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The Role of Proteases and Exotoxin A in the Pathogenicity
of Pseudomonas aeruginosa Infections
BENGT WRETLIND AND OLGERTS R. PAVLOVSKIS

From fi te lhDoInirient w lnclAi~cha~v Kciroin.c ka Ilfopifil. .S lck/c holm ..Ovc'clc'
anld fi/t, 'o cal Medical Research /instijiae. Bet/hesda, .Aar.lcc,c1d. US~A

q ABSTRACT. Most Pseudomonas aeruginosa strains produce exotoxin A and two extracellular
proteases (elastase and alkaline protease). Exotoxin A is a lethal toxin that inhibits protein
synthesis in mammalian cells by the same mechanism as diphtheria toxin. It is generated in clinical
a nd experimental animal infections. Passive or active immunization against this toxin gives
significant protection against experimental intections with exotoxin-producing strains. The pro-
teases have tissue-damaging activity and are capable of degrading various plasnia proteins such as I
conmplement and coagulation factors. Proteases. probably play a part in localized pseudomonas in-
fections such as keratitis. pneumonia and burn infection. When invasion and colonization have
occurred and septicemnia is established, these enzymes probably are less important.

INTRODUCTION Exotoxin A is produced its a proenzyme which is

Thepatoge icty asi ofPsv'ud~cwcasacctgito- converted to active enzyme by the action of redtic-

sa is still not clearly defined. Several extracellular ing or denaturating compounds (39). The activated
enzyme catalyzes the transfer of the adenosine

products such as proteases. phospholipase. hemo-dihsat rbsemeyfom icin ie
lvs.in. exotoxin A and exoenzyme S have been ihsat rboemeyfomnciaid

established or implicated as virulence factors (43. aeiedncetd oarhsmlpoeni
3). he elaiveconribtionof hes fator vesus eukarvotic cel ls-elongation factor 2 (EF-2). This

c)Tell-bound compnerbuints eog tendofatoxin veslim process inactivates EF-2 and halts protein synthesis

polysaccharide (14. 69) to the virulence is poorly (0.Teatvtdezm sls oi o nml
understood. The purpose of this review is to de- or cell cultures than is the proenzyme.

scribe the properties of exotoxin A and extracellu- R)I cWlxIiAnjchiccc
lar proteases produced by P. ac'rugi/cosa and to
evaluate their possible role in various types of infec- xtinAhsbesowtoetemstlha

tions, product of P. cceritw.inosa ( 1, 8. 38. 43. 45). the mean
lethal dose (LD;,. being 60 to 80 ng per 20 g mouse-

EXOTXINA(8). The exotoxin is produced in vivo in clinical
infections (63. 64. 75) as well as in experimental

Liu et a]. (41. 46) found and purified a lethal toxin animal infections (58. 59. 66. 72. 74). Purified
from P. aeruichiosea. This toxin---exotoxin A- exotoxin A markedly affected the liver when in-
was subsequently purified to homogeneity and jetdit ie(1. h irsoi ier lesions
characterized (7. 8. 38. 76). A detailed description following a single injection of 2 LD-, of exotoxin A
of purification and assay methods has recently been were characterized by necrosis~,cellular swelling
published (22). The toxin has a molecular weight of
71 500 daltons and an isoelectric point of 5.0. Its
mechanism of action is the same as that of Te opinions and assertions contained herein are ihe writ-

ers* owsn and are not to be construed as official or reflect-
diphtheria toxin, although the two toxins are ing the views of the U.S. Navy D~epartment or the U.S.
serologically distinct and have different amino acid naval service at large.
composition and cell receptors (20). 38. 79). Exo-
toxin A is produced by 90`;ý of clinical p. The animal cxpcrimentN in our laboratories %ere con-

£wrgui~sa. . ducted according to the principle-. set forth in the -Guide
aet~loastrains 15). Its formation in vitro is in- tor the Care and Use atI 1,dorarticc -\nimacjs'. lnstcitttes

fluenced by a number of factors, such as iron con- ,,f Lahciratorv Restmicces. I..S. Nationacl Research Coon-
tent of the medium 14. II, 42.). iL. I)HEW. Pub. No. iNIH) 7,S-23.

-. .*,Stand)J "I/rt Dis. supc'I. 2'Y



14 B. Wretlind and 0. R. Pavlovskis

and fatty change within 4 to 8 h and near total likewise significant increase in survival time,
hepatocellular necrosis at 48 h. Similar changes though not in survival rate (p=0.0003 , p=0.01, re-
have been seen in the liver of mice infected with P. spectively). By contrast, antitoxin had no protec-
aeruginosa (80). Haemorrhagic lungs and necrotic tive effect in mice infected with lethal doses of a
kidneys were further observed in mice injected with non-toxigenic strain.
exotoxin A (43). The different levels of survival found in an-

A 50% inhibition of protein synthesis in the liver titoxin-treated, infected mice may reflect the differ- . ]
was found within 4 h after intravenous injection of ent biological and biochemical properites of the
exotoxin A (2 LD5U) into mice (60). Subsequent micro-organisms. PA 103 was serum sensitive and,
studies showed in vitro (20) and in vivo (21) that the as mentioned, produced only trace amounts of pro-

toxin catalyzes ribosylation of the ribosomal pro- teases, whereas PA 86 and PA 220 were serum-
tein EF-2, resulting in inhibition of protein syn- resistant protease producers. Antiserum to exo-
thesis. toxin A has also been raised in ponies and shown

The role of the toxin in P. aeruginosa infections to provide protection against toxigenic P. aeru-
has been indicated by significant inactivation of ginosa infections in mice (45).
EF-2 in the organs of mice experimentally infected The importance of exotoxin A for the patho-

with P. aeruginosa (58, 66, 72). A mouse burn-in- genicity of the micro-organism was further de-
fection model mimicking clinical infection was used monstrated in mice immunized with a toxoid pre-
to study the role of exotoxin A in experimental pared from this exotoxin (72, 40, Pavlovskis & co-
infections (59, 73). Organs from mice infected with workers, unpublished results). Survival time was
the toxigenic P. aeruginosa strain PA 103 displayed prolonged in mice immunized with either glutaral-
considerably less EF-2 activity than -id organs dehyde or formalin-prepared toxoids.
from uninfected controls or from mice infected with Another relevant point is that serum antibodies to
a non-toxigenic strain. Though EF-2 activity was exotoxin A in septicemic patients can be correlated
reduced in all the examined organs from the PA 103 with a protective effect (65), indicating a role of
infected mice, the greatest decrease was found in exotoxin A in clinical P. aeruginosa infections.
the liver, where the levels of active EF-2 were re- The available data thus indicate that exotoxin A is
duced by 70 to 90%. Treatment of mice with an important pathogenic factor in P. aeruginosa
monospecific antitoxin prior to the infection pre- infections and that its effects after in vivo release
vented inactivation of EF-2. Protein synthesis was can be blocked by passive immunization with an- * :. .. ,,-.-., .

consistently inhibited in the liver, but not in other titoxin and possibly also by active immunization
organs, of mice infected with toxigenic P. aert- with biologically inactive forms of exotoxin A.
ginosa strains.

The role of exotoxin A has also been illustrated by PROTEASES
the protective action of intravenously administered ROES
rabbit antitoxin in experimentally infected, trau- P. aerugitosa strains usually produce more than
matized mice. Subcutaneous injections of viable one extracellular protease. A protease with elas-
P. aerugin•sa into a small, non-lethal burn area tolytic activity (elastase) and an alkaline protease
resulted in these experiments in a lethal infection have been purified and characterized by several
associated with bacteremia and systemic invasion investigators. 'I
(59). All of the employed strains produced a lethal -

infection at a strain-characteristic dose. Different Elat.¥ase .•

levels of protection were conferred by antitoxin More than 85% of P. aeruginosa strains produce a
serum on groups of mice infected with different protease with elastase activity. This elastase can be
toxigenic strains. After infection with 2 LD-, of separated from other proteases by ion exchange
toxigenic, low protease-producing strain (PA 103). chromatography or isoelectric focusing, and it can !
survival was considerably enhanced in antitoxin- be purified by precipitation with ammonium sulfate
treated mice (100% survival) as compared with con- or gel chromatography (53. 36, 82. 24). More recent-
trols that had received anti-bovine serum albumin ly, affinity chromatographic methods have also ,
serum (p=0.O(X)4). With other toxigenic. protease- !,een used (50. 56). The isoelectric point is 5.7-6-6
producing strains (PA 86, PA 220) there was and the protease shows marked heterogeneity. with

Scand J Infect Dis. Suppl. 29 I
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multiple forms differing in charge properties, prob- activity of proteases is probably less important than
ably as a result of autodigestion (82. 67). The their effects on intercellular substance.
molecular weight has been reported as 39500 (53), Mull & Callahan (54) suggested that the destruc-
23 000 (36, 67. 82) or 33 000 (35). depending on the tion of arterial elastic lamina in the vasculitis as-
method used. The reason for this discrepancy is not sociated with pseudomonas septicemia is caused by
known. elastase. In experimental models, intrapulmonary

The elastase is a neutral proteinase containing or intrapleural injection of 10-100 Ag purified p ro-
zinc. It is active against casein, elastin. hemoglobin teases caused lung damage with hemorrhages and
and other proteins, but not against collagen (47, 82, necrosis of alveolar septal cells, indicating a role for
53, 67, 2, 35). It has specificity for hydrophobic and proteases in pseudomonas pneumonia (30, 13, 71).
bulky amino acids at the amino side of the splitting The hemorrhages probably arose from degradation
point (49, 56). Plasma a2-macroglobulin and phos- of fibrin and other coagulation factors. Elastase and
phoramidon inhibit the enzyme (52, 56, 16). Elas- alkaline protease produce dermonecrosis after in-
tase is produced as an inactive proenzyme which is jection of less than 10 Ag enzý me, which suggests
activated by limited proteolysis, either by other pro- that they may play a part in skin and w6und infec-
teases or by the elastase itself (23). tions (82, 26). 5

Kreger & Griffin (36) found three cornea-
Alkaline protease damaging proteases in culture supernatant from
Most stains of P. aeruginosa produce alkaline pro- a P. aeruginosa strain. Less than I p~g of protease
tease, but its formation is repressed in media con- caused corneal damage. Light and electron micro-
taining free amino acids (47. 82, 20). The enzyme scopic examination ofelastase-treated rabbit cornea
has been purified (48). Its isoelectric point is 4.1- showed degradation of the proteoglycan. but not of
4.5. A molecular weight of 48 400 has been reported collagen fibrils (6, 25, 31. 35).
(51), though other investigators have found values Schulz & Miller (68) reported that elastase inacti-
around 20000 (36; B. Wretlind, unpublished data). vated several complement factors (Cl. C3, C5, C8
The enzyme has broad specificity, which is deter- and C9) in vitro. If such inactivation occurs also in
mined by amino acids distant from the splitting vivo, it would explain the lack of inflammatory re-
point rather by those on either side of it (49). The sponse in pseudomonas vasculitis. •
protease contains 1-2 atoms of calcium per Inactivation of human a,-proteinase inhibitor by

. molecule, but cobalt ions are more effective in pseudomonas elastase.has also been demonstrated
promoting hydrolysis. (52). If this applies to in vivo conditions during

infections, the loss of the protease inhibitor could
Biological properties of pseudotonoas proteases permit serine' proteases from leukocytes to cause
The toxicity of proteases is low in comparison with tissue damage.
bacterial toxins such as exotoxin A. The mean le-
thal dose of elastase for mice varies from 60 to 400 Role of pseudomnonas proteases in infections

Mg, depending on the route of inoculation-intra- P. nerug,'imosa infections of the human cornea are
venous. intraperitoneal. intrapulmonary (30, 82). not common, but they usually result in loss of vision
The lethal effect is probably produced by hemor- in the infected eye. Various investigations have im-
rhages in internal organs. The elastase is inactivated plicated pseudomonas proteases in such infections. 2
by the serum protease inhibitor a.-macroglobulin, The proteoglycan ground substance of the cornea is
which may explain the low toxicity, dissolved, resulting in dispersal of undamaged col-

Leake et al. (37) demonstrated cytotoxic effects lagen fibrils (12). Similar observations were made
of proteases, with agglutination and vacuolization after intracorneal injection of pseudomonas pro-
of rabbit alveolar macrophages but no significant teases (31, 35). 'Two protease-producing strains
decrease in cell viability. Wretlind & Wadstrdm (82) were found by Kawaharajo & Homma (27) to cause
found no damage to cell membranes of HeLa cells or severe keratitis in mice, whereas two protease-
human fibroblasts treated with elastase or alkaline negative strains did not damage the cornea. Passive
protease. Morphological changes similar to those or active immunization against elastase, alkaline
produced by trypsin were detected, however. In protease and endotoxin protein IOEP) protected
pseudomonas infections, therefore, the cytotoxic against experimental eye infection 115. 28). Other

Scand I Infect Dis. Suppl. 29 W



16 B. Wretlind and 0. R. Pavlovskis

studies have indicated a role also for host-derived This effect was specific for strains ofP. aeriiginosa.
proteases and collagenase in pseudomonas keratitis The serum protease inhibitor a.-macroglobulin elic-
(32, 78). ited a significant protection against protease-positive

Pseudomonas pneumonia is characterized by in- strains after injection at the burn site.
tra-alveolar hemorrhage, necrosis of alveolar cells Pavlovskis & Wretlind (62) studied the role of
and mononuclear cell infiltration. These changes proteases in mouse-burn infection, using two pro-
suggest protease-induced damage (13. 71, 57, 77). A tease-deficient mutants of the protease-producing
vaccine containing toxoids of pseudomonas elas- strain PAKS-l. The virulence of the mutants was
tase. alkaline protease and OEP had a protective equal to that of the wild type strain in cyclophos-
effect against hemorrhagic pneumonia in mink (17)• phamide-treated mice (log LD.-.,=6.1-6.4). In the

That patients with pseudomonas pneumonia or cyst- burned-mouse model, however, there was a ten-
ic fibrosis have serum antibodies against elastase fold difference in LD-0 between PAKS-I and its
and alkaline protease is evidence that these en- protease-deficient mutants (log .D.,,: PAKS-1=3.8;
zymes are produced during infections (18. 33). mutants 4.8-4.9: p<0.0 2). Passive immunization

Conflicting results have been reported regarding with a specific anti-elastase serum protected sig-
the role of proteases in experimental septicemia in nificantly against the wild type strain, but not W
mice. Kobayashi (34) found no relationship be- against the mutants. Injections of purified elastase
tween protease production and virulence, but (5-45 tg) together with either of the mutants re-
Muszynski & Kedzia (55) reported a positive corre- duced the survival time and the number of surviving
lation. However, Liu & Hsieh (44) found that pro- mice. Anti-elastase serum gave limited protection
tease-producing strains were less virulent than pro- when 5-10 Ag of elastase was injected. The results
tease-deficient strains. Wretlind & Kronevi (80) indicated that the elastase produced by strain
studied the virulence of protease-deficient mutants PAKS-l contributed to the invasiveness of the
in mice. These mutants were derived from a pro- micro-organism.
tease-producing clinical strains (PAKS-l). The mu- According to the above-cited studies, pro-
tants were defective in the formation ofextracellular teases-especially elastase-contribute to the inva-
proteases, lipase and staphylolytic enzyme. Some siveness of P. aerutginosa in experimental burn in-
of the mutants produced less exotoxin A than did fections. The role of these enzymes in the sep-
the wild type strain (81). The bacteria were in- ticemia model probably is negligible, which indi-
traperitoneally or intravenously injected into cyclo- cates that proteases exert their effect before the

phosphamide-treated mice. No significant differ- bacteria have invaded the blood strem. Cicmanec
ence was found between LDj for the wild-type & Holder (9) suggested that the proteases supply
strain and foc six out of eleven protease-deficient nutrients to the bacteria in the burned area by
mutants. These results indicate that proteases are degrading proteins in the burned skin. Proteases
of little importance in experimental septicemia. His- are tissue-damaging and may also destroy anatomi-
tologic examination showed fatty infiltration and cal barriers and facilitate spread of micro-organisms
focal necrosis of the liver. suggesting exotoxin A- from the port of entry. Once septicemia is estab-

induced damage. lished, the role of proteases as virulence factors
Sezen et al. (70) observed some small protective decreases, whereas other factors such as endotoxin

effect after active immunization of mice against become more important.
elastase in experimental pseudomonas septicemia.
Antiserum against elastase gave no protection.

Kawaharajo & Homma (29) showed that im- CONCLUSIONS

munization against elastase was protective in Most strains of P. aerti,,ino.a produce exotoxin A
mouse burn infection. Snell et al. (72) and Holder & and at least two extracellhlar proteases with broad
Haidaris (16) reported that injection of 10 jig elas- substrate specificities. Exotoxin A is a lethal pro-
tase. alkaline protease or Bacilh.s ehlermolproteo- tein that inhibits protein synthesis in mammalian
/ytiy'us protease (thermolysin) together with a cells via ribosylation of a ribosomal protein (EF-2).
protease-deficient strain (PA 103) resulted in a The greatest toxic effect in mice occurs in the liver. J
thousand-flu•d reduction of I.D.,, values as com- The toxin is produced in viý.o during infection%. and
pared with controls injected with bacteria only. antibodies against the protein have a protectie ac-

Scand J Infect Dis. Suppl. 29
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tion. Proteases are also toxic to various tissues and produced by Pseudhnnontis iterieginosa infection. In-

are capable of degrading complement and coagula- feet Immun 12:419. 1975.
tion factors. Good evidence hits been presented that 13. Gray. L. & Kreger. A.: Microscopic characterizatioti

protase ply asignficnt artin te pthoeniity of rabbit lung damage produced by Pseuttommi'as
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of P. aertiginosa in keratitis. pneumonia and burn 14. Greer. G. G. & Milazzo. F. H.: Pseudo~nonas

infections. The presented data indicate that active aerutiinosa lipopolysaceharide: factors influencing

or passive immunization against these proteins may toxicity for isolated mitochondria and endotoxin
be bne~cia to uscptile ptiets.properties. Can J Microbiol 22: 800, 1976.be bnefcia to uscptile ptiets.15.Hirao. Y & Homma. J. Y.: Therapeutic effect of
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