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The Escherichia coli alpha-hemolysin represents a potent stimulus for inflammatory mediator release (02-,
0-glucuronidase release, and leukotriene generation) from human polymorphonuclear granulocytes, for
histamine release from a suspension of human lymphocyte/monocyte basophil cells (LMB), and for serotonin
release and 12-hydroxyeicosatetraenoic acid generation from human platelets. In contrast, the E. coli
alpha-hemolysin leads to a downregulation of cytokine release (interleukin-1I [IL-Ip], IL-6, and tumor
necrosis factor alpha) from human LMB. Recently, it became apparent that the E. coli alpha-hemolysin is
composed of several functional structures. We analyzed the role of pore formation, pore stability, and
calcium-dependent membrane binding for inflammatory mediator release by using washed bacteria as well as

culture supernatants of isogenic recombinant E. coli strains expressing no hemolysin (Hly-), the wild-type
hemolysin (Hly'), or hemolysin molecules deficient or modulated in defined functions (pore formation,
calcium-dependent membrane binding, or pore stability). In human granulocytes and platelets, mutant
hemolysin with enhanced pore stability did not lead to a further increase in induction; mutant hemolysin
deficient in pore-forming activity or calcium-dependent membrane binding no longer induced leukotriene B4
generation or P-glucuronidase release compared with the wild-type hemolysin. Similar results were obtained
with regard to histamine release from human LMB. The induction of cytokine release from human LMB
differed depending on the type of mutant E. coli alpha-hemolysin. The wild-type hemolysin, the mutant
hemolysin with enhanced pore-forming activity, and, to a lesser degree, the mutant hemolysin deficient in
pore-forming activity decreased cytokine release (IL-1i, IL-6, IL-8, and tumor necrosis factor) compared with
untreated cells. In contrast, the mutant hemolysin deficient in calcium-dependent membrane binding led to an
increase of up to 50% in cytokine release compared with that by unstimulated cells. Our results indicate that
simultaneous expression of the pore-forming and calcium-dependent membrane-binding activities of the
hemolysin molecule was necessary to obtain the full cellular inflammatory response pattern observed with the
wild-type hemolysin.

Pathogenic Escherichia coli strains isolated from patients
with extraintestinal infections, e.g., urinary tract infection,
sepsis, and meningitis, generally exhibit several characteristics
which contribute to their virulence, including alpha-hemolysin,
an exotoxin (11, 19, 21, 33, 42).
The E. coli alpha-hemolysin was regarded primarily as a

pore-forming exotoxin which exhibits calcium-dependent he-
molysis of erythrocytes (4, 22). Recently, several different
functional regions, responsible for pore formation, calcium-
dependent membrane binding, and pore stability, have been
detected in the hemolysin protein (HlyA) of E. coli (6, 7, 30,
31). For erythrocyte lysis, two functions of the hemolysin
molecule are necessary, pore formation and Ca2+-dependent
membrane binding to erythrocytes (6, 7, 30, 31). There are
currently no data on the role of the various functional regions
of the hemolysin molecule with regard to release of mediators
of inflammation from human cells.
Human polymorphonuclear granulocytes (PMN), mono-

cytes, mast cells, basophils, and blood platelets actively partic-
ipate in the inflammatory response to the E. coli alpha-
hemolysin (22, 26, 28, 34). After interaction with hemolysin-
producing E. coli bacteria or with soluble hemolysin, human
inflammatory cells release mediators after degranulation of
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preformed constituents (e.g., serotonin, histamine, and en-
zymes) or after novel generation (e.g., 12-hydroxyeicosatetrae-
noic acid [12-HETE] and leukotrienes) (26, 28, 34). The E. coli
alpha-hemolysin inhibits the release of cytokines (interleu-
kin-lo [IL-1,B], IL-6, and tumor necrosis factor [TNF]) from
a suspension of human lymphocyte/monocyte/basophil cells
(LMB) (25). In this regard, serotonin and histamine represent
vasoactive (vasoconstriction and vasodilation) substances, and
leukotriene B4 (LTB4) and 12-HETE are potent chemotactic
components for PMN and may mediate leukocyte diapedesis
through the vascular endothelium (17, 27, 36). Furthermore,
platelet-derived 12-HETE can be rapidly incorporated into
bystander cell populations (e.g., human leukocytes) and
thereby function as a transcellular signal (28, 36).

Cytokines are released from a variety of cells and are

involved in the induction, persistence, and elimination of
microbial infection (12, 15, 20, 40, 41). In contrast to the
above-mentioned inflammatory mediators, IL-113 and IL-6
exert pyrogenic activities and are also responsible for the
induction of acute-phase proteins (1, 10). TNF-a has been
implicated in the development of cachexia and septic shock
(12, 37, 41). TNF-ac may also prime inflammatory effector cells
for a subsequent response, and thereby enhanced mediator
generation may occur (35). IL-8, a recently described 6- to
10-kDa protein, is produced by a variety of cells in vitro,
including peripheral blood leukocytes, and represents a cyto-
kine that induces chemotaxis, degranulation, respiratory burst,
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TABLE 1. E. coli 5K strains used

Strain no. Plasmid Specific hemolytic Pore Ca"~-dependent HlyA deletion Reference(s)activity (U) formation membrane binding

1 None 0 NAa NA NA 30
2 pANN202-312* 100 Yes Yes None 16, 30
3 pANN202-312AL2* 0 No Yes Hydrophobic region DII 31
4 pANN202-312AL10-9* 0 Yes No Repeat region 30
5 pANN202-312AL13* 250 Enhanced Yes N-terminal amphiphilic region 31

a NA, not applicable.

adherence, shape change, Ca2+ mobilization, and upregulation
of CD1lb/CD18 glycoprotein in human PMN (2, 9, 14, 39, 43).
The purpose of our study was to analyze the role of the

various functional regions of the hemolysin molecule mediat-
ing pore formation, pore stability, and calcium-dependent
membrane binding with regard to inflammatory mediator
release (LTB4, enzymes, serotonin, 12-HETE, histamine, and
cytokines). For this purpose, we used recombinant isogenic E.
coli strains expressing no hemolysin, the wild-type hemolysin,
or hemolysin molecules with site-specific deletions or modifi-
cations of the various functional structures.

MATERIALS AND METHODS

Materials. Brain heart infusion was obtained from Oxoid,
Basingstoke, Hampshire, England. All other chemicals were
purchased from Sigma Chemical Co., Deisenhofen, Germany.

Buffer solutions. The medium used for washing the leuko-
cytes and the platelets was Dulbecco's modified phosphate-
buffered saline (PBS; 0.137 M NaCl, 8 mM Na2HPO4, 15 mM
KH2PO4, 27 mM KCl [pH 7.4]); for stimulation (enzyme and
histamine release or LTB4 and 12-HETE generation), 0.6 mM
CaCl2 and 1 mM MgCl2 were added. For cytokine release
experiments, cells were resuspended in RPMI 1640 medium
(Gibco) containing 10% fetal calf serum and 1% antibiotics
(complete medium).

Preparation of cells. Human leukocytes were obtained from
heparinized blood from healthy donors, separated on a Ficoll-
metrizoate gradient, and sedimented with dextran (8). The
LMB fraction consisted of lymphocytes (85% ± 4.6%), mono-
cytes (14.2% ± 4.1%), and basophilic granulocytes (1.2% ±
0.5%). Monocytes were isolated from LMB by adherence to
plastic in complete medium for 60 min in a humidified
atmosphere of 5% CO2 in air. The monocytes were removed
by gentle scraping with a rubber policeman, and a purity and
viability of 96 to 98% were obtained (38). The PMN fraction
consisted of 98% pure PMN. The cells were then washed at
low speed (600 rpm) to remove platelets. The erythrocytes
were removed by hypotonic exposure of the cell suspension.
The PMN/LMB were resuspended to a final concentration of 2
X 107 cells per ml for enzyme and leukotriene release and to
1 X 107 cells per ml for histamine release; for cytokine release,
LMB were adjusted to a concentration of 1 X 106/ml. For
platelet preparation, EDTA-blood was centrifuged at 200 x g
for 25 min to obtain platelet-rich plasma. Platelets were
obtained by centrifugation at 2,200 rpm at 4°C. The platelets
were washed in PBS buffer and resuspended at about 2 x
108/ml. The platelet preparation was 98% pure.

Cell viability. Cell viability was assessed by the trypan blue
exclusion test as well as by the analysis of lactate dehydroge-
nase (LDH) release from stimulated and nonstimulated cells.
Analysis of LDH (EC 1.1.1.27) was carried out as described
previously (26).

Bacterial strains. The characteristics of the E. coli strains

are summarized in Table 1. Cloning and functional character-
ization of the plasmid-encoded determinants were performed
at the Institut fur Genetik und Mikrobiologie, Universitat
Wiirzburg, Wiirzburg, Germany (16, 30, 31). The hemolysin-
negative strain E. coli 5K (Smr lacYl tonA21 thr-1 supE44 thi r-
m+) does not produce hemolysin and served as a hemolysin-
negative (Hly-) control. E. coli 5K was transformed with
reference plasmid pANN202-312* to become hemolysin posi-
tive. The previously described plasmid pANN202-312 contains
only the genes hlyC, hlyA, hlyB, and hlyD (16). In contrast,
plasmid pANN202-312* carries the complete hemolysin deter-
minant (hlyR, hlyC, hlyA, hlyB, and hlyD) of pHlyl52 cloned in
vector pACYC184 as described previously (30, 31); the hemo-
lysin is fully active and is called wild-type hemolysin. Plasmid
pANN202-312AL2* is a deletion derivative of pANN202-312*
in which the codons for amino acids 300 to 319 of HlyA have
been deleted (30, 31). The hemolysin is secreted but is not
hemolytic; it is deficient in pore-forming activity. Plasmid
pANN202-312AL10-9* contains the hlyRCABD genes in which
5 of 12 repeated sequences in hlyA have been deleted (30, 31);
this strain secretes a nonhemolytic hemolysin which is deficient
in calcium-dependent membrane binding. Plasmid pANN202-
312AL13* is a deletion derivative of pANN202-312 in which
the codons for amino acids 9 to 37 have been deleted. The
hemolysin is secreted and is 2.5-fold more hemolytic than
wild-type hemolysin (30, 31).
To analyze the function of the wild-type hemolysin as well as

the mutant hemolysins, hemolysis of sheep erythrocytes and a
lipid bilayer assay were used as described previously in detail
(31). The wild-type hemolysin and the hemolysin mutants were
secreted by E. coli 5K to a similar degree, as was verified by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and subsequent silver staining. The amounts of
secreted wild-type as well as mutant hemolysin were between 5
and 10 ,ug/ml of culture supernatant. Storage of the culture
supernatants for 24 to 48 h at 4°C influenced neither the
activity nor the integrity of the wild-type or mutant hemolysins
(data not shown) (30, 31). Thus, experiments were carried out
with comparable amounts of intact hemolysins.

Bacterial growth. Brain heart infusion broth (10 ml) was
inoculated with 100 ,ul of an overnight culture of E. coli 5K
containing either the reference plasmid pANN202-312 or one
of the mutant hly plasmids; the culture was incubated at 37°C
on a shaker (150 rpm) until the late logarithmic growth phase
was reached (26). Cell culture supernatants were obtained by
centrifuging the cultures at 4,000 rpm for 20 min at 4°C and
filtering the supernatant through hydrophilic filters (pore size,
0.22 ,um; Millipore Corp.). The cell pellets were washed once
and adjusted to a concentration of 5 x 109/ml. The hemolytic
titers of the washed bacteria and the HlyA preparations were
determined as described below.
Hemolysin assay. A quantitative alpha-hemolysin assay was

performed as described previously (26). In brief, culture
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supernatants or washed bacteria (200,ul) of recombinant E.
coli 5K cultures containing either the reference plasmid
pANN202-312 or one of the mutant hly plasmids were incu-
bated with 800,ul of a PBS solution containing 2% sheep
erythrocytes, 1mM MgCl2, and 0.6 mM CaCl2 for 30 min at
37°C. Subsequently, the erythrocytes were pelleted, and the
amount of released hemoglobin in the supernatant was deter-
mined photometrically at 540 nm. The results are expressed as
the percentage of the total hemoglobin content released
(optical density at 540 nm = 2.0).

Cellular activation. To study enzyme and histamine release
and leukotriene and 12-HETE generation, human leuko-
cytes (2 x 107/ml) or human platelets (2 x 108/ml) were
stimulated in the presence of 0.6 mM Ca2' and 1 mM
Mg2+ with 100,ul of buffer (control) or with 100 pd of un-
diluted or appropriately diluted culture supernatants of E.
coli 5K (Hly-), recombinant strain E. coli 5K(pANN202-
312*) (Hly+), or the isogenic recombinant E. coli 5K strains
expressing the hemolysin mutants (Table 1) for the indi-
cated times at 37°C. In cytokine release experiments, cells
(106/ml) were stimulated in complete medium (RPMI 1640
medium with 10% fetal calf serum and 1% antibiotics). The
appropriate supematants of stimulated cells (1,000 ,ul) were
analyzed for LTB4, 12-HETE, histamine, enzyme, serotonin,
or cytokines. The hemolysin-containing culture supematants
were assessed by immunoblot for quantitation (expression
levels) and for integrity.

P-Glucuronidase release from human PMN. ,-Glucuroni-
dase (EC 3.2.1.31) content was determined as described pre-
viously (26). Released 0-glucuronidase is expressed as a percent-
age of the total,3-glucuronidase content determined by cell lysis.

Histamine release. Human LMB (107/ml) in PBS were
stimulated with buffer or with the appropriate stimulus in the
presence of 0.6 mM Ca2+ and 1 mM Mg2+ for the indicated
times at 37°C. Cells were centrifuged for 10 min at 300 x g; the
supernatant was deproteinized by the addition of 2 ml of 2%
HC104 and centrifuged at 1,000 x g for 10 min, and histamine
content was analyzed by the fluorophotometric analyzer tech-
nique (26). Released histamine is expressed as a percentage of
the total histamine content determined by cell lysis. Cells in the
presence of buffer and bacterial supernatants by themselves at
the appropriate dilutions served as controls.
Assay for serotonin release. Washed human platelets were

resuspended at a concentration of 109/ml in buffer contain-
ing 10 mM glucose and [3H]serotonin (5-hydroxy[3H]trypt-
amine; 0.2 RMCi/108 cells). The suspension was incubated for 30
min at 37°C; during this time, 75% of the 5-hydroxy[3H]
tryptamine was incorporated. The labeled platelets were
washed twice with buffer and finally suspended at a concen-
tration of 2 x 108 platelets per ml. The release of [3H]sero-
tonin was determined after mixing the platelet suspension
with 0.5 ml of 3% paraformaldehyde in buffer. The formalde-
hyde-treated samples were centrifuged at 1,200 x g for 10 min,
and the supernatant was analyzed for 3H radioactivity by liquid
scintillation spectrometry. Released [3H]serotonin is expressed
as a percentage of the total platelet-bound [3H] serotonin.

Analysis of leukotriene, LTB4, and 12-HETE generation.
Cell supernatants were analyzed for leukotrienes and 12-
HETE as described before (26, 28). Two milliliters of metha-
nol-acetonitrile (50:50, vol/vol) was added to the culture
supernatants. After centrifugation at 1,900 x g for 15 min
(Cryofuge 6-4; Heraeus Christ), the supernatants were evapo-
rated to dryness by lyophilization (Modulyo; Edwards-Kniese,
Marburg, Germany). The residues were dissolved in 600 ,ul of
methanol-water (30:70), and 200 ,ul was analyzed by reversed-
phase high-pressure liquid chromatography (HPLC). The col-

umn (4.6 by 200 mm) was packed with Nucleosil C18 (particle
size, 5,um; Macherey-Nagel, Duren, Germany). HPLC equip-
ment consisted of a CM4000 pump, anSM4000 detector (both
from Laboratory Data Control/Milton Roy, Hasselroth, Ger-
many), and an automatic sample injector (WISP 710B; Waters,
Eschborn, Germany). Leukotrienes were analyzed using a
mobile phase consisting of methanol-water-acetonitrile-phos-
phoric acid (48:24:28:0.03, vol/vol) including 0.04% EDTA and
0.15% K2HPO4, pH 5.0. The flow rate was maintained at 0.9
ml/min. The A280 of the column effluent was determined. For
the analysis of 12-HETE, the mobile phase was a mixture of a
K2HPO4 solution (17 mM) containing 0.05% EDTA, acetoni-
trile, and methanol (1:0.75:0.75, by volume) adjusted to pH 5.0
with phosphoric acid. The A230 of the column effluent was
determined. Quantification and identification of leukotrienes
and 12-HETE were performed with synthetic standard solu-
tions. LTB4 generation was calculated as the combined
amounts of LTB4 and the LTB4 omega oxidation products
20-hydroxy-LTB4 and 20-carboxy-LTB4.

Cytokine assays. For IL-1p, IL-6, and TNF-a analysis, 100
RI of the cell supernatants was applied to a commercial
solid-phase enzyme-linked immunosorbent assay (ELISA) for
IL-1,B, IL-6, or TNF-ot by the sandwich technique (R&D
Systems, Minneapolis, Minn.). The assay was carried out as
suggested by the manufacturer. Each ELISA recognizes both
natural and recombinant cytokines (IL-1p, IL-6, or TNF-a)
and demonstrates no measurable cross-reactivity with other
recombinant human cytokines. The minimum detectable con-
centrations of IL-1p, IL-6, and TNF-ot are 4, 5, and 5 pg/ml,
respectively. The corresponding IL-11, IL-6, and TNF-a con-
centrations were calculated from calibration curves obtained
with the standards supplied in each kit.

IL-8 release was determined by a sandwich ELISA by the
method of Ceska as published previously (2). Each well of a
96-well plate (Nunc Maxisorb) was coated overnight at 4°C
with 100 ,ul of PBS-Tween 20 (0.1%) containing anti-IL-8
antibodies at a concentration of 5 jig/ml. The plates were
washed three times with PBS-Tween, the appropriate sample
or the IL-8 standard was added, and incubation proceeded for
2 h at 37°C. Thereafter, alkaline phosphatase-linked anti-IL-8
antibody was added. After addition of p-nitrophenylphosphate
(15 mg/ml), an ELISA reader was used for quantification, and
Mikrotek software (SLT Labinstruments, Crailsheim, Ger-
many) was used for calculation.

Statistics. Data show mean values + standard deviations
(SD) for at least three individual experiments with cells from
different donors. Significance was examined with Student's t
test for independent means.

RESULTS

Release of preformed (i-glucuronidase, histamine, and
serotonin) and newly generated (LTB4 and 12-HETE) media-
tors from human inflammatory cells. Preformed and newly
generated mediators play an important role in the inflamma-
tory process. We analyzed the role of the structural regions for
pore formation, pore stability, and calcium-dependent mem-
brane binding of the E. coli alpha-hemolysin for the release of
j-glucuronidase and generation of LTB4 from human PMN,
for histamine release from human basophils, and for serotonin
release and 12-HETE generation from human platelets. The
assay conditions were chosen from previous experiments (26,
27). Human PMN (2 x 107/ml), LMB (1 x 107/ml), or platelets
(2 x 108/ml) were stimulated either with buffer (100 RI) or with
cell culture supernatants (100 ,lI) of the recombinant E. coli 5K
strains (Table 1), either undiluted (1:1) or down to a 1:10
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TABLE 2. Release of preformed and newly generated mediators from human inflammatory cellsa

E. coli 5K Plasmid Dilution'
Releasec (% of total) Generationd (ng)E.coli5K ~Plasmid Djlutioflbstrain no. ,-Glucuronidase Serotonin Histamine LTB4 12-HETE

1 None 1:1 0 1±1 0 0 2±2
1:2 0 0 0 0 3±2
1:5 0 0 0 0 0
1:1 0 0 0 0 0

2 pANN202-312* 1:1 94 6 81 14 30 ± 4 44 ± 6 73 ± 11
1:2 38 9 81 15 15 ± 5 32±9 46± 12
1:5 14+5 65±11 9±3 9±7 28±9
1:10 7 3 35 6 5 ± 3 NDe ND

3 pANN202-312AL2* 1:1 3 2 0 0 0 2 ± 2
1:2 0 0 0 0 4±2
1:5 0 0 0 0 0
1:10 0 0 0 ND ND

4 pANN202-312AL10-9* 1:1 2 ± 1 0 0 0 3 ± 2
1:2 0 0 0 0 2±3
1:5 0 0 0 0 0
1:10 0 0 0 ND ND

5 pANN22-312AL13* 1:1 79 12 79 14 25 ± 9 57 ± 7 66 ± 13
1:2 63±15 74±8 14±4 38±12 35±12
1:5 21 8 55 7 6 ± 6 17 ± 5 26 ± 7
1:10 17 6 6 3 5 ± 7 ND ND

a Human PMN (2 x 107/ml), LMB (2 x 107/ml), or platelets (2 x 108/ml) were incubated in the presence of buffer (PBS) or in the presence of culture supernatants
of the appropriate recombinant E. coli strains at the indicated dilutions for 30 min (P-glucuronidase, serotonin, and LTB4) or for 60 min (histamine and 12-HETE)
at 370C.

b The biological hemolytic activities of the undiluted (1:1) and 1:2, 1:5, and 1:10 diluted culture supernatants were 82, 77, 38, and 12% of that of the wild-type
hemolysin, respectively.

c Values are expressed as the percentage of total l-glucuronidase, [3H]serotonin, or histamine content released; values for the buffer control were subtracted. Data
are means ± SD for seven independent experiments.

d Values are expressed per 10 cells (total LTB4 is LTB4 plus omega products) or per 108 cells (12-HETE); values for the buffer control were subtracted. Data are
means ± SD for five independent experiments.
'ND, not determined.

dilution, for up to 60 min at 37°C. As is apparent from Table
2, the dose-dependent release of 3-glucuronidase, serotonin,
and histamine and the generation of LTB4 and 12-HETE
correlated well with the capacity to lyse erythrocytes. Thus, the
combination of pore formation and of calcium-dependent
membrane binding activities was necessary for the release of
the above-mentioned preformed and newly generated media-
tors. An increase in pore stability did not further enhance the
capacity for inflammatory mediator release. The data pre-
sented in Table 2 show the maximal release and generation of
the mentioned preformed and newly generated mediators after
an incubation time of 30 min (P-glucuronidase, serotonin, and
LTB4) or 60 min (histamine and 12-HETE). The biological
hemolytic activities of the undiluted and diluted culture super-
natants of the reference strain E. coli 5K(pANN202-312) were
82, 77, 38, and 25% when approximately 600 ng (undiluted)
down to 60 ng (1:10 dilution) of the various hemolysins was
applied to the cells. Negligible amounts of LDH were liberated
from the PMN and platelets as well.

Cytokine release from human LMB and monocytes. The
effect of the E. coli alpha-hemolysin and the various mutant
hemolysins on the ability of LMB as well as of monocytes to
produce IL-11, IL-6, TNF-ao, and IL-8 was examined. Previ-
ously, we have shown that the E. coli alpha-hemolysin sup-
presses IL-13, IL-6, and TNF-ot release from human LMB
(25). In a first set of experiments, human LMB (106/ml) were
cultured with complete medium or with culture supernatants
of the recombinant E. coli strains (Table 1) for 30, 60, 2, or
6 h at 37°C. The supernatants were analyzed for IL-1,B, IL-6,
TNF-ac, and IL-8 by the respective ELISA. The data for IL-13,
IL-6, TNF-ot, and IL-8 release are presented in Fig. 1 for a
biological hemolytic activity of 85% ± 15% (1:1) and 25% ±

10% (1:5 dilution) of the reference hemolysin [E. coli
5K(pANN202-312)] and an incubation time of 3 h. The
amounts of hemolysin were approximately 600 ng (1:1) and 50
ng (1:5 dilution). The data show that both activities, pore
formation and calcium-dependent membrane binding, are
necessary to fulfill the biological activities of the wild-type
hemolysin. However, it is evident from Fig. 1 that calcium-
dependent membrane binding alone led to a decrease in
cytokine release [strain 3, E. coli 5K(pANN202-312AL2*)].
Nonetheless, the effects were less pronounced than with the
wild-type hemolysin.

Dilution of the culture supernatants of E. coli SK(pANN202-
312) (wild type) down to 1:50 led to a 90% suppression of
TNF-ot as well as of IL-8 release from human LMB. Since
monocytes are the main producers of cytokine release, iden-
tical experiments were performed with monocytes (purified
by plastic adherence) for IL-8 release. Monocytes (2 x 105/
ml) synthesized up to 90% of total IL-8 released from unstimu-
lated LMB (1 x 106/ml). As is apparent from Table 3, mono-
cytes challenged with the culture supernatant of E. coli 5K
(pANN202-312) showed results similar to those with LMB.
LMB stimulated with E. coli lipopolysaccharide (LPS, 1 ,ug/ml)
served as a control for cytokine release. The response induced
by LPS exceeded that obtained from unstimulated cells by up
to 100-fold (IL-6 and IL-1p) or 10-fold (TNF-ot); IL-8 release
was only slightly enhanced in the presence of E. coli LPS
(maximally by 20%).

DISCUSSION

Previously, the E. coli alpha-hemolysin was characterized as
a pore-forming toxin (13, 14, 29). It is now well accepted that
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E. coli5K strains
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FIG. 1. Cytokine secretion by human LMB. LMB (106/ml) were incubated with complete medium (control) or with culture supernatants of the
appropriate recombinant isogenic E. coli strains expressing no hemolysin (strain 1), the wild-type hemolysin (strain 2), or the various mutant
hemolysins mutants (strains 3, 4, and 5; see Table 1) at the indicated dilutions for 3 h at 37°C. The biological hemolysin activities of the undiluted
and diluted culture supernatants of the wild-type hemolysin [E. coli 5K(pANN202-312*)] were 85% ± 15% and 25% ± 10%, respectively. The cell
supernatants were analyzed for (A) IL-1P, (B) IL-6, (C) TNF-ot, and (D) IL-8 by the corresponding ELISA. The amount of IL-1,P-, IL-6, IL-8, and
TNF-a released from unstimulated cells was set at 100%. Data are means ±SD for seven independent experiments. *, significantly different from
the control (P < 0.05).

the hemolysin molecule is composed of several structural units
which fulfill distinct functions (6, 7, 30, 31). For erythrocyte
lysis, two functions of the hemolysin molecule are necessary,
pore formation and Ca2"-dependent binding to erythrocytes
(6, 7, 30, 31). The present data demonstrate that the combined
action of the pore-forming and calcium-dependent membrane
binding activities is required to express the biological responses
observed with the wild-type hemolysin after interaction with
human leukocytes and platelets. In this regard, our results
clearly show that the capacity of the E. coli alpha-hemolysin to
induce inflammatory mediator release from human effector
cells (neutrophilic and basophilic granulocytes and platelets)
correlates with its hemolytic activity. Importantly, however, the
inhibition or suppression of cytokine release appears to be
controlled differently.

TABLE 3. IL-8 release from human LMB and monocytes'

Dilution of IL-8 release (% of control)
strain 2 Monocytes LMB

1:1 7.91 ± 1.2 4.52 ± 2.5
1:5 6.32 ± 2.2 2.82 ± 3.2
1:10 3.93 1.8 2.99 2.2
1:50 11.9 + 4.2 7.82 + 3.2

'Human LMB (1 x 106/ml) or monocytes (2 x 105/ml) were incubated with
the culture supernatant of E. coli 5K(pANN202-312) (strain 2) for 3 h at 3TC.
The biological hemolytic activities of the undiluted (1:1) and diluted culture
supernatants ranged from 80% (1:1) down to 4% (1:50 dilution). Values are
expressed as a percentage of IL-8 release by unstimulated cells (100%).

In order to study the significance of pore formation, pore
stability, and Ca2+-dependent binding for inflammatory medi-
ator release, we used isogenic recombinant E. coli 5K strains
expressing the wild-type hemolysin or mutant hemolysins
(HlyA) with deletions in different functional regions of HlyA
(30, 31). Like Ludwig et al. (30, 31), we observed that the
amount of secreted HlyA protein in all the transformants was
similar to that of wild-type HlyA (5 to 10 ,ug/ml of culture).
The secretion of active hemolysin followed identical kinetics
(26, 28), as verified by SDS-PAGE (30, 31). However, as is
apparent from the Results, small differences in hemolysin
concentrations up to a factor of 2 were not relevant in the assay
systems. Purified mutant hemolysin was found to be very
unstable in aqueous salt solution, in contrast to culture super-
natant; therefore, the results presented were performed pre-
dominantly with cell-free culture supernatants of strain E. coli
5K containing either the reference plasmid pANN202-312 or
one of the mutant hly plasmids (30, 31). The wild-type hemo-
lysin and the mutant hemolysins were stable for up to 24 to 48
h at 4°C (data not shown) without degradation. An LPS effect
may be excluded since LPS leads to neither downregulation of
cytokine release nor generation of LTB4 or 12-HETE.

Furthermore, the culture supernatants differed markedly in
their activation profile towards the target cells (PMN, platelets,
LMB, and monocytes). Therefore, one may rule out LPS as an
active principle in the respective culture supernatants, since
isogenic E. coli strains do not differ in their LPS pattern.
Furthermore, effects by bacterium-target cell contact were
excluded. Nonetheless, similar results were obtained in exper-
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iments in which whole recombinant E. coli 5K bacteria were
used.
The asolectin lipid bilayer, consisting mainly of plant glyco-

lipids, has recently been shown to be an excellent model system
for studying pore formation induced by various hemolysins (13,
31). By introduction of site-specific deletions, distinct regions
in HlyA which appear to be involved in pore formation by the
E. coli hemolysin were identified. To study the role of pore
formation for mediator release, three different approaches
were undertaken. (i) Deletion of amino acids 9 to 37 at the N
terminus led to a hemolysin (strain 5) which had an almost
2.5-fold-higher specific hemolytic activity than wild-type hemo-
lysin and formed pores in an artificial asolectin lipid bilayer
with a much longer lifetime (50-fold) than those produced by
the wild-type hemolysin (31). Nonetheless, an increase in pore
stability, represented by the recombinant E. coli strain 5K
(pANN202-312AL13) (strain 5), did not lead to a further
increase in inflammatory mediator release within a concentra-
tion range from 85% ± 15% down to 14.2% hemolytic activity.
(ii) Deletions within hydrophobic region DII or DIII [E. ccli
SK(pANN202-312AL2), strain 3] completely abolished the
pore-forming activity of the E. coli alpha-hemolysin on eryth-
rocytes and artificial membranes (31). This mutant protein no
longer induced the generation of LTB4 or 12-HETE or the
release of enzymes, histamine, or serotonin from inflammatory
cells. (iii) When a hemolysin mutant deficient in calcium-
dependent membrane binding activity [E. coli 5K(pANN202-
312AL10-9), strain 4] was used for target cell stimulation,
again, no inflammatory mediator release was observed. Sur-
prisingly, mutant hemolysins with deletions (30) in the repeat
domain of HlyA, which is involved in the Ca2 -dependent
binding of erythrocyte target membranes (6, 7, 29, 30), were
still able to form ion-permeable pores in the artificial asolectin
lipid bilayer membrane.

It is well established that cytokines play a pivotal role in the
inflammatory process indduced by bacteria as well as bacterial
products. In contrast to the above-described mediators (02-
metabolites, leukotrienes, histamine, and serotonin), the E.
coli alpha-hemolysin suppresses spontaneous as well as in-
duced cytokine release from human LMB in a time- and
dose-dependent manner (25). Our recent data extend these
findings and show that IL-8 release is also suppressed by the E.
coli alpha-hemolysin molecule. Again, the alpha-hemolysin-
induced effects on cytokine release from human monocytes
have been related to the pore-forming activity (5). Our data
clearly show that the pore-forming activity of the E. coli
alpha-hemolysin alone is not responsible for the suppression of
cytokine release from human LMB. Moreover, with regard to
cytokine release, we may conclude that the calcium-dependent
membrane binding activity is primarily responsible for the
observed suppressive effects of the alpha-hemolysin on cyto-
kine release. In this regard, mutant hemolysin deficient in
pore-forming activity but with intact calcium-dependent mem-
brane binding activity (strain 3) led to a significant suppression
of cytokine release from human LMB. However, suppression
of cytokine release was less pronounced than with the wild-
type hemolysin. Thus, concomitant to inflammatory mediator
release from human granulocytes and platelets, the different
structures of the hemolysin molecule fulfill distinct functions
on LMB as well. To rule out cross-reacting activities of T and
B cells on monocytes treated with the E. coli alpha-hemolysin,
we performed identical experiments with monocytes (obtained
by plastic adherence). As is shown for IL-8 release, identical
results were obtained with monocytes as with an LMB suspen-
sion.

Cell perturbation with the generation of functional trans-

membrane lesions of 1 to 2 nm has been suggested as basic
mechanism for the alpha-hemolysin interaction with target
cells (platelets and leukocytes). Thus, the pore formation
leading to calcium influx was thought to be the active principle
for inflammatory mediator release from human target cells.
Previously, we have shown that the E. coli alpha-hemolysin
leads to inflammatory mediator release from human leuko-
cytes and platelets via a distinct signal transduction cascade
including G proteins, calcium influx, and protein kinase C
activation (23, 28). Furthermore, it is established that the
hydrolysis of the membrane inositol phospholipids represents
one major step in the cellular signalling process by the E. coli
alpha-hemolysin (18, 24, 32). Our results support and extend
the previous findings and show that neither the pore-forming
activity nor the calcium-dependent membrane binding activity
by itself is sufficient for the induction of a cellular response.
Thus, our data indicate novel aspects of the molecular mech-
anism underlying the cellular activation of human inflamma-
tory cells by the E. coli alpha-hemolysin. Furthermore, one
may conclude from our results that at least two different
signalling pathways induced by the pore-forming and the
calcium-dependent membrane binding activities result in an
activating process for the induction or suppression of inflam-
matory mediator release from human leukocytes and platelets.
Indeed, preliminary experiments indicate that the different
structural units of the E. coli alpha-hemolysin differ in their
interaction and activation pattern of key elements (GTP-
binding proteins and tyrosine kinases) of the signal transduc-
tion pathway (data not presented).

In summary, our data present novel aspects of the molecular
mechanism underlying the cellular activation of human inflam-
matory cells by the E. coli alpha-hemolysin. However, precise
analysis of the mechanism by which the bacterial exotoxin
triggers cellular activation and deactivation is currently under
study.
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