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Abstract Quorum sensing system is a cell-to-cell com-
munication system that plays a pivotal role in virulence
expression in bacteria. Recent advances have demonstrated
that the Pseudomonas aeruginosa quorum sensing mole-
cule, N-3-oxododecanoyl homoserine lactone (30C,,-
HSL), exerts effects on mammalian cells and modulates
host immune response. Mast cells (MCs) are strategically
located in the tissues that are constantly exposed to external
stimulus. Therefore, it is very much possible that 30C,,-
HSL may interact with MCs. Little is known, however,
about specific effects of 30C,,-HSL on MCs. To address
this, we investigated the influence of 30C,,-HSL on cell
viability, apoptosis, intracellular calcium and cytokine
release in MCs. We found that at high concentrations
(100 uM), 30C,,-HSL inhibited proliferation and induced
apoptosis in P815. The 30C,-HSL treatment significantly
increased intracellular calcium release in both P815 and
HMC-1. We also observed that 30C,,-HSL-induced hista-
mine release and degranulation in HMC-1 cells. Further-
more, 30C,-HSL-induced IL-6 production at lower
concentrations (6.25-12.5 uM) but steadily reduced IL-6
production at high concentration (50-100 uM). These data
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demonstrate that P. aeruginosa 30C,,-HSL affects MCs
function.
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Introduction

Quorum sensing system (QSs) is a bacterial cell-to-cell
communication signal system based on small diffusible
molecules called autoinducers (Als) [1, 2]. Through QSs,
bacteria can keep track of their cellular density and regulate
their behavior as a group according to their population den-
sity [1, 2]. In Gram-negative bacteria, the most common
type of Als are acylated homoserine lactones (AHLs) [1, 2].
P. aeruginosa, a common gram-negative pathogen, pro-
duces two major AHLs: N-(3-oxododecanoyl)-L-homoser-
ine lactone (30C,,-HSL) and N-butanoyl-L-homoserine
lactone (C,-HSL), both AHLs play a central role in orches-
trating the expression of virulence genes and participate in
development of biofilms [1-5]. Recently, an increasing
body of evidence shows that the P. aeruginosa QS signal
molecule 30C,,-HSL, but not C,-HSL, can interact with
different eukaryotic cells and modulate immune response,
including the regulation of inflammatory cytokines expres-
sion and the promotion of apoptosis [6—8]. These findings
suggested that 30C,,-HSL may act as a modulator of the
host immune system in the context of P. aeruginosa
infection.

Mast cells (MCs) are a group of immune cells that have
been shown not only to function as key effector cells of
allergic inflammation, but also to play a pivotal role in
infectious diseases [9—11]. However, only a few of studies
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have explored the interaction between P. aeruginosa and
MCs. Recently, an in vivo study using MC-deficient mice
demonstrated that activated MCs are crucial for controlling
of P. aeruginosa skin infection [12]. Moreover, increased
MC numbers are found in P. aeruginosa-infected lungs and
a relatively higher percentage of activated MCs are
observed in cystic fibrosis (CF) airways, strongly suggest-
ing that MCs play a pivotal role in P. aeruginosa infection
[13, 14]. Most importantly, the MC count is notably lower
in infections by QS-deficient P. aeruginosa than those of
wild type [15], indicating that QS signals may be important
in MC involvement with P. aeruginosa infections.

Mast cells are derived from hematopoietic stem cells,
and abundantly reside and mature in the tissues that are
constantly exposed to the external environment such as
lung, intestine and skin [10, 11, 16]. Since MCs strategi-
cally locate in the places where bacterial infections most
likely occur, they are assumed to frequently come into con-
tact with and respond to bacteria or bacteria-related factors.

Although the exact concentrations of QS signals in vivo
during P. aeruginosa infection are unknown, a handful of
studies have demonstrated that biologically active levels of
30C,,-HSL are detected in sputum from CF patients [17—
19]. Owing to sensitivity limitations, however, the mea-
surements used in these studies were considered to underes-
timate the local AHL concentrations at the site of infection
[20]. Moreover, an in vitro study has shown that P. aeru-
ginosa biofilms can produce 30C,,-HSL at a concentration
approximately 600 uM, which is 6- to 10-fold higher than
that of 30C,,-HSL used to exhibit immune response to host
cells [6, 20]. Therefore, it is reasonable to speculate that
MCs in the vicinity of infection region are frequently
exposed to QS signals.

Given MC:s function as sentinel cells in the locations that
are frequently exposed to external stimulus and that rela-
tively higher level of AHLs are excepted to be found in
infected areas, we wondered whether 30C,,-HSL directly
influences MCs. In the present study, we investigated the
possible effects of 30C;,-HSL on MC P815 and HMC-1.
Our results suggest that P. aeruginosa quorum sensing sig-
nal 30C,,-HSL induces apoptosis and intracellular calcium
release in P815. 30C,,-HSL also induced degranulation
and histamine secretion in HMC-1. These data demonstrate
that P. aeruginosa 30C,,-HSL influences MCs function.

Materials and methods
AHL synthesis
Pseudomonas aeruginosa 30C,,-HSL was synthesized in

the Department of Pharmacology, Tongji Medical Col-
lege, according to the method described by Chhabra [21].
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The synthesized compound was purified by liquid chroma-
tography to homogeneity as determined by high-pressure
liquid chromatography. Molecular structure was con-
firmed by proton nuclear magnetic resonance (NMR) spec-
troscopy, and its biological activity was checked according
to the bioassay method as described in [22]. The dried
AHLSs were stored at —20 °C and was dissolved in Me,SO
at 200x the desired concentration before further experi-
mentation.

Cell culture

The murine mast cell line P815 (ATCC TIB-64) and human
mast cell line HMC-1 were cultured with RPMI 1640 and
IMDM, respectively, both mediums were supplemented
with 10% FCS (Hyclone), 2 mM L-glutamine, 100 U/ml
penicillin, and 100 pg/ml streptomycin. Cells were main-
tained in 75-cm? tissue culture flasks at 37 °C in a 5% (v/v)
CO,, water-saturated atmosphere. Cultured cells at a den-
sity of 5 x 103 cells/ml were incubated with the serum-free
basal medium for 12 h and washed twice before challenge.
For challenge experiments, cells were exposed to various
concentrations of 30C,-HSL (6.25-100 uM). At indicated
times following incubation, the cultures were centrifuged at
450 g for 10 min at 4 °C. Culture supernatants were col-
lected and stored at —80 °C for further experiments.

Cell viability assay

Viability of cells treated with 30C,-HSL was measured
using the WST-1 Cell proliferation and cytotoxicity assay
kit (Beyotime, Haimen, China) in accordance with the man-
ufacturer’s instructions. At the indicated time points, 10 pl
of this reagent was added to each well containing 100 pl of
cell suspension with different concentrations of 30C,,-HSL
and incubated for an additional 1h. The absorbance at
450 nm was monitored and the reference wavelength was
set at 630 nm. The percent viability of cells was calculated
by comparison to that of untreated control cells.

Apoptosis assay

Cell apoptosis was evaluated by flow cytometry utilizing
Annexin V-FTIC apoptosis Kit (Keygen Biotech, Nanjing,
China). Briefly, P815 cells (5 x 10° cells/ml) were incu-
bated with various concentrations of 30C,,-HSL for 4 h.
After the challenge, cells were collected and then washed
twice with phosphate buffered saline (PBS, 137 mM NaCl,
2.7mM KCl, 4.3 mM Na,HPO,, 1.4 mM KH,PO,). Col-
lected cells were suspended and labeled with annexin
V-FTIC and propidium iodide (PI) for 15 min at 25 °C in
the dark. Cells were then analyzed by flow cytometry
(FACSAria, BD Bioscience, USA) with Diva Cytometer
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Software (BD Bioscience, USA). Cells that stained positive
for annexin V were counted as apoptotic.

Calcium analysis

To monitor the effect of 30C,,-HSL on calcium release,
P815 cells were loaded with 5 uM of the membrane-
permeable calcium indicator fluo-3-acetoxymethyl (AM)
ester (Beyotime, Haimen, China) for 40 min at 37 °C in
Hank’s buffer. After loading with the fluo-3 dye, cells
were washed with Hank’s solution and suspended in
D-Hank’s that lacked calcium and contained 5 mM EGTA.
The cell suspensions were transferred into 35 mm glass-
bottom dishes for analysis. Fluorescence measurements
were performed using an Olympus Fluoview-500 confo-
cal system equipped with a 40x objective. Fluo-3 was
excited by argon laser light at 488 nm and fluorescence
was measured at wavelengths of 515 nm. At 20 s after
fluorescence recording started, different treatments were
given and fluorescence was recorded for 200 s. In this
study, 512 by 512 pixels X-Y images were acquired at a
rate of 1 s per line. Image processing and analysis were
performed by using Olympus Fluoview software. Intra-
cellular calcium change (F/F0) were expressed as aver-
age fluorescence (F) divided by background fluorescence
(FO) [23].

Transmission electron microscopy (TEM)

About 2 x 10° cells of each specimen were collected and
prepared for TEM analysis. Briefly, cells were centrifuged
and washed twice. After 2 h of fixation in 2.5% glutaralde-
hyde, cells were washed twice with 0.1 M PBS and then
fixed in 1% osmic acid for 30 min. Following gradient
dehydration, samples were infiltrated in acetone/resin
(1/1 v/v) and resin both for 2 h. After embedding and poly-
merization at 80 °C for 10 h, samples were cut into ultra-
thin sections. Sections were then stained by uranyl acetate
and lead citrate for imaging with transmission electron
microscope (FEI Tecnai G? 12).

ELISA assay

IL-4, IL-6 (R&D systems, USA) and histamine (Uscnlife,
USA) released from P815 or HMC-1 cells in response to
30C,,-HSL were measured by using ELISA kits, according
to the manufacturer’s instruction.

Statistical methods
Data are expressed as mean =+ SD representing three times

of independent experiments performed in duplicate. Statis-
tical significance between means was analyzed by one-way

analysis of variance or the Student’s ¢ test. A P value of less
than 0.05 was taken as statistically significant.

Results
Purity and biological activity of 30C,,-HSL

There are special structural requirements for 30C,-HSL to
remain active to induce apoptosis [24]. Thus, the structure
of synthesized 30C,,-HSL was confirmed by NMR (data
not shown). The purity was 99.6% as determined by HPLC
(Fig. 1a, b). We checked the biological activity of synthe-
sized 30C,-HSL by using a sensor strain E. coli MG4
(pKDT17), the strain turned blue on agar containing X-gal
and synthetic butyrylhomoserine lactone when 30C,,-HSL
diffused (Fig. 1c¢).

Cytotoxicity of 30C,-HSL to mast cells

30C,,-HSL induces cell death in macrophage/monocyte
and breast cancer cell lines but not in epithelial cell lines
[25, 26]. Thus, we first examined the possible cytotoxic
effects of AHL by measuring cellular dehydrogenase activ-
ity through WST-1 metabolization. Cells treated with
100 uM 30C,,-HSL, drastically lost viability (Fig. 2a).
Cell viability decreased to less than 50% at 2h and to
nearly 30% at 24 h after addition of 30C,,-HSL (Fig. 2a).
At 12h of incubation, a slight loss of viability was
observed from 25 uM 30C,-HSL (Fig. 2b), but significant
decreases were observed at the 50-100 uM 30C,,-HSL
range (Fig. 2b). Typical morphological changes, such as
cell shrinkage, were also observed in cells treated with 50
and 100 pM 30C,,-HSL compared to untreated cells
(Fig. 2¢). These data shows that 30C,,-HSL induces cell
viability loss in P815 cells in a concentration-dependent
manner.

Apoptosis analysis

30C,,-HSL has been observed to specifically induce apop-
tosis in neutrophils and macrophages, which share similari-
ties with mast cells in morphology and function [10, 20,
25]. Since P815 cells exhibit loss of cell viability when
exposed to 30C,,-HSL, we speculated that apoptosis
would play a role in reduction of viability. Therefore, we
investigated the apoptotic effect of 30C,,-HSL on P815
cells. After incubation with different concentrations of
30C,,-HSL for 4 h, about 20 and 40% of apoptotic cells
were observed in response to 50 and 100 uM 30C,,-HSL,
respectively (Fig. 3). However, no significant apoptotic
effects were observed when P815 cells were treated with a
low concentration of 30C,,-HSL (data not shown).
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Effect of 30C,,-HSL on calcium signaling in mast cells

Calcium has long been recognized as a significant partici-
pant in cell apoptosis, and it is also an important second
messenger associated with activation of mast cells [27, 28].
Moreover, 30C,-HSL recently has been shown to induce
calcium signaling linked apoptosis in a mouse embryonic
fibroblast cell line named NIH3T3 [23]. We supposed a
similar response may occur in mast cells. To address this,
we investigated the effects of 30C,,-HSL on calcium sig-
naling in P815 cells using a similar method described by
Shiner et al. [23]. We observed a relatively milder calcium
release manner, compare to those seen by Shiner’s et al.
[23], when P815 cells were treated with 100 uM 30C,,-
HSL (Fig. 4c). Similar results were observed when HMC-1
were treated 30C,,-HSL (Fig. 4d).

Degranulation assay

Degranulation is an important cellular response that
depends on calcium mobilization [27]. The rapid increase
of intracellular calcium in P815 cells upon 30C,,-HSL
stimulation led us to investigate whether 30C,,-HSL could
have caused degranulation in mast cells. To explore this,

we employed a human mast cell line HMC-1, which shows
more similarities to classical mast cells than P815 cells
does [29]. Interestingly, after 30-min incubation, we found
that 100 uM 30C,,-HSL significantly increased histamine
release in HMC-1 cells, but not in P815 cells (Fig. 5a).
These different responses between two cell lines are proba-
bly because HMC-1 and P815 cells are derived from differ-
ent species. However, the presence of relatively fewer
degranulation in P815 cell than HMC-1 cells might explain
these differences (Fig. S5b—d).

Cytokines release

Mast cell-derived IL-4 is a key cytokine that has been
implicated in the development of Th2 cellular responses
[30], whereas IL-6 is a multifunctional cytokine that is pro-
duced by activated mast cells, and it is a major proinflam-
matory cytokine that implicated in P. aeruginosa infections
[31]. For further investigation, we selected IL-4 and IL-6 as
markers of mast cell activation. We found IL-4 release nei-
ther induced nor inhibited release after 30C,,-HSL stimu-
lation at both 12 and 24 h (Fig. 6a, b). No significant
changes in IL-6 release were observed after 30C,,-HSL
stimulation at 12h (Fig. 6¢c). However, a significant
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increase of IL-6 release was found when P815 cells were
treated with 6.25 and 12.5uM 30C,,-HSL for 24h
(Fig. 6d). We found it interesting that IL-6 production
steadily dropped when cells were treated with 25 uM
30C,,-HSL (Fig. 6d).

Discussion

Pseudomonas aeruginosa is a major cause of nosocomial
infections frequently encountered in patients who are immu-
nocompromised, mechanically ventilated, have malignan-
cies or HIV infection, and it is also a leading cause of
morbidity and mortality in cystic fibrosis (CF) patients [32,
33]. However, it rarely causes infection in the normal host
[32, 33], strongly suggesting that the host immune status
plays a critical role in P. aeruginosa infection.

Studies have shown that MCs provide important contri-
butions to bacterial clearance and play a crucial role in
P. aeruginosa-related infections [12, 13, 15, 34, 35]. More-
over, P. aeruginosa and P. aeruginosa-produced factors are
proved to activate MCs and induce a variety of cytokines
[36-39]. Therefore, it is reasonable and important to inves-
tigate the relationship between P. aeruginosa and MCs.
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QS system is a cell-to-cell communication system
between bacteria that has been extensively studied in
P. aeruginosa [1, 2]. In vitro and in vivo, QS signals were
required for virulence production because QS-mutant strains
were nearly avirulent and induced relatively mild pneumo-
nia compared to wild strain [40]. Recent evidence shows,
however, that QS signals are not restricted to orchestrating
the expression of virulence genes, but are also involved in
the modulation of the host immune response [3, 25, 41-47].
The effects of the QS signal 30C,,-HSL to inhibit prolifera-
tion and induce apoptosis in macrophages and neutrophils
strongly indicate that 30C,,-HSL may act as an independent
pathogenic factor during infection [25, 48].

Cell apoptosis plays a central role in the balance between
host defense and the invading pathogen in the normal phase
of inflammation [49]. A wide range of bacterial compo-
nents have been proved to induce apoptosis in MC, Jenkins
et al. [36] demonstrated that the live, but not killed P. aeru-
ginosa induces apoptosis in MC, indicating that the specific
components responsible for inducing MC apoptosis might
be the toxic elements released by live P. aeruginosa. Since
QS signals are diffusible molecules secreted by P. aerugin-
osa, associated with growth status, and induce apoptosis in
host cells [6], we supposed that the P. aeruginosa QS signal
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30C,,-HSL may also play a role in P. aeruginosa-induced
apoptosis in mast cells. In our study, 30C,,-HSL at final
concentration of 50 and 100 pM induced about 20 and 40%
of apoptosis, respectively, in P815 cells (Fig. 3).

While the precise mechanism of 30C,,-HSL-induced
mast cells apoptosis remained unknown, a line of studies
indicated that 30C,,-HSL-mediated apoptosis occurred via
at least two independent transduction pathways which
included calcium signaling [23, 25]. In the present study,
we discovered that 30C,,-HSL immediately induced an
intracellular calcium increase of about 2-fold after 30C,-
HSL stimulation (Fig. 4c). However, direct evidence of a
link between apoptosis and calcium mobilization in P815
cells stimulated with 30C,,-HSL still needs to be con-
firmed by further experiments. Since HMC-1 showed more
representative characters than P815 (Fig. 5¢), we preformed
the same experiment in HMC-1. As expected, results were
observed when HMC-1 were treated with 30C,,-HSL
(Fig. 4d), suggesting that 30C,,-HSL has pro-apoptotic
effects on HMC-1.

Several bacterial components are known to activate and
cause degranulation in mast cells [11]. Since mast cell
degranulation is dependent on calcium mobilization and we
observed a rapid increase of intracellular calcium in 30C,,-
HSL-stimulated mast cells, we tested the possible effect of
degranulation in mast cells in response to 30C,-HSL. In
our experiments, we observed that P815 cells had relatively
fewer granules than HMC-1 cells by transmission electron
microscopy (Fig. 5b, c), which might help to explain why

30012-HSL (pM)

we found that 30C,,-HSL significantly increased the
release of histamine in HMC-1 but not in P815 cells. In
addition, P815 has showed lesser characteristic than classic
mast cells, suggesting that P§15 would not exhibit response
as similar as matured one [50, 51]. However, we cannot
exclude the possible explanation that these two cell lines
differ because they are derived from different species.

In chronic P. aeruginosa infection, a Thl-dominated
response was associated with a better lung function com-
pared with that has a Th2-dominated response [52]. 30C,-
HSL has been speculated to shift the Th1 response to a Th2
response [41, 53]. Therefore, we investigated the influence
of 30C,,-HSL on IL-4 production. In our experiments, we
did not observe inducible IL-4 release in P815 cells stimu-
lated with different concentrations of 30C,,-HSL at differ-
ent time points. These results are consistent with Smith’s
work that demonstrated that 30C,,-HSL stimulation of T
cells induces INF-y (Thl cell response) but not IL-4 (Th2
cell response) [43].

In a mouse P. aeruginosa keratitis model, IL-6-knockout
mice showed more severe disease than wild-type mice,
indicating that IL-6 is crucial to the host defense of P. aeru-
ginosa [31]. Moreover, 30C,,-HSL was reported to induce
IL-6 mRNA expression in mouse skin [3], where MCs are
abundantly located. We discovered that 6-25 uM 30C,,-
HSL significantly increased IL-6 release in MCs (Fig. 6d).
Therefore, we speculate that MC-derived IL-6 may be
involved in 30C,,-HSL-induced inflammation in mouse
skin. However, up to 50 uM 30C,,-HSL result in a slight
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drop of IL-6 release compared to that observed in the
25-pM group. The most likely explanation may be due to a
cell viability suppression effect of 30C,,-HSL (Fig. 6d).

In conclusion, the present data demonstrate that the
P. aeruginosa quorum sensing molecule 30C,,-HSL inter-
acts with influences in MCs. It should be noted that the two
cell lines we used in this study are immature mast cells,
which may differ from mature MCs in their response to
30C,,-HSL [29, 51]. On the other hand, data reported by
Shiner et al. showed that non-immortalized cells appear to
be more sensitive to 30C,,-HSL than immortalized cell
lines. According to these findings, we speculate that 30C,-
HSL might exhibit a relatively strong response in primary
mature MCs than in the immature one used here. Therefore,
further investigation of other mature MCs such as LAD2 or
bone marrow derived MCs should be explored.
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