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Acyl homoserine lactones are synthesized by Pseudomonas aeruginosa as signaling molecules which control
production of virulence factors and biofilm formation in a paracrine manner. We found that N-(3-oxododec-
anoyl)-L-homoserine lactone (30C12-HSL), but not its 3-deoxo isomer or acyl-homoserine lactones with
shorter fatty acids, induced the directed migration (chemotaxis) of human polymorphonuclear neutrophils
(PMN) in vitro. By use of selective inhibitors a signaling pathway, comprising phosphotyrosine kinases,
phospholipase C, protein kinase C, and mitogen-activated protein kinase C, could be delineated. In contrast
to the well-studied chemokines complement C5a and interleukin 8, the chemotaxis did not depend on pertussis
toxin-sensitive G proteins, indicating that 30C12-HSL uses another signaling pathway. Strong evidence for the
presence of a receptor for 30C12-HSL on PMN was derived from uptake studies; by use of radiolabeled
30C12-HSL, specific and saturable binding to PMN was seen. Taken together, our data provide evidence that
PMN recognize and migrate toward a source of 30C12-HSL (that is, to the site of a developing biofilm). We
propose that this early attraction of PMN could contribute to prevention of biofilm formation.

Cell-to-cell communication among bacteria, such as Pseudo-
monas aeruginosa, relies on acyl-homoserine lactones (AHL)
as the signaling molecules. AHL, also known as quorum-sens-
ing molecules or autoinducers, are crucial for the production
of virulence factors and for biofilm formation (6, 7, 8, 9, 11, 17,
21, 25, 33; for a review, see reference 10). Biofilm formation is
common in P. aeruginosa infection and is the leading cause of
morbidity and mortality in patients with cystic fibrosis (16, 18,
19). Moreover, opportunistic and nosocomial infections,
wound infections, and implant-associated infections are caused
by bacterial biofilms (for a review, see reference 5).

How the host defense reacts to biofilm infections is currently
under investigation. It is assumed that in contrast to planktonic
bacteria, the bacteria organized in biofilms are relatively resis-
tant to the effector function of the immune system. A variety of
escape mechanisms have been proposed, including the barrier
function of the extracellular polymer substances (EPS), that
could block access of immunocompetent cells to the embedded
bacteria. The fact that bacteria, once released from the biofilm,
become susceptible to killing, at least under experimental con-
ditions, supports this proposal (12). Moreover, immunmodu-
latory activities of the EPS, particularly alginate, have been
described (18, 23), as have effects of the quorum- sensing
molecules. For N-(3-oxododecanoyl)-L-homoserine lactone (30C12-
HSL), a variety of effects on immunocompetent cells have been
described, including inhibition of tumor necrosis factor alpha
synthesis by activated macrophages, inhibition of proliferation
of T-lymphocytes, and modulation of the B-cell response (3,
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20, 27). Moreover, induction of apoptosis of mouse macro-
phages or neutrophils has been observed (26).

On the other hand, in response to biofilm infection the
immune response is activated, and there is evidence that there
is infiltration of immune effector cells into the infected site (29,
30, 31). Moreover, mechanisms to disrupt biofilm formation
have been described; lactoferrin, which is also produced by
phagocytic cells, prevents biofilm formation at doses below the
doses required for bacterial killing (24). Moreover, epithelial
cells inactivate AHL by a mechanism that has not been defined
yet, which could prevent biofilm formation (4).

Here we report that 30C12-HSL induces directed migration
(chemotaxis) of neutrophils, which could represent a mecha-
nism for attracting immune effector cells to the site of a de-
veloping biofilm.

MATERIALS AND METHODS

Acyl-homoserine lactones. The chemical structures of the acyl-homoserine
lactones are summarized in Table 1. N-Dodecanoyl-pL-homoserine lactone
(C12-HSL) was purchased from Sigma Aldrich (Miinchen, Germany). N-Butyryl-
pL-homoserine lactone (C4-HSL) was purchased from Sigma Aldrich, and 2-amino-
4-butyrolactone was purchased from Fluka (Buchs, Switzerland). For all com-
pounds, stock solutions (0.1 M) were prepared in dimethyl sulfoxide and diluted
in Hanks balanced salt solution (HBSS) immediately before use (concentrations
range, 0.1 uM to 100 wM).

For synthesis of 30C12-HSL and N-(3-oxooctanoyl)-L-homoserine lactone.
(C8-HSL), the method described by Chhabra et al. (3) was used. In brief,
equivalent amounts of Meldrums’s acid (1 mmol; Aldrich) and the corresponding
fatty acids (Fluka) were used along with equivalent amounts of 4-(dimethyl-
amino)pyridine (Fluka) and N,N-dicyclohexylcarbodiimide (Aldrich). Each com-
pound was purified to homogeneity by preparative liquid chromatography.
30CI12-HSL was radiolabeled during synthesis by using [*C]decanoic acid (50
mCi/mmol; Moravek Biochemicals, Brea, CA) as the precursor. The purity of the
radiolabeled product was assessed by thin-layer chromatography. Three prepa-
rations were used, which differed to some extent with regard to the amount of
radioactivity/mmol. The average radioactivity was 4.5 mCi/100 mmol.
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TABLE 1. Structures of the homoserine lactones used in this study
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Compound

Source

Structure

N-(3-Oxododecanoyl)-L-homoserine lactone

Synthesized in lab

N-Dodecanoyl-DL-homoserine lactone
(CAS no. 18627-38-8)

N-(3-Oxooctanoyl)-L-homoserine lactone
(CAS no. 14795-39-9)

N-Butyryl-pDL-homoserine lactone
(CAS no. 98426-48-3)

2-Amino-4-butyrolactone (homoserine lactone)
(CAS no. 2185-02-6)

Sigma-Aldrich no. 17248 (Fluka)

Sigma-Aldrich no. 09945 (Fluka)

o
H
o N\”/\”/\/\/\/\/CH3
o} e}
(o]
H
o N\n/\/\/\/\/\/CH3
o}
(o]
H
o N\n/\I(\/\/CHg
(o} o}
(0]

H
O N\”/\/CH3
o}
e}

NH;

Sigma-Aldrich no. H7890 (Sigma)

Q

Isolation of PMN from peripheral blood. After informed consent was ob-
tained, heparin blood was drawn from volunteers, mainly laboratory personal
and students with no obvious symptoms of disease, observing the institutional
guidelines. Polymorphonuclear neutrophils (PMN) were isolated by using Poly-
morphPrep (Nycomed, Oslo, Norway) and following the recommendations of
the supplier. The PMN fraction was harvested, washed repeatedly in phosphate-
buffered saline (pH 7.4), and suspended in HBSS containing 0.1% bovine serum
albumin at a final concentration of 1 X 10° cells per ml.

Uptake of ['*C]30C12-HSL. For the uptake studies 1 X 10° PMN suspended
in 100 pl of HBSS supplemented with 5% bovine serum albumin were incubated
with 5 pl of ["*C]30C12-HSL (0.01 M to 100 M) at 4°C for 20 min. After the
cells were washed twice with HBSS, the radioactivity associated with the cells was
measured using LSC Ultima.Gold MV cocktail (Packard, Groningen, The Nether-
lands) and an LS-1701 Coulter Counter (Beckman, Miinchen, Germany). To test
for the specificity of uptake, increasing amounts of unlabeled 30C12-HSL (5 to
100 pM) were added to the cells before [**C]30C12-HSL (0.1 uM) was added.

Chemotaxis across a membrane filter. A modified Boyden chamber assay was
performed (2), using a chamber equipped with a nitrocellulose filter (pore size,
5 wm; thickness, 200 pm; Schleicher & Schuell GmbH, Dassel, Germany). As
bona fide chemokines, recombinant human complement C5a (2 ng/ml; Sigma-
Aldrich) and interleukin 8 (IL-8) (8 ng/ml; Immunotools, Friesoythe, Germany)
were used. Random migration was assessed using HBSS. The cells (1 X 10° cells
in 1 ml) were placed in the upper compartment, and the chemokines were placed
in the lower compartment. After 90 min the cells that migrated into the filters
were fixed with propanol, stained with hematoxylin, and evaluated using an
Omnicon Alpha image analyzer (Bausch and Lomb, Heidelberg, Germany).
Chemotaxis was measured by determining the position of the “leading front,”
defined as the distance (in wm) from the top of the filter to a level where at least
five cells could still be seen. Two parallel filters were prepared, and on each filter
10 different areas were evaluated. The mean * standard deviation was calcu-
lated; differences between means were determined using a two-tailed ¢ test.
Because the chemotactic activities of PMN vary widely between individuals, all
tests were carried out with cells from different donors. Cells were preincubated
with C5a (2 ng/ml), IL-8 (8 ng/ml), or the corresponding acyl homoserine lac-
tones at room temperature for 10 min.

Inhibitors. The extracellular signal-regulated kinase inhibitor PD98059 and
the p38 mitogen-activated protein kinase inhibitor SB203580 were obtained from
LC Laboratories, Woburn, MA. The phosphatidylinositol-3-kinase inhibitor
Wortmannin, the phospholipase C inhibitor Staurosporine, and the phospho-
lipase C or A2 inhibitor U73122 were purchased from Sigma-Aldrich. Pertussis
toxin, an inhibitor of G,; GTP-binding protein, was obtained from Calbiochem
(Marburg, Germany), Gefinitib, an inhibitor of phosphotyrosine kinases, was

obtained from Biaffin (Kassel, Germany). PMN were pretreated with the inhib-
itors at various concentrations for 10 min at room temperature. Then the che-
motaxis test was performed. The viability of PMN was assessed by trypan blue
exclusion after 90 min (end of the chemotaxis test).

RESULTS

Induction of chemotaxis by AHL. In the first series of exper-
iments, the chemotaxis of PMN toward AHL was tested. Using a
modified Boyden chamber assay, dose-dependent migration of
PMN toward 30C12-HSL was seen. At a concentration of 100
uwM the migration (110 = 25 pm [mean * standard deviation
for experiments with cells from seven different donors]) was
similar to the migration seen in response to optimal concen-
trations of the well-studied chemokines complement C5a and
IL-8 (Fig. 1A and B).

The commercially available compound C12-HSL did not
induce chemotaxis, nor did AHL with shorter fatty acids or
2-amino-4-butyrolactone, which lacks fatty acids (Fig. 1A).

Next, possible interactions between 30C12-HSL and C5a or
IL-8 were investigated. 30C12-HSL did not act synergistically
with either C5a or IL-8. Moreover, preincubation of PMN with
IL-8 or C5a did not inhibit their migration toward 30C12-HSL
(data not shown). Preincubation of PMN with 30C12-HSL,
however, reduced the chemotaxis toward IL-8 but not the
chemotaxis toward C5a (Fig. 1C).

The AHL with short fatty acids (C4-HSL or C8-HSL) did
not modulate the chemotaxis induced by 30C12-HSL, nor did
C12-HSL (data not shown).

Signaling pathway of 30C12-HSL-induced chemotaxis. Be-
cause all the known chemokines induce chemotaxis via surface
receptors, we examined whether PMN expressed a receptor for
AHL. In this context, we explored possible signaling pathways
by preincubating PMN with inhibitors known to block second
messengers or signal-transducing molecules. The inhibitors
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FIG. 1. 30C12-HSL is chemotactic for PMN. (A) PMN were isolated from a healthy donor, and migration toward increasing concentrations
of 30C12-HSL (@), C12-HSL (), C8-HSL (A), C4-HSL (m), or 2-amino-4-butyrolactone (O) was measured by determining the position of the
leading front (wm). The data are means =+ standard deviations for 20 different areas on two parallel filters. The asterisks indicate that the migration
induced by 30C12-HSL differs significantly from random migration and the migration induced by the other AHL (the largest P value was 0.01).
(B) Chemotaxis toward 30C12-HSL (100 uM), recombinant C5a (2 ng/ml), or IL-8 (8 ng/ml) compared to random migration. The data are
means *+ standard deviations for seven donors; differences between stimulated cells and random migration were significant with at a P value of
<0.001. (C) Preincubation of PMN from one donor with increasing doses of 30C12-HSL reduced chemotaxis toward IL-8 (8 ng/ml) (@) but not
toward C5a (2 ng/ml) (A) (O, random migration). The data are means * standard deviations for 20 different areas on two parallel filters; the
asterisks indicate that the means are different from the means for the samples without 30C12-HSL (P < 0.01).

were used at concentrations that did not affect the viability. In
all experiments, chemotaxis toward IL-8 was tested in parallel,
because the signaling pathway for IL-8 and the IL-8 receptor
has been well studied. The concentration that reduced the
chemotaxis by 50% was calculated from the results of three
independent experiments using cells from different donors. As
shown in Table 2 and Fig. 2 and 3, inhibiting tyrosine kinases,
phospholipase C, protein kinase C, and the mitogen-activated
protein kinase reduced the chemotaxis toward 30C12-HSL.
Inhibition of extracellular protein kinase and of phosphoino-
sitol-3-kinase, which are crucial for the IL-8-mediated chemo-
taxis, did not inhibit the 30C12-HSL-induced chemotaxis. It is

TABLE 2. Effects of inhibitors of signaling pathways on
3012C-HSL-induced chemotaxis

Inhibitor Target protein (O
Gefinitib Tyrosine kinase 0.1 uM
Pertussis toxin G protein NI
U73122 Phospholipase C 1M
Staurosporin Protein kinase C 0.125 nM
SB203580 Mitogen-activated protein kinase 0.1 uM
PD98059 Extracellular protein kinase NI
Wortmannin Phosphoinositol-3-kinase NI

¢ ICs, concentration that inhibited chemotaxis by 50%. The values are means
of three independent experiments performed using cells from different donors.
NI, no inhibition.
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FIG. 2. Effects of inhibitors of various signaling pathways on the 30C12-HSL-induced chemotaxis of PMN. PMN were preincubated with
increasing doses (shown on the x axis) of Gefinitib (A) or pertussis toxin (B) for 10 min. After washing, chemotaxis toward 30C12-HSL (100 pM)
(®) was measured; the open circles show random migration, and the asterisks indicate that the means differed from the mean for the sample
without Gefinitib (P < 0.002). For comparison chemotaxis toward IL-8 was measured (8 ng/ml) (right panels) (the results for only the highest
concentration of the inhibitor are shown). The experiments were carried out with cells from different donors, which explains the differences in the

chemotactic activities toward 30C12-HSL and IL-8.

noteworthy that pertussis toxin, a specific inhibitor of G-pro-
tein-dependent signals, did not affect the chemotaxis in re-
sponse to 30C12-HSL but, in line with previously published
data, affected the chemotaxis in response to IL-8 (Fig. 2).
These data suggest the signaling pathway shown schematically
in Fig. 3.

Uptake of 30C12-HSL by PMN. To test expression of a
receptor for 30C12-HSL more directly, binding studies with
radiolabeled 30C12-HSL were performed. 30C12-HSL was
labeled by using [**C]decanoic acid as the precursor for syn-
thesis. Three different *C-labeled homoserine lactone prepa-
rations were used and tested as follows: [**C]30C12-HSL at
various concentrations was incubated with PMN at 4°C for 20
min, and then the radioactivity associated with PMN was mea-
sured following repeated washing (the results of a representa-
tive experiment are shown in Fig. 4A). When a total of 100 uM
["*C]30C12-HSL was added, the uptake was about 1% (mean
for the three preparations). Unlabeled 30C12-HSL inhibited
the uptake of the radiolabeled product (the results of a repre-

sentative experiment are shown in Fig. 4B). From three exper-
iments using 0.1 uM ['"*C]30C12-HSL, a level of inhibition
between 50 and 56% was calculated when the PMN were
preincubated with 100 uM unlabeled 30C12-HSL.

DISCUSSION

Bacterial biofilms are increasingly recognized as a major
cause of persistent infections. Apparently, the biofilms protect
the bacteria against host defense; there is, however, evidence
that at least early in biofilm development, specific antibiofilm
defense mechanisms are operative (4, 24). Lactoferrin, which is
a major constituent of PMN, was shown to block biofilm de-
velopment (24), leading to the question whether PMN can
infiltrate a biofilm formation site. With this question in mind,
we tested the effect of acyl homoserine lactones on PMN.

We found that 30C12-HSL is chemotactic for PMN in a
rather selective manner. Acyl homoserine lactones with shorter
fatty acids (C4-HSL and C8-HSL) did not induce the migration
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FIG. 3. Schematic diagram of the most probable 30C12-HSL signal-
ing pathway. Because inhibition of tyrosine kinases (by Gefinitib), of
phospholipase C (PLC) (by U73122), of protein kinase C (PKC) (by
Staurosporin), and of mitogen-activated protein kinase (MEK) (by
S$B203580) inhibited the chemotaxis induced by 30C12-HSL, we propose
that the putative 30C12-HSL receptor binds to a tyrosine kinase and
induces the signaling pathway indicated on the left. This pathway differs
from that for IL-8 because the IL-8 receptor is associated with G protein
(the signal can be inhibited by pertussis toxin) (signaling pathway shown
on the right). Triggering of the IL-8 receptor also leads to activation of
phospholipase C and phosphatidylinositol-3-kinase (PI3K). The latter
presumably activates mitogen-activated protein kinase and thus could
represent an alternative or additional signaling pathway for IL-8, and this
explains why preincubation of PMN with 30C12-HSL reduced the che-
motaxis toward IL-8 and not vice versa. On the right, the well-established
signaling pathway for the IL-8-receptor (IL-8-R) is shown; activation of
adenylate cyclase (AC) leads to upregulation of cyclic AMP (cAMP) and
eventually upregulation of protein kinase A (PKA). DAG, diacylglycerol,
Erk, extracellular signal-regulated kinase.

of PMN, nor did C12-HSL or 2-amino-4-butyrolactone, the
latter of which has an identical lactone ring but lacks a fatty
acid chain (32). This indicates that the induction of chemotaxis
is critically dependent on the three-dimensional structure of
the molecule and possibly on its hydrophobicity.

Chemotaxis of PMN is crucial for host defense, particularly in
bacterial infections. It is elicited by various cytokines, lipid medi-
ators, or bacterial products. Receptors have been identified for all
these chemoattractants, and these receptors link the extracellular
signaling molecule to the nucleus and the cytoskeleton. Whether
mammalian cells express a receptor(s) for 30C12-HSL is not
known yet, despite numerous studies showing effects of 30C12-
HSL on these cells and vice versa (4, 20, 27).

Our data, although not conclusive, are compatible with the
hypothesis that there is a receptor for 30C12-HSL on PMN
because (i) specific and saturable binding of [**C]30C12-HSL to
PMN could be demonstrated and (ii) dependence on an estab-
lished, receptor-linked signaling cascade involving tyrosine kinase,
phospholipase C, protein kinase C, and mitogen-activated protein
kinase was found. In keeping with the hypothesis that there is a
receptor for 30C12-HSL is the requirement for a definite iso-
meric conformation. This finding corresponds to a finding of
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Chhabra et al. (3), who showed that the immunomodulatory ac-
tivity of AHL, as determined in a splenocyte proliferation assay,
depended critically on the L configuration. Another structural
requirement is the length of the fatty acids. Again, this is in line
with the finding of Chhabra et al. (3) that the lipophilicity is
important for the functional activity.

It is noteworthy that in contrast to other chemoattractants,
the putative 30C12-HSL receptor is not linked to Ga, protein,
since the 30C12-HSL-induced chemotaxis could not be inhib-
ited by pertussis toxin. Receptors linked to pertussis toxin-
insensitive Gq proteins, however, are not excluded. PMN ex-
press numerous Gq-linked receptors, some of which are
orphan receptors and some of which mediate chemotaxis in
response to fatty acids (1, 15). Alternatively, the putative
30C12-HSL receptor could be a tyrosine kinase or could be
linked directly to a tyrosine kinase.

Without a doubt 30C12-HSL uses a signaling pathway differ-
ent from that of IL-8 or C5a. However, there is a connection to
the IL-8 signaling pathway; preincubation of PMN with 30C12-
HSL reduced the chemotaxis toward IL-8, most probably because
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activation of PMN by 30C12-HSL resulted in activation and
consequently in depletion of phospholipase C (Fig. 2).

While our data are compatible with the hypothesis that there
is a receptor for 30C12-HSL on PMN, definite proof is still not
available, and other means of activating PMN (e.g., passive
diffusion into the cells) cannot be ruled out. On the other hand,
for all the chemotactic stimuli known so far, both polarization
of PMN and sensing of a chemotactic gradient have been
attributed to clustering, capping, and redistribution of chemo-
kine receptors (13, 22). Moreover, in keeping with their func-
tion as major protagonists of innate, nonadaptive immunity,
PMN are equipped with a variety of receptors recognizing
bacterial products, either surface associated or released from
the bacteria. These receptors include receptors for lipopoly-
saccharides, lipoteichoic acid, peptidoglycans, and bacterial
DNA and also receptors recognizing a gradient of bacterium-
derived peptides, exemplified by f-Met-Leu-Phe, which is
widely used in vitro. Some of these receptors are more or less
specific for their ligands, and others are promiscuous “pattern
recognition” receptors. Thus, we think that a receptor for
30C12-HSL is very likely, and experiments to identify such a
receptor are now under way in our laboratories.

Regardless of the nature of binding, recognizing 30C12-
HSL is of utmost importance for host defense; assuming that
30C12-HSL is released by the bacteria in the initial phase of
biofilm formation, the sensing of a 30C12-HSL gradient would
attract PMN to the site of a developing biofilm. At an early
stage, before bacteria are embedded in the EPS, phagocytosis
and killing of the bacteria would still be possible, in contrast to
the situation in a “mature” biofilm, where bacteria are obvi-
ously protected from phagocytic cells (12, 14, 28). Moreover,
by releasing lactoferrin, PMN could contribute to the disrup-
tion of biofilm formation via chelation of iron (24). Thus,
recognition of and attraction by 30C12-HSL could be re-
garded as a way for PMN to control biofilm development.
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