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1. INTRODUCTION

In this chapter we will review recent results in the field of involvement of
proteolytic enzymes in aetiopathology of diseases. The multitude of
physiological processes governed or influenced by proteolytic enzymes
forms the basis for great variety of disorders and malfunctions, eventually
developing into diseases which are more or less clearly the result of
abnormal protease action. Table 1 contains a selection of diseases of this
kind without the claim of being comprehensive, just to open the mind for the
great number of disorders included.

In the table, the location of proteolysis defect in the upper part is
confined primarily to the circulatory system, in the lower part it is the
intercellular spaces or even the interior of cells. The proteinases involved
(right column of Tab 1) only in some cases are specified as individuals.
Again, the intention is rather to give an idea of the variety of proteinases or
proteinase systems involved. The selected diseases in the table make clear
that it is impossible to cover all of them in this chapter, rather we will
concentrate on only some of them as indicated in the subheading.
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2. DISEASES INVOLVING THE UBIQUITIN-
MEDIATED PROTEOLYTIC SYSTEM

In complexity of structure and sophistication of function the ubiquitin-
mediated proteolytic system (UMPS) is more and more considered as a
counterpart to the ribosome, the protein synthesis organelle, and similarly
subject to finely tuned regulations just being recognized. Perhaps it is not to
great a surprise, with better understanding of structure and function of this
proteolytic system, also to learn of failures of some of its components that
result in pathological states presenting with clinical pictures. This part of the
chapter is dealing with some of them. For the reader not as familiar in this
field the UMPS shall be introduced in the following paragraph. There are in
literature many excellent reviews on the structure as well as on the different
aspects of function of the UMPS (e.g. Ciechanover and Schwartz 1994,
Coux et al 1996, Baumeister et al 1997, Peters et al 1998), therefore here we
will only very briefly outline the groups of enzymes involved and the order
of their action in UMPS.

2.1 Enzymology of the UMPS

Generally, cells have two main proteolytic pathways, the lysosomal and
the proteasomal one. Degradation of exterior material, phagocytosed or
endocytosed (also receptor-mediated) takes place in lysosomes, and under
stress situations or starvation intracellular proteins also are degraded there.
The UMPS, however, seems to be the system for the highly selective
turnover of intracellular proteins under basal metabolic conditions. The
degradative reactions of UMPS are performed by the 26S proteasome,
whereas the substrate specificity (resulting in the selectivity of turnover)
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most probably is brought in by the ubiquitination reactions that are highly
ATP-dependent. The small protein ubiquitin serves as a label for proteins to
be degraded, and three groups of enzymes (plus ATP) work consecutively to
form polyubiquitinated proteins that are then degraded in the 26S
proteasome under release of reutilizable ubiquitin. The first step is the ATP-
dependent activation of a ubiquitin molecule becoming attached to the so-
called El enzyme under formation of a high-energy thioester bond to the C
terminal Gly76 of ubiquitin.

The second step is the transfer of ubiquitin to a ubiquitin conjugating
enzyme, E2. Finally, ubiquitin is transferred to a target protein destined to be
degraded, mostly catalyzed by a third protein, E3. After several repetitions
of the latter reaction, a polyubiquitinated target protein results that carries up
to ten or more ubiquitin molecules bound via isopeptide bonds between
Lys48 and Gly76 (or also Lys23, Lys63) of ubiquitin. Now the substrate is
ready for degradation in the 26S proteasome. The 19S cap of 26S
proteasomes seems to perform the de-ubiquitination and the unwinding of
the protein structure. The polypeptide chain then is threaded into the central
channel of the proteasome, where the proteolytic attack of the target protein
follows resulting in peptides (for antigen presentation, of. Goldberg and
Rock 1992) and/or amino acids (Ehring et al 1996), under involvement of
cytosolic exopeptidases. Protein turnover is a highly selective process, the
half-lives of individual cellular proteins vary between a few minutes and
several days. This selectivity results on the one hand from signals in the
substrate proteins in form of special amino acid sequences (see below), on
the other hand it is influenced by the enzymes of the ubiquitination pathway.
As to the latter is to mention that except El, that seems present in only one
active form in eucaryotes, the E2s and E3s exist in related families (in yeast
13 E2s, in mammals 20 - 30 are estimated) or in unrelated groups (three to
four E3s are known at present). Additionally, there are indications of
oligomerization between different members of E2s resulting in a
“combinatorial expansion of specificities” as well as involvement of
additional ”specificity factors”, all resulting in the great diversification of
specificity of  the ubiquitination reactions. Signals in the proteins that control
their degradation include the N-terminal amino acid (N-end rule), the
presence of a PEST-motif or of a “destruction box” present in B-type cyclins
(review in Ciechanover and Schwartz 1994). Also the phosphorylation of a
specific Ser or Thr residue within such destruction domains seems part of the
signal, that after all resides within an extended region of 50 - 60 amino acids.

The central importance of the UMPS in cell biology becomes obvious
when reviewing the special substrates degraded by this pathway:

- The cyclins (Jentsch 1992) and cyclin-dependent kinase inhibitors
(Sheaff and Roberts 1996), thus posing proteolysis at a very central place
of cell cycle regulation (King et al 1996).
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- Many oncoproteins have very short half-lives, and their degradation was
found ATP-dependent. P53, c-myc, c-myb, c-fos, E1A are among the
ones studied in more detail. These two groups of proteins degraded by the
UMPS bring this proteolytic pathway in close connection to
tumorigenesis, a topic that here will be treated only very briefly.

- Several transcription factors have been found to be degraded via the
UMPS, including Mat and Gon4 in yeast and AP-1, c-jun, c-fos,
MyoD (Hochstrasser and Kornitzer 1998). The activation
pathway is regulated via degradation of the inhibitor in ubiquitin-
dependent proteolysis (reviewed in Chen and Maniatis 1998).

- Membrane proteins (transporter enzymes in yeast, growth factor receptors
and others in mammalian cells) are ubiquitinated after ligand binding and
then directed into the endocytic pathway or the UMPS (Hicke 1997)

- The degradative pathway of cytosolic proteins resulting in T cell epitopes
to be presented via MHC class I molecules to T lymphocytes uses
the 26S proteasome with or without prior ubiquitination of the respective
substrate proteins. This pathway is of utmost importance for the defense
of viral infections and for the immune surveillance of neoplastic cells
(Goldberg and Rock 1992).

- Experiments with yeast mutants in E2 family members revealed the
involvement of ubiquitinylating enzymes in DNA repair (review in l.c.
Schaffner et al 1998).

- Degradation of misfolded or otherwise abnormal proteins as produced
under stress conditions is thought to be largely mediated by the UMPS
(Jentsch 1992).

Considering these many groups of highly important substrates of the
UMPS makes clear that any dysfunction of one of its components may result
in far-reaching effects in cell physiology, even bringing about states with
clinical significance. It seems, however, that on the one hand the UMPS is
equipped with a high functional redundancy that renders defects remaining
hidden, or, on the other hand, that defects when inborn are lethal. This may
found the reason for our still very fragmentary and incomplete knowledge of
diseases resulting from disturbances in the UMPS.
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2.2 Diseases caused by dysfunction of the UMPS

Among the few human disorders known to result from a defect in the
UMPS, Angelman Syndrome (AS) is the one most clearly characterized.
This rare inborn neurological disease is characterized by mental retardation,
seizures, ataxia, abnormal gait and inappropriate laughter. Genetic studies
revealed abnormalities of chromosome 15 (region 15 q 11-13) in AS patients
(Williams et al 1995), and in 1997 two groups found frame shift mutations
in a gene (UME3A) located in this region coding for an E3 enzyme of the
UMPS in a special subgroup of AS patients (Kishino et al 1997, Matsuura et
al 1997). The E3 enzyme truncated due to these mutations had been named
earlier E6-associated protein (E6-AP), E6 being a protein of certain human
papilloma viruses forming a complex with E6-AP and this complex then has
an E3 ubiquitin-protein ligase activity that inactivates p53, the notable tumor
suppressor gene product. How the loss of this special ubiquitin ligase leads
to AS symptoms is still not at all understood, but there is a Drosophila gene
called bendless that may be helpful in unraveling this problem. The gene
product of bendless is an E2-type ubiquitin-conjugating enzyme with a role
in synaptic connectivity among a subset of neurons and seems involved in
the development of the visual system, mutant flies present with
abnormalities in axon guidance and neuronal connectivity (Oh et al 1994).

In mice a strain designated with a mutation in another ubiquitin-
protein ligase gene (Itch) has been described, coding for a novel member of
E3 enzymes (Perry et al 1998). The mutated mice develop a spectrum of
immunological diseases varying (in dependence on the genetic background)
from inflammatory disease of large intestine to pulmonary chronic interstitial
inflammation with alveolar proteinosis, inflammation of the glandular
stomach and skin scars due to constant itching, combined with hyperplasia
of lymphocytes, hematopoietic cells and the forestomach epithelium. As to
the biochemical pathways involved in development of this multitude of
symptoms the discussion invokes cytokine pathways involving GM-CSF, Kit
and interferons It is easy to forecast finding patients with similar
symptoms due to mutations in the human gene homologue, the more so since
ligand dependent polyubiquitination of receptor tyrosine kinases of several
growth factors e.g. PDGF and EGF, CSF-1, FGF with subsequent
internalization forms a pathway of growth factor activity regulation (Mori et
al 1995, Miyazawa et al 1994) and degradation.

Other plasma membrane molecules degraded in ubiquitinated form
include the T cell antigen receptor subunit, the c-kit receptor and also
membrane channel molecules (Hicke 1997). The epithelial channel
(ENaC) plays a major role in sodium transport in kidney and other epithelia
(colon) as well as in regulating blood pressure. It is composed of three
homologous subunits that all consist of two transmembrane domains, a
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large extracellular domain and two short cytoplasmic tails. Each of the three
subunits possesses two conserved proline-rich sequences (P1 and P2) in their
C-terminal intracellular tails forming an interaction region for a ubiquitin-
protein ligase (E3 enzyme) related to the E6-AP mentioned above and
regulating the normal turnover of ENaC via proteasomal degradation. This
E3 enzyme has been named Nedd 4 and contains (in human) four so called
WW domains, regions which, like SH3 domains, bind to proline-rich
sequences and thus bring the active site (the so-called hect domain
homologous to the E6-associated protein carboxy terminus) in close
proximity to ENaC, facilitating its ubiquitination. Genetic linkage analysis in
patients with Liddle's syndrome, a hereditary form of systemic hypertension
characterized by hyperactivity of ENaC has revealed the locus encoding or

subunits of the sodium channel linked to the disease. Mutations introducing
premature stop codons or frameshift mutations in these patients lead to
deletion of the P2 domains in or subunits of ENAC resulting in inhibited
degradation due to abrogation of binding of Nedd and hindered
ubiquitination. Accordingly, in this disease the defect is not in one of the
components of the UMPS but in a substrate of special relevance to be
degraded by this system.

A similar situation is found in cystic fibrosis, a disease caused by a
mutation in the gene encoding an epithelial chloride-channel, called cystic
fibrosis transmembrane conductance regulator (CFTR). The mutation in
most of the cases is deletion of a phenylalanine from a
cytoplasmically localized position of CFTR. CFTR molecules fail to
fold correctly, resulting in retention and degradation in a pre-Golgi
compartment that has been defined later as the UMPS (Ward et al 1995).
The mutated CFTR molecules, however, when forced under special cell
culture conditions to be expressed at the cell membrane will form functional
cAMP-activated chloride channels, the mutation therefore does not
necessarily interfere with the function of CFTR but rather serves to target it
exclusively into the UMPS degradative pathway.

The detailed study of this and other proteins originating in the ER and
being degraded by proteasomes in cytosol as evidenced by using inhibitors
of the proteasome resulting in reduced degradation of e.g. MHC class I
heavy chains or T cell receptor chains, resulted in the conception that the
translocation machinery of the ER can be used for export and for import of
proteins bidirectionally (Sommer and Wolf 1997, Brodsky and McCracken
1997).

One other aspect should still be mentioned in connection with ubiquitin-
dependent internalization of plasma membrane proteins: in yeast and
mammalian cells, a number of such proteins will only be mono- or di-
ubiquitinated and their degradation then takes place not via proteasome but
in the endocytic compartment. An additional signal is phosphorylation of
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special serine residues (Hicke 1997). All the about 10 mammalian signaling
receptors that have been shown to be ubiquitinated at the cell surface span
the membrane a single time and are themselves tyrosine kinases or are linked
to tyrosine kinases. It remains to be shown if this is a discriminative
characteristic leading to their degradation in the endocytic compartment.

Muscle protein turnover is a physiological process where protein
substrate amounts of many grams every day are degraded and resynthesized.
Investigations in several rat models but also of human muscle biopsies led to
the conclusion of enhanced UMPS activity as reason of increased protein
degradation in a number of diseases like renal tubular defects, acute and
chronic uremia, neuromuscular diseases and muscle immobilization, burns,
diabetes, sepsis, AIDS and cancerous cachexia, starvation and eating
disorders (Mitch and Goldberg 1996, Hasselgren and Fischer 1997). The
biochemical adaptations in the UMPS observed under these conditions
include increase of levels of mRNA encoding proteasome subunits and
ubiquitin as well as of the rate of ubiquitin conjugation due to increased
activity of E2 and E3 enzymes. Additionally, from experimental and clinical
studies in this field much could be learned about regulatory factors of the
UMPS, including glucocorticoids, insulin, thyroid hormone and cytokines
(TNF, IL-1, IL-6, IFN). There exist rather specific inhibitors for the
proteasome (Mitch and Goldberg 1996, Rock et al 1994) whose clinical
application in consideration of other essential cellular processes (e.g. cell
division, see below) inhibited in parallel still does not seem to have been
tested clinically.

By far not as clearly understood is the role of ubiquitinated proteins
found in intraneuronal or glia cell inclusions in neurodegenerative diseases
of different origin, including Pick’s, Alzheimer’s, Creutzfeldt-Jabob and
Parkinson disease, Amyotrophic lateralsclerosis, progressive supranuclear
palsy and others (Alves-Rodrigues et al 1998). Among the proteins
colocalizing with ubiquitin immunoreactivity are the intermediate filament
network, vimentin, heat shock proteins, neurofilaments, the tau protein,
ataxin 3, huntingtin, and prion protein. The factors supposed leading to
occurrence of ubiquitinated inclusions in no case are really clear. Reactive
oxygen species and other stress factors but also neurotoxic compounds may
inhibit the normal elimination of ubiquitin-protein deposits or may lead to
structural changes in the substrate proteins rendering them inaccessible to
UMPS degradation. The latter may be true in Huntington’s disease, where
the proteins huntingtin and ataxin-3 have long polyglutamine extensions
promoting the formation of nuclear aggregations causing formation of
insoluble fibrils. Similarly in some cases of Parkinson’s disease a mutation
in the protein synuclein (Ala53Thr) might be the cause of aggregate
formation instead of degradation via UMPS. Such observations show
aggregations of aberrant ubiquitinated proteins as a characteristic of many
neuropathologies, and as a common age-related phenomenon of the brain,



356 Peptidases and peptidase inhibitors in the pathogenesis of  disease

but it remains yet unresolved if they are cause or consequence of the diseases
in which they are observed.

The presence of 26S proteasomes in nuclei has been demonstrated
already many years ago, and some nuclear proteins as possible substrates
have mentioned just in the last paragraph. The UMPS, however, is involved
in cell cycle control much more directly than these observations suggest
(King et al 1996). Namely, there are two steps in the cell cycle directly
influenced by ubiquitin-dependent proteolysis. The first one is the
progression of a cell from G1 to S that utilizes an E2 called cyclin-dependent
kinase(CDC)-34. This ubiquitin conjugating enzyme participates in the
destruction of several proteins, including the G1 cyclins CLN2 and CLN3,
the crucial substrate, however, is an inhibitor of a cyclin-dependent kinase
called SIC1. This protein has to be degraded for cell cycle to progress form
G1 to S as studies in yeast have revealed, substrate-specific phosphorylation
of SIC1 by CDC28 being the triggering reaction for ubiquitination of SIC1
by CDC34, followed by destruction of the inhibitor. The active S-phase
CDK then initiates DNA replication. The second reaction in cell cycle
involving UMPS is mitosis, where the metaphase-anaphase transition is
regulated by a large E3 complex, known as the cyclosome or the anaphase-
promoting complex (APC). APC becomes activated during G2 by
maturation promoting factor (MPF), a cyclin-dependent kinase composed of
cyclin B and CDC2. APC then degrades two non-cyclin proteins (CUT2 and
PDS1) as well as cyclin B and the cell cycle can promote through anaphase
to telophase.

It is easy to imagine that deregulations of the cell cycle may result in
deleterious proliferative states like neoplasia. Regulation of cell cycle
progression according to these results very intimately involves the UMPS.
Thus it is not surprising to find the UMPS also involved in deviations of this
regulation, namely in tumorigenesis. There are two observations bringing
special cases of this process in connection with this degradative system. The
first one is the tumor suppressor p53, being regulated by the UMPS and its
involvement in viral tumorigenesis. Some cancers of the cervix uteri are
caused by human papilloma viruses (HPV16 and 18), obviously due to p53
ubiquitination by means of the above-mentioned E6/E6-AP protein complex
and followed by p53 degradation (Huibregtse et al 1998). As a consequence,
the “safeguard of the genome”, p53, is lacking and this paves the way to
tumor development. The other example is provided by the observation in
colorectal carcinomas of an inverse correlation of the levels of the cell cycle
inhibitor p27 and the median survival time of patients (Loda et al 1997). It
could be shown that low p27 expression in tumor material was due to high
degradative activity of UMPS for p27. This supports the suggestion that
aggressive colorectal carcinomas may originate from tumor cell clones
lacking p27 due to increased proteasome-mediated degradation and very
directly points to the pathogenetic potential of the UMPS. In the years
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coming, very probably we will see still more examples of this kind of
disturbances under involvement of this special degradative system.

3. PROTEASE-ANTIPROTEASE-IMBALANCE IN
INFLAMMATORY DISEASES

The causal involvement of proteases in the pathopysiology of diseases is
often related to a disturbed balance between the proteolytic activities and the
specific inhibitory potential. However, the latter is of relevance in most of
the cases given in table 1. Impressive examples for protease-antiprotease-
imbalances with wide spreading consequences are found in inflammatory
processes. At foci of inflammation, endopeptidases, under physiological
conditions mostly active lysosomales, are released in large amounts from
infiltrating leukocytes as well as several specific tissue cells belonging to the
reticoendothelial system. Especially two classes of those proteases - namely
PMN-derived proteases and matrix metalloproteinases - are thought to play a
crucial role at sites of inflammation by degrading matrix proteins and
processing regulatory relevant bioactive polypeptides.

3.1 Imbalance between PMN-derived neutral serine
proteases and their inhibitors in locally restricted
inflammatory processes

It is a well-known fact that acute inflammatory processes are
accompanied by a massive infiltration of activated polymorphonuclear
granulocytes (PMN) into the damaged or infected tissues. These cells are
characterized by a broad proteolytical equipment - cell surface bound
proteases as well as lysosomal serine, cysteine and metalloproteinases.
Among these enzymes the neutral serine proteases elastase, cathepsin G and
proteinase 3 seem of particular relevance, because they are active at
physiological pH values and are, in contrast to the other above mentioned
protease groups, stored in granules and released therefrom as mature active
enzymes in very high amounts during activation or disruption of neutrophils
(for review see: Bieth 1999, Salvesen 1999, Hoidal 1999). However, the
major physiological function of these enzymes was believed to be the
intralysosomal degradation of phagocytozed microorganisms and tissue
debries. Beyond this, an involvement in the migration of neutrophils through
the endothelial cell layer, the basement membrane or through the tissue is
controversially discussed (Steadman 1997).

Several highly potent endogenous inhibitors protect cells and tissues
from the deleterious effects of excess extracellular PMN-protease activity:
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The acute phase protein -protease inhibitor synonymous
is a highly potent irreversible plasma inhibitor of these

enzymes. Another prominent member of the familiy of serine proteases
inhibitors - shortly designated as serpins - -antichymotrypsin is
one of the physiological inhibitors of cathepsin G. A further excellent
inhibitor of elastase and cathepsin G, but not of proteinase 3, the secretory
leukocyte proteinase inhibitor (SLPI) was originally described as inhibitor in
the respiratory epithelium, but it is also produced by other cells types and is
present in the plasma and other body fluids (Jin 1997, Ohlsson 1997,
Denison 1999, Wiedow 1998 ). Elafin, primarily detected in the skin and the
lung, is a low molecular weight elastase inhibitor with a unique structure, not
related to the serpin family (Tsunemi 1992; for review: Molhuizen 1995). A
smaller fraction of elastase was shown to be bound to the 750kDa
macroglobulin The inhibitory potency of remains
controversial, not least since recent data indicated that complexed
elastase retained its cartilage destroying activity in rheumatoid arthritis
(Moore 1999). Beyond these inhibitors, several cytoplasmatic protease
inhibitors, e. g. from disrupted or dying neutrophils, are believed to gain also
importance in later phases of the inflammatory process (Scott 1999).

Although this strong inhibitory potential exists, there is no doubt that
PMN-proteases from cells released can escape from inhibition at sites of
inflammation. However, numerous animal and in vitro studies provide
several lines of evidence for a crucial role of these proteases in the
proteolysis of host proteins at sites of inflammation. Despite of the wealth of
available information about the biochemistry of the PMN-serine proteases
and their natural inhibitors, the mechanisms how these proteases can act in a
surrounding full of highly potent inhibitors, have been elucidated just in the
last few years. Additionally, the detection of free active elastase and
cathepsin G at sites of inflammation as well as the detection of specific
matrix protein digestion products indicated clearly that the effective protease
inhibitor concentration may be insufficient under certain circumstances
(Hawkins 1968, Jochum 1999). The following paragraphs summarize shortly
the recent knowlegde concerning these mechanisms.

3.1.1 Proteinase release during “frustrated phagocytosis”

Excessive amounts of granule proteins, inclusive proteolytic enzymes,
are released during the so called „frustrated phagocytosis“ at surfaces inside
the body, such as the glomerular basement membrane or the joint cartilage.
It has been suggested that between the attached PMNs and the surface a
protease inhibitor-free lumen is formed, allowing an unrestricted action of
released PMN-proteases by spatial segregation from the surrounding
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inhibitory potential. Moreover, histological investigations in rheumatoid
arthritis revealed that with progressive erosion clefts are formed in the
cartilage, where extracellular proteases are not accessible for high molecular
weight inhibitors (Janoff 1976).

3.1.2 Membrane rebinding of released proteinases

Elastase, proteinase 3 and cathepsin G released into the surrounding
medium have been shown to re-bind to variable extent to the cell surface of
neutrophils possibly because of their cationic property (Owen 1995,
Bangalore 1994). Recent reports suggest that the membrane binding of
elastase is differentially regulated by cytokines (Cepinskas 1999). Once
attached to the plasma membrane or membrane pieces, these enzymes have
been shown to be remarkably resistant to inhibition by the naturally
occurring protease inhibitors (Owen 1995). Thus, the membrane binding of
the enzymes focuses and preserves their catalytical activity in the immediate
pericellular microenvironment. The same holds true for the inhibition of
elastase bound to joint cartilage, which was also found to be poorly inhibited
by high molecular weight serine protease inhibitors (Kawabata 1996).

3.1.3 Local effects of proteinase inhibitors

Whereas most of the serpins are abundantly present in the circulation, in
inflamed extravascular sites the concentrations of functional PMN protease
inhibitors have been described to be much less
abundant. Despite of the upregulated production of these inhibitor proteins
by hepatocytes during an acute phase reaction, it is likely that the local
concentrations at sites of inflammation do not reach values high enough for
the complete inhibition of serine protease activities. However, whether a
local or SLPI production, recently shown to be inducible in lung
epithelial cells or neuronal cells, is really sufficient to augment the effective
antiprotease defence, is unclear as yet (Boutten 1998, Carlson 1988).
Moreover, in Heliobacter pylori infection, the local SLPI induction was
found to be impaired (see Nilius et al this book ch. 45).

3.1.4 Inactivation of proteinase inhibitors

In addition, the local antiprotease deficiency is strenghtened, because
naturally occuring inhibitors were found to be inactivated by oxidative
modification or proteolytic degradation at sites of inflammation. Travis and
Salvesen discovered in the early 80ies that the oxidation of  the methionine358

residue of the molecule led to a dramatic slowing of the association
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with elastase (Travis and Salvesen 1983). Moreover, the affinity of the
protease-inhibitor interaction was found to be considerably reduced. Similar
to the other above mentioned serine protease inhibitors were found to
be susceptible to oxidative inactivation (Wu 1999, Vogelmeier 1997, Abbink
1991). Thus, oxygen free radicals amplify the PMN-protease catalyzed
proteolysis in a synergistic manner. Moreover, the oxidative modification of
serpins has been described to lead to an increased susceptibility to
proteolytic cleavage. However, many of the endogenous serine protease
inhibitors have been shown to be proteolytically inactivated: SLPI is cleaved
by proteinase 3 (Rao 1993) but was originally described to be more resistant
against inactivation than (Axelsson 1988). is inactivated by
elastase, is inactivated by stromelysin or matrilysin, by elastase
(Winyard 1991, Sires 1994, Baumstark 1970) to mention only some
examples. Particularly in bacterial infections, also bacterial proteases were
suggested to be involved in the rapid inactivation of endogenous protease
inhibitors (Draper 1998, Nelson 1999). Taken together, these mechanisms
may lead to a dramatic reduction of the local inhibitory potential just at the
time,when the PMN protease release reaches maximal levels.

3.1.5 Genetic variants of proteinase inhibitors

PMN-protease mediated tissue injury was found to be more pronounced
in patients with dysfunctional genetic variants of the acute phase protein
PI. Whereas the vast majority of humans have the normal M form, some
carry the so-called Z gene variant (heterozygote PiSZ with moderate
deficiency, homozygote PiZZ with severe deficiency). The mutantion affects
the conformation of the reactive center loop. The substitution of the
positively charged residue for a negatively charged glutamic acid in
this loop led to an aggregation of in the endoplasmatic reticulum of the
hepatocytes and subsequently to a reduced secretion into the plasma (for
review see: Lomas 1993, Norman 1997). Comparable less active genetic
variants were described for other serpins such as C1-inhibitor and
antithrombin. The genetically determined -defiency was found to result
in a more rapid progression and aggravation of inflammatory diseases
associated with PMN-mediated tissue destruction, such as vasculitis or
inflammtory lung disorders (Esnault 1997, Norman 1997).

3.2 Actions of inefficiently inactivated PMN proteases

As mentioned at the beginning of this part of the review, a major
physiological function of PMN-serine proteases is commonly thought to be
the intralysosomal degradation of engulfed cell debries or microoroganisms.
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Considering the acidic pH value within the phagolysosomal compartment,
the question was raised, to what extent such neutral proteases indeed may act
under these conditions. Consequently, it was hypothesized that the
extracellularly released neutral serine proteases may be of particular
regulatory relevance at local sites of inflammation (Henson 1992). Until
now, special emphasis was given to the deleterious potential of PMN serine
proteases at foci of inflammation attributed to the matrix degrading activity
of these proteases. A broad spectrum of inflammatory disorders was
identified to be accompanied by tissue destruction and remodelling caused
by excess of extracellular PMN-protease activity. Most prominent examples
are the adult respiratory distress syndrome (ARDS), pulmonary emphysema,
cystic fibrosis, rheumatoid arthritis, autoimmune vasculitis and periodontal
disease (for review see Heinzelmann, 1999; Pillinger 1995, Edwards 1997,
Birrer 1993).

Besides the degradation of several extracellular matrix proteins, these
enzymes have been reported to cause the detachment and lysis of intact cells
(Ballieux 1994, Venaille 1998). Moreover, the induction of apoptosis by
these proteases has been described (Yang 1996, Taekema-Roelvink 1998,
Bird 1999). On the other hand, however, there is increasing evidence that the
extracellular release of PMN-proteases has not only detrimental, destructive
aspects. With respect to the matrix protein-degrading activity of PMN-serine
proteases it has to be considered that the elimination of damaged tissue
structures is one of the intrinsic preconditions for wound healing processes.
Moreover, besides the degradation of matrix proteins numerous bioactive
polypeptides have been identified as substrates for PMN-proteinases,
supporting the hypothesis of an active regulatory role in inflammatory
processes (Jochum 1999, Machovich 1990). However, in most cases the
putative pathophysiological consequences of the processing of bioactive
proteins are difficult to assess, or are double-egded with respect to certain
situations. Whereas the cleavage of several proteins of the coagulation and
fibrinolysis cascades by PMN-proteases was suggested to cause the
induction of life-threatening conditions such as the disseminated
intravascular coagulation (Horbach 1999; Samis 1998), the activation of the
complement factors has been considered to be benefical in light of the body´s
fight against pathogens (Doering 1994).

Most interesting are results accumulated just in the last couple of years
concerning the processing of several components of the cytokine network.
Here, PMN-serine proteases were found to interfere in manifold manner.
Various active proinflammatory cytokines such as tumor necrosis factor-

the neutrophil-activation peptide-2 (NAP-2), interleukin (IL)-8,
or IL-6 (IL-6) have been identified as substrates of PMN-serine

proteases (Scuderi 1991, Nortier 1991, Padrines 1994, Leavell 1997, Bank
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1999). The degradation of these cytokines by these enzymes was found to be
accompanied by a loss of bioactivity and is thereby limiting the activating
potency of these factors in inflammation. Since most of these
proinflammatory cytokines are potent stimulators of neutrophil protease
release, their inactivation could be considered in sense of a direct feedback
mechanism. Interestingly, the combined inactivation of IL-6 and was
recently shown to result in the complete prevention of the acute phase
response induction (Bopst 1998). On the other hand, recently published
reports indicate that active PMN-derived serine proteases play a crucial role
in the proteolytic control of cytokine or growth factor availability by
catalyzing the release of mature active cytokine molecules from the
membrane or of matrix bound inactive precursors. This was reported for
TNF-α, IL-1ß, IL-18, basic FGF (fibroblast growth factor), NAP-2,
transforming growth factor- and several forms of latent transforming
growth factor- (Mueller 1990, Brandt 1991, Car 1991, Robache-Gallea
1995, Csernok 1996, Coeshot 1999, Rifkin 1999). In this activation process
proteinase 3 seems to play an outstanding role, even though it shares many
characteristics with neutrophil elastase. However, in spite if the narrow
substrate specificities of proteinase 3 and elastase, only proteinase 3 is
highly potent in processing the inactive preforms of TNF-α  and IL-1ß to the
bioactive proteins. It has been assumed that this pathway, alternatively to the
release of the active cytokines by the specific converting enzymes TACE
and ICE, is particularly operative at sites of inflammation (Coeshott 1999).

Beyond that, PMN-proteases have also been suggested to be involved in
the solubilization of ligand-binding ectodomains from membrane-bound
cytokine receptors, such as the 75 kDa TNF-receptor, the IL-6 receptor gp80
chain, or CD25, the IL-2 receptor chain (Porteu 1991, Bank 1999). This
seems to represent an alternative shedding mechanism, complementary to the
activation-dependent shedding by specific membrane-bound secretases under
certain conditions. Importantly, in contrast to the shedding by these specific
cellular metalloproteinases (predominantly not identified until now) the
release of ligand-binding cytokine receptor ectodomains by PMN serine
proteases is not dependent on the activation status of the receptor-bearing
cell. A number of other membrane-bound proteins such as the T cell antigens
CD2, CD4 and CD8, the adhesion molecules ICAM-1, the monocytic LPS-
receptor CD14, and the anti-adhesive protein CD43, were reported to be
cleaved specifically by PMN-serine proteases (Doering 1995, Bank 1999,
Champagne 1998, Le-Barillec 1999, Remold-O'Donnell 1995) Taken
together, these fascinating results indeed suggest that PMN-proteases possess
a regulatory role by participating in the multiple control mechanims for the
action of polypeptide effector molecules, particularly at local sites of
inflammation.
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3.3 Imbalances between matrix-metalloproteinases and
their natural inhibitors

Matrix metalloproteinases (MMP) are key enzymes in normal and
pathological tissue. Like the PMN serine proteases they are thought to play a
prominent role in inflammation-associated tissue destruction, since
macromolecules of the extracellular matrix are the main MMP substrates. As
already described in detail for the lysosomal serine proteases, it is again the
balance between the MMPs and their natural inhibitors, which is important
for a tightly regulated physiological action of these proteases (cf. Kekow et
al this book ch. 47).

Extracellular MMP activities are controlled by a family of reversible-
binding inhibitors, endogenous tissue inhibitors of metalloproteinases -
called TIMPs. Until now, four members of this inhibitor family have been
characterized, which possess close structural similarities (for review see
Gomez 1997). Imbalances between MMPs and TIMPs were found to cause
an accelated degradation of matrix proteins in inflammation, chronic
degenerative diseases and in tumor invasion. The following shortly
summarized mechanisms have been suggested to result in a disturbed
protease-inhibitor-balance:

3.3.1 Increased expression and/or release of MMPs

Under certain pathophysiolocal conditions an increased expression and
release of MMPs was observed. In inflammation, this is closely associated
with an elevated invasion of activated leukocytes into the tissue. In cancer an
overexpression of MMPs by tumor cells in the invasion front has been
reported (recent review Kleiner 1999). As suggested in one of the following
chapters (Gottschalk et al this book ch. 49), the pathogenesis of
endometriosis, a benign gynecological disorder, accompanied with the
emigration of endometrium cells, is caused by an overexpression of MMP-1
(and a simultaneous TIMP deficiency).

3.3.2 MMP activation cascades

Since the MMPs are secreted as inactive proenzymes, they have to
become activated by limited proteolysis. Therefore, the MMP activation
cascades are critical elements in the control of MMP activities. In
inflammatory processes, for instance, elevated activities of MMP activating
proteases, among them the neutrophil serine proteases, were detected, which
consequently causes an local excess of active MMPs (Ferry 1997, Capodici
1989).
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3.3.3 Influence of cytokines on MMP secretion

While the secretion of MMPs and TIMPs is often coordinately regulated,
some cytokines and other bioactive factors have been shown to differentially
regulate the expression and release of MMPs and TIMPs. To mention only
one very recently published example of a cytokine-induced imbalance, IL-8
was recently reported to inhibit the local TIMP-1 expression in
arteriosclerotic plaques, thereby leading to a local imbalance between MMPs
and TIMPs (Moreau 1999).

In cancer, the putative relationship of a reduced TIMP expression with an
increased invasive and metastatic potential is a matter of controversial
discussion (Gomez 1997). On the other hand, the age-related impairment of
a TIMP-1 and -2 upregulation in skin wounds, is believed to be causal for a
retarded wound healing and might explain the predisposition of the elderly
for chronic wound heling disorders (Ashcroft 1997)

3.3.4 Inactivation of TIMPs

Like the serpins, TIMPs were found to be inactivated by oxidative
modification or proteolytical degradation. Because of their special structural
features (functionally important disulphide bonds), TIMPs were found to be
highly susceptible to inactivation by several reactive oxygen metabolites
produced in large amounts at sites of inflammation. (Striclin 1992, Fears
1996, Shabani 1998). Moreover, various non-target proteases have been
described to catalyze the degradation of TIMPs, which is associated with a
subsequent loss of their MMP inhibitory and anti angiogenic potency. Very
recently cathepsin B was found to cause the fragmentation of the two major
MMP inhibitors TIMP-1 and TIMP-2 (Kostoulas 1999). Interestingly,
neutrophil elastase was demonstrated to be the only protease which is
capable of inactivating TIMP-1 complexed with pro-MMP-9. The
complexation of TIMPs was described to stabilize their structur and, thereby,
potentiating their inhibitory activity toward active MMPs (Itho 1995).

3.4 Protease inhibitors in therapy

Since there was already obtained early strong evidence that under
pathophysiological conditions a complex network of active serine proteases
and MMPs causes unspecific tissue breakdown or the induction of
biochemical disregulations, much effort has been made to develop strategies
for limiting excessive proteases activities (Travis 1991, Wieczorek 1999).
Interestingly, first clinical trials have been done already in the seventies
(Varava 1976). In view of the strong tissue destructive potency of PMN-
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derived elastase (plus cathepsin G and proteinase 3) the clinical studies
focused on the augmention of the anti-elastase defense shield. Two main
strategies were followed: the development of synthetic low molecular weight
inhibitors or the supplementation of natural inhibitors produced as
recombinant proteins, probably in a modified form. Indeed, in numerous
experimental and animal studies the protective potency of a supplementation
with naturally occuring serine protease inhibitors such as and SLPI,
was clearly demonstrated. Consequently, the replacement has beenin
use in the therapy of PMN-dominated acute inflammatory processes or
chronic degenerative diseases already for a couple of years. However, while
some preliminary results are promising (Doering 1999, Stiskal 1999), the
antiprotease therapy has been realized to be associated with some unresolved
problems. This includes their real availability at sites of excessive protease
activity, their pharmacokinetics, their specificity, the potential antigenicity,
and other aspects. To take up one major point, it became evident that the
way of application is of particular importance for a successful restoration of
the protease-antiprotease balance at local sites of PMN protease induced
tissue destruction. Especially good results are obtained with the local
application of elastase inhibitors, for instance as aerosols in degenerative and
inflammatory lung diseases such as empysema or cystic fibrosis (Doering
1999, Dirksen 1999). On the other hand, it was also reported that the aerosol
therapy is most beneficial for well ventilated lung tissue, but may be
insufficient to neutralize elastase in poorly ventilated, highly inflamed areas
as are seen in cystic fibrosis (Stolk 1995) . Another example of a locally
restricted application is the usage of serine protease inhibitors in peritoneal
lavage (Berling 1998). Additionally, as a new approach of synthetic elastase
inhibitors the binding of inhibitor molecules on wound dressings was
recently suggested (Edwards 1999) .

Until now, no substantial side effects of the replacement therapy
have been described (Vogelmeier 1997a). Nevertheless, using recombinant
natural proteinase inhibitors in long-time therapy of -deficiency, the in
vivo formation of anti-inhibitor antibodies, as known for the therapeutic
application of recombinant cytokines, could raise problems.

To overcome the above described problem of a rapid oxidative
inactivation of natural inhibitors in the replacement therapy, it has soon been
suggested to use genetically modified, nonoxidizible inhibitor mutants which
retain their inhibitory properties to a large extent (Courtney 1985, Travis
1991). With respect to the oxidative inactivation of protease inhibitors, it is
most interesting that recent studies indicate that rSLPI not only induced an
increase of the elastase inhibitor potential, but also improved the antioxidant
protection by raising glutathione levels in vivo (Gillisen 1993, Vogelmeier,
1996). However, not only for this reason, rSLPI seems to provide unique
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therapeutic opportunities: this protein was recently reported to have -
independent of its inhibitory function - a broad spectrum antibiotic activity
that includes antiretroviral, bactericidal, and antifungal activity (McNeely
1997, Tomee 1998, Song 1999). However, the same has recently been found
to hold true for the serine protease inhibitor Elafin (Simpson 1999).

With respect to the limitation of excessive MMP activities in
degenerative and malignant diseases experimental studies as well as clinical
trials have produced encouraging results, which are, however, prone to some
pitfalls (Blavier 1999, Drummond 1999, Greenwald 1999, Kumagai 1999).
Surprisingly, there is only one MMP inhibitor clinically available for
therapeutic use to date. However, experimental studies and first clinical trials
using synthetic as well as natural MMP inhibitors have confirmed a reduced
tendency of tumor spread and metastasis (for review see Wojtowicz-Praga
1997, Jones 1999, Blavier 1999) or revealed a protective effect in
degenerative diseases such as asthma or rheumatoid arthritis (Kumagai 1999,
Allaire 1998, DeBri 1998).

Since most of the endogenous inhibitors, like or TIMP-1 are
inhibitors of a set of proteases, it is a point at issue whether the therapy with
such broad-spectrum“ inhibitors might have unexpected side effects by
blocking not only detrimental but also physiologically essential proteolytic
pathways. This is one of the reasons for the effort made in the development
of highly potent, but more specific synthetic inhibitors for an effective
therapeutical control of protease activities (Shinguh 1998, Wieczorek 1999,
Jones 1999). Additionally, specific inhibitory substances from
microorganisms, plants or animals (such as annelidae) are currently under
investigation for their utility in reducing excessive proteolytic activities. And
not least, the gene transfer via viral vectors is currently dicussed as one of the
future concepts of inhibitor therapy in patients with deficiency (Blank
1994, Allaire 1998, Eckman 1999). Despite of the recent successes in using
protease inhibitors for limiting excessive protease activities, future work
focuses on the circumvention of the present limitations of this therapeutic
strategy (Greenwald 1999)

4. CYSTEINE PROTEINASES IN TUMOR
PROGRESSION

The transition from a benign to a malignant tumor is defined by the
ability of tumor cells to invade local tissues at the primary site and to cross
natural barriers, e. g. the extracellular matrix, basement membranes,
intercellular junctions, and interstitial stroma (Mignatti and Rifkin, 1993).
During metastasis, single tumor cells must detach from the tumor mass to
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become mobile. At first, they penetrate the basement membrane and invade
the stroma of the surrounding tissue (invasion). Capillary endothelial cells
invade the tumor (angiogenesis), and tumor cells enter the blood vessels
(intravasation). Some of these malignant cells arrest at a distant vascular bed,
extravasate, and form metastatic colonies at sites distant from the primary
tumor (Stracke and Liotta, 1995).

The degradation of extracellular matrix (ECM) components is a crucial
step at all these stages. A variety of proteolytic enzymes can degrade such
components, e. g. collagen, fibronectin and proteoglycans. Besides the
matrix metalloproteases (MMPs) (Polette et al 1998 and Kahari et a, 1990),
the cysteine proteases cathepsin L and cathepsin B (Berquin and Sloane
1994, Yan et al 1998) are reported to be associated with metastasis. These
proteases appear to act in a cascade manner together with serine proteases
and the aspartic protease cathepsin D.

4.1 Cathepsins B and L

Cathepsins B and L are lysosomal endopeptidases which belong to the
cysteine protease class. They are widely distributed and participate in the
intralysosomal degradation of molecules taken up from the extracellular
environment.

In tumor cells, alterations at one or more of the levels that regulate
cysteine protease biosynthesis lead to an upregulation, membrane
association, and secretion of cathepsin B. Extensive studies on the cysteine
protease expression in different cancer types, including melanoma and
carcinoma of the lung, colon, prostate and breast revealed an increased
expression of cathepsins B and L (Kos et al 1997, Krepela et al 1998,
Murnane et al 1991, Foekens et al 1998, Friedrich et al 1999). In some of
these tumor entities, both cathepsin B and cathepsin L as well as their
inhibitors reached prognostic significance. Our own results showed that in
chondrosarcoma of bone, overexpression of cathepsin B was associated with
a high rate of local recurrence and decreased recurrence-free survival
(Haeckel, personal communication). Cathepsin L did not reach statistical
significance in chondrosarcomas, whereas in breast cancer an elevated
cathepsin L level was a strong and independent prognostic factor, with an
impact comparable to that of axillary lymph node status and grading
(Thomssen et al 1997). The literature on the expression of cathepsins B and
L in tumors is contradictory. Sampling and methodological differences, the
cellular composition, the extent of macrophage infiltration, and the state of
preservation of the tissue seem to be responsible for the conflicting results.
Further studies on larger patient populations using specific methods are
needed to confirm the results obtained so far (Elliott and Sloane 1996).
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Furthermore, the localization of cathepsins B and L alters as the grade
of malignancy of human tumors increases (Keppler et al 1994, Sloane et al
1994). Proenzyme and/or mature cathepsins B and L can be secreted,
associated with the plasma membrane, or redistributed to vesicular
compartments. Studies using immunohistochemistry and in situ
hybridization found that cathepsins B and L are located at the invasive
edges; furthermore, these studies demonstrated the existence of secreted and
membrane-bound cathepsins B and L in different tumor entities (Frosch et al
1999) and tumor cell lines (Kobayashi et al 1993). It has been shown that
under slightly acidic conditions, for example in peritumoral environment,
secretion of active cathepsin B is enhanced (Rozhin et al 1994). In the case
of cathepsin L, it was suggested that an overproduction of the enzyme
saturates the lysosomal pathway, resulting in secretion of procathepsin L
(Prence et al 1990).

Many studies investigating the role of proteases in tumor progression
have focused on the invasive steps of the metastatic cascade, including the
degradation of basement membrane elements. Both cathepsin B and
cathepsin L are able to degrade extracellular matrix elements either directly
or indirectly by activating other proteases such as the receptor bound pro-
uPA (Kobayashi et al 1991). In in vitro invasion assays, Kobayashi et al
(1992) and Kolkhorst et al (1998) tested several cell lines treated with
protease inhibitors (E-64, CA074, Batimastat) or anticatalytical antibodies.
Decreased protease activity resulted in a reduced invasion of treated cells in
most tumor cell types. Inhibition of migration through matrigel by E-64
shows that cysteine proteases are mainly responsible for these processes.
Treatment with CA074 emphasized the special role of cathepsin B in the
invasion steps of breast carcinoma cells, melanoma cells and ovarian cancer
cells. Overexpression of the specific cysteine proteinase inhibitor cystatin C
in a stable transformed melanoma cell line resulted in decreased motility and
invasion (Sexton and Cox 1997). Similar results were obtained by our group
for human osteosarcoma cells transfected with antisense cathepsin B. The
reduced level of active cathepsin B led to a markedly lower invasion and
motility compared with the parental cells (Krueger et al 1999 and this book
ch. 44). The application of antisense oligonucleotides against cathepsin L
underlined the results obtained for cathepsin B in human osteosarcomas
(Krueger, unpublished) and demonstrated that several proteases act
sequentially or simultaneously in the dissolution of basement membranes.

The spectrum of natural substrates of cysteine proteases, together with
the morphological findings and the results of the in vitro findings in
functional assays, suggest an important role of cathepsin B and cathepsin L
in malignant tumor diseases. The importance of proteases and their receptors
has triggered an extensive search for anti-protease drugs for cancer therapy.
The first results obtained in clinical trials (Rasmussen and McCann 1997,
Parsons et al 1997) are promising.
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5. CONCLUSION

With this review we wanted to present three aspects of proteinases in
diseases, namely (i) the newly energing involvement of the ubiquitin
mediated proteolysis system in a growing number of clinical manifestations;
(ii) the importance of the fine tuning of the delicate balance of PMN
proteases and their inhibitors in inflammatory diseases and (iii) the very
special effects exerted by lysosomal cysteine proteinases on tumour
metastasis and progression. In all three topics during the last few years have
been published surprising new results leading to better understanding of the
normal and pathologic functions influenced by proteolytic enzymes. It is
easy to forecast the continuation of this process, and this makes one curious
what might be the next steps of discovery in this field.
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