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TABLE 1. Effects of Pseudomonas AP and E
on cytokine bioassays

Preincubation of Residual
Incubation mixture" protease and bioactivity

cytokine (% control)

Human rIFN--y 100
Human rIFN--y + AP 59b
Human rIFN-y + E 88
Human rIFN-y + 100
Human rIFN--y + AP + 3c
Human rIFN-y + E + 4c

Murine rIFN--y 100
Murine rIFN-,y + AP 156b
Murine rIFN-y + E 91
Murine rIFN-y + 100
Murine rIFN--y + AP + 22C
Murine rIFN--y + E + 17c

Human TNF-ot 100
Human TNF-ot + AP 85
Human TNF-a + E 119
Human TNF-ot + 100
Human TNF-ot + AP + 10l
Human TNF-ot + E + 16C

a Protease-cytokine incubation mixtures (weight ratio = 0.037) were pre-
pared exactly as described for Fig. 1 and were incubated either at 37°C for 4 h
or assayed immediately.

b p < 0.05 by Student's t test.
' P < 0.01 by Student's t test.
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FIG. 1. Degradation and inactivation of various cytokines by
Pseudomonas AP or E. Each cytokine was treated with either AP or
E at various protease-to-cytokine ratios. Shown here are Western
immunoblots using the appropriate anticytokine antisera or mono-
clonal antibodies. Samples were incubated either without protease
(lanes 1) or with the indicated protease at an enzyme-to-substrate
weight ratio of 0.004 (lanes 2), 0.012 (lanes 3), 0.037 (lanes 4), 0.11
(lanes 5), 0.33 (lanes 6), or 1.0 (lanes 7). Numbers below each lane
indicate the residual bioactivity for that sample expressed as a
percentage of the activity of cytokine not exposed to protease. (A)
Human rIFN--y; (B) murine rIFN-y; (C) human rTNF-a; (D) human
rIL-la. The arrows to the left of each immunoblot denote the
migration of 39- and 17-kilodalton molecular mass markers.

ases, and its loss of bioactivity was accompanied by small
reductions in its apparent molecular mass (Fig. 1A). Approx-
imately 90% inactivation occurred at enzyme-substrate ra-
tios of 0.01. Although these reaction mixtures contained
0.5% BSA, the results are consistent with those of earlier
experiments in which no carrier protein was present (16, 17).
Peptides with molecular weights of less than 5,000 were not
detected, which is consistent with the inability to resolve
small peptides on SDS-polyacrylamide gels. At very high
protease concentrations, faint or no rIFN--y bands were
seen, suggesting that the cytokine was completely degraded.
The bioactivity of murine rIFN-y was enhanced slightly by

low concentrations of AP (Fig. 1B). In contrast, murine
rIFN--y was inactivated at low E-rIFN--y ratios. Despite
these differences, both AP-treated and E-treated murine

rIFN-ys showed altered migration on gels, suggesting that
the cleavage sites for the two proteases are different. At high
E-rIFN-y ratios (>0.11), no bands were resolved by SDS-
PAGE, again suggesting that complete degradation of the
cytokine had occurred.
Human rTNF-a was also susceptible to inactivation by

both AP and E, although slightly higher protease-substrate
ratios were required than those shown to be effective for
inactivating human rIFN--y (Fig. 1C). Greater than 90%
inactivation of TNF-a bioactivity occurred without an ob-
servable change in the migration of the cytokine on gels or
loss of staining intensity of the TNF-a band (i.e., lane 5

versus lane 1 in Fig. 1C).
Human rIL-la was resistant to proteolysis by either

protease (Fig. 1D). Neither a reduction in bioactivity nor an
alteration in the mobility of the cytokine on SDS-PAGE was
observed. Similar findings were made with human rIL-1l
(data not shown).
Although cytokine proteolysis seemed a likely mechanism

for these effects (16, 17), it was important to determine
whether the proteases affected the assays employed for
detection of cytokine bioactivity. Pretreatment of the cells
used in the bioassays with these proteases did not inhibit the
detection of a standard rIFN--y sample (data not shown),
indicating that the enzymes did not directly affect the bioas-
says. Likewise, mock digests prepared by incubating the
proteases with BSA but no cytokine had no significant effect
on the bioassays. To further address this possibility, AP or E
was combined with either human or murine rIFN-y or
human rTNF-a at weight ratios shown to cause inactivation
of these cytokines (i.e., 0.037) (Fig. 1). Half the samples
were diluted immediately with RPMI 1640 medium contain-
ing 10% fetal calf serum and added directly to the bioassays.
The remaining samples were incubated at 37°C for 4 h prior
to dilution and testing. Residual bioactivities are shown in
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TABLE 2. Correlation between IFN--y inhibitory activities
and protease concentrations of culture filtrates

from 19 Pseudomonas strains

Protease concn Caseinolytic
Pseudomonas IFN--y inhibitory PregMIn)b activity

strain activity (U/ml) P (% control)
AP E coto)

1 1,679 8.9 46.9 753
2 1,370 12.8 39.2 877
3 1,146 10.2 11.4 623
4 1,095 15.1 9.9 543
5 1,006 8.2 10.0 898
6 975 7.3 11.0 543
7 775 10.0 48.0 709
8 696 6.0 8.8 623
9 504 0.8 1.1 25
10 500 13.7 9.1 665
11 405 13.2 44.7 800
12 0 9.6 1.0 25
13 0 7.3 1.3 25
14 0 3.1 0.2 25
15 10 7.6 0.2 25
16 15 5.3 0.3 25
17 10 8.2 0.2 25
18 10 8.7 0.2 25
19 10 NTd NT 25

a IFN-y inhibitory activity is expressed in units/ml, where 1 U is defined as
the volume of test filtrate necessary to reduce antiviral activity by 50%. These
values were derived from a linear regression plot of volume of test sample
versus residual antiviral activity.

b Determined by radioimmunoassay.
c See Materials and Methods.
d NT, Not tested.

Table 1. In each case, inactivation of the cytokine by AP or
E was significantly greater following preincubation of the
enzyme and substrate. AP partially inactivated human
rIFN-y without preincubation, which may reflect the some-
what slower rate of inhibition of the protease by protease
inhibitors present in serum, when compared with E (16).
Overall, these results are consistent with the conclusion that
proteolysis of the cytokines was probably essential for a full
reduction in their bioactivities.
These data would predict that the capacity that different

Pseudomonas strains have for inactivating cytokines should
correlate with the overall production of proteases by the
strains. To test these predictions, we examined filtrates
prepared from 19 different P. aeruginosa strains for AP and
E concentrations, total proteolytic activity, and the ability to
inactivate natural human IFN--y. This cytokine was selected
because of its susceptibility to both Pseudomonas proteases
(Fig. 1) (16). The IFN--y sample used in this experiment was
a culture supernatant fluid prepared by stimulating immune
human mononuclear leukocytes with tuberculin purified
protein derivative and contained 850 antiviral units per ml.
Inactivation of human IFN--y is a property common to many
Pseudomonas strains (Table 2). This activity showed a
strong positive correlation with the caseinolytic activity of
the individual filtrates (r = 0.83; P < 0.001). Ability to
inactivate IFN--y was not significantly correlated with AP
concentration (r = 0.37; P > 0.1). Although a significant
correlation also existed between IFN-y inactivation and E
concentration (r = 0.64; P < 0.01), inspection of the data for
individual filtrates (e.g., strain 1 versus strain 7 versus strain
8) suggested that E did not play an exclusive role in IFN-,y
inactivation.

DISCUSSION

Current concepts of cell communication in immune and
inflammatory responses postulate that certain cytokines play
an important role as inducers of cell activation, growth, and
differentiation. For example, IFN--y has been shown to be an
effective activator of mononuclear phagocytes in vitro (32,
39) and in vivo (7, 12, 32) and may also be important in the
destruction of certain intracellular pathogens (7, 33, 44). The
production of TNF-ot and IL-1 is induced by endotoxins
derived from gram-negative bacteria (9, 19), and these cy-
tokines may mediate important aspects of the pathogenesis
of endotoxemia (3, 11). The rationale for selecting the
cytokines studied here was twofold. First, the activation of
mononuclear phagocytes in the pulmonary airways may
provide an initial defense against the establishment of bac-
terial infection, and it is thought that IFN--y may play an
important role in the activation of these cells. Second, since
many of the physiological effects of bacterial endotoxins
may be mediated by IL-1 and TNF-a. one would predict that
inactivation of these cytokines would lead to abnormalities
in immune responses to gram-negative bacterial pathogens
like Pseudomonas spp. (see below).

Since small proteins, such as cytokines, would be ex-
pected to be hydrolyzed by broad-spectrum proteases, it
would be important to determine whether any specificity
existed in AP or E inactivation of cytokines. Clearly, low
concentrations of AP and E do not inactivate all cytokines or
even all species of IFN--y (i.e., murine rIFN--y resisted
inactivation by AP, whereas human rIFN-,y was relatively
sensitive to this protease) (Fig. 1). At first glance, these
findings may seem somewhat unexpected, since AP and E
have rather broad substrate specificities (14, 29). However,
several reports exist of inactivation of human IFN-y by
proteases, such as trypsin, clostripain, and pronase, that
cause only limited proteolysis of the molecule even after
extended incubation periods (1, 26). Thus, inactivation of
human rIFN-y by AP or E did not require extensive prote-
olysis but rather was associated with a slight overall reduc-
tion in apparent molecular mass. This was also found to be
true of murine rIFN-y. With human TNF-ax, no apparent
change in migration of the protein on gels was observed.
These results do not preclude the extensive hydrolysis of the
proteins by attack of less-accessible peptide bonds given
higher enzyme concentrations or prolonged incubations, but
they suggest that many cytokines bear relatively protease-
sensitive domains that are required for their bioactivities.
We believe that the reduction in the bioactivities of human

and murine IFN--ys and human TNF-a reported here re-
sulted from the proteolysis of IFN-y and TNF-cx by AP or E
or both. The loss of bioactivity and the loss of the parent
forms of the cytokine proteins visible on gels showed similar
dose-response relationships. The effects of AP and E on
rIFN--y and rTNF-cx required preincubation of the enzyme-
substrate mixture; very little effect was seen if the reaction
mixtures were tested immediately. Finally, AP and E had no
apparent direct effects on the IFN-y or TNF-ot bioassays
under the conditions employed in this study.
The ability to inactivate natural IFN--y with a filtrate

prepared from a protease-deficient Pseudomonas strain
(PAO-1-1641) was reconstituted by the addition to the filtrate
of purified AP and E (data not shown). That reconstitution of
this filtrate with both proteases yielded more activity than
the addition of either protease alone is consistent with the
conclusion that the two proteases act synergistically (16).
Also consistent with this conclusion are the data derived by

INFECT. IMMUN.

 on A
pril 23, 2021 by guest

http://iai.asm
.org/

D
ow

nloaded from
 

http://iai.asm.org/


P. AERUGINOSA INACTIVATION OF CYTOKINES 3013

comparing a large number of Pseudomonas strains that
differed widely in terms of IFN--y inhibitory activity (Table
2). This property correlated positively with E concentra-
tions, but an even higher correlation was observed between
IFN--y inactivation and total caseinolytic activity. Although
these results would argue for a dominant role for E (as
compared with AP) in inactivation of human IFN--y, E
concentrations were less predictive of this trait than was
total proteolytic activity.
Treatment of cytokines with AP or E was performed in the

presence of either BSA or human serum, either of which
includes potential substrates for the proteases. Proteolysis
and inactivation of human rIFN--y in the presence of BSA
(Fig. 1) required somewhat greater protease concentrations
than were required in the absence of the carrier protein (16),
but overall patterns of inactivation and cleavage were nearly
identical (data not shown). The degree of cytokine inactiva-
tion by a given concentration of protease varied somewhat
between different experiments. This was more apparent with
AP than with E (e.g., Fig. 1B versus Table 1). We attribute
this property of AP to the relative instability of the enzyme
with storage following rehydration, even at -70°C. For this
reason, we have characterized substrate susceptibility to
proteolysis by AP and E in relative terms.

Unlike TNF-ot, human rIL-la and rIL-13 appeared to be
resistant to the effects of Pseudomonas AP and E. The
cytokines showed neither evidence of proteolysis on gels nor
any reduction in their comitogenic activity for T cells, even
at high enzyme-to-substrate weight ratios. These findings are
consistent with earlier reports demonstrating that natural
human and mouse IL-is are relatively resistant to inactiva-
tion by trypsin, chymotrypsin, and papain (24, 27). IL-1 and
TNF-a share a number of properties that relate to inflam-
matory responses, including induction of fever (11), stimu-
lation of acute-phase protein synthesis by hepatocytes (30),
and inhibition of lipoprotein lipase (4, 20). However, differ-
ences in the biologic effects of the two cytokines do exist
(10), leading to speculation as to the potential effects of
depletion of one but not the other by an inactivating enzyme.
One example of a potential cytokine imbalance relates to the
relative abilities of human TNF-a and IL-1 to stimulate the
synthesis of certain complement components by fibroblasts.
Factor H destabilizes the alternative pathway C3 conver-
tase, C3bBb, and thereby serves to regulate complement
activation. Whereas TNF-a can induce C3, factor B, and
factor H production by human fibroblasts, only C3 and
factor B production are stimulated by IL-1 (18). Inactivation
of TNF-a, but not IL-1, by Pseudomonas proteases would
be expected to yield an imbalance in the synthesis of these
components and a dysregulation of complement activation.
Since TNF-a also differs qualitatively or quantitatively from
IL-1 in terms of its shock-inducing potential (34), lympho-
cyte comitogenic activity (22, 37), effect on hematopoiesis
(6, 28), effect on neutrophil oxidative metabolism (13), and
cytotoxic range on tumor target cells (23), differences in
proteolytic sensitivities between the two cytokines would be
expected to substantially alter host immune responses.
Whether proteases derived from P. aeruginosa can regu-

late the activity of cytokines in vivo is unknown. Although
the potential effects of protease inhibitors or excess compet-
ing substrates have not, as yet, been determined, the poten-
tial for proteolytic inactivation of certain cytokines during
infections is clearly demonstrated here. Cytokine inactiva-
tion by the Pseudomonas proteases AP and E is selective
and appears to require limited proteolysis rather than exten-
sive degradation of these cytokines. Synergistic effects of

the two proteases appear to occur. Thus, the potential for
selective biological inactivation of cytokines by many P.
aeruginosa strains exists, particularly during the early phase
of pulmonary infection when the composition of airway
fluids is relatively free of antiprotease antibodies and plas-
ma-derived protease inhibitors.
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