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Pseudomonas aeruginosa infection of cystic fibrosis patients causes lung damage that is substantially orches-
trated by cytokines. In this study, multi-gene probe analysis was used to characterize the ability of the P. aeru-
ginosa mitogen, exoenzyme S, to induce proinflammatory and immunoregulatory cytokines and chemokines.
Exoenzyme S strongly induced transcription of proinflammatory cytokines and chemokines (tumor necrosis
factor alpha, interleukin-1a [IL-1a], IL-1b, IL-6, IL-8, MIP-1a, MIP-1b, MCP-1, RANTES, and I-309), mod-
est transcription of immunoregulatory cytokines (IL-10 and IL-12p40), and weak transcription of Th1 cyto-
kines (IL-2 and gamma interferon). The response occurred early and subsided without evolving over time. These
data suggest that cells responding to exoenzyme S would rapidly express proinflammatory cytokines and che-
mokines that may contribute to pulmonary inflammation in cystic fibrosis.

Virtually all cystic fibrosis (CF) patients are colonized by
Pseudomonas aeruginosa, and 90% of those that are colonized
die as a result of lung damage (11). One of the hallmarks of the
lung damage in CF is an ineffective inflammatory response that
results in severe neutrophil-mediated pulmonary damage and
an inability to clear the organisms. P. aeruginosa contributes to
the lung damage by the production of virulence factors; one of
the most important virulence factors, exoenzyme S, has been
shown to induce pulmonary damage in animal models (17, 29,
35), and increased levels of exoenzyme S correlate with human
disease (18, 36). The cytotoxicity of exoenzyme S for epithelial
cells follows both contact-dependent type III translocation into
eukaryotic target cells and contact-independent type III secre-
tion, suggesting two mechanisms of cellular activation: intra-
cellular and extracellular (15, 34, 35). We have recently de-
scribed an additional activity: extracellular exoenzyme S is
mitogenic for T cells, inducing tremendous T-cell activation
(5–7). Exoenzyme-S-induced activation of T cells is neither
dependent upon nor inhibited by ADP-ribosyltransferase ac-
tivity, and this activity is present in exoenzyme S from both
purified and recombinant sources (7). Further, we have found
that activation by exoenzyme S induces T-cell apoptosis (6).
The current studies were performed to determine whether this
T-cell activation culminates in the induction of cytokines that
have the potential of influencing immunoinflammatory re-
sponses or whether apoptosis precludes cytokine transcription.

Immunoinflammatory responses are orchestrated by cyto-
kines, and T-cell mitogens and superantigens are potent stim-
uli for cytokine production from T cells, monocytes, and mac-
rophages (2, 3). In CF there is a misdirected or dysregulated
response, since there is a chronic and exuberant immunoin-
flammatory response without clearance of the pathogen. This
response may be a result of altered cytokine induction that
includes decreased secretion of the anti-inflammatory cytokine
interleukin-10 (IL-10) (13, 28) with concordant increases in
proinflammatory cytokine production, including tumor necro-

sis factor alpha (TNF-a), IL-1a, IL-1b, IL-6, and IL-8 (4, 11,
22). T-cell mitogens induce the production of many cytokines
and are capable of altering or polarizing the Th1 and Th2
cytokine profile, which can have a potential pathogenic role
during infection (8, 9, 14, 16, 31). We hypothesized that exo-
enzyme S could contribute to a dysregulated immune response
by the exaggerated production of both Th1 and Th2 cytokines
and proinflammatory cytokines.

Cytokine effects and interactions are complex, with many
cytokines influencing the production of others throughout the
time course of the response. Because of this, multiparameter
technology has been applied to cytokine work (24) with the
goal of determining the kinetics of induction and the nature of
the most important cytokine response. For this purpose, the
RNase protection assay (RPA) has significant advantages; it is
a sensitive and quantitative measure of cytokine and chemo-
kine mRNA induction that allows for the simultaneous deter-
mination of multiple genes. Three gene panels were used to
examine transcriptional expression of Th1 and Th2 cytokines,
proinflammatory and immunoregulatory cytokines, and che-
mokines.

Exoenzyme S purification. ExoS/DG1 from P. aeruginosa strain
DG1 was isolated as previously described using (NH4)2SO4
precipitation of culture supernatants, ion-exchange chroma-
tography, and acetone precipitation, followed by gel filtration,
and migrated as a 50-kDa band without ADP-ribosyltrans-
ferase activity (35). rExoS was isolated from Escherichia coli
BL21(DE3) bearing a plasmid encoding histidine-tagged exo-
enzyme S cloned from P. aeruginosa 388(pETrHisExoS). rExoS
was purified by Ni21 affinity chromatography from cellular
lysates and migrated as a 52-kDa band possessing ADP-ribo-
syltransferase activity (7, 21). Neutralizing antibodies generat-
ed against ExoS/DG1 were shown to neutralize T-cell activa-
tion induced by rExoS, indicating that both preparations share
the mitogenic epitope (7).

Cell culture and RPA. Peripheral blood mononuclear cell(s)
(PBMC) were isolated from healthy adults by Ficoll-Hypaque
density centrifugation (27). Cells (2 3 105 cells/well) were
cultured in AIM V serum free medium (Gibco BRL, Burling-
ton, Ontario, Canada) in 24-well nonadherent plates (Costar)
in the presence of 10 mg of polymyxin B per ml in order to
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exclude cellular activation from lipopolysaccharides (LPS)
(30). Resting PBMC were stimulated with 1 mg of either ExoS/
DG1 or rExoS per ml.

At various times, PBMC were collected, and total RNA was
extracted (Qiagen, Inc., Mississauga, Ontario, Canada). RNA
probes (PharMingen, Mississauga, Ontario, Canada) to cyto-
kines and chemokines were radiolabeled with 35S and hy-
bridized overnight to 3.5 mg of RNA. Each panel of probes
included L32 and GAPDH (glyceraldehyde-3-phosphate de-
hydrogenase), which are constitutively expressed and served as
internal controls for RNA content. Following hybridization,
single-stranded RNA was digested with RNase A and RNase
T1. Double-stranded RNA was extracted and separated by
electrophoresis in a 5% polyacrylamide gel. Protected frag-
ments were visualized by autoradiography, and the intensity of
each band was quantified by exposure to a Phosphorimager
screen and calculated using ImageQuant software (Molecular
Dynamics, Sunnyvake, Calif.).

Th1 and Th2 cytokines. T-cell mitogens and superantigens
are capable of altering or polarizing the Th1 or Th2 cytokine
profile which can have a significant role in the pathogenesis of
infection (23, 26, 31). Since exoenzyme S is a T-cell mitogen,
we investigated whether T-cell cytokines were induced. A pos-
itive response was defined as a .2-fold increase in the intensity
compared to unstimulated PBMC ([i.e., stimulated cytokine
band intensity/stimulated L32 band intensity]/[unstimulated
cytokine band intensity/unstimulated L32 band intensity]).
Only those genes that were detected are displayed in tabular
form (Tables 1 and 2). Neither ExoS/DG1 nor rExoS induced
transcription of IL-4 or IL-5 (Fig. 1 and Table 1). Modest
induction of Th1 type cytokines (IL-2 and gamma interferon
[IFN-g]) was seen (Fig. 1 and Table 1), which was confirmed by
reverse transcription-PCR (RT-PCR) (data not shown). We
were somewhat surprised by the relative lack of induction,
since exoenzyme S causes rapid expression of high levels of
CD69 on a large percentage of T cells, which reflects substan-
tial activation (5, 7). By contrast, both ExoS/DG1 and rExoS
strongly induced transcription of the proinflammatory cyto-
kines IL-1a and IL-1b that peaked between 5 and 24 h and
declined after 5 days. Since strong induction of proinflamma-

tory cytokines and a vigorous inflammatory response charac-
terize the response in CF patients infected with P. aeruginosa
(11), this led us to hypothesize that exoenzyme S preferentially
induces proinflammatory cytokines. Thus, we examined the
ability of exoenzyme S to induce proinflammatory cytokines
and chemokines.

Proinflammatory cytokine induction by exoenzyme S. To-
gether with IL-1a and IL-1b, ExoS/DG1 and rExoS induced
rapid transcription of additional proinflammatory cytokines
including TNF-a and IL-6 (Fig. 2A and Table 1). While both
TNF-a and IL-6 peaked at 5 h, transcription of IL-6 decreased
significantly by day 1 and transcription of TNF-a decreased
gradually until day 5. The ExoS/DG1- and rExoS-induced cy-
tokine profile was indicative of a proinflammatory stimulus
more so than a polarized Th1-Th2 response with the induction
of proinflammatory cytokines such as TNF-a, IL-1a, IL-1b,
and IL-6. These cytokines mediate inflammatory responses
through a variety of mechanisms, including the activation and
recruitment of numerous cell types (9, 19).

FIG. 1. Preferential induction of Th1 cytokines from PBMC by stimulation
with exoenzyme S. Resting PBMC were either unstimulated (U), stimulated with
1 mg of ExoS/DG1 per ml (D), or stimulated with 1 mg of rExoS per ml (R) for
various times. Undigested fragments were used as markers to determine the
identity of protected fragments. Densitometric values are given in Table 1. The
experiment was repeated twice with similar results.

TABLE 1. Exoenzyme S induces Th1 and
proinflammatory cytokines

Cytokine

Ratio of stimulated/unstimulateda (stimulated/L32)b band
intensity after stimulation with ExoS/DG1 for various periods:

5 h Day 1 Day 3 Day 5

IFN-g 1.2 (0.06) 0.9 (0.1) 0.7 (0.04) 2.8 (0.3)
IL-2 1.8 (1.1) 2.5 (0.6) 3.2 (0.3) 2.4 (0.13)
TNF-a 18 (2.1) 5.2 (0.56) 3.3 (0.3) 2.5 (0.22)
IL-1a 9.6 (4.5) 107 (2.8) 9.9 (0.8) 3.4 (0.13)
IL-1b 21 (20) 67 (25) 28 (5) 12 (1.2)
IL-1RA 2.0 (18) 1.1 (9.4) 2.3 (8) 3.7 (6)
IL-6 – (5.54) 73 (3.1) 6.3 (0.15) – (0)
IL-10 4.1 (0.27) 1.2 (0.11) 0.5 (0.12) 0.9 (0.17)
TGF-b1 1.0 (0.43) 1.2 (0.87) 0.7 (0.44) 2.2 (0.98)
TGF-b3 1.2 (0.53) 2.0 (0.69) 1.1 (0.27) 3.0 (0.37)
IL-12p40 11 (0.19) 6.0 (0.08) 1.3 (0.03) 1.2 (0.56)

a Densitometry corresponds to the bands in Fig. 1 and 2A. Cytokine intensity
was quantified by phosphorimager analysis. Cytokine intensity is displayed as the
fold increase over unstimulated values, i.e., (stimulated band intensity/L32 band
intensity)/(unstimulated band intensity/L32).

b Within the brackets cytokine mRNA was normalized to L32 (cytokine band
intensity/L32 band intensity). The experiment was repeated twice with similar
results. Only genes that were detected are shown. –, No band was observed in the
unstimulated sample, and only the cytokine/L32 ratio is given.

TABLE 2. Exoenzyme S induces chemokines

Chemokine

Ratio of stimulated/unstimulateda (stimulated/L32)b band
intensity after simulation with ExoS/DG1 for various periods:

5 h Day 1 Day 3 Day 5

Ltn 4.0 (0.43) 0 (0) 2.4 (1.6) 1.5 (0.27)
RANTES 17.4 (11) 22 (11) 16 (18) 5.7 (3.9)
IP-10 173 (20) 3.6 (0.7) 2.2 (0.3) – (0.1)
MIP-1b 81 (79.4) 13 (13.1) 7.8 (4.2) 2.4 (1.0)
MIP-1a 14 (21.5) 12 (20.6) 7.0 (8.2) 4.8 (3.7)
MCP-1 4.2 (5.4) 16 (35.5) 12 (13) 0.6 (0.46)
IL-8 53 (32.6) 86 (35.9) 39 (16) 9.5 (3.7)
I-309 9.0 (1.43) – (4.0) – (2.1) 1.6 (0.24)

a Densitometry corresponding to the bands in Fig. 2B. Cytokine intensity was
quantified by phosphorimager analysis. Cytokine intensity is displayed as the fold
increase over unstimulated values, i.e., (stimulated band intensity/L32 band in-
tensity)/(unstimulated band intensity/L32).

b Within the brackets cytokine mRNA was normalized to L32 (cytokine band
intensity/L32 band intensity). The experiment was repeated twice with similar
results. Only genes that were detected are shown. –, No band was observed in the
unstimulated sample and only the cytokine/L32 ratio is given.
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Both ExoS/DG1 and rExoS induced transcription of all of
the chemokines tested (Fig. 2B). Transcription of IP-10, I-309,
MIP-1b, and MIP-1a peaked at 5 h, and transcription of
RANTES, MCP-1, and IL-8 peaked after 1 day of stimulation
(Fig. 2B and Table 2). Ltn induction by both ExoS/DG1 and
rExoS was weak (Fig. 2B and Table 2). Chemokine responses
declined to near baseline levels by day 5. Based on mRNA
expression, it would be predicted that neutrophils, monocytes,
and T cells would be recruited to the lung. IL-8 and MIP-1a
induce neutrophil chemotaxis, and neutrophil infiltration is
believed to be responsible for neutrophil-mediated pulmonary
tissue damage in CF (4, 11, 12). In addition to neutrophil
recruitment, exoenzyme-S-induced MCP-1, IP-10, MIP-1a,
MIP-1b, and RANTES are capable of recruiting monocytes to
the lung (9, 38). The time course of transcription of all of the
cytokines and chemokines was similar. There was no evidence
of late transcription of some cytokines and therefore no sug-
gestion that the response would evolve with time, with early
recruitment of some cell types and late recruitment of other
cells, or with a change in the activation state of these cells. This

may be because apoptosis intercedes and abrogates late cyto-
kine responses.

Cytokine and chemokine induction by exoenzyme S may
play a key role in the deficient cell-mediated immunity ob-
served in CF patients (32). I-309, RANTES, IL-8, MIP-1a,
MIP-1b, and Ltn are chemotactic for T cells (9). The ability of
exoenzyme-S-recruited T cells to mount a protective immune
response may be altered by both direct and indirect mecha-
nisms. Exoenzyme S induces apoptosis of T cells and, although
the mechanism of this apoptosis has not yet been determined
(6), it is possible that activated monocytes induce the death
of T cells through a TNF-a-dependent mechanism (1), which
would be an important mechanism of T-cell immunosuppres-
sion.

Immunoregulatory cytokines may also contribute to T-cell
suppression. IL-12p40 was induced by both ExoS/DG1 (11-fold
induction) and rExoS (4-fold induction), as was IL-10, which
are capable of modulating T-cell function (Fig. 1 and 2A and
Table 1) (9). Biologically active IL-12p70 is composed of the
IL-12p35/p40 heterodimer, which induces IFN-g secretion
from T cells and NK cells and promotes differentiation of Th1
cells (9, 10). Transcription of IL-12p40 mRNA was detected,
although transcription of IL-12p35 mRNA was not (Fig. 2A).
Induction of IL-12p40 without IL-12p35 is a potential mecha-
nism of altering the host response to P. aeruginosa since excess
production of IL-12p40 can inhibit IL-12p70 function, result-
ing in decreased T-cell effector functions (25). This may be a
potential explanation for the minimal transcription of IFN-g
despite marked T-cell activation by exoenzyme S. Further-
more, IL-12p40 may also contribute to the inflammatory re-
sponse by directly recruiting monocytes (20). It is also note-
worthy that, despite the transcription of IL-10, which regulates
cytokines primarily at the level of transcription, substantial induc-
tion of proinflammatory cytokines and chemokines was present.

Polymyxin B was added to the cultures to eliminate any
potential effect of LPS. Although it was unlikely that LPS was
contributing when polymyxin B was present, additional exper-
iments were performed to ensure that polymyxin B was capable
of blocking the effect of any LPS contamination. A more sen-
sitive RT-PCR-based assay (33) was used to amplify TNF-a
mRNA, which is highly responsive to minute mounts of LPS
(37). P. aeruginosa LPS (10 mg/ml) induced strong TNF-a in-
duction (Fig. 3). In the presence of polymyxin B (10 mg/ml),
LPS-induced TNF-a mRNA was abrogated, indicating that
polymyxin B neutralized LPS. TNF-a mRNA that was induced
by ExoS/DG1 was not inhibited by polymyxin B, indicating that
the observed cytokine induction was not due to contaminating
LPS.

FIG. 2. Exoenzyme S induces transcription of proinflammatory cytokine (A)
and chemokine (B) mRNA. Resting PBMC were either unstimulated (U), stim-
ulated with 1 mg of ExoS/DG1 per ml (D), or with 1 mg of rExoS per ml (R) for
various times. Undigested fragments were used as markers to determine the
identity of protected fragments. Densitometric values are given in Tables 1 and
2. The experiment was repeated twice with similar results.

FIG. 3. LPS contamination is not responsible for cytokine upregulation.
PBMC were stimulated in RPMI culture media for 3 h. PBMC were either un-
stimulated (Unst), stimulated with 10 mg of P. aeruginosa per ml (LPS), or stim-
ulated with 1 mg of ExoS/DG1 per ml (DG1) with or without 10 mg of polymyxin
B per ml. PBMC were collected and lysed, and the RNA was extracted. RT was
performed using random hexamer primers. PCR was performed for 26 cycles
using TNF-a-specific and GAPDH-specific primers. The experiment was re-
peated twice with similar results.

VOL. 68, 2000 NOTES 4813



Increased levels of TNF-a, IL-8, IL-1a, IL-1b, and IL-6 and
relatively unchanged levels of IL-1RA in response to exoen-
zyme S (Fig. 1 and 2) is a cytokine profile that is reminiscent of
that found in the lungs of CF patients infected with P. aerugi-
nosa compared to healthy individuals (4, 11, 22). It is likely that
other proinflammatory cytokines also contribute to the inflam-
mation, and certainly other cytokines are induced by exoen-
zyme S, although we are not aware of studies measuring these
cytokines in the CF lung. We have observed that exoenzyme S
isolated from two different strains of P. aeruginosa possess the
ability to induce the transcription of proinflammatory cyto-
kines and chemokines from PBMC, and this effect is not de-
pendent on ADP-ribosyltransferase activity. Through the char-
acterization of the cytokine-chemokine response of PBMC to
exoenzyme S, we have identified a number of mechanisms by
which exoenzyme S may contribute to ongoing pulmonary in-
flammation in CF. Understanding the mechanisms of an exo-
enzyme-S-induced inflammatory response will lead to a greater
understanding of host-pathogen interactions and may help us
devise immunotherapeutic strategies designed to alleviate
P. aeruginosa-mediated inflammation in CF patients.
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