 activation. Again, Fas cross-linkage results in enhanced caspase-8 
activation,, reaching its maximum after 2 h. By contrast, GC B-lymphocytes present in clusters 
withh FDCs show very littl e caspase-8 activity. Fas-ligation results in only limited caspase-8 
activityy in these cells. This indicates that FDCs protect adhering GC B cells from apoptosis by 
ann active process that prevents activation of caspase-8 in these cells. 
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cFLIPcFLIPLL expression in GC B cells prevents caspase-8 activation 
Ass it has been demonstrated by others that cellular FLICE inhibitory protein, cFLIP, is a 
strongg inhibitor of caspase-8 activity, we have performed Western blot analysis to study the 
expressionn of this caspase-8 inhibiting protein. Freshly isolated GC B-lymphocytes, GC B 
cellss after 5 h at 37°C with or without CD40L, as well as GC B cells in clusters with FDCs 
havee been studied. 
Freshlyy purified GC B cells contain high levels of the 55 kDa long isoform of cFLIP, cFLIPL 

(fig.. 2a and b; lane 1). After 5 h of incubation at 37°C, cFLIPL has virtually disappeared (fig. 
2aa and b; lane 2). At that time point, 40-50% of the GC B cells are apoptotic as assessed by 
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Fig.Fig. 2. cFLIPL  expression  is  maintained  in  CD40-ligated  GC B cells  and in  GC B cells  present 
inin  FDC-B cell  clusters.  Western blotting using the Nf6 anti-FLIP specific antibody revealed that: (a) 
Pre-apoptoticPre-apoptotic GC B cells (lane 1) express cFLIPL that is degraded after 5 h of incubation (lane 2). 
CD40-ligationCD40-ligation induces cFLIPL in GC B cells (lane 3). Three different donors are shown, (b) Freshly 
isolatedisolated GC B lymphocytes express cFLIPL (lane 1) that is degraded after 5 h (lane 2). GC B cells 
adheredadhered to FDCs express cFLIPL (lane 3). Three different donors are shown. 

Annexinn V-staining (fig. la). This suggests that the disappearance of cFLIPL precedes the 
apoptosiss in these cells. Of note, we have never been able to detect the short isoform of cFLIP 
inn GC B cells. In line with the anti-apoptotic effect of CD40-ligation as seen in fig. 1, the 
presencee of CD40L prevents the disappearance of cFLIPL in GC B-lymphocytes (fig. 2a, lane 

3). . 
Interestingly,, high levels of the cFLIPL are maintained in GC B cells adhering to FDCs, even 
afterr 16 h of incubation (fig. 2b, lane 3). This implies that the silencing of caspase-8 activity 
inn GC B cells by FDCs is mediated by a mechanism involving the effective maintenance of 
CFLIPLL  in these B cells. 

cFLIPcFLIP is expressed in germinal centers of secondary follicles 
Ass shown above, the maintenance of high levels of cFLIPL is a crucial element of B cell 
survivall  in germinal centers. In order to substantiate the role of cFLIP in vivo, we have 
studiedd the tissue distribution of this protein in human tonsils. As seen in fig. 3a, 
immunostainingg showed that CD20 is highly expressed in germinal centers, and to a lesser 
extentt in the mantle zone (MZ). FLIP (fig. 3b) is also found in the GC, but is virtually absent 
inn the MZ. Isotype-matched control antibodies did not show staining (data not shown). 
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Too study the expression of the cFLIP protein in different B lymphocyte populations in 
lymphoidd follicles in more detail, naive (CD38 IgD+), germinal center (CD38+IgD~), and 

Fig.Fig. 3. cFLIP expression  in  the germinal  center.  Immunohistochemical staining of acetone-fixed 
tonsiltonsil sections for (a) CD20, (b) cFLIP. MZ=mantle zone; GC=germinal center, (c) Sort profile of 
tonsillartonsillar B cells, stained with CD38-FITC and IgD-PE. (d) Western blot analysis of naive (CD38-lgD+), 
memorymemory (CD38-lgD-) and GC B (CD38+lgD-) cells for the expression of cFLIPL. One representative 
exampleexample out of at least four experiments is shown. 

memoryy (CD381gD~) B cells were sorted by flow cytometry and collected (fig. 3c). As 
demonstratedd by Western blotting, cFLIPL is highly expressed in GC B cells, whereas it is 
presentt at lower levels in naive and memory B cells (fig. 3d). None of the B cell populations 
studiedd express the short isoform of cFLIP. These data support the idea that cFLIPL in GC B-
lymphocytess has an important role to prevent caspase-8 activation during the selection 
processs in the germinal center. 

FDCsFDCs provide GC B-lymphocytes with two different anti-apoptotic signals 
Too find out if the FDC-induced maintenance of cFLIPL acts independently of the previously 
describedd cystatin A-mediated anti-apoptotic pathway (19, M. van Eijk, E. Lindhout, J. van 
Marie,, and C. de Groot, submitted for publication), GC B cells have been cultured for 5 h 
withh E64d, a general inhibitor of cathepsin activity. In the presence of E64d caspase-
dependentt PS exposure is not inhibited (fig. 4a). In line with previous data, DNA strand 
breakss are inhibited when cathepsin activity is blocked (fig. 4b). 
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Furtherr evidence that the cathepsin-mediated pathway of GC B cells indeed is independent of 

thee caspase-mediated pathway that is silenced by cFLIP induction is obtained from Western 
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Fig.Fig. 4. FDCs provide  GC B cells  with  two 
independentindependent  anti-apoptotic  signals,  (a) PS exposure 
inin freshly isolated GC B cells, apoptotic GC B cells and 
GCGC B cells cultured with E64d. (b) DNA strand breaks in 
freshlyfreshly isolated GC B cells, apoptotic GC B cells and GC 
BB cells cultured with E64d. (c) cFLIPL expression in GC 
BB cells cultured with E64d (lane 1), freshly isolated GC B 
cellscells (lane 2) and apoptotic GC B cells (lane 3). Two 
representativerepresentative examples out of at least four experiments 
areare shown. 

blottingg experiments (fig. 4). In GC B-lymphocytes E64d clearly does not inhibit the 

disappearancee of cFLIPL (fig. 4c lane 1 and 3). The above presented data imply that FDCs 

preventt apoptosis of GC B cells by two different mechanisms: first, FDCs secrete cystatin A 

thatt inhibits a pro-apoptotic cathepsin responsible for rapid triggering a nuclear endonuclease 

off  GC B cells (19, 8) and second, caspase activation in the adherent B cells is prevented by an 

unknownn process involving the maintenance of cFLIPL. 

Discussio n n 

Inn this paper we have provided evidence that apoptosis of GC B-lymphocytes is mediated by 

rapidd activation of caspase-8. This can be accelerated by anti-Fas antibodies. Interestingly, 
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caspase-88 activation is inhibited by CD40-ligation and efficiently blocked during the contact 
withh FDCs. Even in the presence of anti-Fas antibodies only low levels of caspase-8 activity 
aree found in B cells adhering to FDCs. 
Itt is known that caspase-8 activation is strongly inhibited by the FLICE-inhibitory protein, 
cFLIPP (30), and we have shown here that freshly isolated GC B cells contain high levels of 
thee 55 kDa isoform of cFLIP, cFLIPL. Naive and memory B cells express only low amounts. 
Nonee of these B cell fractions express the short form of cFLIP, cFLIPs. Upon culture of GC 
B-lymphocytess in vitro, cFLIPL is rapidly degraded and is virtually absent after 5 h. This 
explainss the high rate of apoptosis of single GC B cells in vitro. CD40-ligation induces 
expressionn of cFLIPL in GC B cells, thereby explaining the inhibition of caspase-8 activation. 
Thee CD40-mediated signal, however, requires some time as simultaneous CD40 ligation and 
anti-Fass treatment does not inhibit apoptosis, whereas CD40 ligation for 4 h followed by anti-
Fass treatment results in inhibition of apoptosis (data not shown). B cells in contact with FDCs 
aree hardly sensitive to Fas-mediated cell death. 

Whatt remains unclear is whether caspase-8 is activated by ligation of Fas, or a different DR, 
orr alternatively, that caspase-8 activation is a spontaneous process. In the germinal center a 
clearr FasL source is absent as only a few cells express Fas ligand. Scattered expression on 
non-lymphoidd cells has been demonstrated, but in tonsils Fas ligand is mainly expressed on 
plasmaa cells (34). In addition, Ipr mice, which lack functional Fas, demonstrate normal GC 
selectionn implying a relatively unimportant role for Fas ligation in GCs (35). So, not many 
argumentss are in favour of ligation of Fas.This must be considered with some care, because it 
cannott be excluded that other DR-members are involved in caspase-8 activation. It has 
recentlyy been shown that caspase-8 activation is a key feature of signalling through many 
DRs,, as it was demonstrated that caspase-8 knock out mice show defects in death induced by 
TNFR,, Fas and DR3 (36). Moreover, cFLIP is capable of blocking apoptosis induced by these 
DRs.. The alternative is spontaneous activation of caspase-8, regulated by CFLIPL. Arguments 
forr this are that GC B-lymphocytes already express pro-apoptotic proteins, whereas they loose 
anti-apoptoticc markers (7, 10). It is possible that the CD95 machinery is pre-present and its 
activityy is regulated by cFLIPL that is induced for instance by CD40-ligation or FDC-derived 
signals.. Interestingly, CD95 activation, independent of CD95L, was observed for instance 
uponn apoptosis induction by ultraviolet light signals (37, 38). 

Thee present data stress the pivotal role of caspase-8 in initiating caspase-dependent cell death 
inn GC B-lymphocytes. However, we have previously reported that GC B cell apoptosis also 
includess reduction of mitochondrial membrane potential (19). Moreover, overexpression of 
Bcl-22 and BC1-XL inhibits GC B cell apoptosis, indicating that the mitochondrial pathway 
contributess to GC B apoptosis as well (39, 40). Presently, it is difficult to conclude whether 
typee I cell death is the predominant process, or that type II cell death is involved. 
Fas-resistancee of GC B cells, present in FDC-B cell aggregates, is associated with 
maintenancee of CFLIPL expression in these cells. The exact signaling conditions for this anti-
Fass insensitivity are not clear, but cell-cell contact between FDC and B cell is an important 
requirementt (6). The FDC-derived signal acts independently of CD40-signals, Ig receptors or 
adhesionn molecules (8, 31). Bcl-2 is clearly not the anti-apoptotic protein involved as this 
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proteinn is only present at low levels in GC B-lymphocytes and is downregulated on B cells in 
contactt with FDCs (7, 10). Most likely, an antigen-specific signal is required in combination 
withh an as yet unidentified additional signal. An interesting candidate for this could be the 
recentlyy described FDC-specific 8D6 antigen that is capable of inducing GC B cell growth 
(41). . 
Wee have previously described that a cathepsin activity acting downstream of caspase-3 is 
essentiall  for activation of a pre-existing endonuclease. Here, we demonstrate that after 
incubationn with the cathepsin inhibitor E64d, cFLIPL is absent, whereas DNA strand breaks 
aree inhibited. Combining these data with previous findings, we come to a model in which 
FDCss provide at least two signals to block apoptosis in GC B-lymphocytes (fig. 5). One FDC-

Fig.Fig. 5. Model  for  GC B cell  survival  signals  provided  by FDCs. FDC select B lymphocytes with 
highhigh affinity BCRs after the process of somatic hypermutation. Selected B cells are rewarded by the 
FDCFDC with at least two survival signals. Signal one is responsible for the termination of endonuclease 
activityactivity that is already present in the nuclei of GC B cells in the absence of caspase activity. FDCs 
secretesecrete cystatin A, a natural inhibitor of cathepsins, that is taken up by adhering GC B cells and is 
responsibleresponsible for the termination of endonuclease activity. Signal two, most likely an antigen specific 
signalsignal in combination with an additional FDC signal, that differs from CD40L, results in the induction 
ofof cFLIPL and in this way activation of caspase-8 (and subsequent capase-3 activation) is 
prevented,prevented, even in the presence of DR-mediated signals like Fas ligation. 

derivedd signal leads to the continued expression of cFLIPL, protecting the adhering GC B 
cellss from Fas-induced cell death. The other signal results in the disappearance of 
endonucleasee activity from GC B cell nuclei. Cystatin A is secreted by FDCs and is taken up 
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byy adherent GC B cells (M. van Eijk, E. Lindhout, J. van Marie, and C. de Groot, submitted 
forr publication). In the GC B cell a yet unidentified cathepsin is inhibited by cystatin A, 
resultingg in the disappearance of endonuclease activity from the nuclei. 
Thee consequences of the presented data for the GC reaction may be interpreted as follows. T 
cellss provide resting B cells with activation signals that depend on a CD40-CD40L interaction 
andd an antigen-specific signal. This drives resting B cells towards a GC B cell phenotype and 
sensitizess these cells to apoptosis as they will express pro-apoptotic and loose anti-apoptotic 
markerss (7, 42). However, CFLIPL is induced and therefore GC B cells will not undergo 
spontaneouss - or DR-induced - apoptosis via activation of caspase-8. Thus, GC B cells are 
protectedd from apoptosis in the dark zone during proliferation and somatic hypermutation. 
FDCss select high affinity B cells and rescue them from spontaneous and DR-induced cell 
deathh by the induction of CFLIPL. Presumably, GC B cell that are about to leave this 
protectivee FDC network present peptides to GC T cells in an MHC class II context. Upon 
recognitionn of the peptides by T cells, a CD40L rescue signal is provided, resulting in 
maintenancee of CFLIPL and subsequent block of caspase-8 activation. B cells that fail to 
presentt peptides to T cells do not receive the CD40L rescue signal, therefore cFLIPL must be 
degradedd and these cells either spontaneously activate caspase-8, or become resensitized to 
DR-signalss provided by GC T lymphocytes. This concept is in line with the finding that dual 
roless of CD40 and Fas ligand signals exist with respect to expansion or elimination of B cells 
inn vivo (43). 

Recently,, it was demonstrated that malignant murine B cells attached to murine FDCs are 
radioresistantt and insensitive to Fas-induced cell death. Radioresistance in these cells is due to 
constitutivee expression of Bcl-2 as a result of chromosomal translocation (32). We have 
demonstratedd that in human GC B cells attached to FDCs sustained cFLIPL expression 
preventss Fas-induced death. Assuming that this mechanism is operational in malignant B 
lymphocytess as well, this would block both DR- and mitochondrion-dependent cell death 
pathwayss in these cells. This might provide an explanation for the fact that e.g. follicular 
lymphomass are difficult to treat. Currently we are studying the FDC-derived signals that lead 
too maintenance of CFLIPL in attached B cells as this may give clues to resensitize the 
malignantt cells to DR-induced cell death. 
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Summar y y 

Thee production of IgG rheumatoid factors (RF) in the inflamed synovium of many patients 
withh rheumatoid arthritis (RA) implies that local sites exist where plasma cell precursors 
undergoo isotype switching and affinity maturation by somatic mutation and selection. 
Lymphonodularr infiltrates of the synovium, containing germinal centers (GCs) are candidates 
too fulfi l such function in the rheumatoid patient. It has been suggested that these GCs are 
organizedd around -obviously ectopic- follicular dendritic cells (FDCs). The present study 
attemptss to find out, whether these putative FDCs 1) are specific for RA, 2) have the same 
phenotypee and functional capacity as FDCs in lymphoid organs, and 3) may locally 
differentiatee from fibroblast-like synoviocytes (FLS). Synovial biopsies from patients with 
RAA versus non-RA, yet having arthritic backgrounds, were compared. Cells with the FDC 
phenotypee were found in both RA and non-RA tissues as well as in single cell suspensions 
thereof.. When FLS were cultured in vitro, part of these cell lines could be induced with IL-lf } 
andd TNFa to express the FDC phenotype, irrespective of their RA or non-RA background. By 
contrast,, the FDC function, i.e. stable binding of GC B cells and switching off the apoptotic 
machineryy in B cells, appeared to be the prerogative of RA-derived FLS only. The present 
dataa indicate that the FDC function of FLS in RA patients is intrinsic and support the idea that 
synoviall  fibroblast-like cells have undergone some differentiation process that is unique for 
thiss disease. 
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Introductio n n 

Germinall  centers (GCs) of lymphoid follicles are the breeding places of memory B 
lymphocytess (1,2). One of the hallmarks of GCs is the presence of follicular dendritic cells 
(FDCs),, that are crucial in the selection process of memory B lymphocytes by their ability to 
switchh off the apoptotic machinery in the candidate memory cells (3,4). Under non-
pathologicall  conditions, the formation of FDCs and GCs is restricted to peripheral lymphoid 
organss (3,4). In patients with rheumatoid arthritis (RA), however, lymphonodular infiltrates 
containingg lymphoid follicles with GCs are often seen in the inflamed synovial stroma (5,6). 
Severall  authors have demonstrated the presence of cells expressing markers of FDCs and 
somee of them have claimed that this feature is specific for RA (6-10). Such ectopic germinal 
centerr formation may create the proper micro-environment where B cells are maintained and 
selectedd that give rise to the local production of IgG rheumatoid factors in many of these 
patientss (11,12). 
Thee precise origin of FDCs has not been elucidated completely. FDCs show phenotypic 
overlapp with fibroblasts and proliferate poorly (13). Ontogenetic studies have indicated that 
FDCss originate from stromal cells (14). Moreover, in animals that are recovering from 
immunee suppression, it has been shown that the local presence of B cells is a prerequisite for 
thee induction of FDCs from stromal precursors (15). Recent studies with knockout mice 
supportt these findings and demonstrate an important role for lymphotoxin-a and 
lymphotoxin-PP from bone marrow-derived cells and the involvement of the TNF-receptor 1 
(TNFR1;; p55) and the lymphotoxin-PR on stromal cells in the formation of germinal centers 
andd FDC-networks (16-23). 

Itt is tempting to suppose that RA patients have synovial fibroblasts that are more prone to 
differentiatee into FDC-like cells than patients that do not develop RA. Since TNF-oc 
productionn is a common feature of the synovium in active RA (24-26), and also TNFR1 (p55) 
iss highly expressed in synovial tissues of RA patients (27), it is well conceivable that the basic 
conditionss that lead to induction of FDCs in lymphoid organs are fulfilled in the rheumatoid 
synoviumm as well. 

Inn this study, we have investigated if the presence of cells with an FDC-phenotype and FDC-
functionn (i.e., the capacity to bind GC B cells and to switch-off their apoptotic machinery) is a 
specificc feature of the synovium in RA patients or is a common phenomenon that rather 
reflectss the inflammatory situation of the synovium. In addition, we have looked if and under 
whatt conditions cultured fibroblast-like synoviocytes (FLS) from RA- and non-RA arthritic 
patientss may express the phenotype and function of FDCs. Our data show that RA-derived 
FLSS display intrinsic FDC function, whereas non-RA FLS do not. 

Material ss  and method s 

ArthritisArthritis patients and biopsies 
Biopsiess were taken from the inflamed synovium of the knee-joint of patients summarized in 
Tablee I using direct vision, low pressure arthroscopy. All patients suffered from arthritis of 
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Tablee I. Patients included in this study 

RA-group p 
Non-RAA group 

Diagnosis1 1 

RA A 

CPPD D 

CPPD,, OA 

OA1 1 

Psor.A A 

ReA A 

AS S 

Other' ' 

n n 

10 0 

2 2 

2 2 

2 2 

2 2 

2 2 

3 3 

3 3 

Age e 
(years) ) 

22-59 9 

50-77 7 

51-65 5 

75-76 6 

31-32 2 

40-49 9 

25-64 4 

40-49 9 

Male/ / 
Female e 

2/8 8 

0/2 2 
0/2 2 

0/2 2 

1/1 1 

1/1 1 
2/1 1 
0/3 3 

Duration n 
of f 

disease e 
(months) ) 

2-252 2 

3-50 0 
8-12 2 

48-84 4 

20-48 8 

2-8 8 

8-348 8 

2-124 4 

RF+ + 

6 6 

0 0 
1 1 

0 0 

0 0 

0 0 

0 0 

0 0 

Bonee erosions 
off  hands, feet, 

andd knees 

5 5 

0 0 
0 0 

0 0 

1 1 

0 0 

2 2 

0 0 
11 RA, rheumatoid arthritis; CPPD, calcium pyrophosphate dihydrate crystal deposition disease; 

OA,, osteoarthritis; Psor A, psoriatic arthritis; ReA, reactive arthritis; AS, ankylosing spondylitis. 
22 One of these patients had polymyalgia rheumatica. 
33 One chronic monarthritis; one primary Sjogren's syndrome; one TRO (transient regional osteo-

porosis). . 

thee knee. RA patients fulfilled the ACR criteria of rheumatoid arthritis (28). From each 
patientt two to three biopsies were used for pathology to confirm the diagnosis. Three to five 
additionall  biopsies were used for the studies described below, isolation of synovial cells, and 
thee generation of FLS cell lines. Researchers were blind for the diagnosis during their studies. 
Al ll  procedures were done following a protocol agreed upon by the AMC Medical Ethical 
Committee. . 

PreparationPreparation of tissue sections of synovial biopsies 
Freshlyy obtained biopsies were frozen in liquid nitrogen and cut into 5 |im sections according 
too routine histopathological procedures. For pathology, sections were stained with 
hematoxylinn and eosin. Additional sections of the same biopsies were immuno-phenotyped as 
describedd below. 

IsolationIsolation of synovial cells 
Biopsiess were incubated twice for 60 min at 37°C under continuous shaking in 5 ml IMDM + 
900 (Xg/ml gentamycin (IMDM/g) containing 800 U/ml Collagenase type IV (Worthington, 
Freehold,, NJ). This procedure led to virtually complete digestion of visible tissue fragments. 
Onlyy blood vessels remained intact. These could readily be recognized and excluded from 
counting.. The liberated cells were washed twice, resuspended in IMDM/g + 10% FCS 
(Hyclone,, Logan, Utah) and stored on ice until further testing. 105-106 synovial cells were 
obtainedd from each biopsy. 
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ImmunophenotypingImmunophenotyping of synovial biopsies and synovial cells 
Immunophenotypingg was done by indirect staining of cryosections, cytospin preparations or 
chamberr slide cultures. Preparations were incubated for 60 min with monoclonal antibodies 
(Tablee II) or isotype-matched control immunoglobulins followed by horseradish peroxidase-

Tablee II . Abs used in this study 
Marker r 

CD3 3 
CD14 4 

CD20 0 

CD21/CR2 2 

CD21LL (long variant) 

CD29/VLA-pl l 

CD40 0 

CD49d/VLA-a4 4 

CD54/ICAM-1 1 

CD55/DAF F 

CD106/VCAM-1 1 

HLA-DR R 

DRC-1 1 
Humann fibroblast 

Humann fibroblast 

Prolyll  4-hydroxylase 
(ECC 1.14.11.2) 

CD31 1 

mAb/clone e 

T3/2 2 

M02 2 

NKI-IH 4 4 

1F8 8 

7D6 6 

4B4 4 

EA5 5 

HP2/1 1 

15.2 2 

BRIC110 0 

4B9 9 

L243 3 

R4/23 3 

MAS516/1B10 0 

AS02 2 

5B5 5 

EN-4 4 

Isotype e 

IgG2a a 

IgM M 

IgGl l 

IgGl l 

IgGl l 

IgGl l 

IgGl l 

IgGl l 

IgGl l 

IgGl l 

IgGl l 

IgG2a a 

IgM M 

IgM M 

IgGl l 

IgGl l 

IgGl l 

Source e 
CLB CLB 

Coulterr (Hialeah, FL) 

CLB B 

Dako o 

Giftt from Dr. Y.-J. Liu (Schering-

Plough,, Dardilly, France) 

Coulter r 

Giftt from Dr. T. LeBien (Minneapolis, 

MN) ) 

Immunotech h 

CLB CLB 

CLB B 
Giftt from Dr. J. Harlan (Seattle, WA) 

Bectonn Dickinson (San Jose, CA) 

Dako o 

Seralabb (Crawley Down, Sussex, U.K.) 

Dianovaa (Hamburg, Germany) 

Dako o 

Seralab b 

conjugatedd rabbit anti-mouse Ig (Dakopatts, Glostrup, Denmark). Isotype-matched control 
immunoglobulinss used were MOPC21 (IgGl), UPC 10 (IgG2a), and MOPC141 (IgG2b) (all 
fromm Sigma, St.Louis, MO) or normal mouse serum (Dako). No staining was found with any 
off  these control immunoglobulins. Peroxidase activity was visualized by incubation with the 
substratee 3-amino-9-ethyl-carbazole (Sigma) in acetate buffer pH 4.9 for 60 min at room 
temp.. Sections and cells were counterstained with hematoxylin. 

GenerationGeneration ofFLS 
Biopsiess were cut into small pieces, placed into 6 wells culture plates (Costar, Cambridge, 
MA)) and cultured in IMDM/g + 10% FCS. After three weeks, FLS were harvested by 
incubatingg with 0.25% trypsin solution (GIBCO, Paisley, Scotland) for 5 to 10 min at 37°C 
andd transferred to 75 cm2 culture flasks (Costar). Upon confluence, cultures were passaged 
(1:5).. Cultured FLS were used for experiments between passage 2 and passage 8. All FLS cell 
liness expressed the enzyme prolyl 4-hydroxylase (EC 1.14.11.2) and stained positively with 
thee fibroblast-specific mabs MAS516 and AS02. 
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StimulationStimulation ofFLS in vitro 
FLSS were harvested and cultured for three days in 16 wells chamber slides (Nunc, Naperville, 

IL)) in the presence or absence of recombinant human TNFa (rhuTNFa; Chiron, Emeryvile, 

CA)) and IL-i p (rhuIL-iP; CLB, Amsterdam, The Netherlands). Cytokines were added at 50 

U/mll  final concentration. After stimulation, the cells were fixed in acetone and 

immunophenotypedd as described above. 

PurificationPurification ofGC B cells 
Tonsillarr B lymphocytes were isolated according to the method described by Falkoff et al. 
(29).. Briefly, tonsillar cell suspensions were depleted of T cells by rosetting with 2-
aminoethylisothiouroniumbromidee (AET;Sigma)- treated SRBC. The rosetted cells were 
removedd by centrifugation on Lymphoprep (1077 mg/ml; Nycomed, Oslo, Norway). The final 
celll  population contained >98% CD20-positive cells (B cells) and <1% CD3-positive cells (T 
cells)) as analyzed by FACScan. 
Loww density B cell fractions were obtained according to the method described by Koopman et 
al.. (30). Briefly, B cells were centrifugated (15 min, 1200g, 4°C) on a Percoll gradient, 
consistingg of four layers (1077, 1067, 1056, and 1043 mg/ml). Cells at the 1043/1056 interfa-
cee (low density (LD) B cells) were harvested. GC B cells were further purified by incubation 
off  the LD B cell fraction with antibodies against slgD (JA11, Oxoid, London, UK) and anti-
CD399 (AC2, Immunotech, Luminy, France) followed by depletion of the labeled cells using 
sheepp anti-mouse-Ig coated Dynabeads (Dynal, Oslo, Norway). Purified GC B cell fractions 
consistedd of >98% CD38+ cells and <2% CD39+ and sIgD+ cells. 

CoculturesCocultures of FLS with germinal center B cells 
Culturedd FLS were seeded into 6 wells culture plates (Costar) and activated for three days 
withh rhuTNFot/rhuILip as described above. Next, the cultures were washed carefully and 2-
44 x 106 freshly isolated GC B lymphocytes were added. To study GC B cell apoptosis in FLS-
BB cell cocultures, the cultures were stained supravitally with Hoechst 33342 (Sigma) for 15 
minn and examined directly in their culture wells by fluorescence microscopy as previously 
describedd (31), using a Leitz Orthoplan fluorescence microscope (Leitz, Wetzlar, Germany) 
withh Ploem-Opak illumination. An NPL 50x/1.00 oil immersion objective was routinely used. 
Inn each individual coculture, 400-500 B lymphocytes were examined, and classified as single 
cellss or cells binding to FLS as well as being apoptotic or not. 

DNADNA fragmentation assay of isolated nuclei 
Too investigate the effect of FLS coculture on endonuclease activity in GC B cells, FLS-B cell 
clusterss and single GC B cells were separated after 16 h of co-culture. B cell nuclei were 
isolatedisolated according to Nieto et al. (32). Endonuclease activity in the nuclei of single and 
clusteredd B cells was assayed as described previously (33). 
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Result s s 

SynovialSynovial cells with the phenotype ofFDCs are not specific for RA 
Synoviall  biopsies taken from the inflamed knees of 10 RA patients were compared with 
biopsiess taken from 16 non-RA arthritic patients (Table I). Cryosections revealed 
lymphonodularr infiltrates in the deeper synovium containing B cells (CD20+, fig. la), 
sometimess with clear germinal centers (CD21+, fig. lb) in part of the RA patients, but not in 
thee non-RA group. FDC-specific staining (DRC-1+) was difficult to detect with indirect 
labelling,, but enhancement with alkaline-phosphatase antialkaline-phosphatase (APAAP) 

revealedd clear FDC-networks inside some of 
thesee GCs (fig. lc). However, due to the 
limitedd size of the biopsies and the small size 
off  these GCs, the incidence of such FDC-
networkss was difficult to quantify. Our present 
dataa suggest that FDC-networks are restricted 
too the RA-patients, but it cannot be ruled out 
thatt due to their small size they have been 
missedd in the non-RA group. Additional 
experiments,, including representative numbers 
off  synovial biopsies from every patient, will be 
moree conclusive. In synovial tissues obtained 
fromm joint replacement surgery we have found 
DRC-1++ FDC-networks in occasional patients 
withh osteoarthritis as well (not shown), 
indicatingg that the expression of DRC-1 is not 
RA-specific. . 

Ass the sampling problems described above 
weree recognized in an early stage of this study, 
additionall  biopsies were taken at further 
arthroscopies.. These biopsies were digested 
withh collagenase to produce single cell 
suspensionss representative of a larger sample 
off  the tissue. 

Ass shown in Table III , the majority of the 
liberatedd cells have a fibroblast phenotype 

Fig.Fig. 1. Lymphoid  follicles  containing 
germinalgerminal  centers  with  follicular  dendritic 
cellscells  in  synovial  tissue  from  an RA patient. 
CryosectionsCryosections of synovial biopsies from the 
inflamedinflamed knee. Staining with (a) anti-CD20, (b) 
anti-CD21,anti-CD21, and (c) anti-DRC-1 antibodies, (a) 
andand (b) are subsequent sections. Bars 
representrepresent 100 nm. 

(MAS516+),, but also considerable amounts of macrophages (CD14+) were seen in all patients 
tested.. T lymphocytes (CD3+) and B cells (CD20+) were seen in synovial cell suspensions of 
partt of the patients. No obvious differences were seen between RA and non-RA patients. 
Cellss expressing markers associated with activation/inflammation (HLA-DR, CD29, CD40, 
CD54,, CD55, CD 106) were seen in high amounts in almost every patient (Table III) . In 
general,, no differences were seen between both patient groups. 
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Tablee III . Phenotype of freshly isolated synoviocytes 

Marker r 

CD3 3 

CD20 0 

CD14 4 

MASSS 16 

HLA-D R R 

CD29 9 

CD40 0 

CD54/ICAM-1 1 

CD106/VCAM-1 1 

CD55/DAF F 

CD21 1 

DRC-1 1 

7D6 6 

RA A 
Patients s 

tested' ' 

5 5 

5 5 

2 2 

5 5 

5 5 

8 8 

3 3 

5 5 

6 6 

7 7 

8 8 

8 8 

8 8 

Patients s 

positive e 

4 4 

2 2 

2 2 

5 5 

5 5 

8 8 

3 3 

5 5 

6 6 

7 7 

6 6 

3 3 

3 3 

%% positive cells 

(meann + SD or 

range) ) 

2 2 

2-10 0 

20-26 6 

77  17 

54+21 1 

1 1 

488 6 

28  18 

611 0 

32+22 2 

7 7 

4 +2 2 

3 3 

Non-RA A 

Patients s 

tested d 

10 0 

13 3 

9 9 

11 1 

14 4 

13 3 

14 4 

14 4 

14 4 

13 3 

14 4 

8 8 

12 2 

Patients s 

positive e 

5 5 

2 2 

9 9 

11 1 

14 4 

13 3 

14 4 

12 2 

11 1 

12 2 

6 6 

3 3 

2 2 

%% positive cells 

(meann  SD or 

range) ) 

77 + 4 

3-5 5 

266 7 

633 8 

399 3 

877 4 

700 6 

488 0 

722 4 

400 5 

7 7 

4 4 

1-5 5 

Singlee cell suspensions were prepared by collagenase digestion of synovial biopsies. A total of 

1044 to 2 x 104 cells were used for each cytospin preparation. 

Somee markers for FDCs (7D6, CD21) were found more often expressed in the RA group, but 
DRC-11 staining did not reveal differences between patient groups. In addition, in those 
patientss that expressed FDC-specific markers (DRC-1, 7D6), the amounts of cells expressing 
eachh marker were comparable. 
Thee present data indicate that cells with an FDC phenotype are seen more often in single cell 
suspensionss prepared from synovial biopsies from RA patients than from non-RA patients. 
However,, in a number of non-RA patients these markers were found as well, suggesting that 
thee possibility to express the FDC-phenotype is a rather common feature of synoviocytes that 
mayy correlate with local inflammatory conditions instead of being a specific hallmark of RA. 

FLSFLS may express FDC-specific markers in vitro, irrespective of their diagnostic 
background background 
Inn an attempt to identify putative precursors for FDCs, FLS (FLS) were cultured and their 
phenotypess were studied directly after culture or after incubation with the proinflammatory 
cytokiness IL-l p and TNF-oc. 

FLSS cell lines were established from most patients. In our hands, these cell lines grew slowly 
inn comparison with e.g. primary skin fibroblasts or tonsil fibroblasts. Their average doubling 
timee was in the order of one week. 
Al ll  FLS cell lines were positive for the fibroblast markers MAS516, ASO-2 (34) and prolyl 4-
hydroxylase,, a key enzyme of collagen synthesis (not shown). Both in RA FLS and in non-
RAA FLS the basal expression of the tested markers was rather low (Table IV), except of 
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Tablee IV . Phenotype ofFLS cell lines upon stimulation with IL-lfiand TNF-a 

Marker r 

CD54/ / 

ICAM-1 1 

CDD 106/ 

VCAM-1 1 

CD55/ / 
DAF F 

DRC-1 1 

7D6 6 

RA A 

Unstimulated d 
Pos./ / 

tested2 2 

4/6 6 

4/6 4/6 

2/6 6 

1/6 6 

0/6 6 

Expression3 3 

+ + 

+ + 

--

Stimulated' ' 
Pos./ / 

tested d 

6/6 6 

5/6 6 

5/6 6 

3/6 6 

1/6 6 

Expression n 

+++ + 

++ + 

++ + 

++ + 

+ + 

Non-RA A 

Unstimulated d 
Pos./ / 

tested d 

9/10 0 

8/10 0 

8/10 0 

4/10 0 

0/7 7 

Expression n 

+ + 

+ + 

+ + 

--

Stimulated d 
Pos./ / 

tested d 

10/10 0 

8/10 0 

8/10 0 

5/10 0 

0/7 7 

Expression n 

+++ + 

++ + 

++ + 

+ + 

--
11 FLS were precultured in chamber slides with 50 U/ml IL-1 p and 50U/ml TNF-a for 72 h. 
22 Number of FLS cell lines found positive (Pos.) tested. 
33 Arbitrary units: expression , faintly positive infraction of the cells; +, positive in all cells; ++/+++, 

stronglyy positive. 

ICAM-11 and VCAM-1, which were definitely expressed on the majority of the cell lines (fig. 
2a,b).. The same was seen in the non-RA FLS. CD55 expression was seen more often in 
unstimulatedd non-RA FLS than in RA FLS (fig. 2c). The expression of FDC-specific markers 
(DRC-1,, 7D6) was virtually absent (fig. 2d). A minority of the FLS cell lines showed faint 

Fig.Fig.  2. Induction  of  the FDC-phenotype  in  RA FLS after  3 days  of  culture.  Without (a - d) and 
withwith 50 U/ml rhulL-1b and rhuTNFa (e - f) on chamber slides. Stained for expression of 
CD54/ICAM-1CD54/ICAM-1 (aande), CD106A/CAM-1 (b and f), CD55/DAF (c and g), and DRC-1 (d and h). Bar 
representsrepresents 100 jim. 

DRC-11 staining in part of the cells. 

Afterr incubation with rhuIL-1 (3 and rhuTNF-a, increased expression of ICAM-1, VCAM-1 
andd CD55 was seen in the vast majority of the FLS cell lines (fig. 2e-g). No differences were 
mentionedd when RA and non-RA FLS were compared (Table IV). 
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Withh the FDC-specific markers, it was seen that especially DRC-1 was upregulated after 
incubationn with rhuIL-lp and rhuTNF-a in a fraction of the FLS cell lines, irrespective of 
theirr diagnostic background. Although the expression of DRC-1 in RA FLS (fig. 2h) seems 
higherr than in non-RA FLS, it remains unclear whether this difference must be considered 
significant.. The same holds true for the occasional expressions of the other FDC-specific 
marker,, the 7D6-antigen (a long form of CD21 (35)). 

Soo far, our data show that the FDC-phenotype can be induced or upregulated in a fraction of 
thee synovial fibroblast-like cell lines from both RA and non-RA patients under conditions that 
mimiekk an inflammatory situation in vitro. 

FLSFLS from RA patients can block apoptosis in germinal center B lymphocytes. Non-RA FLS 
cannot cannot 

Inn order to assess the capacity of FLS to display follicular dendritic cell function, we have 
testedd the binding and survival of purified tonsillar germinal center B lymphocytes to FLS cell 
liness from RA and non-RA patients. All experiments were carried out with FLS cell lines 

preculturedd with or without rhuIL-lp and 
rhuTNF-ccc for 3 days. GC B cells readily bind to 
alll  FLS tested, leading to roughly 50% binding 
withinn 4h (fig. 3). After that moment, a 
differencee was seen between RA and non-RA 
FLS.. RA-FLS were capable of maintaining GC 
BB cells on their surface for at least 48 h (fig. 4a), 
whereass non-RA FLS could not (fig. 4b). In 
additionn to this, apoptosis was very low in GC B 
cellss bound to RA FLS (fig. 3c,4a). With non-
RAA FLS, the percentage of apoptosis in the 
boundd B cells was significantly higher when 
comparedd to RA-FLS (fig. 3d,4b; p = 0.005 for 
unstimulatedd FLS; p = 0.01 for FLS stimulated 
withh rhuIL-lp and rhuTNF-oc). These data 
indicatee that non-RA FLS do not rescue GC B 
cellss from apoptotic cells death. By contrast, 
RAA FLS have clear anti-apoptotic function, and 
functionallyy behave as FDCs. 

Preincubationn of the FLS with rhuIL-lfS and rhuTNF-a did not significantly influence this 
cellularr behaviour, suggesting that the anti-apoptotic action of RA FLS is an intrinsic property 
off  these cells, independent of the presence of the cytokines used. 

Too investigate whether RA FLS, like FDCs, were able to switch off the apoptotic machinery 
inn the nuclei of the bound GC B cells, an endonuclease activity assay (ENAA) was performed 
onn B cell nuclei isolated from single B cells and from B cells harvested from the fraction 
boundd to the FLS. As shown in Fig. 5, the ladder pattern typical of apoptotic DNA 
fragmentationn was seen in nuclei of the cells that were not attached to FLS (single cells). In 

Fig.Fig.3.3. RA FLS can bind  and rescue 
germinalgerminal  center  B cells  from  apoptosis; 
non-RAnon-RA FLS cannot. Phase contrast (a, c) and 
fluorescencefluorescence microscopy (b, d) of purified 
tonsillartonsillar GC B lymphocytes adhering to RA-
derivedderived (a, b) and non-RA-derived FLS. GC B 
cellscells were incubated with FLS for 24 h. 
HoechstHoechst 33342 staining. Note the condensed 
chromatinchromatin staining and often fragmented 
nucleinuclei in apoptotic B cells. In (d) the dimly 
stainedstained nucleus of the FLS can be identified 
easily.easily. Bar represents 100 p.m. 
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Fig.Fig. 4. RA FLS bind  and rescue  germinal  center  B cells  from  apoptosis;  non-RA  FLS 
dodo  not.  Kinetics of binding and apoptosis of purified tonsillar GC B cells during coculture 
withwith RA-derived (a; left) and non-RA-derived (b; right) FLS. Line graphs represent 
percentagepercentage of B cell fraction bound to FLS (left ordinate); open circles: unstimulated FLS; 
closedclosed circles: FLS stimulated for 3 days with rhuiL-tb and rhuTNFa. Bars represent 
percentagepercentage apoptotic B cells within the bound fraction (right ordinate); hatched bars: 
unstimulatedunstimulated FLS; black bars: stimulated FLS. In each graph, data are represented as 
meanmean  1 SD for 5 FLS cell lines of different patients. 

nucleii  of B cells that had been bound to RA FLS for 24 h, no sign of DNA-fragmentation 
activityy could be detected, implying that their endonuclease activity has been switched off 
duringg contact with the FLS. Additional gel electrophoresis of high molecular weight DNA 
confirmedd the isolation of unfragmented DNA from these nuclei (not shown). By contrast, 
ENAAA of nuclei from GC B cells bound for 24 h to non-RA FLS showed uninhibited DNA 
fragmentationn in these nuclei. 

Discussio n n 

Thee presence of follicular dendritic cells in the inflamed synovium of RA patients has been 
studiedd by several groups (5-10) and some of these have claimed that it would be a specific 
featuree of the disease. This is an attractive idea, because it may explain why many of these 
patientss have so many plasma cells in their synovium that produce IgG rheumatoid factors 
(11,12).. This idea was supported by Dechanet et al. (36), who showed that synoviocytes are 
ablee to support IgG production by B cells stimulated by S. aureus Cowan I (SAC) in vitro. 
Veryy recently, this was extended by the demonstration that nurse-like cells (NLCs) can be 
culturedd from synovial tissues and bone marrow of patients with rheumatoid arthritis. These 
cellss can bind peripheral B and T cells and support their survival (37). 
However,, the studies published so far do not point out whether these phenomena are specific 
featuress of RA only, or that certain functions are common to synovial cells in general. Also, it 
remainss unclear what cell type may provide the precursors of putative FDCs in the RA 
synoviumm and under what conditions the phenotypic and/or functional differentiation has 
occurred.. Elucidation of these issues may yield important new insights in the pathogenesis of 
rheumatoidd arthritis. We have addressed these issues by studying arthroscopic synovial 
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biopsiess (and isolated cells thereof) from RA patients and comparing these with a variety of 
arthriticc patients with a non-RA diagnosis. 
Sincee FDCs have phenotypic overlap with a number of other cell types (reviewed in (13)), we 
havee used monoclonal antibodies recognizing a long splice variant of CD21 (mab DRC-1 and 
7D6).. These antibodies are considered highly specific for FDCs (35). Cryosections of 
synoviall  biopsies indicated that GCs containing DRC-1+ networks of FDCs are present in a 
numberr of patients, especially in the RA-group. These cryosections did not display DRC-1+ 

FDCss in every patient, even within the RA group. One explanation for this is that synovial 
GCss are rather small and, consequently, may be easily missed. Even if a GC was found in one 
section,, the DRC-1+ networks appeared in only few subsequent sections (not shown). Also, it 

shouldd be mentioned that DRC-1 expression is 
generallyy much lower in synovial tissues than in 
lymphoidd organs. Therefore, although our 
cryosectionn data suggest that FDCs are more often 
foundd in the RA group, they are far from 
conclusive. . 
Too get more information about the incidence of the 
FDCC phenotype in synovial biopsies we have 
madee single cell suspensions by collagenase 
digestionn of these biopsies and prepared cytospin 
preparationss of the isolated cells. The incidence of 
cellss with an FDC-phenotype (DRC-1+, 7D6+) was 
higherr in RA patients when compared to the non-
RAA group (Table III) , but cells with the FDC-
phenotypee were seen in some of the non-RA 
patientss as well. This was not associated with any 
particularr diagnosis (1 AS, 1 OA, and 1 ReA). In 
thesee patients the percentages of FDC-like cells 
weree very similar with those found in the RA 
group.. The present data indicate that cells with the 
phenotypee of FDCs are more often found in the 
RAA group, but this may quite well reflect the 
higherr inflammatory status in many of these 
patientss rather than being an intrinsic property of 
thiss particular disease. 

Recently,, the group of Gay et al. have demonstrated that RA synovial fibroblasts after several 
passagess of in vitro culture are autonomous and aggressive, i.e. tissue-destructive towards 
humann cartilage implanted in SCID mice (38). That study highlights the possibility that these 
cellss may have undergone some RA-specific differentiation. Since it has been suggested that 
fibroblastss may serve as local precursors for FDCs, we have cultured FLS from each patient 
andd searched for a putative abberant propensity of RA-derived FLS to display the FDC-like 

RAFL S S Non-RAA FLS 

O)) CD CD D 
O O 

C/DD CQ CD CD M M 

Fig.5.Fig.5.  RA FLS switch  off  endonuclease 
ofof  adhering  germinal  center  B cells; 
non-RAnon-RA  FLS do not.  Endonuclease activity 
assayassay of tonsillar GC B cell nuclei after 
incubationincubation with RA-derived FLS. Unbound 
BB cells were decanted from the FLS/B cell 
coculturecoculture (single cells); an intermediate 
fractionfraction of B cells was harvested by 
washingwashing with medium and removed; B cells 
attachedattached to the FLS were harvested by 
scrapingscraping with a rubber policeman (bound 
cells).cells). ENAA of isolated nuclei from these 
cellcell fractions was done for 4 h at  C. 
ResultantResultant DNA was separated by 
centrifugationcentrifugation into small, fragmented 
(shown)(shown) and large, unfragmented DNA (not 
shown).shown). Note the virtual absence of DNA-
ladderingladdering in the B cells adhering to RA FLS. 
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phenotypee (DRC-1+ and 7D6+) and -function (the ability to block apoptosis in adherent GC B 
cells). . 
Onn cultured FLS, basal expression of FDC-specific markers was absent or marginal, both in 
thee RA and in the non-RA group (Table IV). Incubation with the pro-inflammatory cytokines 
IL-l pp and TNF-oc clearly enhanced the expression of ICAM-1, VCAM-1, and CD55. In part 
off  the FLS cell lines DRC-1 was induced or upregulated. Highest DRC-1 expressions were 
seenn in RA-derived FLS, but it remains to be established if these differences in expression 
levelss between RA and non-RA FLS are meaningful, since it is difficult to compare the 
stainingg intensities obtained in different experiments. It is also unclear whether these 
differencess are intrinsic or may result of yet suboptimal in vitro stimulation conditions. 
Furtherr studies with different cytokines, combinations of cytokines, and different 
concentrationss of cytokines are necessary. 

Remarkably,, profound differences between RA and non-RA FLS were seen when these cells 
weree tested for their functional FDC behaviour, i.e. their capacity to bind purified GC B cells 
andd to rescue them from apoptosis. Clearly, RA FLS can keep many GC B cells alive for at 
leastt 2 days; by contrast, non-RA FLS initially bind GC B lymphocytes but start to loose 
thesee after 8 h, leading to unobstructed B cell death in the following period. The capacity of 
RAA FLS to prevent apoptosis in GC B cells is associated with a virtually complete switch off 
off  endonuclease activity in the B cell nuclei. 
Thee present study has shown that even after several passages in vitro FLS from RA patients 
havee maintained the unique capacity to provide powerful survival signals to GC B cells. We 
havee shown previously, that this is a typical function of follicular dendritic cells (31,33,39) 
andd one of the key steps of memory B cell selection in the germinal center (4). B cell survival 
byy RA FLS seems independent of additional cytokines, strongly suggesting that the FDC 
behaviourr of RA FLS is an intrinsic property of the cells from these patients. It should be 
emphasizedd that this FDC-like function of RA FLS does not correlate at all with the FDC 
phenotype,, which is clearly cytokine-dependent and can be induced in FLS from both RA and 
non-RAA patients. 

Thee molecular mechanisms by which RA FLS bind GC B cells may be different from those 
byy which e.g. tonsillar FDCs bind BC B cells. Previously, we have shown that tonsillar FDCs 
andd GC B cells interact in vitro mainly by LFA-l/ICAM- 1 and VLA-4/VCAM- 1 interactions 
(30,31,40).. So far, preliminary studies with blocking antibodies have not revealed significant 
preventionn of B cell binding to FLS, suggesting a different, yet unknown, cellular interaction 
(dataa not shown). 

Furtherr experiments are now in progress to estimate the role of other cytokines in the 
inductionn of the FDC phenotype in FLS, to explain the discrepancies that are found between 
thee phenotypic and the functional data, and to reveal the precise molecular mechanisms that 
enablee RA FLS to behave as FDCs. 
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Generall discussion 

Inn this thesis, evidence is provided for requirement of both cathepsin -and caspase activity in 
GCC B-lymphocyte apoptosis. In addition is shown, that FDCs provide GC B cells with at least 
twoo essential survival signals, i.e. cystatin A to inhibit endonuclease activity and CFLIPL to 
preventt spontaneous caspase-8 activation and DR-induced cell death. Furthermore, ligation of 
CD400 on GC B cells induces cFLIPL and subsequently activation of caspase-8 is inhibited. 
Finally,, it is demonstrated that fibroblast-like synoviocytes of RA patients can behave like 
FDCss by blocking endonuclease activity in GC B-lymphocytes. 
Thee implications of these findings are discussed here in relation to the following topics: 

(1)) the role of cathepsin activity in GC B-lymphocyte apoptosis; 
(2)) the regulation of cathepsin activity by FDCs; 
(3)) activation and regulation of caspases during GC B cell apoptosis; 
(4)) the anti-apoptotic signal provided by rheumatoid arthritis-derived fibroblast-like 
synoviocytess (RA-FLS); 

Cathepsinn activation in GC B cells 

Itt has been demonstrated that cathepsin activity is involved in the regulation of endonuclease 
activityy in GC B-lymphocytes. In agreement with our finding it has been demonstrated that 
lysosomall  leakage contributes to apoptosis directly or indirectly via caspases (1,2). Moreover, 
itt has been demonstrated that during bile-salt induced apoptosis, cystatin A inhibits cathepsin 
BB activity downstream of caspases in a hepatoma cell line (3). Presumably, in GC B-
lymphocytes,, activation signals such as CD40L and Ag, result in leakage of an apoptosis-
inducingg cathepsin from the lysosomal compartment (fig. 1). However, it is not clear yet what 

Antigen n 

Inductionn of 
GCC B phenotype 
lysosomall leakage? 

Restin g g 
Bcel l l GCC B cel l 

Tcell l 

Fig.Fig. 1. Model  for  lysosomal  leakage  of  a cathepsin  that  activates  the GC B cell 
endonuclease.endonuclease.  B cells become activated by T cells. Both Ag and CD40L are 
crucialcrucial for the induction of a GC B cell phenotype. These signals may also lead to 
leakageleakage of the apoptotic cathepsin from the lysosomal compartment, resulting in 
activationactivation of an endonuclease. 

cathepsinn is involved in the activation of GC B celll  endonuclease, but cathepsins B, F, K, L, S 
andd calpain can be excluded. This cathepsin can act independently of caspases as GC B cells 
alreadyy contain their endonuclease in the absence of caspase activity. How does this cathepsin 
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activityy contribute to the apoptotic process? There are a number of possibilities (fig. 2): (a) the 
cathepsinn activates an endonuclease in the cytoplasm by removing an inhibitor as is observed 
forr caspase-activated DNase (CAD) (4); (b) The cathepsin activates an endonuclease in the 
nucleus;; (c) The cathepsin is directly involved by processing DNA itself as was recently 
demonstratedd for cathepsin B; and/or (d) the cathepsin contributes indirectly by destruction of 

Fig.Fig. 2. Possible  activation  mechanisms  of  the GC B cell cell  endonuclease  by cathepsin  activity,  (a) 
TheThe cathepsin involved removes an inhibitor from an inhibitor/endonuclease complex. The 
endonucleaseendonuclease enters the nucleus where it can process DNA. (b) The cathepsin itself enters the 
nucleus,nucleus, where it activates the endonuclease. (c) The cathepsin itself can process DNA. (d) The 
cathepsincathepsin removes proteins from DNA and makes it accessible for the endonuclease. 

nuclearr proteins to make DNA accessible to DNase activity. 

Regulationn of cathepsin activity by FDCs 

Itt has been demonstrated that endonuclease activity in nuclei of GC B-lymphocytes can be 
blockedd by FDC-derived cystatin A. This mechanism is unique and evidence for a more 

generall  role of cystatins in apoptosis is 
sparse.. However, cystatin B knock-out mice 
showedd increased apoptosis in the brain 
withh concomitant neurological dysfunction, 
indicatingg that indeed such mechanisms 
existt in other cell types (5). Both cystatin A 
andd B belong to family 1 of the cystatin 
superfamilyy and are considered to be 
normallyy not secreted (6). However, it has 
beenn demonstrated, that cystatin A is 
secretedd by FDCs and that this secretion can 
bee inhibited by brefeldin A, suggesting that 
vesicularr transport is involved. In addition, 
itt has been shown that cystatin A leaves 
FDCs,, but how does cystatin A enter GC B 
cells?? Increased amounts of cystatin A can 
bee detected in GC B cells that have been in 
contactt with FDCs. Furthermore, cystatin A 

Fig.Fig. 3. FDCs secrete  cystatin  A that  is  taken  up 
byby  GC B cells  by a currently  unknown 
mechanism.mechanism.  Cystatin A inhibits a cathepsin, 
resultingresulting in the disappearance of endonuclease 
activityactivity from GC B cell nuclei. 
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monoclonall  antibodies, when present during FDC-B cell clustering, block the normally 
observedd inhibition of endonuclease activity. Moreover, recombinant cystatin A given to 
isolatedd GC B cells blocks endonuclease activity in GC B cell nuclei. This implies that 
cystatinn A must enter GC B lymphocytes (fig. 3). A specific membrane pore may exist that 
allowss entry of cystatin A into GC B cells. Alternatively, a transport molecule may be 
involvedd that uses specific membrane domains to enter the cell, or cystatin A is endocytosed 
byy GC B cells. 

Caspasee activation and its regulation in GC B lymphocytes 

Caspase-88 activation and subsequent activation of caspase-3 are crucially important for GC B 

( jeoL A P 0 P t o s i s s 

Noo caspase- 8 c ^ ^ ^ 3 

activatio nn durin g * 
journe yy In dark no cFLIPL 

zonee / 

I I 
Restingg Germinal 
BB cell center 

DR R 

Safee in FDC-web 

Checkk presented 
peptidess on B cell 

\\ Recognition 
II by T cell N o caSpase- 8 
11 activatio n 

11 CD40L signal, 
II cFLIPL induced 

VDR R 

Noo recognition 
Caspase- 88 by T cell 
activatio n n 

Noo CD40L 
signal, , 
NocFLIPL L 

Apoptosiss v _ _ _ ^ / 

Memoryy and 
plasmaa cells 

Fig.Fig. 4. cFLIP regulation  and its  consequences  for  the GC reaction.  Upon induction of a GC B 
cellcell phenotype, cFLIPL is upregulated. This protects GC B cells in the dark zone from 
spontaneousspontaneous or DR-induced caspase-8 activation. High affinity GC B cells are selected by FDCs. 
AsAs long as GC B cells are in contact with FDCs, caspase-8 activation is prevented. As soon as 
thethe GC B cells leave the protective FDC web, another signal is required that warrants a safe end 
ofof the journey in the GC. When MHC class II peptides presented by B cells are recognized by GC 
TT cells, a CD40L rescue signal is provided, FLIP is maintained and caspase-8 remains inactive. 
TheseThese cells finally become isotype-switched memory B cells or plasma cells. Unrecognized B 
cellscells do not receive a CD40L rescue signal. As a consequence, FLIP is degraded and these cells 
areare sensitive again to DR-signals, or they will die by spontaneous caspase-8 activation. 
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celll  apoptosis. However, a contribution of the mitochondrial pathway cannot be excluded as 
wee have shown. Caspase-8 (and thus caspase-3) activity is tightly regulated by the expression 
off  CFLIPL. FLIP expression can be induced by CD40-triggering on GC B cell or by signals 
providedd by FDCs. What are the consequences for the GC reaction (fig. 4)? Resting B 
lymphocytess express low levels of CFLIPL that can be induced upon induction of a GC B cell 
phenotypee (achieved by CD40 and BCR signals) (7). This mechanism is sufficient to warrant 
aa safe journey through the rounds of proliferation and somatic hypermutation without the 
occurrencee of spontaneous caspase-8 activation. Finally, these processes give rise to a 
populationn of centrocytes with a wide range of BCR specificities. Only B cells that carry high 
affinityy BCRs are selected by FDCs. The FDCs reward these selected B cells with two 
signals.. One membrane-derived signal results in the continued expression of CFLIPL, that is 
sufficientt to prevent spontaneous caspase-8 activation and is also a potent blocking signal of 
DR-inducedd cell death. The second signal is cystatin A, that blocks endonuclease activity in 
GCC B cell nuclei, as is discussed above. 
Trappedd in the FDC web, GC B cells are safe. However the journey of GC B cells does not 
endd here. After selection, GC B cells have to move on to become isotype-switched memory B 
cellss or plasma cells. This raises the question how these cells are able to survive in the 
absencee of essential survival signals from FDCs? Presumably, GC B cells take up Ags from 
FDCs,, process them to peptides, and present them in an MHC class II context to GC T cells. 
Whenn the peptide is recognized by these T cells a CD40L-mediated survival signal is 
provided.. This results in prolonged expression of CFLIPL in these B cells and thus survival 
givingg these cells the opportunity to further differentiate and to leave the GC. B cells that are 
nott provided with this survival signal do not express CFLIPL and can be killed by Fas-FasL 
interactionss (or other DR signals), or they spontaneously activate caspase-8. 

GCC B cel l rescu e by RA-FLS 

Inn in vitro experiments, it has been found that RA-FLS bind and rescue GC B cells from 
apoptosis,, whereas nonRA-FLS cannot. As endonuclease activity is switched off upon 
interactionn with RA-FLS, it may very well be that cystatins, like cystatin A in FDCs, are 
inhibitingg cathepsin activity in GC B cells. However, it is currently unknown whether RA-

FLSS produce cystatin A. Also, it is 
unclearr whether cFLIPL-induction can be 
performedd by RA-FLS. However, 
caspase-88 activation has to be prevented 
inn cultured GC B cells at any cost and 
therefore,, most likely cFLIP is involved. 

.. M. , _ , , . .- „ „ „ „  It is still unknown to what extent RA-FLS 
Fig.Fig. 5. Hypothetical model for the rescue of GC B 
cellscells by RA-FLS. As observed for FDCs, it may be can be considered to be analogous with 
thatthat 2 signals are provided by RA-FLS. Prevention FDCs from lymphoid tissue. We propose 
ofof caspase-8 activation is a prerequisite and most . , . , . 
likelylikely cystatin A is involved to block endonuclease t h at t he r e s c ue o c c u rs as l s Presented in 
activity.activity. fig. 5. Further studies are necessary to 
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elucidatee the functional capacity of RA-FLS as potential ectopic precursors of FDCs. 
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ABC C 
AEP AEP 
AFC C 

Ag g 
AIF F 
APAAP P 
Apaf f 
APC C 
BCR R 
BFA A 
B7RP-1 1 
CAD D 
CARD D 
C-B B 
cFLIP P 
CIA A 
CLIP P 
CPAN N 
CR R 
CrmA A 
cTECs s 
CTL L 
DC C 
DED D 
DFF F 
DiOC6(3) ) 
DISC C 
DR R 
DZ Z 
ENAA A 
ER R 
FADD D 
F-B B 
FDC C 
FLS S 
FLIP P 
GAD D 
GC C 
IC C 
ICAD D 

ATP-bindingg cassette 
Asparaginee endopeptidase 
7-amino-4-trifluoryomethyll  coumarin 
Antigen n 
Apoptosiss inducing factor 
Alkalinee phosphatase anti-alkaline phosphatase 
Apoptoticc protease-activating factor 
Antigen-presentingg cell 
BB cell receptor 
Brefeldinn A 
B7-relatedd protein-1 
Caspase-activatedd DNase 
Caspase-recruitmentt domain 
BB cells clustered to FDCs 
Cellularr FLICE-inhibitory protein 
Collagen-inducedd arthritis 
Classs Il-associated invariant chain peptide 
Caspase-activatedd nuclease 
Complementt receptor 
Cytokinee response modifier 
Corticall  thymic epithelial cells 
Cytotoxicc T lymphocyte 
Dendriticc cell 
Deathh effector domain 
DNAA fragmentation factor 
3,3'' -dihexyloxacarbocyanine iodide 
Death-inducingg signalling complex 
Deathh receptor 
Darkk zone 
Endonucleasee activity assay 
Endoplasmicc reticulum 
Fas-activatedd death domain 
Freshlyy isolated B cells 
Follicularr dendritic cell 
Fibroblast-likee synoviocyte 
FLICE-inhibitoryy protein 
Glutamatee decarboxylase 
Germinall  center 
Immunee complexes 
Inhibitorr of caspase-activated DNase 
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ICAM-11 Intercellular adhesion molecule-1 
ICOSS Inducible costimulator 
IDCC Interdigitating dendritic cell 
Igg Immunoglobulin 
Iii  Invariant chain 
LFA-11 Lymphocyte function associated molecule-1 
LHVSS Morpholine urea leucine-homophenylalanine-vinyl sulfone methyl 
LIPP Leupeptin-induced protein 

LTpp Lymphotoxin (3 

LTpRR Lymphotoxin (3 receptor 

LZZ Light zone 
M/NEII  Monocyte/neutrophil elastase inhibitor 
MZZ Mantle zone 
N-BB Non-clustered B cells 
NKK Natural killer 
NLCss Nurse-like cells 
PARPP Poly(ADP-ribose) polymerase 
PFGEE Pulsed field gel electrophoresis 
PII  Proteinase inhibitor 
PSS Phosphatidyl serine 
RAA Rheumatoid arthritis 
RFF Rheumatoid factor 
SACC Staphylococcus aureus cowan 
Serpinn Serine proteinase inhibitor 
SSCA-22 Squamous cell carcinoma antigen-2 
SLIPP Small leupeptin-induced protein 
TCRR T cell receptor 
TNFF Tumor necrosis factor 
TNFRR Tumor necrosis factor receptor 
TSSPP Thymus specific serine protease 
TTCFF Tetanus toxin C fragment 
uPAA Urokinase type plasminogen activator 
VV Variable 
VCC AM-1 Vascular cell adhesion molecule-1 
vFLIPP Viral FLICE-inhibitory protein 
VLA- 44 Very late antigen-4 
ZVADD z-Val-Ala-DL-Asp-fluoromethylketone 
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Nederlands ee samenvattin g 

Dee bedoeling van deze samenvatting is het werk van ruim vier jaar proberen uit te leggen op 
zo'nn manier, dat een leek er iets van begrijpt. Ga daar maar eens aan staan! Hopelijk is het een 
beetjee gelukt om begrippen als apoptose, de kiemcentrumreactie en de bevindingen van dit 
proefschriftt duidelijker te maken. 

Apoptos e e 

Apoptosee is een 'zelfmoord mechanisme' dat aanwezig is in alle cellen van het menselijk 
lichaam.. Het speelt o.a. een rol bij de ontwikkeling van organen; denk hier bijvoorbeeld aan 
dee tussenruimte tussen de vingers. Daarnaast is het van essentieel belang voor het in stand 
houdenn van de balans van het aantal cellen van bijvoorbeeld het afweersysteem. Het is erg 
belangrijkk dat na een afweerreactie de aangemaakte cellen weer verdwijnen, daar anders het 
lichaamm te klein is voor het aantal cellen. Patiënten met een inefficiënt 'zelfmoord 
mechanisme'' kunnen lokaal enorme zwellingen vertonen door de ophoping van cellen. 
Hoee werkt het proces van apoptose nu eigenlijk? Het is een complex proces waarbij een cel 
kortt gezegd van binnenuit wordt afgebroken. De celrestanten blijven echter omgeven door een 
membraann (celomhulsel) en zo kan de cel pakketjesgewijs, zonder vrijkomen van nare 
celrestanten,, worden verwijderd door opruimcellen. Stel dat de nare celrestanten wel 
vrijkomen,, dan kan er lokaal een ontsteking ontstaan en dat is ongewenst. Apoptose is een 
process waarbij stervende cellen netjes worden verwijderd zonder dat er lekkage optreedt. 
Hoee breekt een cel van binnenuit af? Eigenlijk hebben alle cellen verschillende sets van 
proteasenn (schaartjes) klaar liggen, die na activatie specifiek het inwendige van een cel 
kunnenn verknippen. Structuren die én de vorm én de functie van een cel waarborgen, worden 
vernietigdd en daarnaast is er ook een endonuclease (een ander soort schaartje) aanwezig, die 
hett DNA in stukjes knipt. Het gevolg van de vernietiging van binnenuit is dat de cel krimpt en 
gereedd wordt gemaakt voor opruiming. 

Inn het onderzoek dat in dit proefschrift beschreven is, hebben we gekeken naar het proces van 
apoptose,, dat optreedt in kiemcentrum B cellen. Deze cellen hebben structuren aan de 
buitenkant,, zogeheten antigeen receptoren. Met deze structuren kan een B cel vreemde, 
bijvoorbeeldd bacteriële produkten herkennen en dit is belangrijk voor het opstarten van een 
afweerreactie.. Nu is het zo, dat er bij verbetering van deze receptoren, voor herkenning 
minderr cellen nodig zijn. Door de efficiëntie van herkenning te verhogen, kan veel sneller een 
vreemdd produkt worden opgespoord. Herkenning kan worden verhoogd door de affiniteit 
(plakkerigheid)) van een antigeen receptor voor het vreemde materiaal te wijzigen. De 
affiniteitt van een antigeen receptor kan worden gewijzigd in een kiemcentrumreactie. 

Kiemcentrumreacti e e 

Eenn B cel met een bepaalde affiniteit van zijn antigeen receptor raakt geactiveerd buiten het 
kiemcentrumm en zal dan een aantal stappen doorlopen om zijn affiniteit te wijzigen. Zoals in 
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fig.. 1 te zien is, gaat de cel zich in het kiemcentrum vermeerderen en wordt de antigeen 
receptorr genetisch gewijzigd. Het uiteindelijk resultaat is dat er vanuit één cel een honderdtal 

cellenn ontstaat met een grote 
variatiee aan antigeen receptoren. 
Hett sleutelen aan de receptor kan 
tott gevolg hebben dat de 
plakkerigheidd gelijk blijft , afneemt, 
off  in het meest ideale geval 
toeneemt.. Zoals boven vermeld is 
hett afweersysteem gebaat bij een 
hogee plakgraad. Dit houdt in dat 
ergenss in de kiemcentrumreactie de 
goedee plakkers eruit gefilterd 
dienenn te worden. De cellen met 
verbeterdee plakgraad worden 
geselecteerdd door folliculaire 
dendritischee cellen (FDCs). De 
basiss van het selectie mechanisme 
iss het belonen van de cellen met een 
hogee affiniteit met een 
reddingssignaal.. De cellen die niet 

geselecteerdd worden, zullen apoptotisch worden en worden opgeruimd. Als de cellen gered 
zijnn door de FDCs, kunnen ze zich verder ontwikkelen en uiteindelijk verlaten ze het 
kiemcentrum,, nadat ze nog een reddingssignaal van T cellen hebben gekregen. 

Bevindingenn beschreven in dit proefschrift 

Inn hoofdstuk 2 hebben we een overzicht gegeven van de diverse proteasen (schaartjes) die een 
roll  spelen tijdens apoptose en antigeen presentatie in de verschillende cellen van het 
immuunsysteem.. In hoofdstuk 3 laten we zien dat er minimaal twee verschillende typen 
proteasenn (schaartjes), caspase-3 en een onbekend cathepsine, een rol spelen tijdens apoptose, 
optredendd in kiemcentrum B cellen. Tevens hebben we aangetoond dat in B cellen die in 
contactt zijn met FDCs, caspase-3 niet wordt geactiveerd. In hoofdstuk 4 beschrijven we dat 
dee cathepsine activiteit in B cellen geremd kan worden door een natuurlijke remmer, cystatine 
A,, die aanwezig is in FDCs. Dit houdt in dat cystatine A uit de FDCs moet komen en 
opgenomenn dient te worden door de B cellen, die in contact zijn met de FDCs. In hoofdstuk 5 
beschrijvenn we dat caspase-8 spontaan geactiveerd raakt. Dit kan worden tegengegaan door 
hett induceren van een specifieke remmer, cFLIPL. cFLIPL kan worden geïnduceerd door 
FDCs,, maar ook door CD40L wat aanwezig is op T cellen. Kort gezegd geven de FDCs aan 
dee hechtende B cellen twee reddingssignalen. Signaal 1, cystatine A (cathepsine remmer) en 
signaall  2, cFLIPL (caspase remmer). In hoofdstuk 6 laten we zien dat ook fibroblasten van 
reumatoidee artritispatiënten kiemcentrum B cellen kunnen redden. Fibroblasten uit patiënten 

Verlatenn kiemcentrum 

Selektiee goede plakkers 
Apoptosee slechte plakkers 

Vermeerderen n 
Genetischh wijzigen 
antigeenn receptor 

Aktivatie e 

Fig.Fig.  1. Schematische  weergave  van een 
kiemcentrumreactie.kiemcentrumreactie.  B cellen worden geactiveerd buiten 
hethet kiemcentrum. In het kiemcentrum gaan ze zich 
vermeerderenvermeerderen en wordt de antigeen receptor genetisch 
gewijzigd.gewijzigd. De beste plakkers worden geselecteerd, m.a.w. 
zeze worden gered van de dood, door FDCs. De niet 
geselecteerdegeselecteerde cellen sterven via apoptosis. 
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diee andere vormen van artritis hebben, kunnen B cellen niet redden. Het mechanisme is nog 
niett bekend. In het laatste hoofdstuk, hoofdstuk 7, worden alle bevindingen nog een keer 
samengevatt en onder de loep genomen. 

Implicatiess voor de kiemcentrumreactie 

Inn het kort worden in fig. 2 de bevindingen uit dit proefschrift ingepast in het in fig. 1 
gepresenteerdee model van de kiemcentrumreactie. FDCs belonen de hechtende kiemcentrum 
BB cellen (de beste plakkers) met twee reddingssignalen. Signaal 1 resulteert in de inductie van 

TT cell remt easpase-8 door 
inductiee van cFLIPL. B cel kan 
kiemcentrumm reactie verlaten 

FDCss redden kiemcentrum B cellen 
opp twee manieren 
1)) Caspase -8 wordt geremd door 
inductiee van cFLYPL. 
2)) Cathepsine wordt geremd door 
overdrachtt van cystatine A 

Fig.Fig. 2. Overzicht  van de anti-apoptotische  signalen  in  de kiemcentrumreactie. 
FDCsFDCs redden kiemcentrum B cellen op twee manieren. Caspase-8 activatie wordt 
geremdgeremd door de inductie van cFLIPL. Tevens wordt een cathepsine activiteit geremd 
doordoor overdracht van cystatine A. Om uiteindelijk het kiemcentrum te kunnen verlaten, 
krijgenkrijgen B cellen nog een signaal van T cellen dat resulteert in cFUPL. 

CFLIPLL  en voorkomt hiermee activatie van caspase-8 en dientengevolge ook caspase-3. 
Signaall  2 is de overdracht van cystatine A uit FDCs op hechtende B cellen. Dit remt de 
cathepsinee activiteit in B cellen en dit resulteert in het verdwijnen van endonuclease (DNA 
knipper)) uit de kern van kiemcentrum B cellen. Nadat de cellen loskomen van FDCs krijgen 
zee nog een signaal van T cellen. Door inductie van CFLIPL wordt caspase-8 activatie 
voorkomenn en kan de cel het kiemcentrum verlaten. 
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promotie).. Uiteraard mag ik Trees niet vergeten. Bedankt voor alle hulp tijdens de eindfase. 
Naastt het op tijd aansporen van mijn persoontje hield dit ook het corrigeren van het 
manuscriptt in. Ron van Noorden voor zijn tips en getoonde interesse in mijn onderzoek (dit 
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Dee mensen van de lipide groep en de EOB-ers die ik regelmatig heb lastig gevallen. Bedankt 
voorr de tips. Jan Peeterse voor zijn hulp bij het genereren van dia's en allerlei plaatjes. 
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Toon,, ik ken je al bijna 20 jaar en we blijven eikaars leven nog op de voet volgen. Dat zal nog 
tijdenn zo blijven. Het weer zit niet vaak mee tijdens het vissen maar ik vind het een goede 
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traditie,, die in stand gehouden dient te worden (die metersnoek komt echt nog wel een keer). 
Arnoudd ken ik nog langer en die wil ik ook bedanken voor de ontspanning met een biertje. Dit 
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Pinocchio,, want in dat geval zou zijn houten neus te klein zijn voor de wereld. Verder nog 
iedereenn bedankt die er wel had moeten staan, maar die ik vergeten ben. 
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