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Most bacterial and fungal proteases excreted into
infected hosts exhibit a wide range of pathogenic
potentials ranging from pain, edema or even shock to
translocation of bacteria from the site of infection into
systemic circulation, thus resulting in septicemia. The
basic mechanism or principle common to all these
phenomena is explained by kinin generation, either
directly from high- and/or low-molecular weight kini-
nogens or indirectly via activation of the bradykinin
generating cascade: i.e. Hageman factor = activated
Hageman factor — prekallikrein = kallikrein — high-
molecular weight kininogen = bradykinin. Some bac-
terial proteases are also involved in activation of other
host protease zymogens such as plasminogen, pro-
collagenase (matrix metallo proteases) and proen-
zymes of the clotting system. Furthermore, most bac-
terial proteases are not only resistant to plasma pro-
tease inhibitors of the hosts, most of which belong to
a group of serine protease inhibitors called serpins
(serine protease inhibitors), but they also quickly in-
activate serpins. Some bacterial proteases may also
activate bacterial toxins thus rendering toxigenic pa-
thogenesis. They are also capable of degrading immu-
noglobulins and components of the complement sys-
tem and facilitate propagation of micro organisms. All
in all, microbial proteases are very critical in enhan-
cing pathogenesis of severe diseases. It is also note-
worthy that bacterial cell wall components them-
selves, i.e. endotoxin (or lipopolysaccharide) of gram
negative bacteria and teichoic/lipoteichoic acid of
gram positive bacteria, are also able to activate the
bradykinin generating cascade - involving activation
of Hageman factor as mentioned above.
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Introduction

Many saprophytic bacteria produce large amounts of vari-
ous proteases with broad substrate specificity such as
Pseudomonas sp., Serratia sp., Bacillus sp., Clostridia,
Streptococci, Staphylococci, etc. in order to meet nutri-
tional demands, for instance for nitrogen. Another impor-
tant nutritional component is carbohydrate, which is si-
milarly generated by glycosidases such as amylase,
hyaluronidase and others. In culture media poor in free nit-
rogen sources but rich in macromolecular proteins, their
growth potential is very limited without protease produc-
tion (Miyagawa et al., 1991c). By adding either free amino
acids or proteases to such culture media, the growth of
protease deficient strains is enhanced (Miyagawa et al.,
1991b, c). On the other hand, many enteric bacteria are
habitants in the environment (the intestine) which is rich in
nutritional supply, and hence protease production could
be minimal if any. However, without the production of pro-
teases their pathogenic potentials were found to be much
lower or even minimal as described below (Kamata et al.,
19854, b; Miyagawa et al., 1991a, b, ¢; 1994; Matsumoto
etal., 1996).

Tissue Destruction

A most classic type of the disease mechanism caused by
microbial proteases is the direct digestion and liquefac-
tion of tissues of the infected foci. This was frequently
observed in corneal keratitis caused by Pseudomonas sp.
or Serratia sp. where the tissue lacks blood vessels which
can supply defensive proteins and permit leukocyte mi-
gration.

We have demonstrated the cause-effect relation (or
Koch’s Postulates) of the corneal keratitis using serratial
and pseudomonal proteases. Namely, the protease is the
cause of pseudomonal and serratial keratitis: protease
negative strains of Pseudomonas sp. did not cause the
disease (Holder and Haidaris, 1979; Kamata et al., 1985a,
b; Miyagawa et al., 1991a, b; 1994; Matsumoto et al,,
1996). In this connection we have observed that the broad
specificity protease inhibitor, ovomacroglobulin (structur-
ally homologous to human a,-macroglobulin, obtained
from chicken egg white) inhibited keratitis caused by
Pseudomonas sp. very effectively (Miyagawa et al.,
1991a, b; 1994). Furthermore, a combination of the anti-
protease (ovomacroglobulin) with antibacterial agents in-
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deed resulted in most beneficial outcome in therapy of
Pseudomonas-infected cornea (Miyagawa et al., 1994).

Periodontal disease is another hallmark event in direct
tissue damage and activation of the bradykinin generating
system (Scott et al., 1993; Kaminishi et al., 1993). A
number of proteases are produced by Porphyromonas
gingivalis. Among them a P gingivalis collagenase (94
kDa) which undergoes fragmentation to yield multiple
forms was described by Lowson and Meyer (1992). Other
proteases [cysteine type, called gingipain, and metallo
(Zn**) type] have also been reported (Chen et al., 1992;
Hinode et al., 1991; Scott et al., 1993).

Clostridia sp. are known to produce collagenases
which are so potent that they dissolve even blood vessels
and bleeding would result quickly as they are injected
subcutaneousely, while hemolytic enzymes (lecithinases,
lipases), which are also produced by these bacteria, in-
duce red blood cells lysis. The hemoglobin release results
iniron toxicity (Harber-Weis reaction) forming oxygen rad-
icals which can be envisaged to occur at the site of micro-
bial infection.

In addition to the direct action of microbial proteases, it
is now evident that activation of other tissue damaging
endogenous host protease zymogens by microbial pro-
teases needs to be considered for damaging host tissues.
It is known that fibroblasts, various types of cancer cells
and macrophages can excrete proenzymes such as uro-
kinase-type plasminogen activator (uPA) (Blasi, 1988;
deBruin et al., 1987; Hasui et al., 1989; Marian et al., 1990;
Schlechte et al., 1989; Conese and Blasi, 1995), or matrix
metallo proteases (Blasi, 1988; deBruin et al., 1987; Hasui
et al., 1989; Marian et al., 1990; Matsumoto et al., 1991)
such as fibroblast procollagenase, type IV procollage-
nase, and stromelysins (Nagase et al., 1990; Saari et al.,
1990). These various tissue-derived protease zymogens

|: Microbial proteases |

J

_—

Activated
Hageman factor
(factor Xila)

Hageman factor
(factor XiI)

Microbial proteases

Plasma % Plasma
Prekallikrein > Kallikrein

High molecular wt
Kininogen

are activated by bacterial proteases (Uitto et al., 1989;
Sorsa et al., 1992) as well as other stimuli such as super-
oxide (Weiss et al., 1985; Saari et al.,, 1990) and nitrogen
oxides (reactive nitrogen intermediates) (Okamoto et al.,
unpublished). Activation of plasminogen to plasmin,
which also leads to activation of prekallikrein (and brady-
kinin formation) and of matrix metallo proteases (type IV
collagenase and stromelysin) will cause degradation of
tissue matrix and facilitate bacterial translocation. Plasmi-
nogen is also activated by plasma kallikrein (as described
below) which has been activated by bacterial proteases
(Akaike et al., 1989). Activation of pro-uPA is facilitated by
uPA receptor which exists on the cell surface of tumor
cells, and uPA is neutralized by plasminogen activator in-
hibitor (PAl) (Conese and Blasi, 1995).

Bradykinin Generating Cascade

Bradykinin (BK) is an endogenous peptide which exerts a
wide range of pharmacological, physiological, and patho-
logical effects in animals and man. BK is a nonapeptide
released from high-molecular weight kininogen (HMW
kininogen) due to proteolytic cleavage by plasma kallik-
rein as shown in Figure 1. Plasma kallikrein is generated
from prekallikrein which usually undergoes activation by
activated Hageman factor (activated factor XII, Xlla) (e.g.
Figure 2). Another route which is probably less crucial
is kallidin (decapeptide, Lys-BK) generation from low
molecular weight kininogen (LMW kininogen) by tissue or
glandular kallikreins. Kallidin may be converted to brady-
kinin by removal of the amino-terminal Lys by lysine ami-
nopeptidase.

The most intriguing event in relation to bacterial and
fungal infections is the activation of one or more steps of
the bradykinin generating cascade: activation of either
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Fig.1 Role of Microbial Proteases in Activating Bradykinin Generating Cascade.

Microbial proteases can activate at various steps.
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Fig.2 Activation of Plasma Prekallikrein by Porphylomonas gin-
givalis Protease.

The enzyme (®, 1.0; B, 0.2 ug) was incubated with human
plasma (20 ) in the presence of Z-Phe-Arg-MCA, a substrate for
plasma Kkallikrein. Open symbols indicate the incubation of
plasma with 1 ug of the enzyme in the presence of (O) 1 ug of
SBTI; (O) 2 ug of ay-antiplasmin. Control (A): 1 g of pre-heated
(100°C, 5 min) protease (from Kaminishi et al., 1993, with per-
mission). SBTI does not inhibit P gingivalis protease directly.
Similar data were obtained with other proteases (Molla et al.,
1989a).

Hageman factor and/or prekallikrein and its direct action
on LMW kininogen or HMW kininogen. This explains why
pain and edema occur simultaneously at the site of in-
fection.

The biochemical mechanism of this hallmark event of
clinical manifestation remained rather unclear until about
ten years ago. We have initially demonstrated using serra-
tial 56 kDa protease as a model that the protease activates
the bradykinin generating cascade in mammals (Figure 1
and 2) (Matsumoto et al., 1984; Kamata et al., 19853, b;

Maeda et al., 1992; Molla et al., 1989a). This finding was
confirmed for many other bacterial and fungal proteases,
some of which directly activate prekallikrein (Holder and
Neely, 1989; 1992; Molla et al., 1989a, b; Kamata et al.,
1985b; Kaminishi et al., 1990; 1993; Nelly and Holder,
1990; Yamamoto et al., 1990; Shibuya et al., 1991; Tanaka
etal., 1992; Imamura et al., 1994; 1995), which include va-
rious proteases from gram positive and negative bacteria
such as Serratia, Pseudomonas, Clostridium, Candida,
Bacterioides, Porphylomonas, Staphylococci, Strepto-
myces, Bacillus, Vibrios, Streptococci, etc. (Ta-
ble 1). Some are metallo proteases, others are aspartate
or cysteine proteases, and are produced by both anaer-
obes and aerobes. Universal for all these proteases is acti-
vation of one or more steps in the bradykinin generating
cascade (Figure 1). Some of these proteases can generate
bradykinin in human plasma even in the presence of se-
rine protease inhibitors (Table 1). All of the eighteen micro-
bial proteases which have been examined so far released
bradykinin from purified HMW kininogen directly as well
as from plasma (Molla et al., 1987a; 1989a, b; Kaminishi et
al., 1990, 1993; Maruo et al., 1993; Scott et al., 1993; Khan
et al., 1993) (Table 1). Therefore, we may conclude that
kinin generation is a universal event of bacterial infection
(Maeda et al., 1992). Activation of the bradykinin genera-
ting cascade is triggered not only by microbial proteases
but also by a serine protease derived from house dust mite
(Dermatofagoides farinae) (Maruo et al., 1991; 1993). Fur-
thermore, Holder and Neely (1989; 1990; 1992) showed
that the bradykinin generating cascade is also associated
with thermal burn and pseudomonal infection accompa-
nying burn wounds. Another astonishing fact is that a few
microbial proteases can directly generate bradykinin or
kallidin from LMW kininogen as exemplified by P. gingi-
valis, V. vulnificus and V. cholerae in addition to the mite
(Dermatofagoides farinae) serine protease.

Table 1 Activation of Hageman Factor and Prekallikrein and Generation of Bradykinin by Various Microbial and Mite Proteases.

Protease

Activation of Generation of Generation of Inhibited by
kinin from kinin from

Hf PK HMWKNG LMWKNG CTi SBTI
Serratia56K protease + - + - - -
Serratia60K protease + - + n.d.? - -
Serratia73K protease + - + n.d. - -
Pseudomonas aeruginosaelastase + - + - - —
Ps. aeruginosaalkaline protease + - + - - -
Aspergillus protease + - + - - -
Candidaprotease + - + - - -
Vibrio protease + + + + - -
Subtilisin + + + + - -
Thermolysin + + + - - -
Streptococcus pyogenes protease + n.d. + n.d (n.d.) (+)b
Staphylococcus V8 protease - - + - + +
Streptomyces protease - - + + + +
Df-protease® + + + + + +

See ref. (Maeda and Molla, 1989 and others)

2 not determined, ° (+) weakly inhibited, © mite, Dermatofagoides farinae, serine protease.
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Systemic Effect of Kinin Generation

We (Khan etal., 1993; 1994; Maeda et al., 19964, b; Shin et
al., 1996) showed the critical role of bradykinin generation
in shock induced by pseudomonal and serratial proteases
(Figure 3). Depletion of a;-macroglobulin from plasma en-
hanced sensitivity to septic shock induced by pseudo-
monal elastase (Khan et al., 1994; 1995), and the plasma
levels of Hageman factor and prekallikrein were lowered
by the elastase. In this setting, infusion of ap-macroglobu-
lin (Khan et al., 1994; 1995), or soybean trypsin inhibitor
(SBTI) (with longer plasma half-life due to polymer conju-
gation) (Shin et al., 1996; Maeda et al., 19964, b) resulted
in prevention of shock under conditions similar to sep-
ticemia.

Bacterial dissemination into the systemic circulation is
also greatly enhanced by triggering kinin generation or
suppressed by administration of appropriate protease in-
hibitors or kinin antagonists (Maeda et al., 1993; Shin et
al., 1996; Maeda et al., 1996a, b; Sakata et al., 1996) (Fig-
ure 4). In addition to kinins, plasmin generation is consid-
ered to be a common mechanism of invasive dissemina-
tion by dissolving fibrin clots (Lottenberg et al., 1994). This
evidence supports a potential strategy for treatment of
bacterial infections using appropriate protease inhibitors.

Flu symptoms caused by rhinovirus and influenza virus
infections are now known to be a consequence of kinin
generation (Proud et al., 1990). More recently, various re-
ports showed that periodontal diseases are heavily ac-
companied by kinin production and actions of proteases
(Imamura et al., 1994; 1995; Scott 1993; Travis et al., 1995;
Kaminishi et al., 1993).

Enhanced Kinin Generation in Cancer

Clinical manifestation of edema and pain as well as hy-
poalbuminemia and cachexia in cancer patients may be
also associated with increased kinin generation most
likely triggered by a plasminogen activator (Maeda et al.,
1988; Matsumura et al., 1988; 1991). Using a plasma kal-
likrein inhibitor, SBTI, we tested whether it would inhibit
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Fig.3 Generation of Bradykinin in the Circulation of Rats In
Vivo.
Pseudomonas elastase (0.8 mg/kg) was injected intravenously.
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Fig.4 Bradykinin Facilitates Bacterial Translocation from the
Peritoneal Cavity to the Circulation (Tail Vein) or to the Spleen in
Mice.

Bacteria (Vibrio vulnificus, 3 X 103-colony forming units (CFU) per
mouse, alone or with bradykinin [BK] (100 pg), BK (100 p.g) + kini-
nase inhibitors (Kl) were injected intraperitoneally (i.p.). Kininase
inhibitors used were enalapril and SQ20,881. Kinin receptor an-
tagonist, HOE 140 (100 p.g), was similarly injected i.p. and pro-
duced similar results. CFU (viable bacterial count) contained in
1 mlblood and in 1 g of spleen tissue was counted by colony for-
mation on agar plate after cultivation.

fluid formation in mice bearing ascitic tumors. Indeed,
SBTI inhibited fluid accumulation via suppression of bra-
dykinin generation. However, augmentation of kinin activ-
ity by angiotensin | converting enzyme (ACE) inhibitors,
which inhibit kininase Il, resulted in a higher kinin concen-
tration. These results are in accordance with recent find-
ings and with the fact that B, (bradykinin) receptor antag-
onists (HOE140) also suppress ascitic fluid formation in
mice (Maeda et al., unpublished), which also suggest a
possible beneficial use of kallikrein inhibitors and kinin
antagonists for treatment of cancer patients, at least for
the prevention of debilitation.

Formerly we found a new kinin in mammals, 3[hydroxy-
prolyl]-bradykinin (Hyp-BK), as the dominant form of ki-
nin in ascitic or pleural fluid of cancer patients (Maeda et
al., 1988). In this kinin the proline residue at the 3rd posi-
tion from the N-terminus is replaced by hydroxyproline.
(It was later confirmed that *Hyp-BK also occurs in HMW
kininogen in vivo.) Quantifying the plasma levels of Hage-
man factor, prekallikrein and HMW kininogen, we found
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that all these precursor levels were lower due to activation
or consumption (Matsumura et al., 1988; 1991). In support
of this, bradykinin level in ascitic and pleural fluid caused
by carcinomatoses was highly elevated (Matsumura et al.,
1991), indicating that fluid accumulation is due to bradyki-
nin (and *Hyp-BK). Although the dominant site of kinin ge-
neration is the tumor compartment, levels of bradykinin in
plasma and ascitic/pleural fluid are similarly high due to
rapid diffusion of small molecules into and out of the
tumor compartment, and thus kinin effects are also exer-
ted systemically. This may result in extravasation of fluid
components and of proteins as well as in blood pressure
decrease and hypoalbuminemia in cancer patients, and
perhaps also in cachexia (Matsumura et al., 1991; Maeda
et al., 1996b).

Immune response of cancer patients may result in pro-
duction of various cytokines such as tumor necrosis fac-
tor (TNF), interferon-v, interleukin-1, -2 (IL-1, -2) and other
cytokines. Bradykinin is also known to stimulate release of
TNF, IL-1 etc. from macrophages (Tiffany and Burch,
1989; Vandekerckhove et al., 1991; Ferreira et al., 1993).
It is well known that bradykinin induces nitric oxide syn-
thase (Palmer et al., 1987), which resuits in the extravasa-
tion similar to bradykinin (Maeda et al., 1994).

Bacterial Cell Wall Components and
Activation of the Bradykinin Generating
Cascade

Negatively charged surfaces including glass, bacteria,
acid clay, and liposulfatides can activate Hageman factor
which leads to generation of bradykinin via the contact ac-
tivation system (e.g. Shimada et al., 1985). Gram negative
bacteria contain lipopolysaccharide (LPS), the so called
endotoxin, while gram positive bacteria contain lipotei-
choic acid (or teichoic acid), poly-L-glutamate, poly-ga-
lacturonic acid etc. LPS and teichoic acid derivatives have
been shown to be major stimuli for activation of Hageman
factor and prekallikrein and thus also for kinin generation.
Katori et al. (1989) found that the early phase of hypoten-
sion induced by LPS injection is blocked by SBTI and
concluded that kallikrein plays a role. Similarly, Siebeck et
al. (1993) showed the prevention of endotoxin shock by in-
jection of aprotinin (Trasirol®). Obviously, LPS-induced hy-
potension is due to an increased expression of B receptor
caused by LPS treatment (Siebeck et al., 1989). This hy-
potension could be prevented by kinin antagonists (Wei-
pert et al., 1988). Nagaoka and Katori (1975) reported ear-
lier that extracorporal circulation device is responsible for
kinin formation via activation of prekallikrein during open
heart surgery, and kinin liberation was suppressed by
aprotinin in this case. We have shown that gelatin-conju-
gated SBTI possessing a much longer in vivo elimination
half life than native SBTI could suppress hypotension and
shock more effectively than native SBTI (Shin et al., 1996;
Maeda et al., 19964, b). Therefore, it appears that bacterial
cell wall components in addition to non-biocompatible
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Fig.5 Relationship of Lipopolysaccharide (LPS) and Microbial
Protease for Generation of Bradykinin and NO; an Universal
Mechanism in Shock.

iNOS, inducible form of nitric oxide synthase; KKI, kallikrein in-
hibitor such as soybean trypsin inhibitor; eNOS, endothelial nitric
oxide synthase; NOS-I, NOS inhibitor such as N-mono-methyl-
L-arginine.

materials can trigger the Hageman factor-kallikrein-kinin
cascade. Hence, the counter measures to be envisaged
include kallikrein inhibitors, kinin antagonists, and/or NO
scavenger and nitric oxide synthase inhibitor (Figure 5).

Activation of Blood Coagulation, Fibrinolysis,
Complement System and Neutrophils by
Microbial Proteases

Coagulation Cascade

Activation of Hageman factor and plasma kallikrein trig-
gers liberation of other proteolytic enzymes in vivo, espe-
cially of the intrinsic coagulation cascade, leading finally
to thrombin generation and thus to fibrin or clot formation.
We have examined Pseudomonas, Serratia, and Candida
proteases in this respect and found that activation of fac-
tor Xl XI, and finally of prothrombin to thrombin by these
proteases occurs, which then converts fibrinogen to fibrin
(e.g. Kaminishi et al., 1994). Even more importantly, anti-
thrombin Il is readily inactivated by most of the microbial
proteases (Table 2) thus leading to uncontrolled thrombus
formation with severe consequences (hypercoagulation,
disseminated intravascular coagulation syndrome or DIC).

Fibrinolysis

Colman (1969) observed activation of plasminogen by hu-
man plasma kallikrein. Liberated plasmin then dissolves
fibrin clots. Consequently, it is necessary to add Serratia
56K protease or another bacterial protease to the mixture
of Hageman factor, prekallikrein, and plasminogen to
achieve activation of plasminogen to plasmin (Akaike et
al., 1989), which is not only involved in fibrinolysis but also
augments the infectivity of influenza virus 10-100 fold
both in vitro and in vivo. Activation of plasminogen is im-
portant for bacterial spreading (Lottenberg et al., 1994).

Complement System

Activation of Hageman factor involves activation of the
complement system (Ghebrehiwet et al., 1983). Some
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Table 2
(Maeda and Molla, 1989; Kaminishi et al., 1995).

Inactivation of Human Plasma Protease-Inhibitors by Serratia marcescens 56K Protease and Candida albicans Protease

Incubation time

% inactivation of inhibitors: (protease: inhibitor, ratio in mole)

with proteinase
(h) Serratia marcescens 56K C. albicans
ay-Pl C1-inhibitor AT-lI a-AP az-M ovo-M aq-Pl ax-M
(1:200) (1:50) (1:25) (1:10) (1:50) (1:50) (1:10) (1:10)
0.5 80 3 10 7 43 37 100 45
1 100 5 35 14 48 33 n.d. 65
2 100 15 90 31 62 28 n.d. 100
4 n.d. 64 100 68 70 23 n.d. 100
6 n.d. 100 100 90 80 21 - n.d.
25 n.d. n.d. n.d. n.d. 90 8 - n.d.

bacterial proteases (e.g. Serratia 56K, and Candida) in-
activate C1 inhibitor which might result in uncontrolled
activation of the complement system (Molla et al., 1989a,
b; Oda et al., 1990; Kaminishi et al., 1995).

Neutrophils

Plasma kallikrein and other bacterial proteases can
stimulate neutrophils as described above. For instance,
Wachtfogel et al. reported as early as 1983 that plasma
kallikrein can release neutrophil elastase during blood
clotting.

Inactivation of Plasma Protease Inhibitors

The effect of microbial proteases on the various protease
inhibitors in blood plasma is of special importance. Most
of the above described pathological effects caused by
microbial proteases including subsequent dysregulation
of physiological functions by plasma proteases should
not occur if the various protease inhibitors function nor-
mally. However, these inhibitors are easily degraded by
the microbial proteases so that their inhibitory activity is
lost rapidly (Morihara et al., 1979; Travis and Salvesen,
1983; Potempa et al., 1986; Maeda et al., 1992). For in-
stance, Serratia (56 K) protease can inactivate a4-pro-
tease inhibitor (a4Pl), a major plasma serpin, at the en-
zyme (56K protease)/inhibitor (o4Pl) ratio of 1/200, 80%
in 30 min and 100% in 1h (Table 2) (Molla et al., 1986;
1989b). As o4Pl is also inactivad by oxygen radicals de-
rived from neutrophils at the site of inflammation (Travis
and Salvesen, 1983) as well as by activated human neutro-
phil metallo protease (Desrochers et al.,, 1992), elastase
released from the neutrophils remains uninhibited and can
thus provoke deleterious effects at the site of infection.
Another example is inactivation of antithrombin (AT-)Ill (Ta-
ble 2), which facilitates clotting and DIC together with ex-
cessive production of bradykinin leading to hypotensive
state, a typical feature of septicemia. Table 2 summarizes
these effects on various inhibitors. The broad spectrum
serum inhibitor, ax-macroglobulin («;M), is also degraded
and inactivated by microbial proteases.

Other Pathogenic Effects of Microbial
Proteases

Cytotoxicity of Bacterial Proteases

asM forms E/I complexes involving a drastic conforma-
tional change and they are rapidly cleared from the cir-
culation (Gonias and Pizzo, 1983). Many cells including
fibroblasts, macrophages and various tumor cells have
asM receptors which recognize oM in the E/I complex
and the E/I complex will be internalized by an endocytotic
process within 20—40 min. During prolonged incubation
of such cells, the protease gradually inactivates a,M and
is liberated from the complex within the cell. The free pro-
tease may disintegrate intracellular structures and thus
lead eventually to cell lysis. This process was observed
with Serratia 56K protease, Pseudomonas alkaline pro-
tease, and a few other microbial proteases (Maeda et al.,
1987a, b; 1989; Molla et al., 1987a, b; Murakami et al.,
1992).

Inactivation of Complement Factors and
Chemotactic Activity

The complement system is one of the most potent de-
fense systems and exhibits high bactericidal activity,
which is coupled with recruitment of phagocytic cells
(macrophages and neutrophils) by generating the chemo-
tactic component, anaphylatoxin C5a. Hills et al. (1988)
with a StreptococciB group-derived protease and we with
a Serratia proteases (Molla et al., 1989a, b) have demon-
strated that streptococcal C5a protease as well as Pseu-
domonas and Serratia proteases inactivated complement
function. Kaminishi et al. (1995) showed that Candidaacid
protease degrades especially C3 in human plasma. The
chemotactic activity of C5a is also lost by treatment with
Serratia protease (Oda et al., 1990; Cleary et al., 1992).
Host neutrophils and macrophages are attracted to mi-
grate towards a certain kind of bacterial metabolic prod-
ucts, e.g. formyl-Met-Leu-Phe peptide. Since such for-
mylated peptides are not produced by mammalian cells,
the chemotactic response of the leukocytes to formylated
peptides should be an excellent way to recognize and
eliminate invading bacteria. Interestingly, pseudomonal
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elastase interrupts this chemotactic response. The elas-
tase not only hydrolyzes and inactivates formyl-Met-Leu-
Phe peptide, but also destroys receptors on neutrophils
for this peptide (ljiri et al., 1994). This seems to be the un-
derlying cause of ring abscess formation in pseudomonal
keratitis (ljiri et al., 1993; 1994).

Activation of Bacterial Toxins

Several bacterial toxins are known to be activated by bac-
terial and host proteases, e.g. diphtheria toxin, anthrax
toxin, pseudomonas exotoxin A, shiga toxin, shigalike
toxins, botulinus toxin, cholera toxin, and tetanus and
botulinus neurotoxins. A review article on these phe-
nomena has appeared recently (Gordon and Leppla,
1994). The neurotoxins of both botulinus and tetanus were
very recently found to be genuine proteases specific to
acetylcholine receptors on neuronal cells (nerve ending;
synaptobrevin) (Blasi et al, 1993; Monecucco and
Schiavo, 1993; Schiavo et al., 1992).

Inactivation of Inmunoglobulin A and G

Many bacteria including Streptococci, Neiseria, Hemo-
philus, and Bacterides are able to produce so-called IgA
proteases (Mulks, 1983; Plaut, 1983). We have used Ser-
ratia (56K) protease and found that it cleaves the hingere-
gion of both IgA and IgG. When the susceptibility for pro-
teolysis of different subclasses of these immunoglobulins
were examined using Serratia (56K) protease, it caused
efficient cleavage in the following order: IgG; > IgA; >
19Gy > 1gG, > IgG,4 > IgA, (Molla et al., 1989b). Remarka-
bly, this order rather coincides with the order of immuno-
globulin-dependent complement activation for bacteri-
cidal activity. Candida protease also degrades Fc portion
of IgG, thus abolishing opsonic activity, but Fab portion
remains intact (Kaminishi et al., 1995).

Concluding Remarks

Microbial proteases not only exert pathological effects
directly by destroying host tissues, they also potentiate in-
flammatory processes. Activation of the bradykinin gener-
ating system, inactivation of immunoglobulins, comple-
ment factors and complement-derived chemotactic fac-
tors are well known examples (Maeda and Molla, 1989).
This leads to bacterial translocation and facilitates bacter-
ial growth. Furthermore, microbial proteases activate en-
dogenous host protease systems such as the clotting
cascade and inactivate readily most of the plasma pro-
tease inhibitors. They are also able to activate many bac-
terial toxins and to lyse host cells via internalization of the
enzyme-apM complex. Figure 6 compiles our present
knowledge on pathological events in which microbial pro-
teases are involved. Some microbial and mite proteases
also play a key role in augmenting influenza virus infectiv-
ity, thus in a complex infection by this virus and bacteria,
much more complex etiological events may occur as dis-
cussed recently (Akaike et al., 1989; 1994). Protease in-
hibitors and kinin antagonists thus seem to be potentially

valuable therapeutic tools against the microbial infec-
tions.

Acknowledgements

The authors would like to express sincere thanks to Professor
Hans Fritz who gave invaluable suggestions in the preparation of
the manuscript and Ms. R. Yoshimoto for typing. Research
Grants to HM and TY from the Ministry of Education, Science and
Culture of Japan are also gratefully acknowledged.



224 H.Maedaand T. Yamamoto

References

Akaike, T., Molla, A., Ando, M., Araki, S., and Maeda, H. (1989).
Molecular mechanism of complex infection of bacteria and
virus analyzed by a model using serratial protease and influ-
enza virus in mice. J. Virol. 63, 2252-2259.

Akaike, T., Maeda, H., Maruo, K., Sakata, Y., and Sato, K. (1994).
Potentiation of infectivity and pathogenesis of influenza A
virus by a house dust mite protease. J. Infect. Dis. 170,
1023-1026.

Blasi, F. (1988). Surface receptors for urokinase activator. Fibrino-
lysis 2, 73-84.

Blasi, J., Chapman, E.R., Link, E., Binz, T., Yamasaki, S., DeCa-
milli, P., Sudhof, T.C., Neimann, H., Jahn, R. (1993). Botulinum
neurotoxin A selectively cleaves the synaptic protein
SNAP-25. Nature 365, 160-163.

Chen, Z., Potempa, J., Polanowski, A., Wikstnom, M., and Travis,
J. (1992). Purification and characterization of a 50 KDa cys-
teine proteinase (gingipain) from Porphyromonas gingivalis.
J. Biol. Chem. 267, 18896-18901.

Cleary, P.P, Prahbu, U., Dale, J.B., Wexler, D.E., and Handley, J.
(1992). Streptococcal Cs, peptidase is highly specific end-
peptidase. Infect. Immun. 60, 5219-5223.

Colman, R. (1969). Activation of plasminogen by human plasma
kallikrein. Biochem. Biophys. Res. Commun. 35, 273-270.

Conese, M., and Blasi, F. (1995). Urokinase/urokinase receptor
system: Intrernalization/degradation of urokinase serpin
complex: Mechanism and regulation. Biol. Chem. Hoppe-
Seyler 376, 143-155.

de Bruin, PA.F, Griffioen, G., Verspaget, H.W., Verheijen, J.H.,
and Lamers, C.B.H.W. (1987). Plasminogen activators and tu-
mor development in the human colon: activity levels in normal
mucosa, adenomatous polyps, and adenocarcinomas. Cancer
Res. 47, 4654~-4657.

Desrochers, P.E., Mookhtiar, K., Van Wart, H.E., Hasty, K.A., and
Weiss, S.J. (1992). Proteolytic inactivation of «,-proteinase
inhibitor and «y-antichymotrypsin by oxidatively activated
human neutrophil metalloproteinases. J. Biol. Chem. 267,
5005-5012.

Ferreira, S.H., Lorenzetti, B.B., and Poole, S. (1993). Bradykinin
initiates cytokine-mediated inflammatory hyperalgesia. Br. J.
Pharmacol. 110, 1227-1231.

Ghebrehiwet, B., Randazzo, B.P, Dunn, J.T., Silverberg, M., and
Kaplan, A.P. (1983). Mechanism of the activation of the class-
ical pathway of complement by Hageman factor fragment. J.
Clin. Invest. 71, 1450-1456.

Gonias, S.L., and Pizzo, S.V. (1983). Characterization of func-
tional human ap-macroglobulin half-molecules isolated by
limited reduction with dithiothreitol. Biochemistry 22, 536-
546.

Gordon, V.M., and Leppla, S.H. (1994). Proteolytic activation of
bacterial toxins: role of bacterial and host cell proteases. In-
fect. Immun. 62, 333-340.

Hasui, Y., Suzumiya, F., Marutsuka, K., Sumiyoshi, A., Hashida,
S., and Ishikawa, E. (1989). Comparative study of plasminogen
activators in cancers and normal mucosae of human urinary
bladder. Cancer Res. 49, 1067 -1070.

Hill, H.R., Bohnsack, J.F., Morris, E.Z., Augustine, N.H., Parker,
C.J., Cleary, P.P, and Wu, J.T. (1988). Group B streptococci in-
hibits the chemotactic activity of the fifth component of com-
plement. J. Immunol. 747, 3551-3556.

Hinode, D., Hayashi, H., and Nakamura, R. (1991). Purification
and characterization of three types of proteases from culture
supernatant of Porphyromonas gingivalis. Infect. Immun. 59,
3060-3068.

Holder, I.A., and Haidaris, C.G. (1979). Experimental studies of
the pathogenesis of infections due to Pseudomonas aerugi-
nosa: extracellular protease and elastase as in vivo virulence
factors. Can. J. Microbiol. 25, 593 -599.

Holder, I.A., and Neely, A.N. (1989). Pseudomonas elastase acts
as a virulence factor in burned hosts by Hageman factor-de-
pendent activation of the host kinin cascade. Infect. Immun.
57,3345-3348.

Holder, I.A., and Neely, A.N. (1990). Hageman factor-dependent
kinin activation in burns and its theoretical relationship to post-
burn immunosuppression syndrome and infection. J. Burn
Care & Rehabilitation 77, 486-503.

Holder, I.A., and Neely, A.N. (1992). Hageman factor dependent
activation and its relationship to lethal Pseudomonas aerugi-
nosa burn wound infections. In: Recent Progress on Kinins.
Agents and Actions Supplements 38/lll. G. Bonner, H. Fritz, B.
Schoelkens, G. Dietze and K. Luppertz, eds. (Basel, Switzer-
land: Birkhauser Verlag), pp. 329-342.

ljiri, Y., Yamamoto, T., Kamata, R., Aoki, H., Matsumoto, K.,
Kambara, T., and Okamura, R. (1993). The role of Pseudomo-
nas aeruginosa elastase in corneal ring abscess formation of
pseudomonal keratitis. Graefe. Arch. Clin. Exp. Ophthalmol.
231,521-528.

ljiri, Y., Matsumoto, K., Kamata, R., Nishino, N., Okamura, R.,
Kambara, T., and Yamamoto, T. (1994). Suppression of poly-
morphonuclear leukocyte chemotaxis by Pseudomonas aeru-
ginosa elastase in vitro: a study of the mechanism and the cor-
relation with ring abscess in pseudomonal keratitis. Int. J. Exp.
Path. 75, 441-451.

Imamura, T., Pike, R.N., Potempa, J., and Travis, J. (1994). Pa-
thogenesis of periodontitis: a major arginine-specific cysteine
proteinase from Porphyromonas gingivalis induces vascular
permeability enhancement through activation of the kallikrein/
kinin pathway. J. Clin. Invest. 94, 361-367.

Imamura, T., Potempa, J., Pike, R.N., and Travis, J. (1995). De-
pendent of vascular permeability enhancement on cysteine
proteinases in vesicles of Porphyromonas gingivalis. Infect.
Immun. 63, 1999-2003.

Kamata, R., Matsumoto, K., Okamura, R., Yamamoto, T., and
Maeda, H. (1985a). The serratial 56K protease as a major
pathogenic factor in serratial keratitis. Ophthalmology 92,
1452-1459.

Kamata, R., Yamamoto, T., Matsumoto, K., and Maeda, H.
(1985b). A serratial protease causes vascular permeability re-
action by activation of the Hageman factor dependent path-
way in guinea pigs. Infect. Immun. 48, 747-753.

Kaminishi, H., Tanaka, M., Cho, T., Maeda, H., and Hagihara, Y.
(1990). Activation of the plasma kallikrein-kinin system by Can-
dida albicans protease. Infect. Immun. 58, 2139-2143.

Kaminishi, H., Cho, T., Itoh, T., Iwata, A., Kawasaki, K., Hagihara,
Y., and Maeda, H. (1993). Vascular permeability enhancing ac-
tivity of Porphyromonas gingivalis protease in guinea pigs.
FEMS-Microbiol. Lett. 7174, 109-114.

Kaminishi, H., Hamatake, T., Cho, T., Tamaki, T., Suenaga, N.,
Fuijii, T., Hagihara, Y., and Maeda, H. (1994). Activation of the
blood clotting factors by microbial proteinases. FEMS-Micro-
biol. Lett. 121, 327-332.

Kaminishi, H., Miyaguchi, H., Tamaki, T., Suenaga, N., Hisamitsu,
M., Mihashi, I., Matsumoto, H., Maeda, H., and Hagihara, Y.
(1995). Degradation of humoral host defense by Candida
albicans proteinase. Infect. Immun. 63, 984-988.

Katori, M., Majima, M., Odoi-Adome, R., Sunahara, N., and
Uchida, Y. (1989). Evidence for the involvement of a kallikrein-
kinin system in the immediate hypotension produced by en-
dotoxin. Br. J. Pharmacol. 98, 1381-1391.

Khan, M.M.H., Yamamoto, T., Araki, H., Shibuya, Y., and Kam-



Pathogenic Mechanisms Induced by Microbial Proteases in Microbial Infection 225

bara, T. (1993). Role of Hageman factor/kallikrein-kinin system
in pseudomonal elastase-induced shock model. Biochim.
Biophys. Acta 1157, 119-126.

Khan, M.M.H., Shibuya, Y., Nakagaki, T., Kambara, T., and
Yamamoto, T. (1994). Alpha-2-macroglobulin as the major
defence in acute pseudomonal septic shock in the guinea-pig
model. Int. J. Exp. Path. 75, 285-293.

Khan, M.M.H., Shibuya, Y., Kambara, T., and Yamamoto, T.
(1995). Role of alpha-2-macroglobulin and bacterial elastase in
guinea-pig pseudomonal septic shock. Int. J. Exp. Path. 76,
21-28.

Lottenberg, R., Minning-Wenz, D., and Boyle, M.D.P. (1994). Cap-
turing host plasmin(ogen): a common mechanism for invasive
pathogen. Trends in Microbiol. 20, 20-24.

Lowson, D.A., and Meyer, T.F. (1992). Biochemical characteriza-
tion of Porphyromonas (Bacteroides) gingivalis collagenase.
Infect. Immun. 60, 1524-1529.

Maeda, H., and Molla, A. (1989). Pathogenic potentials of bacter-
ial proteases. Clin. Chim. Acta 185, 357 -368.

Maeda, H., Molla, A., Oda, T., and Katsuki, T. (1987a). Internali-
zation of serratial protease into cells as an enzyme inhibitor
complex with a;-macroglobulin and regeneration of protease
activity and cytotoxicity. J. Biol. Chem. 262, 10946-10950.

Maeda, H., Matsumura, Y., and Molla, A. (1987b). Antitumor ac-
tivity of some bacterial proteases: eradication of solid tumors
in mice by intratumor injection. Cancer Res. 47, 563-566.

Maeda, H., Matsumura, Y., and Kato, H. (1988). Purification and
identification of [hydroxyprolyl]3-bradykinin in ascitic fluid
from a patient with gastric cancer. J. Biol. Chem. 263,
16051-16054.

Maeda, H., Molla, A., Sakamoto, K., Murakami, A., Matsumura, Y.
(1989). Cytotoxicity of bacterial proteases in various tumor
cells mediated through a,-macroglobulin receptor. Cancer
Res. 49, 660-664.

Maeda, H., Maruo, K., Akaike, T., Kaminishi, H., and Hagiwara, Y.
(1992). Microbial proteinases as an universal trigger of kinin
generation in microbial infections. In: Recent Progress on Ki-
nins. Agents and Actions Supplement 38/lll. G. Bénner, H.
Fritz, B. Schoelkens, G. Dietze and K. Luppertz, eds. (Basel,
Switzerland: Birkhauser Verlag), pp. 362-369.

Maeda, H., Akaike, T., Sakata, Y., and Maruo, K. (1993). Role of
bradykinin in microbial infection: Enhancement of septicemia
by microbial proteases and kinin. In: Protease, Protease Inhibi-
tor and Protease-Derived Peptides: Importance in Human
Pathophysiology and Therapeutics. Agents and Actions Sup-
plements 42, J.C. Cheronis and J.E. Repine, eds. (Basel,
Switzerland: Birkhauser Verlag), pp. 159-165.

Maeda, H., Noguchi, Y., Sato, K., and Akaike, T. (1994). Enhanced
vascular permeability in solid tumor is mediated by nitric oxide
and inhibited by both new nitric oxide scavenger and nitric
oxide synthase inhibitors. Jpn. J. Cancer Res. 85, 331-334.

Maeda, H., Shin, Y.-H., Akaike, T., and Yoshida, M. (1996a).
Septic shock: prevention by NO-scavenger (PTIO) and by kinin
inhibitor. Shock, in press.

Maeda, H., Akaike, T., Wu, J., Noguchi, Y., and Sakata, Y. (1996b).
Bradykinin and nitric oxide in infectious disease and cancer.
J. Immunopharmacol., in press.

Marian, B., Harvey, S., Infante, D., Markus, G., Winawer, S., and
Friedman, E. (1990). Urokinase secretion from human colon
carcinomas induced by endogenous diglycerides. Cancer
Res. 50, 2245-2250.

Maruo, K., Akaike, T., Matsushima, Y., Kohmoto, S., Inada, Y.,
Ono, T., Arao, T., and Maeda, H. (1991). Triggering of the vascu-
lar permeability reaction by activation of the Hageman fac-
tor-prekallikrein system by house dust mite proteinase. Bio-
chim. Biophys. Acta 1074, 62-68.

Maruo, K., Maeda, H., Akaike, T., Inada, Y., Ohkubo, |., and Ono,
T. (1993). Effect of microbial and mite proteases on low- and
high-molecular-weight kininogens: Generation of kinin and in-
activation of thiol-protease inhibitory activity. J. Biol. Chem.
268,17711-17715.

Matsumoto, K., Yamamoto, T., Kamata, R., and Maeda, H. (1984).
Pathogenesis of serratial infection: Activation of the Hageman
factor-prekallikrein cascade by serratial protease. J. Biochem.
96, 739-749.

Matsumoto, K., Shams, N.B.K., Hanninen, L.A., and Kenyon, K.R.
(1992). Proteolytic activation of corneal matrix metalloprotein-
ase by Pseudomonas aeruginosa elastase. Current Eye Res.
11,1105-1109.

Matsumoto, K., Miyagawa, S., Okamura, R., and Maeda, H.
(1996). Production of the protease in experimental Serratia
keratitis in guinea pigs, and spreading in the tissue: An immu-
nohistochemical study. Current Eye Res., in press.

Matsumura, Y., Kimura, M., Yamamoto, T., and Maeda, H. (1988).
Involvement of the kinin-generating cascade in enhanced vas-
cular permeability in tumor tissue. Jpn. J. Cancer Res. 79,
1327-1334.

Matsumura, Y., Maruo, K., Kimura, M., Yamamoto, T., Konno, T.,
and Maeda, H. (1991). Kinin-generating cascade in advanced
cancer patients and in vitro study. Jpn. J. Cancer Res. 82,
732-741.

Miyagawa, S., Kamata, R., Matsumoto, K., Okamura, R., and
Maeda, H. (1991a). Inhibitory effects of ovomacroglobulin on
bacterial keratitis in rabbits. Graefe’s Arch. Ophthaimol. 229,
281-286.

Miyagawa, S., Matsumoto, K., Kamata, R., Okamura, R., and
Maeda, H. (1991b). Serratia marcescens in experimental kera-
titis and growth suppression by chicken egg white ovomacro-
globulin. Jpn. J. Ophthalmol. 35, 402-410.

Miyagawa, S., Nishino, N., Okamura, R., and Maeda, H. (1991c).
Effects of protease inhibitors on growth of Serratia marcescens
and Pseudomonas aeruginosa: Chicken egg white ovomacro-
globulin is a potent growth suppressor. Microbial Pathogene-
sis 11,137-141.

Miyagawa, S., Kamata, R., Matsumoto, K., Okamura, R., and
Maeda, H. (1994). Therapeutic intervention with chicken egg
white ovomacroglobulin and a new quinolone on experimental
Pseudomonas keratitis. Graefe’s Arch. Clin. Exp. Ophthalmol.
232,488-493.

Molla, A., Matsumoto, K., Oyamada, |., Katsuki, T., and Maeda, H.
(1986). Degradation of protease inhibitors, immunoglobulins,
and other serum proteins by Serratia protease and its toxicity
to fibroblasts in culture. Infect. Immun. 53, 522-529.

Molla, A., Matsumura, Y., Yamamoto, T., Okamura, R., and
Maeda, H. (1987a). Pathogenic capacity of proteases from
Serratia marcescens and Pseudomonas aeruginosa and
suppression by chicken egg white ovomacroglobulin. Infect.
Immun. 55, 2509-2517.

Molla, A., Oda, T., and Maeda, H. (1987b). Different binding kinet-
ics of Serratia 56K protease with plasma «p-macroglobulin
and chicken egg white ovomacroglobulin. J. Biochem. 101,
199-205.

Molla, A., Yamamoto, T., Akaike, T., Miyoshi, S., and Maeda, H.
(1989a). Activation of Hageman factor and prekallikrein and
generation of kinin by various microbial proteinases. J. Biol.
Chem. 264, 10589-10594.

Molla, A., Akaike, T., and Maeda, H. (1989b). Inactivation of vari-
ous proteinase inhibitors and the complement system in
human plasma by the 56-kilodalton proteinase from Serratia
marcescens. Infect. Immun. 57, 1868-1871.

Montecucco, C., and Schiavo, G. (1993). Tetanus toxin and bo-
tulism neurotoxin: a new group of zinc proteases. TIBS 718,



226 H.Maedaand T. Yamamoto

324-327.

Morihara, K., Tsuzuki, M., and Oka, T. (1979). Protease and
elastase of Pseudomonas aeruginosa: inactivation of
human plasma «a, proteinase inhibitor. Infect. Immun. 24,
188-193.

Mulks, M.H. (1983). Microbial IgA proteases, In: Bacterial En-
zymes and Virulence, J.A. Holder, ed. (Boca Raton, Fl, USA:
CRC Press). pp. 82-101.

Murakami, A., Sakamoto, K., Kojima, Y., Sasaki, Y., and Maeda,
H. (1992). Antitumor effect of bacterial proteases on various
human cancer xenografts in nude mice. Reg. Cancer Treat-
ment 4, 200-206.

Nagaoka and Katori. (1975). Inhibition of kinin formation by a kal-
likrein inhibitor during extracorpored circulation in open heart
surgery. Circulation 52, 325-331.

Nagase, H., Enghild, J.J., Suzuki, K., and Salvesen, G. (1990).
Stepwise activation mechanism of the precursor of matrix met-
alloproteinase 3 (stromelysin) by proteinases and (4-amino-
phenyl) mercuric acetate. Biochemistry 29, 5783-5789.

Neely, A.N., and Holder, I.A. (1990). Effect of proteolytic activity
on virulence of Candida albicans in burned mice. Infect. Im-
mun. 58, 1527-1531.

Oda, T, Kojima, Y., Akaike, T., ljiri, S., Molla, A., and Maeda, H.
(1990). Inactivation of chemotactic activity of Cs, by serratial
56-kilodalton protease. Infect. Immun. 58, 1269-1272.

Palmer, R.M.J., Ferrige, A.G., and Moncada, S. (1987). Nitric ox-
ide release accounts for the biological activity of endothelium
derived relaxing factor. Nature 327, 524-526.

Plaut, A.G. (1983). The IgA; proteases of pathogenic bacteria.
Ann. Rev. Microbiol. 37, 603-622.

Potempa, J., Watorek, W., and Travis, J. (1986). Inactivation of
human plasma «ajproteinase inhibitor by proteinases from
Staphylococcus aureus. J. Biol. Chem. 261, 4330-4334.

Proud, D., Nuclerio, R.M., Gwaltney, J.M., and Hendley, J.O.
(1990). Kinins are generated in nasal secretions during natural
rhinovirus cold. J. Inf. Dis. 167, 120-123.

Saari, H., Suomalainen, K., Lindy, O., Konttinen, Y.T., and Sorsa,
T. (1990). Activation of latent human neutrophil collagenase by
reactive oxygen species and serine proteases. Biochem. Bio-
phys. Res. Commun. 171,979-987.

Sakata, Y., Akaike, T., Suga, M., ljiri, S., Ando, M., and Maeda, H.
(1996). Bradykinin generation triggered by Pseudomonas pro-
teases facilitates invasion into the systemic circulation by
Pseudomonas aeruginosa. Microbiol. Immunol., in press.

Schiavo, G., Benfenati, F., Poulais, B., Rossetto, O., delLaureto,
P.P, Das Gupta, B.R., and Montecucco, C. (1992). Tetanus and
botulinum-B neurotoxins block neurotransmitter released by
proteolytic cleavage of synapthobrevin. Nature 359, 832-
835.

Schlechte, W., Murano, G., and Boyd, D. (1989). Examination of
the role of the urokinase receptor in human colon cancer medi-
ated laminin degradation. Cancer Res. 49, 6064 -6069.

Scott, C.F,, Whitaker, E.J., Hammond, F,, and Colman, R. (1993).
Purification and characterization of a potent 70 KDa thiol ly-
syl-protein are (lys-gingivain) from Porphyromonas gingivalis
that cleaves kininogen and fibrinogen. J. Biol. Chem. 268,
7935-7942.

Shibuya, Y., Tanaka, H., Nishino, N., Okabe, H., Kambara, T., and
Yamamoto, T. (1991). Activation of human plasma prekallikrein
by Pseudomonas aeruginose elastase in vitro. Biochim. Bio-
phys. Acta 1097, 23-27.

Shimada, T., Kato, H., Maeda, H., and Iwanaga, S. (1985). In-
teraction of factor Xll, high-molecular-weight (HMW) kininogen
and prekallikrein with sulfatide; Analysis by fluorescence po-
larization. J. Biochem. 97, 1637-1644.

Shin, Y.-H., Akaike, T., Khan, Md.M.H., Sakata, Y., and Maeda, H.
(1996). Further evidence of bradykinin involvement in septic
shock: Reduction of kinin production in vivo and improved sur-
vival rate by use of polymer tailored SBTI with longer Ty .. J. Im-
munopharmacol., in press.

Siebeck, M., Whalley, E.T., Hoffmann, H., Weipert, J., and Fritz, H.
(1989). The hypotensive response to des-Arg®-bradykinin in-
creases during E. colisepticemia in the pig. In: Kinin V. K. Abe,
H. Moriya, and S. Fujii, (New York, USA: Plenum Publ. Co.),
pp. 389-393.

Siebeck, M., Fink, E., Weipert, J., Jochum, M., Fritz, H., Spanagl|,
M., Kroworsch, P, Shimamoto, K., and Schweiberer, L. (1993).
Inhibition of plasma kallikrein with approtinin in porcine endo-
toxin shock. J. Trauma 34, 193-198.

Sorsa, T., Ingman, T., Suomalainen, K., Haapasalo, M., Konttinen,
Y., Lindy, O., Saari, H., and Uitto, V.-J. (1992). Identification of
proteases from periodontapathogenic bacteria as activators of
latent human neutrophil and fibroblast-type interstitial col-
lagenases. Infect. Immun. 60, 4491-4495.

Tanaka, H., Yamamoto, T., Shibuya, Y., Nishino, N., Tanase, S.,
Miyauchi, Y., and Kambara, T. (1992). Activation of human
plasma prekallikrein by Pseudomonas aeruginosa elastase Il.
Kinetic analysis and identification of scissile bond of prekallik-
rein in the activation. Biochim. Biophys. Acta 1138, 243-250.

Tiffany, C.W., and Burch, R.M. (1989). Bradykinin stimulates tu-
mor necrosis factor and interleukin-1 release from macro-
phages. FEBS Lett. 247, 189-192.

Travis, J., and Salvesen, G.S. (1983). Human plasma proteinase
inhibitors. Ann. Rev. Biochem. 52, 655-709.

Travis, J., Potempa, J., and Maeda, H. (1995). Are bacterial pro-
teinases pathogenic factors? Trends in Microbiol. 3, 405-407.

Uitto, V.-J., Larjava, H., Heino, J., Sorsa, T. (1989). A protease of
Bacteroides gingivalis degrades cell surfaced and matrix gly-
coproteins of cultured gingival fibroblasts and induces secre-
tion of collagenase and plasminogen activator. Infect. Immun.
57,213-218.

Vandekerckhove, F., Opdenakker, G., Van Ranst, M., Lenaerts,
J.-P, Put, W,, Billiau, A., and Van Damme, J. (1991). Bradykinin
induces interleukin-6 and synergizes with interleukin-1. Lym-
phokine and Cytokine Res. 10, 285-289.

Wachtfogel, Y.T., Kucich, U., James, H.L., Scott, C.F, Schapira,
M., Zimmerman, M., Cohen, A.B., and Colman, R.W. (1983).
Human plasma kallikrein releases neutrophil elastase during
blood coagulation. J. Clin. Inv. 72, 1672-1677.

Weipert, J., Hoffmann, H., Siebeck, M., and Whalley, E.T. (1988).
Attenuation of arterial blood pressure fall in endotoxin shock in
the rat using the competitive bradykinin antagonist Lys-Lys-
[Hyp?-Thi®®, DPhe’}-BK(B4148). Br. J. Pharmacol. 94, 282—
284.

Weiss, S.J., Peppin, G., Ortiz, Y., Ragsdale, C., and Test, S.T.
(1985). Oxidative autoactivation of latent collagenase by hu-
man neutrophils. Science 227, 747-749.

Yamamoto, T., Shibuya, Y., Nishino, N., Okabe, H., and Kambara,
T. (1990). Activation of human Hageman factor by Pseudomo-
nas aeruginosa elastase in the presence or absence of nega-
tively charged substance in vitro. Biochim. Biophys. Acta
1038, 231-239.



