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Mast cells are important as sentinel cells in host defense against bacterial infection. Much of their
effectiveness depends upon recruiting other immune cells; however, little is known about the mechanisms of
this response. CCL20, also known as macrophage inflammatory protein-3� (MIP-3�), Exodus, and LARC, is
a chemokine known to be a potent chemoattractant for immature dendritic cells and T cells. In this study, we
examined the human mast cell production of both CCL20 and granulocyte-macrophage colony-stimulating
factor (GM-CSF), a critical cytokine for innate immune responses in the lung, in response to Pseudomonas
aeruginosa. Reverse transcription-PCR and Western blot analysis demonstrated that the human mast cells
(HMC-1) express CCL20 mRNA and are able to produce a significant amount (32.4 ng/ml) of CCL20 protein
following stimulation by calcium ionophore and phorbol myristate acetate. Importantly, P. aeruginosa potently
stimulated CCL20 production in human cord blood-derived mast cells (CBMC), with production peaking at 6 h
after stimulation. This time course of expression was distinct from that of GM-CSF, which peaked after 24 to
48 h. Significant CCL20 production did not occur following immunoglobulin E-mediated activation of CBMC
under conditions which induced a substantial GM-CSF response. Interestingly, the CCL20 response of mast
cells to P. aeruginosa was relatively resistant to inhibition by the corticosteroid dexamethasone, interleukin-10,
or cyclosporine, while GM-CSF production was potently inhibited. However, P. aeruginosa-induced CCL20
production was blocked by the protein kinase C (PKC) inhibitor Ro 31-8220 and a PKC pseudosubstrate. These
results support a role for human mast cells in the initiation of immune responses to P. aeruginosa infection.

CCL20, or macrophage inflammatory protein-3� (MIP-3�),
also known as Exodus and LARC (67), is a type CC chemokine
with important roles in the initiation of immune responses.
The CCL20 receptor CCR6 is expressed on dendritic cells (4,
19, 31), memory T cells (32), and NK cells (3). CCR6 has an
important role in mediating dendritic cell localization and lym-
phocyte homeostasis in mucosal tissues, as demonstrated in
CCR6 knockout mice (9). CCL20 expression by macrophages,
eosinophils (57), dendritic cells, keratinocytes, monocytes, fi-
broblasts, endothelial cells (4, 23, 25, 26), and several lym-
phoma and carcinoma cell lines (47) has been described.
Moreover, the production of CCL20 is induced by inflamma-
tory stimuli such as lipopolysaccharide (LPS) or tumor necrosis
factor alpha (TNF-�) in endothelial cells and monocytes (26,
47). Increased amounts of CCL20 mRNA were found in in-
flamed tissues (11). In mice, treatment with bacterial LPS
stimulates CCL20 mRNA expression in intestinal and lym-
phoid tissues (60). More recently, treatment of intestinal epi-
thelial cells with either flagellin (54) or TNF-� (21) has been
shown to induce CCL20 production, in the latter case via a
nonstandard NF-�B binding site on the CCL20 promoter (21).
It has been hypothesized that through the local production of

CCL20, immune effector cells such as immature dendritic cells
would be attracted to the site of inflammation to encounter the
invading pathogens (11, 54). However, the nature of the spe-
cific bacterial pathogens and resident cell populations required
for CCL20 production are poorly defined.

Mast cells are resident tissue cells largely located in areas
that interface with the external environment, such as the air-
ways and intestinal mucosa. Mast cells are recognized as crit-
ical sentinel cells in host defense against bacterial infection
through the recruitment and activation of other immune cells
(13, 17, 37). However, little is known about the mechanisms
involved. Although many of the effects of mast cells can be
explained in terms of their production of a variety of potent
cytokine and chemokine mediators, knowledge of mast cell
cytokine and chemokine production in the context of bacterial
infection is extremely limited.

The gram-negative rod Pseudomonas aeruginosa is a ubiqui-
tous opportunistic pathogen. It causes acute lung disease with
high mortality in patients with hospital-acquired pneumonia
(46). P. aeruginosa is the predominant pathogen in cystic fibro-
sis (CF) and colonizes almost all CF patients at some time
during the disease process (28, 29). Pulmonary infection caused
by P. aeruginosa is characterized by massive inflammatory cell
infiltration and is associated with increased production of a
number of proinflammatory cytokines, including granulocyte-
macrophage colony-stimulating factor (GM-CSF), interleu-
kin-1 (IL-1), IL-6, IL-8, and TNF-� (10, 43, 58, 62).

GM-CSF is a multifunctional cytokine critical for dendritic
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cell maturation, neutrophil survival, and T-cell proliferation
(41, 52, 61). GM-CSF has been shown to be essential for
several P. aeruginosa-induced responses (6, 12, 39, 59). For
example, P. aeruginosa exotoxin A-induced T-cell proliferation
is dependent on GM-CSF (12). Neutrophils and macrophages
derived from GM-CSF-treated mice demonstrated signifi-
cantly greater killing capacity against P. aeruginosa than those
derived from controls (6). Moreover, recombinant GM-CSF
significantly improves animal survival after P. aeruginosa infec-
tion (6, 39, 59). However, the cellular source of GM-CSF
during P. aeruginosa infection remains unclear. Despite inten-
sive studies, the mechanisms of P. aeruginosa-mediated patho-
genesis remain incompletely defined. A potential role for mast
cells in P. aeruginosa-induced GM-CSF production has not
been previously addressed.

In this study, we have demonstrated that P. aeruginosa can
provide a direct signal to stimulate CCL20 and GM-CSF pro-
duction by human mast cells. Interestingly, P. aeruginosa-in-
duced GM-CSF, but not CCL20, can be regulated by IL-10,
dexamethasone, or cyclosporine, suggesting that disparate
mechanisms are involved in GM-CSF and CCL20 production
by mast cells. These findings suggest a novel role for resident
mast cells in P. aeruginosa-induced inflammation through the
secretion of CCL20 and GM-CSF.

MATERIALS AND METHODS

Reagents. Human recombinant CCL20 and affinity-purified rabbit anti-human
CCL20 antibodies were purchased from Pepro-Tech Inc. (Rocky Hill, N.J.).
Biotinylated goat anti-human CCL20 was purchased from R & D Systems (Min-
neapolis, Minn.).

Bacteria, source, and treatment. P. aeruginosa strain 8821 (a kind gift from A.
Chakrabarty, University of Illinois, Chicago, Ill.) is a mucoid strain isolated from
a CF patient (27). P. aeruginosa was cultured in Luria-Bertani broth and har-
vested when the culture reached an optical density at 640 nm (OD640) of 2 (early
stationary phase). Bacteria were washed in phosphate buffer, and their density
was adjusted to an OD of 1 before treatment with gentamicin (100 �g/ml) for 2 h.
Mast cells were typically treated with P. aeruginosa at a mast cell-to-bacteria ratio
of 1:50. Legionella pneumophila Lpl-Svir is a streptomycin-resistant Philadelphia
I strain obtained from P. Hoffman (Dalhousie University) (24). Lpl-Svir was kept
as a frozen stock at �70°C and was made from an infected culture of HeLa cells.
Routinely, an aliquot of the frozen stock was grown on buffered charcoal-yeast
extract agar (44) for 3 to 5 days at 37°C in a humid incubator. A bacterial
suspension adjusted to an OD620 of 1 (approximately 109 bacteria/ml) was then
made in phosphate-buffered saline for infection purposes.

Mast cells. Highly purified cord blood-derived mast cells (CBMC) were ob-
tained by long-term culture of cord blood progenitor cells, as previously de-
scribed (35, 49). Briefly, heparinized cord blood, obtained after informed con-
sent, was centrifuged over a Ficoll-Paque separating solution (Seromed, Berlin,
Germany). Mononuclear cells, including the progenitors, were cultured at 37°C
in a humidified atmosphere containing 5% CO2 at a starting density of 106

cells/ml in RPMI 1640 medium supplemented with L-glutamine, penicillin, strep-
tomycin, 10% fetal calf serum (all from Life Technologies, Grand Island, N.Y.),
1% (wt/vol) bovine serum albumin (BSA) (Sigma, St. Louis, Mo.), 50 �M
2-mercaptoethanol (Sigma), 100 ng of human recombinant stem cell factor
(Pepto-Tech)/ml, and 20% CCL-204 (American Type Culture Collection) nor-
mal human skin fibroblast supernatant as a source of IL-6. The medium was
renewed every 7 days. The percentage of mast cells in the cultures was assessed
by toluidine blue staining (pH 1.0) of cytocentrifuge preparations. After more
than 8 weeks in culture, mature mast cells were identified by their morphological
features and the presence of metachromatic granules and were used in our study.
Only preparations confirmed to contain �95% pure mast cells were employed in
these experiments.

The human mast cell line HMC-1 5C6 (64), a more differentiated subclone of
its parental line, HMC-1, was grown in Iscove’s medium (Life Technologies)
supplemented with 10% fetal bovine serum (Life Technologies). After confluent
growth, the adherent cells were harvested by repeated pipetting and washed in
fresh medium before experimentation.

�-Hexosaminidase release assay. Human CBMC were preincubated with P.
aeruginosa (mast cell-to-bacteria ratio, 1:50) for 1 h at 37°C. �-Hexosaminidase
was measured in both supernatant and pellet fractions by using a previously
reported method (51). Briefly, 50 �l of each sample was incubated with 50 �l of
1 mM p-nitrophenyl-N-acetyl-�-D-glucosaminide (Sigma) dissolved in 0.1 M ci-
trate buffer, pH 5, in a 96-well microtiter plate at 37°C for 1 h. The reaction was
stopped with 200 �l of 0.1 M carbonate buffer/well, pH 10.5. The plate was read
at 405 nm in an enzyme-linked immunosorbent assay (ELISA) reader.

FIG. 1. mRNA expression and protein secretion of CCL20 by mast
cells. (a) RNA samples from HMC-1 cells were analyzed by RT-PCR
for CCL20, yielding PCR products of 216 and 269 bp for CCL20 and
�2M, respectively. Note the prominent single products at the appro-
priate sizes. Lanes 1 and 2, CCL20; lanes 3 and 4, �2M. (b) Superna-
tants from HMC-1 cells stimulated with A23187 (10�6 M) and PMA
(10�7 M) for 24 h were analyzed for CCL20 by Western blotting. Lane
1, human recombinant CCL20; lanes 2 and 3, supernatants from
A23187- and PMA-treated HMC-1 cells from two independent exper-
iments. (c) CCL20 production by human mast cells. HMC-1 cells were
stimulated with A23187 (10�6 M) and PMA (10�7 M) for 1 to 24 h.
Cell-free supernatants were used to test CCL20 levels by ELISA.
Results are the means � standard errors of the means for three
experiments.
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Reverse transcription-PCR (RT-PCR). Total RNA was extracted from
HMC-1 5C6 by using TRIzol reagent (Life Technologies) in accordance with the
manufacturer’s instructions. Reverse transcription with MMLV transcriptase
(Life Technologies) and PCR with Taq DNA polymerase (Life Technologies)
were performed in accordance with the manufacturer’s protocols, with some
modifications (33). The primers used were as follows: (i) for CCL20, sense,
5	-CTG CTT TGA TGT CAG TGC TGC-3	, and antisense, 5	-TCA CCC AAG
TCT GTT TTG G-3	, and (ii) for �2 microglobulin (�2M), sense, 5	-CCA GCA
GAG AAT GGA AAG TC-3	, and anti-sense, 5	-GAT GCT GCT TAC ATG
TCT CG-3	. The PCR products for CCL20 and �2M were 216 and 269 bp,
respectively. Thirty-five cycles were used (95°C for 45 s, 56°C for 45 s, and 72°C
for 2 min). Products were run on a 2% agarose gel and stained with ethidium
bromide.

Western blot analysis. HMC-1 5C6 cells (106 cells/ml) were incubated with
calcium ionophore A23187 (10�6 M) and phorbol myristate acetate (PMA)
(10�7 M) for 24 h. Cell-free supernatants were boiled for 8 min in a sodium
dodecyl sulfate sample buffer. After sodium dodecyl sulfate–10% polyacrylamide
gel electrophoresis, the separated proteins were transferred to a nitrocellulose
membrane (Bio-Rad Laboratories, Hercules, Calif.). After nonspecific binding
sites were blocked with 3% BSA in phosphate-buffered saline, the blots were
incubated with anti-CCL20 antibodies at 4°C overnight. After three washes, the
blots were incubated with peroxidase-conjugated secondary antibody for 1 h.
Prestained rainbow molecular weight standards (Bio-Rad Laboratories) were
used as markers. Recombinant human CCL20 was used as a positive control.
Visualization of the horseradish peroxidase was done by using Western blot
chemiluminescence reagent (DuPont, Boston, Mass.) in accordance with the
manufacturer’s protocol.

CCL20 and GM-CSF ELISAs. CCL20 and GM-CSF levels in the supernatants
or pellets were measured by using an in-house ELISA. Briefly, 96-well plates
were coated with anti-human CCL20 (Pepro-Tech) or anti-human GM-CSF
antibodies (Genzyme) at 1 �g/ml for 16 to 20 h at 4°C. Nonspecific binding to the
plates was blocked by using a 1% BSA–0.1% Tween-20 solution in phosphate-
buffered saline for 1 h at 37°C. The samples and a total of 50 �l of CCL20
(human rMIP-3�; Pepro-Tech) or GM-CSF (human rGM-CSF; R&D Systems)
per well were added to the plate and incubated for 18 to 20 h at 4°C. Biotinylated
anti-human CCL20 (R&D Systems) or anti-human GM-CSF (Endogen) (0.2
�g/ml) was added to each well and incubated for 1 h at 37°C. After the wells were
washed, 50 �l of a 1/2,000 dilution of streptavidin-alkaline phosphatase (Life
Technologies) was added to each well in accordance with the manufacturer’s
instructions. The minimal detectable level was 10 pg/ml for CCL20 and 3 pg/ml
for GM-CSF with this system.

RESULTS

Human mast cells express CCL20 mRNA and protein.
Given the importance of CCL20 in immune responses and
given that the issue of whether mast cells can produce this
chemokine has not been described previously, we used RT-
PCR analysis to examine the possibility that human mast cells
express CCL20 mRNA. CCL20 primers were designed to de-
tect an mRNA sequence from positions 71 to 286 and yield a
216-bp PCR product. As shown in Fig. 1a, CCL20 mRNA was
detected in human mast cell line HMC-1 5C6. No PCR prod-
ucts were detected when reverse transcription was omitted
(data not shown).

To determine whether human mast cells produce CCL20
protein, supernatants from HMC-1 cells that had been stimu-
lated for 24 h with calcium ionophore A23187 (10�6 M) and
PMA (10�7 M) were analyzed by Western blotting with anti-
CCL20 antibodies. Human recombinant CCL20 was used as a
positive control. The data in Fig. 1b demonstrate that substan-
tial CCL20 production was detected in HMC-1 supernatants
following stimulation with A23187 and PMA. This indicates
that mast cells express and secrete CCL20 protein after acti-
vation. Thus, human mast cells have the capacity to express
CCL20 mRNA and secrete CCL20 protein.

To determine the magnitude and kinetics of CCL20 produc-

tion by human mast cells, we used commercially available anti-
CCL20 antibodies to establish an ELISA using human recom-
binant CCL20 as a standard. After stimulation using HMC-1
5C6 with A23187 and PMA for times between 1 and 24 h,
cell-free supernatants were collected and assayed for CCL20
by ELISA. Significant CCL20 production could be detected
following 6 h of stimulation (Fig. 1c). After 24 h of stimulation
with 10�6 M A23187 and 10�7 M PMA, human mast cells
produce 16.1 to 32.4 ng of CCL20 per ml. Production of
CCL20 by HMC-1 cells was both time course and dose depen-
dent. Given that mast cells have the capacity to synthesize and
store cytokines in granules (18), we compared CCL20 levels in
the supernatants and cell pellets. HMC-1 cells with or without
stimulation with A23187 and PMA were disrupted by sonica-
tion to release cell-associated cytokines. Our results indicated
that without stimulation, CCL20 levels in the supernatants and
pellet were 15.9 � 3.7 and 6.8 � 4.6 pg/ml, respectively (n 
 3),
suggesting there was little preformed CCL20 stored in HMC-1
5C6. After 24 h of stimulation with PMA and A23187, CCL20
levels in the supernatants and pellet were 2,178 � 809 and 338
� 136 pg/ml, respectively (n 
 3), indicating that this cytokine
is readily secreted after synthesis.

P. aeruginosa stimulates CCL20 and GM-CSF production by

FIG. 2. P. aeruginosa but not L. pneumophila stimulated CCL20
production by human CBMC (a) and the human mast cell line HMC-1
(b). Human mast cells (106 cells/ml) were stimulated with P. aeruginosa
(CF-associated mucoid strain 8821 and nonmucoid strain PAO.1), L.
pneumophila (cell-to-bacteria ratio, 1/50), or LPS (from P. aeruginosa
serotype 10; Sigma) (10 �g/ml) for 24 h. CCL20 levels in cell-free
supernatants were determined by ELISA. Results are means � stan-
dard errors of the means from eight individual donors (a) and from
four independent experiments (b).
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human mast cells. To examine whether mast cells produce
CCL20 in response to bacterial stimulation, the CF-associated
mucoid P. aeruginosa 8821 was used to stimulate human
CBMC. As shown in Fig. 2, this P. aeruginosa strain signifi-
cantly stimulates CCL20 production by both CBMC and
HMC-1. To determine if the mast cell CCL20 response is
specific to P. aeruginosa, we employed the bacterium Legionella
pneumophila as a control stimulus. Our results indicated that
both CBMC and HMC-1 did not respond to L. pneumophila to
produce CCL20 (Fig. 2a and b). Interestingly, the CF-associ-
ated mucoid strain 8821 was significantly more potent than the
nonmucoid P. aeruginosa strain PAO.1 in stimulating CCL20
production from HMC-1 cells (Fig. 2b). Similarly, in CBMC,
strain 8821 also elicited a stronger response (CCL20 produc-
tion, 603.9 pg/ml; GM-CSF production, 325.3 pg/ml) than
strain PAO.1 (CCL20 production, 373.3 pg/ml; GM-CSF pro-
duction, 226.7 pg/ml). The baseline levels for CCL20 and GM-
CSF were 157 and 1.9 pg/ml, respectively. It is also notable that
the P. aeruginosa-activated CBMC produced approximately
20-fold more CCL20 on a per-cell basis than similarly activated
HMC-1 cells. It has been reported that HMC-1 cells express a
distinct profile of receptors on their surfaces relative to the
profile of in vivo-derived mast cells (2) and possess an abnor-
mal signaling mechanism due to a mutation on c-kit on their
surface (16). Such differences may contribute to the distinct
responses between HMC-1 cells and CBMC.

The ability of P. aeruginosa (8821) to induce CBMC degran-
ulation was examined by using cells from five separate donors
over a 30-min incubation period. A small but significant (P �
0.01) response was observed with �-hexosaminidase used as a
readout (mean degranulation values � standard errors of the
means [n 
 5] for control- and P. aeruginosa-treated cells,
10.98 � 1.8% and 15.18 � 2.14%, respectively).

Given that various bacterial LPS have been used to stimulate
other cell types, such as monocytes, to produce CCL20 (26,
47), we examined whether LPS from P. aeruginosa was able to
significantly induce CCL20 production by human mast cells.
Human CBMC were incubated with P. aeruginosa-derived LPS
at a high concentration (10 �g/ml) for 24 h. CCL20 levels in
cell-free supernatants were determined. A small but significant
(P � 0.05) level of CCL20 production was observed after LPS
stimulation (Fig. 2a). However, even when this high concen-
tration was employed, LPS-mediated CCL20 production was
much lower than that induced by P. aeruginosa strain 8821,
suggesting that LPS may not be the major component inducing
CCL20 production by mast cells.

Time course studies demonstrated that significant CCL20
production was observed at 3 h and peaked at 6 h following P.
aeruginosa stimulation, a time course of production similar to
that of TNF-� following antigen stimulation in other mast cell
populations (33). This time course of CCL20 production is
distinct from that of GM-CSF (Fig. 3), which peaked at 24 to
48 h after P. aeruginosa stimulation. Given that CCL20 pro-
duction peaked earlier than that of GM-CSF, we tested
whether P. aeruginosa-induced GM-CSF production is depen-
dent on CCL20. CBMC were treated with anti-CCL20 anti-
bodies (22 �g/ml) (R&D Systems) during the course of P.
aeruginosa (8821) stimulation for 24 h. There is no difference in
GM-CSF production between CBMC treated with anti-CCL20
antibodies together with P. aeruginosa (199.6 � 12.4 pg/ml)
and CBMC treated with P. aeruginosa alone (182.9 � 12.9
pg/ml). GM-CSF levels were undetectable in both unstimu-
lated CBMC and CMBC treated with anti-CCL20 antibodies
alone. This result suggests that P. aeruginosa-induced GM-CSF
production by CBMC is independent of CCL20 production.

IgE-mediated CBMC activation does not induce a CCL20

FIG. 3. Distinct time course of CCL20 (a and b) and GM-CSF (c and d) production by human CBMC as a result of CF-associated P. aeruginosa
(8821) stimulation. CBMC (106 cells/ml) were stimulated with P. aeruginosa (8821) (cell-to-bacteria ratio, 1/50) for various times. CCL20 and
GM-CSF levels in cell-free supernatants were determined by ELISA. Mean values � standard errors of the means of the results from triplicate
assays are shown for each donor.
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response. Immunoglobulin E (IgE)-mediated human mast cell
activation, such as that which occurs during the initiation of
allergic responses, is known to induce the expression of a
variety of cytokines and chemokines. In order to examine the
ability of such activation to induce CCL20 expression, CBMC
were sensitized with 10 ng of human myeloma IgE (Chemi-
con)/ml for 48 h, washed repeatedly, and then activated with
rabbit anti-human IgE (Dako, Mississuagua, Ontario, Canada)
under conditions similar to those used for bacterial activation
of the cells. After 24 h, the supernatants were harvested and
assayed for CCL20 and GM-CSF content. IgE-mediated acti-
vation induced a significant GM-CSF response. However,
CCL20 levels in the supernatants were not significantly ele-
vated compared with levels in the medium control (Table 1).
Supernatants from anti-IgE-activated mast cells contained sig-
nificantly (P � 0.05) less CCL20 than supernatants from cells
treated with control rabbit IgG. This apparent decrease in
CCL20 production did not appear to be due to degradation of
CCL20 within supernatants from anti-IgE-activated mast cells.
Experiments in which a recombinant CCL20 standard was in-
cubated with such supernatants for 24 h at 37°C (n 
 3)

demonstrated that over 75% of the CCL20 added could be
detected by ELISA after incubation (data not shown).

Effects of dexamethasone, IL-10, and cyclosporine on P.
aeruginosa-induced CCL20 and GM-CSF production by hu-
man mast cells. A number of agents have been demonstrated
to inhibit the production of inflammatory cytokines by mast
cells in response to either IgE-mediated activation or bacterial
products. These include the anti-inflammatory cytokine IL-10
(33, 38, 48), the corticosteroid dexamethasone (36, 50, 66), and
the calcineurin inhibitor cyclosporine (45, 63, 65). The ability
of these agents to alter the mast cell CCL20 and GM-CSF
responses to P. aeruginosa was examined. Following IL-10
treatment (5 ng/ml) (Fig. 4), the GM-CSF response was re-
duced by over 80%. In contrast, the CCL20 response was
reduced by less than 30% even when treated with 500 ng of
IL-10/ml. The CCL20 response was similarly resistant to cor-
ticosteroid and cyclosporine treatment (Fig. 5 and 6). Follow-
ing corticosteroid treatment, the GM-CSF response to P.
aeruginosa was reduced by over 95%, while the majority of the
CCL20 response remained. Cyclosporine had a less dramatic
effect in inhibiting GM-CSF production but was still able to
inhibit the GM-CSF response by over 50% at high doses (1
�g/ml). In contrast, cyclosporine consistently failed to inhibit
the CCL20 response.

Protein kinase C is involved in CCL20 production by human
mast cells. To investigate the role of protein kinase C (PKC) in
CCL20 production by human mast cells, PKC inhibitors Ro
31-8220 and a PKC pseudosubstrate (PKC-peptide) were used.
Concentrations of 10 and 20 �M for Ro 31-8220 and PKC-
peptide, respectively, were used in our recent study and dem-
onstrated inhibitory effects on mast cells (7). Thus, these con-
centrations were selected in this study. CBMC were treated
with Ro 31-8220 at a concentration of 10 �M during the course
of P. aeruginosa stimulation. P. aeruginosa-induced CCL20 pro-

FIG. 4. P. aeruginosa-induced production of CCL20 (a and b) by human mast cells is not inhibited by IL-10, but that of GM-CSF (c and d) is
inhibited. Human CBMC (5 � 105 cells/ml) were stimulated with P. aeruginosa strain 8821 (mast cell-to-bacteria ratio, 50:1) in the presence or
absence of various concentrations (5, 50, and 500 ng/ml) of IL-10 for 24 h. Cell-free supernatants were used to determine cytokine levels by ELISA.
Mean results from triplicate assays are shown for each of two representative cell donors.

TABLE 1. Effects of IgE-dependent activation on mast cell
production of CCL20 and GM-CSFa

Sample

Supernatant chemokine or cytokine
content (pg/ml)

CCL20 GM-CSF

Medium 103 � 49 368 � 32
Rabbit anti-IgE 1.8 � 0.3b 771 � 146b

Control rabbit-IgG 136 � 95 195 � 28

a Values are means � standard errors of the means. n 
 5 or 6 per group.
Groups were compared by a paired Student’s t test.

b Significant increase (P � 0.01) compared with the medium control group.
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duction was completely inhibited by Ro 31-8220 treatment
(Fig. 7). Moreover, treatment of CBMC with a PKC peptide
(20 �M), a sequence derived from PKC� and PKC�, signifi-
cantly inhibited P. aeruginosa-induced CCL20 production (Fig.
7). Interestingly, P. aeruginosa-induced GM-CSF production
(567.4 � 86.3 pg/ml) was also completely inhibited by Ro
31-8220 (0 � 0 pg/ml [undetectable]), suggesting that PKC may
likely be an early signaling molecule involved in P. aeruginosa-
induced mast cell activation. Neither the PKC peptide nor the

Ro 31-8220 significantly altered cell viability as assessed by
trypan blue exclusion.

DISCUSSION

Innate responses usually precede, and are necessary for, the
establishment of adaptive immunity (40). An important aspect
of such an integrated response is the recruitment of dendritic
cells and T cells to sites of infection. Critical roles for mast cells

FIG. 5. Differential effects of dexamethasone (Dex) on P. aeruginosa-induced CCL20 (a and b) and GM-CSF (c and d) production by human
mast cells. Human CBMC (5 � 105 cells/ml) were treated with P. aeruginosa strain 8821 (mast cell-to-bacteria ratio, 50:1) in the absence (0 �M)
or presence of various concentrations (0.1, 1, and 10 �M) of Dex for 24 h. Cell-free supernatants were used to determine cytokine levels by ELISA.
Mean results from triplicate assays are shown for each of two representative cell donors.

FIG. 6. Cyclosporine does not block P. aeruginosa-induced production of CCL20 (a and b) by human mast cells but blocks that of GM-CSF (c
and d). Human CBMC (5 � 105 cells/ml) were treated with P. aeruginosa strain 8821 (mast cell-to-bacteria ratio, 50:1) in the absence (0 ng/ml)
or presence of various concentrations (10, 100, and 1,000 ng/ml) of cyclosporine for 24 h. Cell-free supernatants were used to determine cytokine
levels by ELISA. Mean ELISA results from triplicate well assays are shown for each of two representative donors.
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in innate immunity against bacterial infection have previously
been demonstrated in mice (13, 17, 37). Through a mechanism
dependent upon TNF-�, mast cells recruit neutrophils to the
local tissue to eradicate the invading bacteria. In this study, we
have demonstrated, for the first time, that human mast cells
produce CCL20, a chemokine essential for efficient recruit-
ment of immature dendritic cells and T cells to mucosal sites
(9). These data suggest that P. aeruginosa-induced CCL20 pro-
duction by resident tissue mast cells may serve as part of a
mechanism for the induction of adaptive response through
dendritic cell-mediated mechanisms. This concept is supported
by the finding that in other cell types, CCL20 expression can be
induced by bacterial LPS (60) and is increased in the inflamed
tissues (11). CCL20 production occurs under conditions that
also activate human mast cells to produce GM-CSF. GM-CSF
has been repeatedly shown to have a critical role in innate
immune responses, especially in the lung (6, 12, 39, 41, 52, 59,
61).

Mast cells produce distinct mediator profiles in response to
different stimuli, through differential activation of surface re-
ceptors (30, 33). In this study, we found that CCL20 produc-
tion by human mast cells is specifically induced by P. aeruginosa
but not by L. pneumophila. Moreover, activation of mast cells
through the IgE receptor, FcεRI, under conditions which in-
duced significant degranulation and GM-CSF expression, did
not lead to CCL20 production. In contrast, IgE-mediated ac-
tivation of mast cells appeared to profoundly inhibit the base-
line levels of production of CCL20. The mechanism of this
inhibition is unclear. The multiple anti-IgE-induced mediators
which have autocrine effects on mast cell functions may be
relevant. These data suggest that mast cell production of
CCL20 is tightly regulated and initiated in response to specific
pathogen-associated signals. CCL20 is one example of a mast
cell product that is not expressed following IgE-mediated mast
cell activation; another such molecule is gamma interferon, an
important activator of T cells and antigen-presenting cells (20).
In keeping with reports for rodent mast cells (5, 15), there was
evidence of a low level of degranulation of CBMC in response
to P. aeruginosa activation, as assessed with �-hexosaminidase
release. However, we do not know whether CCL20 production
was linked to this degranulation event. Time course analysis of
CCL20 production, as well as direct analysis of the CCL20
content of CBMC pellets, suggests that either no or very low
(undetectable) amounts of CCL20 are stored within human
mast cells (data not shown).

P. aeruginosa is a common cause of acute and chronic pneu-
monia in humans. Pulmonary infection caused by P. aeruginosa
is a major factor leading to the morbidity and mortality asso-
ciated with CF. Lung infection with P. aeruginosa in CF is
associated with acute and chronic inflammation accompanied
by disturbed cytokine and chemokine regulation. Mast cells are
abundant in the airways (500 to 4,000 cells/mm [1], occupying
approximately 1.6 to 2.1% of the area of the alveolar wall [14])
and are able to produce multiple cytokines and chemokines.
However, little is known about the roles of mast cells in P.
aeruginosa-mediated pathogenesis. Increased mast cell num-
bers in P. aeruginosa-infected lung (55, 56) and evidence of
mast cell activation in the CF airway (22) suggest a role for
mast cells in P. aeruginosa infection. We have examined the
responses of mast cells to CF-associated P. aeruginosa and
demonstrated significant CCL20 and GM-CSF production by
both human primary cultured CBMC and the human mast cell
line HMC-1. GM-CSF production by mast cells, in this context,
may be important for maintaining the neutrophilic infiltration
that is typical of chronic disease and for macrophage differen-
tiation (53), while the immune activation resulting from con-
tinued recruitment of dendritic cells to sites of infection may
perpetuate the chronic inflammatory state. It is notable that
while GM-CSF production by P. aeruginosa-activated human
mast cells was readily inhibited by corticosteroids, IL-10, or
cyclosporine, CCL20 production was highly resistant to mod-
ulation by any of these agents. These data suggest that distinct
mechanisms are involved in the P. aeruginosa-induced produc-
tion of CCL20 and GM-CSF.

P. aeruginosa-mediated CCL20 production is a relatively
early event which peaks at 6 h, a time course of production
which is distinct both from that of GM-CSF, which peaked
after 24 to 48 h following P. aeruginosa stimulation, and from

FIG. 7. PKC inhibitors block P. aeruginosa-induced CCL20 produc-
tion by human mast cells. (a and b) CBMC (5 � 105 cells/ml) were
treated with P. aeruginosa strain 8821 (Ps.a) for 24 h in the presence
(10 �M) or absence of Ro 31-8220 (Ro). Results are the mean values
from triplicate wells from representative donor responses. (c) HMC-1
5C6 cells were treated with a cell-permeable PKC pseudosubstrate, a
sequence derived from PKC� and PKC� (PKC peptide; 20 �M).
Cell-free supernatants were used to determine CCL20 proteins by
ELISA. Values are the means � standard errors of the means for four
similar experiments.
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the CBMC IL-6 response to this pathogen, which we have
reported to follow a similar pattern (7). These data suggest
that CCL20 production is unlikely to be due to a mast cell
response to an intermediate cytokine or chemokine signal and
precedes the major production of GM-CSF and IL-6.

Understanding the mechanisms by which mast cell function
is regulated is a key step towards the design of a therapeutic
approach to modulate mast cell activities. PKC is involved in
several mast cell activities, such as degranulation (8, 42) or
IL-6 production, but not in others, such as antigen-induced
IL-10 expression (42). We have reported previously that inter-
nalization of bacterial E. coli by human mast cells involves
PKC (34) and that P. aeruginosa-induced IL-6 production by
mast cells requires PKC (7). In this study, we attempted to test
whether PKC is involved in CCL20 production in human mast
cells. Activation of mast cells by the PKC activator PMA me-
diated significant production of CCL20. PKC inhibitor Ro
31-8220 completely inhibited P. aeruginosa-induced CCL20
production. Moreover, a PKC inhibitor peptide significantly
blocked CCL20 production by CBMC. Thus, PKC is probably
directly involved in CCL20 expression and provides a potential
target for the modulation of CCL20 production by human mast
cells. This is in keeping with our published evidence of a
critical role for PKC in the induction of other mast cell cyto-
kine responses, such as IL-6 production, by P. aeruginosa (7).

In summary, we have demonstrated that human mast cells
are able to produce CCL20 mRNA and protein, an important
chemokine involved in dendritic cell-associated adaptive im-
munity. Production of CCL20 by mast cells was specifically
induced by P. aeruginosa but not by L. pneumophila or by
aggregation of IgE receptors. In contrast to the GM-CSF re-
sponse to P. aeruginosa, CCL20 production was relatively re-
sistant to the inhibitory effects of corticosteroids, IL-10, or
cyclosporine. However, PKC appears to have a role in CCL20
production by human mast cells. These findings suggest a novel
role for mast cells in the initiation of host defense against P.
aeruginosa infection and in the perpetuation of inflammatory
responses at mast cell-rich sites such as the airways.
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