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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 

32 2 



CysteineCysteine proteinases and their inhibitors in the immune system 

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). 

42 2 



CysteineCysteine proteinases and their inhibitors in the immune system 

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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