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Summary

Human mast cells (huMCs) are involved in both innate and adaptive

immune responses where they release mediators including amines, reactive

oxygen species (ROS), eicosanoids and cytokines. We have reported that

interferon-c (IFN-c) enhances FccR-dependent ROS production. The aim

of this study was to extend these observations by investigating the effect of

IFN-c on the biological responses of huMCs to Staphylococcus aureus. We

found that exposure of huMCs to S. aureus generated intracellular and

extracellular ROS, which were enhanced in the presence of IFN-c. IFN-c

also promoted bacteria killing, b-hexosaminidase release and eicosanoid

production. Interferon-c similarly increased expression of mRNAs encod-

ing CCL1 to CCL4, granulocyte–macrophage colony-stimulating factor

(GM-CSF), tumour necrosis factor-a and CXCL8 in S. aureus-stimulated

huMCs. The ability of IFN-c to increase CXCL8 and GM-CSF protein

levels was confirmed by ELISA. Fibronectin or a b1 integrin blocking anti-

body completely abrogated IFN-c-dependent S. aureus binding and

reduced S. aureus-dependent CXCL8 secretion. These data demonstrate

that IFN-c primes huMCs for enhanced anti-bacterial and pro-inflamma-

tory responses to S. aureus, partially mediated by b1 integrin.
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Introduction

Mast cells (MCs) are tissue-resident cells that, although

classically associated with allergic inflammation,1 have

been reported to participate in the innate immune

response to infectious organisms including bacteria.2 In

vitro challenge of mouse MCs with Staphylococcus aureus

or its cell wall component peptidoglycan generates cytoki-

Abbreviations: CFU, colony-forming units; COX, cyclooxygenase; DCF-DA, dichlorodifluorescein diacetate; DPI,
diphenyleneiodonium; huMCs, human mast cells; IFN, interferon; IL, interleukin; LTC4, leukotriene C4; 5-LO, 5-lipoxygenase;
mBMMCs, mouse bone-marrow-derived mast cells; PE, phycoerythrin; PGD2, prostaglandin D2; PMNs, polymorphonuclear cells;
ROS, reactive oxygen species; Th1, T helper type 1; TLR, Toll-like receptor; TNF, tumour necrosis factor
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nes including interleukin-6 (IL-6) and tumour necrosis

factor-a (TNF-a)3,4 and induces MC degranulation.5

Furthermore, studies in mice lacking MCs due to

defective c-Kit signalling (WBB6F1-Kit
W/W-v and C57BL/

6-Kitw-sh/w-sh) reveal a protective role for MCs against

S. aureus infection and bacterial cell wall components,6–8

although when MC deficiency was independent of KIT

signalling (Mcpt5-Cre+ 9 R-DTA), MCs were not essen-

tial in protection.3

There is less known concerning the response of

human MCs (huMCs) to bacteria. What has been

reported is that huMCs phagocytose and kill FimH+

Escherichia coli and S. aureus, and release TNF-a and

chemokines,9–12 in part via a Toll-like receptor 2 (TLR2)

and CD48-dependent mechanism.13,14 Human MCs are

also reported to release extracellular traps for bacte-

ria.15,16 Following the observation that mouse MCs gen-

erate reactive oxygen species (ROS) that contribute to

bacterial killing,17 we reported that MCs generate ROS

from the enzymes 5-lipoxygenase (5LO) and cyclooxy-

genase (COX) following FceRI and FccR aggregation.18–

20 This is of interest because it is known that huMCs

respond to interferon-c (IFN-c) by up-regulating the

surface expression of FccRI21–24 and TLR4.25

Based both on the observations that huMCs are able

to engulf bacteria and that IFN-c up-regulates the

expression of some surface receptors on huMCs, we

were interested in determining whether IFN-c, as would

be produced by infiltrating inflammatory cells, would

further enhance the response of huMCs to bacteria

(S. aureus). As will be shown, IFN-c substantially

increases the ability of huMCs to respond to S. aureus

by enhancing ROS production, MC degranulation and

eicosanoid, cytokine and chemokine production. We also

found that these responses are mediated, in part,

through a b1 integrin receptor-mediated process. These

observations are consistent with the conclusion that the

involvement of huMCs in innate defence mechanisms

against bacteria is further enhanced by IFN-c, providing
a mechanism to increase the efficiency of these tissue-

resident effector cells in control of infection as inflam-

mation progresses.

Materials and methods

Mice and materials

Wild-type C57BL6 mice (< 6 months old, 20 g), Tlr2-de-

ficient and Scarb1-deficient mice were obtained from

Jackson Laboratories (Bar Harbor, ME). Aged-matched

wild-type and Msr1-deficient mice were a kind gift from

Dr Andrij Holian (Department of Biomedical and Phar-

maceutical Sciences, University of Montana, MT). Mice

were maintained and killed in accordance with the

National Institutes of Health guidelines on animal care

and use, which were reviewed and approved by the

NIAID Animal Use Committee.

The materials used were supplied as follows: BSA,

diphenyleneiodonium (DPI), saponin, superoxide dismu-

tase and trypan blue (Sigma Aldrich, St Louis, MI); dichlo-

rofluorescein diacetate (DCF-DA; EMD Biosciences, La

Jolla, CA); FR122047 and zileuton (Cayman Chemicals,

Ann Arbor, MI); diogenes (National Diagnostics, Atlanta,

GA); cell culture media and supplements (Invitrogen,

Carlsbad, CA and Biosource International, Camarillo, CA),

human recombinant granulocyte–macrophage colony-

stimulating factor (GM-CSF), IFN-c, IL-3, IL-4, IL-6, stem
cell factor (SCF) and TNF-a (Peprotech, Rocky Hill, NJ);

dextran (T-500) and Ficoll-Hypaque (Amersham Bio-

sciences, Piscataway, NJ); and Luria–Bertani broth and agar

(KD Medical, Columbia, MD).

Cell cultures

Human mast cells were derived from CD34+ peripheral

blood mononuclear cells obtained following informed

consent from normal volunteers on a protocol approved

by the NIAID Institutional Review Board. CD34+ cells

were cultured in IL-3 (week 1 only, 30 ng/ml), SCF

(100 ng/ml) and IL-6 (100 ng/ml) as described.19 The

HuMCs were > 99% pure by toluidine blue staining of

cytospin preparations and were used after 7–10 weeks of

culture.

Polymorphonuclear leucocytes (PMNs) were isolated

from peripheral blood of normal human volunteers20

using a protocol approved by the NIAID Institutional

Review Board. The PMNs were kept on ice in PBS con-

taining glucose (10 mM) until studied.

Mouse bone-marrow-derived MCs (mBMMCs) were

cultured from femoral marrow cells in RPMI-1640

medium supplemented with fetal bovine serum (10%),

penicillin (100 U/ml), streptomycin (100 lg/ml), HEPES

(25 mM), sodium pyruvate (1 mM), non-essential amino

acids (1 mM), 2-mercaptoethanol (0�0035%) and mouse

IL-3 (30 ng/ml) as described.20 Murine BMMCs were

> 99% pure by toluidine blue staining of cytospin prepa-

rations and were used after 4–6 weeks of culture.

Staphylococcus aureus culture

A 10 ll frozen stock of S. aureus (ATCC 27217; strain

502A) was added to Luria–Bertani broth (6 ml) and cul-

tured overnight at 37° with shaking (200 rpm). Then, a

100-fold dilution of the culture was incubated for a fur-

ther 2�5 hr with shaking (200 rpm) to obtain bacteria in

late logarithmic stage growth [with optical density at

600 nm (OD600) < 1]. Viable bacteria/ml was determined

by measuring OD600 and comparing this value to the

known OD600 values for colony-forming units (CFU)/ml

from a pre-determined standard curve. Bacteria were then

Published 2015. This article is a U.S. Government work and is in the public domain in the USA, Immunology, 146, 470–485 471

IFN-c primes huMCs for enhanced responses to S. aureus



centrifuged at 10 000 g for 4 min and washed three times

with appropriate media before use.

Intracellular ROS detection by microfluorimetry

Intracellular ROS production was measured in a 96-well

microplate assay employing DCF (the intracellular pro-

duct of DCF-DA that fluoresces in the presence of

ROS). The MCs or PMNs (1 9 106/ml) were incubated

with DCF-DA (20 lM, 20 min) at 4° with rotation.

Cells were then washed (HEPES buffer) and added

(2 9 105/well) to a black opaque 96-well microplate

containing enzyme inhibitors and bacteria on ice. The

activation of huMCs by S. aureus was then synchro-

nized by centrifugation of the microplate at 170 g for

8 min at 4°. DCF fluorescence was monitored at

30-second intervals for 1 hr at 37° using a GENios flu-

orescent plate reader (ReTirSoft Inc., Toronto, ON,

Canada) with excitation and emission wavelengths of

492 nm and 535 nm, respectively. Fluorescence was

expressed as relative fluorescent units and the kinetic

data were collected using an XFLOUR4 macro within

Microsoft EXCEL.

Extracellular ROS detection by microflourimetry

Extracellular ROS production was measured in a 96-well

plate assay employing the chemiluminescent probe Dio-

genes which is used to detect extracellular superoxide.

Briefly, huMCs or PMNs were washed (HEPES buffer)

and added (4 9 105/well) to a white opaque 96-well

microplate containing enzyme inhibitors, stimulants (bac-

teria) and Diogenes reagent. The assay was then synchro-

nized by centrifugation (170 g, 8 min at 4°) before

monitoring chemiluminescence at 120-second intervals

for 1 hr at 37° using a GENios fluorescent plate reader

(ReTirSoft Inc.) and expressed as relative luminescent

units. The kinetic data were collected using an XFLOUR4

macro within Microsoft EXCEL.

Bacterial killing assay

Human MCs or PMNs (4 9 105/well) were added to a

48-well plate containing bacteria, activation by S. aureus

was synchronized by centrifugation (170 g, 8 min at 4°),
and assay plates were then incubated at 37° for 0�5–3 hr.

Bacteria in the absence of huMCs or PMNs were used as

controls for bacterial viability. At each time-point,

samples were placed on ice and lysed (0�1% saponin,

15 min); serial dilutions were prepared before 50-ll ali-
quots were spread on Luria–Bertani agar (1�5%) plates,

inverted and incubated overnight at 37°. The number of

CFU/plate was counted and the percentage of bacteria

killed by huMCs or PMNs was determined using the

following equation; [CFU (samples containing host cells)/

CFU (samples without host cells)] 9 100. In experiments

where enzyme inhibitors were used, these were added

20 min before the start of the assay.

Cell degranulation assay

Immunoglobulin E-sensitized MCs (1 9 104/well) in

HEPES buffer were added to a 96-well microplate con-

taining bacteria (ratios of 2 : 1, 20 : 1, 100 : 1 MC) or

antigen (streptavidin; 100 ng/ml) on ice. Activation of

huMCs by S. aureus was then synchronized by centrifuga-

tion (170 g, 8 min at 4°) before incubation at 37° for

1 hr. Degranulation was measured as percent release of

b-hexosaminidase.20

Leukotriene C4 and prostaglandin D2 measurements

Immunoglobulin E-sensitized MCs (2 9 105/well) in

HEPES buffer were added to a 96-well microplate con-

taining bacteria (ratio of 2 : 1, 20 : 1, 100 : 1 MC) or

antigen (streptavidin; 100 ng/ml) on ice and assays were

synchronized by centrifugation (170 g, 8 min at 4°). Fol-
lowing a 1 hr incubation at 37°, cell-free supernatants

were removed and analysed for leukotriene C4 (LTC4)

and prostaglandin D2 (PGD2) by enzyme immunoassay

(Cayman Chemicals) according to the manufacturer’s

instructions. Supernatants were diluted 1/1000 before

analysis of PGD2 release.

Chemokine and cytokine focused SuperArrays

Total RNA was isolated (Superarray, Frederick, MD),

6 lg was treated for genomic DNA contamination and

then reverse transcribed (Superarray). For each quantita-

tive PCR assay, cDNA (50 ng/25 ll of PCR mastermix)

was added to a Superarray plate containing primer sets

for chemokines (CCL1-19, CXCL1-13; a total of 84

genes), cytokines (IL1-25, CSF1-2, IFNs, TGFs, TNF,

TNFSF10–14, BMPs, GDFs; a total of 84 genes) and

housekeeping genes (B2M, HPRT1, RPL13A, GAPDH,

ACTB) as designed by the manufacturer (Superarray). As

a control, DNA and RNA preparations were run on a

quality control plate before running samples on the path-

way-focused Superarrays. All reactions were performed on

single samples for 40 cycles as per the manufacturer’s

instructions and gene expression was analysed using the

Real-Time PCR cycler ABI PRISM 7700 (Applied Biosys-

tems, Foster City, CA).

Real-time PCR analysis

Total RNA was isolated (RNeasy; Qiagen Inc., Valencia,

CA); 2 lg was treated for genomic DNA contamination

and reverse transcribed (Qiagen Inc.). For each quantita-

tive PCR assay, cDNA (50 ng) was mixed with PCR mas-
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termix containing primer sets for CD14, CD36, TLR2,

TLR6, MSR1, SCARB1 and SCARB2 or the housekeeping

gene ACTB as designed by the manufacturer (Qiagen

Inc.). As a control, RNA that had not been reverse

transcribed to cDNA was used in some PCRs. All

reactions were performed in triplicate for 40 cycles and

gene expression was analysed using the Real-Time PCR

cycler ABI PRISM 7700 (Applied Biosystems).

Cytokine measurements

Human MCs (4 9 105/well) were added to a 48-well

plate containing bacteria at a ratio of 20 : 1 huMCs and

cultures were synchronized by centrifugation (170 g,

8 min at 4°). Cultures were then placed at 37° for

1–24 hr and cell-free supernatants were analysed for

CXCL8 and GM-CSF by ELISA according to the manu-

facturer’s instructions (R&D Systems, Minneapolis, MN).

Receptor expression by flow cytometric analysis

Human mast cells were washed three times (PBS + 0�1%
BSA) and 100-ll (1 9 106/ml) aliquots were incubated

with the following antibodies for 20 min at 20°: allophy-
cocyanin-conjugated mouse anti-human CD14 (clone

61D3, subclass IgG1к), phycoerythrin (PE) -conjugated

mouse anti-human TLR2 (clone TL2.1, subclass IgG2a),

FITC-conjugated mouse anti-human CD36 (clone NL07,

subclass IgM), rat anti-human TLR6 (clone hPer6,

subclass IgG2aк) (eBiosciences, San Diego, CA) followed

by PE-conjugated goat anti-rat IgGc (Southern Biotech,

Birmingham, AL), mouse anti-human SR-AI/MSRI (clone

351615, subtype IgG2b) then allophycocyanin-conjugated

goat anti-mouse IgG2b (Southern Biotech) or rabbit poly-

clonal anti-human SCARB1 (Lifespan Biosciences, Seattle,

WA) followed by PE-conjugated goat anti-rabbit IgG

(Southern Biotech), PE-conjugated mouse anti-human

CR3 (CD11b) (subclass IgG1к), PE-conjugated mouse

anti-human CR4 (CD11c) (clone 3.9, subclass IgG1к),
PE-conjugated anti-human or PE-labelled mouse anti-hu-

man CD49d (a4 integrin) (clone 9F10, subclass IgG1к)
PE-conjugated mouse anti-human CD49e (a5 integrin)

(clone SAM-1, subclass IgG2b), FITC-conjugated mouse

anti-human CD51/61 integrin (aVb3) (clone 23C6, sub-

class IgG1к) or PE-conjugated mouse anti-human CD29

(b1) (clone MEM-101A, subclass IgG1) (eBioscience), PE-

labelled mouse anti-human dectin-1 (clone 259931, sub-

class IgG2b) (R&D Systems) or PE-conjugated mouse

anti-human CD205 (clone MG38, subclass IgG2b) or

allophycocyanin-labelled mouse anti-human CD206

(clone 19�2, subclass IgG1к) [Becton Dickinson (BD), San

Jose, CA]. Cells were then washed, resuspended in

PBS + 0�1% BSA and analysed using a FACScalibur and

CELLQUEST software (BD) of 10 000 events in a CD117/

FceRI double-positive gated area.

Binding of S. aureus to huMCs by flow cytometric analysis

Staphylococcus aureus was grown to mid-log phase

(OD600 < 1), heat killed [60° for 0�5 hr (1 9 109/ml in

PBS)], washed twice in PBS, resuspended in an FITC

[0�1 mg/ml in NaHCO3 (0�1 M)] solution, and incubated

for 40 min with rotation. Following three washes, the

FITC-labelled bacteria were resuspended in appropriate

media and stored on ice until required. The binding of

S. aureus to huMCs was determined by incubating

huMCs with increasing ratios of FITC-labelled bacteria

(20 : 1, 100 : 1; bacteria : huMCs) for 1 hr at 4°. After
washing twice (PBS + 0�1% BSA), huMCs were resus-

pended in PBS + 0�1% BSA (100 ll) and analysed for

FL1 using a FACScalibur (BD) and CELLQUEST software

(BD).

Data presentation and statistical analyses

Real-time kinetic readings and grouped data are from a

minimum of three separate experiments performed in

duplicate using one to three donors to obtain CD34+

derived huMCs. The area under the curve data for total

ROS production were determined after baseline subtrac-

tion by PRISM (GraphPad Software, San Diego, CA). Dif-

ferences between groups were tested for statistical

significance by SIGMAPLOT. Where data were normally dis-

tributed, two-way repeated measures analysis of variance

with Holm–Sidak correction for multiple comparisons

was used. For non-parametric data, a Kruskal–Wallis one-

way analysis of variance on ranks with Bonferroni correc-

tion for multiple comparisons or Wilcoxon signed rank

test was used.

Results

IFN-c enhances ROS generation and killing of
S. aureus by huMCs

We initially investigated the ability of huMCs to gener-

ate ROS and kill S. aureus in response to T helper type

1 (Th1) and Th2 cytokines as might be present as

inflammation progresses. As shown in Fig. 1(a), pre-in-

cubation of huMCs with IFN-c, TNF-a or GM-CSF, but

not IL-4, resulted in S. aureus-dependent ROS genera-

tion. ROS production in huMCs exposed to S. aureus

and IFN-c was greater than that in cells exposed to

S. aureus combined with GM-CSF or TNF-a (Fig. 1a).

Killing by untreated huMCs was 2% compared to 25%

in cells treated with IFN-c (P < 0�001). By comparison,

TNF-a, GM-CSF or IL-4 had a minimal effect on the

ability of huMCs to kill S. aureus (Fig. 1b). These data

demonstrate that of the cytokines tested, IFN-c was by

far the most effective at enhancing ROS production and

promoting killing of S. aureus by huMCs.
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As we have demonstrated that FceRI- and FccR-depen-
dent intracellular ROS production in huMCs are 5LO-

and COX-dependent,20 we next examined the

mechanisms by which IFN-c alters the production of

intracellular and extracellular ROS by huMCs exposed to

S. aureus. As shown in Fig. 2(a), there was little or no

production of ROS by huMCs exposed to S. aureus alone.

However, huMCs pre-exposed to IFN-c produced ROS in

response to S. aureus, and the rate of ROS production

was maximal 10–20 min after stimulation (Fig. 2a). This

S. aureus-dependent ROS generation was ratio dependent,

and similar ROS levels were achieved with heat-killed

bacteria. In contrast, coating of bacteria by serum

opsonization or with S. aureus-specific IgG elicited lower

levels of ROS from huMCs (see Supplementary material,

Fig. S1a–c). Also, S. aureus-derived peptidoglycan (PGN)

or lipoteichoic acid (LTA) did not induce ROS produc-

tion (see Supplementary material, Fig. S1d). The ability of

S. aureus to trigger extracellular production of ROS in

huMCs following treatment with IFN-c was verified by a

Diogenes chemiluminescence assay (Fig. 2b).

We next explored the enzymes responsible for ROS

production. Incubation of huMCs with the COX inhibitor

FR122047, the 5LO inhibitor zileuton (ZT) or a combina-

tion of both caused a significant reduction in S. aureus-

dependent DCF fluorescence (Fig. 2c,g) whereas the

flavoenzyme inhibitor DPI and the NOS inhibitor

L-NMMA had no inhibitory effect (Fig. 2e,g). ZT or

FR122047 alone or in combination also had no effect

(Fig. 2d,h) whereas DPI completely abrogated S. aureus-

dependent Diogenes chemiluminescence in huMCs

(Fig. 2f,h). Hence, 5LO and COX were the enzymes

responsible for S. aureus-dependent intracellular ROS

production, while extracellular ROS production was
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Figure 1. Interferon-c (IFN-c) and not interleukin-4 (IL-4), tumour necrosis factor-a (TNF-a) or granulocyte–macrophage colony-stimulating

factor (GM-CSF) primes human mast cells (huMCs) for enhanced production of reactive oxygen species (ROS) and bacterial killing of Staphylo-

coccus aureus. Human MCs were pre-treated with IFN-c (20 ng/ml), IL-4 (20 ng/ml), TNF-a (20 ng/ml) or GM-CSF (20 ng/ml) for 48 hr before

the addition of S. aureus (20 bacteria : one huMC). Extracellular ROS production was determined by Diogenes chemiluminescence for 1 hr at

30-second intervals at 37° (a) and bacterial killing determined after 3 hr incubation by counting CFUs of cell lysates on agar plates after a 24-hr

culture at 37° (b). Results are shown as either kinetic data of single experiments of cells in the absence (thin lines) or presence (bold lines) of

bacteria (a) or means � SE (b) performed in triplicate and n = 3 independent experiments for one huMC donor. Differences between individual

groups was tested for statistical significance by Kruskal–Wallis one-way analysis of variance on ranks with Bonferroni correction for multiple

comparisons (***P ≤ 0�001 for comparison with control cells not treated with cytokines).

Figure 2. Interferon-c (IFN-c) primes human mast cells (huMCs) for enhanced reactive oxygen species (ROS) generation following

Staphylococcus aureus exposure. Human MCs were incubated with or without IFN-c (20 ng/ml) for 48 hr then exposed to dichlorodifluorescein

diacetate (DCF-DA; 20 lM) or medium for 20 min. After washing huMCs were incubated in the absence (a, b) or presence of FR122047

(300 nM) (c, d), zileuton (20 lM) (c, d), FR122047 (300 nM) + zileuton (20 lM) (c, d), DPI (5 lM) (e, f) or L-NMMA (100 lM) (e) for 10 min

before the addition of S. aureus (20 : 1) or HEPES buffer (negative control). Intracellular ROS production was determined by DCF fluorescence

(a, c, e, g) whereas extracellular ROS production was determined by Diogenes chemiluminescence (b, d, f, h) for 1 hr at 30-second intervals at

37°. Area under the curve (AUC) data were calculated for each kinetic curve and averaged (g, h). Results are shown as either kinetic data of sin-

gle experiments performed in duplicate, n = 4 (a, c, e) or n = 2 (b, d, f) independent experiments from two donors (a–f) or means � SE for

AUC data calculated for each kinetic curve, n = 4 independent experiments from two donors in duplicate (g) or n = 2, two donors in duplicate

(h). Results are for huMCs treated with or without IFN-c (a, b) or IFN-c only (c–h). AUC data were calculated for inhibitor curves (g, h) and

statistical significance was determined by Kruskal–Wallis one-way analysis of variance on ranks with Bonferroni correction for multiple compar-

isons (+P < 0.05 and +++P ≤ 0�001 for comparison with control cells and *P ≤ 0�05, **P < 0.01 and ***P ≤ 0�001 for comparison with S. au-

reus-treated cells).
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primarily NADPH oxidase-dependent in IFN-c-treated
huMCs.

We then compared IFN-c-primed huMCs with PMNs

for their ability to generate ROS and kill S. aureus. As

shown in Fig. 3(a), PMNs, as expected, generated high

levels of ROS following exposure to S. aureus. Generation

of ROS by PMNs was approximately 50-fold greater than

that of huMCs (Fig. 3c). Killing of S. aureus by PMNs was

more rapid than that by huMCs (1�5 hr for PMNs versus

3 hr for huMCs) (see Supplementary material, Fig. S2a,

b) – where, by 1�5 hr, there was a significant killing of

S. aureus by PMNs, but little killing of the organism by

huMCs (Fig. 3b,d). These data are consistent with the con-

clusion that the reduced ability of huMCs to generate ROS

(compared with PMNs) limits the capacity to kill S. aureus.

We next investigated whether 5LO and COX inhibition

would affect the killing of S. aureus by huMCs. Inter-

feron-c-primed huMCs were incubated with ZT,

FR122047 or a combination of both inhibitors before

S. aureus exposure for 3 hr. As shown in Fig. 3(f), pre-

incubation of huMCs with 5LO or COX inhibitors had

no effect on the killing of S. aureus. These findings were

confirmed with PMNs (Fig. 3e). Assessment of the role of

NADPH oxidase in the killing of S. aureus by huMCs

and PMNs was hindered by the fact that DPI was toxic

to S. aureus. These data demonstrate that IFN-c-primed

huMCs are capable of killing S. aureus, albeit less

efficiently than PMNs, and that intracellular ROS derived

from 5LO and COX are not involved. These data are con-

sistent with the conclusion that extracellular ROS-derived

from NADPH oxidase is involved in killing of bacteria by

IFN-c-primed huMCs.

IFN-c enhances the immediate secretory responses of
huMCs to S. aureus

Because IFN-c is known to enhance mediator release

following FccRI aggregation of IFN-c-treated huMCs,22
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Figure 3. Interferon-c (IFN-c) -primed human mast cells (huMCs) generate less reactive oxygen species (ROS) and are less efficient at killing

Staphylococcus aureus than polymorphonuclear cells (PMNs). Human MCs were pre-treated with IFN-c (20 ng/ml) for 48 hr (c, d, e) or PMNs

(a, b, f) were stimulated with S. aureus (20 : 1) or HEPES buffer (negative control) in the absence or presence of zileuton (20 lM), FR122047
(300 nM) or a combination of both (e, f). Diogenes chemiluminescence was then monitored for 60 min at 30-second intervals at 37° (a, c) or

bacterial killing was determined after 1�5 hr (c, d) or 3 hr (e, f) by counting CFUs of cell lysates on agar plates after 24 hr culture at 37° (c–f).

Results are shown as either kinetic data of single experiments performed in duplicate, n = 3 separate huMC donors (a, b) or means � SE of

independent experiments performed in duplicate for 2 (e) or 4 (c) separate PMN donors or three independent experiments performed in dupli-

cate on a single huMC donor (d, f). Differences between individual groups was tested for statistical significance by Wilcoxon signed rank test

(*P ≤ 0�05 and **P ≤ 0�01 for comparison with S. aureus alone)
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we next examined mediator release from huMCs treated

with IFN-c and exposed to S. aureus. Human MCs

exposed to S. aureus in the absence of IFN-c released

negligible b-hexosaminidase (Fig. 4a). However, incuba-

tion of huMC with IFN-c before S. aureus stimulation

elicited a significant increase in percent b-hexosaminidase

release [from 4�36 � 0�78% to 14�40 � 2�14% at 20 : 1

(P ≤ 0�001); from 5�78 � 1�17% to 26�90 � 2�52% at

100 : 1 (P ≤ 0�001)], which was multiplicity of infection-

dependent (Fig. 4a). Similar results were obtained with

histamine release (data not shown). Moreover, IFN-c
induced LTC4 secretion by huMCs following exposure to

S. aureus (at a ratio of 100 bacteria per huMC, LTC4

secretion by huMCs increased from 2�35 � 1�88 ng/ml to

13�68 � 6�89 ng/ml, P ≤ 0�05) (Fig. 4b). Similarly, IFN-c
caused a significant increase in S. aureus-dependent PGD2

secretion (Fig. 4c). These data demonstrate that IFN-c
induces an S. aureus-dependent release of b-hex-
osaminidase, LTC4 and PGD2 by huMCs.

IFN-c enhances production of chemokines and
cytokines by huMCs exposed to S. aureus

Since IFN-c enhanced the immediate secretory responses

of huMCs to S. aureus, we next determined whether

IFN-c altered late secretory events. Human MCs were

incubated with IFN-c for 48 hr before exposure to

S. aureus (20 : 1) for 2 hr, and changes in gene expres-

sion were analysed using cytokine and chemokine super-

arrays. The cytokine array revealed that IFN-c-treated
huMCs had a decrease in expression of CSF2

(0�18 � 0�06 fold change), IL18 (0�16 � 0�08 fold

change) and IL1B (0�19 � 0�07 fold change) whereas

there were no alterations in baseline chemokine expres-

sion (data not shown). In response to S. aureus, huMCs

showed a trend for increased expression of the chemoki-

nes CCL1-4, CXCL8, and the cytokines CSF1-2, IL5, IL13,

INHBA, TNF and TNFSF14, which were further enhanced

by IFN-c (Fig. 5a). The enhancing effect of IFN-c on

S. aureus-dependent CXCL8 mRNA expression was

confirmed by quantitative real-time PCR (Fig. 5b). To

determine whether increases in mRNA correlated with

increased levels of protein, we measured CXCL8 and

GM-CSF secretion in cell-free supernatants of S. aureus-

stimulated huMCs cultured with IFN-c. As shown in

Fig. 5(c,d), exposure of huMCs to S. aureus induced

CXCL8 and GM-CSF protein release as early as 2 hr post

stimulation and IFN-c pre-treatment significantly

enhanced CXCL8 secretion at 2–4 hr and GM-CSF secre-

tion at 2 hr post S. aureus stimulation. These data are

consistent with the conclusion that IFN-c enhances the

ability of huMCs to release cytokines and chemokines

following S. aureus exposure.

IFN-c-treated huMCs have increased surface binding
of S. aureus and have increased expression of
receptors associated with bacterial recognition

As it has been demonstrated that IFN-c increases FccRI
surface expression,21 we determined whether IFN-c also

up-regulates receptors involved in bacterial recognition. To

assess this, we initially investigated the binding of the bac-

terium to IFN-c-treated huMCs using FITC-labelled S. au-

reus (FITC-SA) and flow cytometry and demonstrated that

IFN-c significantly increased the binding of S. aureus to

huMCs (Fig. 6a). We next investigated the transcript levels

of receptors associated with bacterial recognition of S. au-

reus on huMCs by real-time PCR and flow cytometry

including TLR2, TLR6, CD14 and CD36 and additional

receptors that could potentially interact with S. aureus,
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Figure 4. Interferon-c (IFN-c) enhances the immediate secretory responses of human mast cells (huMCs) to Staphylococcus aureus. Human MCs

were pre-treated with or without IFN-c (20 ng/ml) for 48 hr before the addition of S. aureus at a ratio of 2 : 1, 20 : 1 or 200 : 1 bacteria : huMC or

HEPES buffer (negative control). Cell-free supernatants were collected after 1 hr and quantified for net b-hexosaminidase (a) or leukotriene C4

(LTC4) (b) and prostaglandin D2 (PGD2) (c) by competitive enzyme immunoassay. Results are means � SE performed in duplicate, n = 4 indepen-

dent experiments for two separate donors. Differences between individual groups were tested for statistical significance by two-way repeated measures

analysis of variance with Holm–Sidak correction for multiple comparisons (++P < 0�01; +++P ≤ 0�001 for comparison of IFN-treated cells exposed to

increasing ratios of S. aureus and *P > 0�05; **P > 0�01; ***P > 0�001 for comparison between untreated and IFN-c-treated cells).
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including the scavenger receptors (mRNA/protein) (MSR1/

SR-AI, SCARB1/SR-BI, SCARB2/SR-BII),26 lectin receptors

[LY75/CD205(DEC-205), MRC1/CD206(mannose), CLE

C7A/dectin-1], complement receptors [ITAGM/CR3

(CD11b), ITAGX/CR4(CD11c)] and integrin receptors

[ITAG4/CD49d(a4), ITAG5/CD49e(a5), ITAV/CD51(aV),
ITGB1/CD29(b1), ITGB3/CD61(b3)].

27,28 Human MCs

expressed mRNA for the majority of receptors tested with

the exception of TLR4 and ITAG4, and IFN-c upregulated

(fold change) the expression levels of MSR1 (1�56 � 0�15),
SCARB2 (2�28 � 0�49), TLR2 (2�59 � 0�38), ITAG5

(2�56 � 0�24) and LY75 (3�39 � 0�57) (see Supplementary

material, Fig. S3).

To confirm whether changes in mRNA correlated with

increased protein expression, we incubated huMCs with

antibodies specific for these receptors. Human MCs did

not express CD14, CD36, TLR6, the a subunits of the

complement receptors (CR3, CR4), lectin receptors

(CD205, CD206, dectin-1) or CD49e, the integrin a

chain. Further, IFN-c pre-treatment did not induce their

expression (see Supplementary material, Fig. S4). In con-

trast, treatment of huMCs with IFN-c caused a significant

up-regulation of TLR2 and scavenger receptors (SR-AI,

SR-BI/II), but not integrin receptors (CD49d, CD51/61 or

CD29) (Fig. 6b,c). Hence, huMCs treated with IFN-c
have increased gene expression and protein for TLR2 and

scavenger receptors.

Integrin receptors and not TLR2 or SR-AI mediate
binding of S. aureus to huMCs and the subsequent
pro-inflammatory response

The contribution of bacterial recognition receptors to

binding of S. aureus was next investigated by incubating

huMCs with blocking antibodies to TLR2 or SR-AI. How-

ever, the ability of MCs to bind S. aureus was unaltered by

pre-incubation of huMCs with blocking antibodies to

TLR2 or SR-AI. Furthermore, binding of FITC-SA to tlr2-
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Figure 5. Interferon-c (IFN-c) enhances Sta-

phylococcus aureus-dependent CXCL8 and gran-

ulocyte–macrophage colony-stimulating factor

(GM-CSF) secretion by human mast cells

(huMCs). Human MCs were pre-treated with

IFN-c (20 ng/ml) for 48 hr before the addition

of S. aureus (20 : 1). After 2 hr, mRNA was iso-

lated, cDNA was transcribed and quantitative

PCR was performed for analysis of cytokine and

chemokine induction by S. aureus using a

SuperArray platform (a) or real-time PCR (b).

For quantification of CXCL8 and GM-CSF pro-

tein release, cell-free supernatants were collected

after 1–8 hr and quantified for CXCL8 (c) and

GM-CSF (d) by ELISA. Results are average fold

change in mRNA levels relative to huMCs with-

out bacterial exposure (a, b) or means � SE

performed in duplicate (c, d), n = 3–4 separate

huMC donors. Differences between individual

groups were tested for statistical significance by

two-way repeated measures analysis of variance

with Holm–Sidak correction for multiple com-

parisons (*P ≤ 0�05; **P > 0�01; ***P > 0�001
for comparison between control and IFN-c-
stimulated cells exposed to S. aureus).
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, msr1- or scarb1-deficient mBMMCs was also unchanged

(Fig. 7a–c). These data indicate that TLR2, SR-AI and SR-

BI are not involved in the recognition of S. aureus by

MCs. However, binding of FITC-SA to huMCs was

blocked completely by pre-incubation with either the iso-

type (rabbit serum) or blocking antibody for SR-BI/II

(Fig. 7c, second panel). To further investigate the contri-

bution of scavenger receptors, we pre-incubated huMCs

with increasing concentrations of Poly I, Poly C or fucoi-

din (5–500 lg/ml) before FITC-SA, but no reduction in

FITC-SA binding was observed (data not shown).

Since the scarb1-deficient mBMMC lacked altered

FITC-SA binding, we speculated that a component of

rabbit serum was inhibiting FITC-SA binding to huMC.

We therefore tested the effect of vitronectin, fibronectin

and BSA (as a control) on SA-binding to huMCs in the
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Figure 6. Interferon-c (IFN-c) enhances Sta-

phylococcus aureus binding and increases Toll-

like receptor (TLR) and scavenger receptors on

human mast cells (huMCs). Human MCs were

pre-treated with IFN-c (20 ng/ml) for 48 hr

before addition of FITC-labelled S. aureus

(20 : 1) (a) or antibodies to surface receptors

(b) and analysed by flow cytometry. Results

are representative flow cytometric traces or

means � SE performed in duplicate, n = 3

huMC donors. Differences between individual

groups were tested for statistical significance by

paired Student’s t-test (*P ≤ 0�05, **P ≤ 0�01
and ***P ≤ 0�001 for comparison between

control and IFN-c-stimulated cells).
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presence or absence of IFN-c. As shown in Fig. 8(a),

fibronectin reduced both the IFN-c-enhanced binding of

FITC-SA to huMCs as well as in untreated huMCs,

whereas BSA had no effect. Vitronectin had no effect on

FITC-SA binding in control or IFN-c-treated huMCs

(data not shown). Furthermore, blocking b1 integrin but

not a4 integrin resulted in complete blockade of FITC-SA

binding to huMCs (Fig. 8b). These data are consistent

with the involvement of integrin receptors, specifically b1
integrin, in the binding of S. aureus to huMCs in the

presence and absence of IFN-c.
We next determined whether the recognition of

S. aureus by huMCs was indeed mediated via integrin

receptors and if such an interaction could influence sub-

sequent secretory responses. Pre-incubation of both con-

trol and IFN-c-treated huMCs with fibronectin resulted

in a concentration-dependent inhibition of FITC-SA

binding, with complete blockade at 100 lg/ml (Fig. 9).

Pre-incubation of huMCs with an b1 integrin blocking

antibody did not alter FITC-SA binding to control cells

but did result in > 80% reduction of such binding to

IFN-c-treated huMCs (Fig. 9a). These data suggest that

binding of S. aureus to huMCs is mediated via b1 integrin
under certain conditions including exposure to IFN-c.
Next, we investigated the involvement of integrin

receptors in S. aureus-dependent CXCL8 secretion by

huMCs. Following pre-incubation with fibronectin, there

was a concentration-dependent inhibition of CXCL8

secretion in control and IFN-c-treated huMCs (Fig. 9b).

A blocking antibody specific for b1 integrin partially

inhibited S. aureus-dependent CXCL8 secretion in IFN-c-
treated huMCs (Fig. 9b). These data together suggest a

major role for b1 integrin in the recognition of S. aureus

by huMCs and a partial role for b1 integrin in the secre-

tory responses to the pathogen.

Discussion

In this study we demonstrated that IFN-c enhances the

antibacterial response of huMCs to S. aureus and
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Figure 7. The binding of Staphylococcus aureus to mast cells (MCs) is not mediated via Toll-like receptor 2 (TLR2) or scavenger receptors.

Human (hu) MCs were pre-treated with interferon-c (IFN-c) for 48 hr and incubated with blocking antibodies to TLR2, SR-AI or SR-BI/II (a–c)

for 1 hr before either huMCs or mouse bone-marrow-derived MCs (mBMMCs) from tlr2-deficient mice (a), msr1-deficient mice (b) or scarb1-

deficient mice (c) were incubated with FITC-SA for a further 1 hr. After which MCs were analysed by flow cytometry for FL1 fluorescence.

Results are representative flow cytometric traces or means � SE performed in duplicate, n = 3 separate huMC or mBMMC donor.
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increased ROS production. Interferon-c pre-treatment also

induced huMC degranulation and enhanced eicosanoid

and pro-inflammatory chemokine and cytokine secretion

by S. aureus. Interferon-c increased binding of S. aureus

to huMCs and up-regulated receptors associated with bac-

terial recognition. Blockade of b1 integrin completely

abrogated binding of S. aureus with huMCs and partially

inhibited cytokine secretion by these cells.

We investigated the ability of Th1 and Th2 cytokines

to alter/enhance generation of extracellular ROS by
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Figure 8. Binding of Staphylococcus aureus to human mast cells (huMCs) is mediated by integrin receptors. Human MCs were incubated with

interferon-c (IFN-c) for 48 hr before a 1-hr exposure to fibronectin (100 lg/ml) or BSA (100 lg/ml) (a) or blocking antibodies to b1 integrin or

a4 integrin (b). After which huMCs were exposed to FITC-SA for a further 1 hr. The S. aureus binding to huMCs was then analysed by flow

cytometry for FL1 fluorescence. Results are representative flow cytometric traces or means � SE performed in duplicate, n = 3 or n = 4 separate

donors of huMCs. Differences between individual groups was tested for statistical significance by two-way repeated measures analysis of variance

with Holm–Sidak correction for multiple comparisons (**P < 0�01; ***P < 0�001 for comparison of Fibronectin or anti-CD29 antibody-treated

cells with control or isotype antibody, respectively)
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huMCs, and in turn, their ability to kill S. aureus. We

determined that while the Th2 cytokine IL-4 was capable

of eliciting ROS production by huMCs, there was no

effective killing of S. aureus. Of the Th1 cytokines tested,

only IFN-c caused significant generation of extracellular

ROS by huMCs, and promoted killing of S. aureus. These

data are similar to what has been reported for PMNs,

where GM-CSF, TNF-a and IFN-c enhance fMLP-depen-

dent ROS production.29,30 The small amount of ROS

generated by pre-incubation of huMCs with IL-4 is in

contrast to PMNs, which do not generate ROS in

response to IL-4.31

We have reported that IFN-c-treated huMCs generate

enhanced intracellular ROS following stimulation with

IgG-coated latex beads and that the enzymes responsible

are 5LO and COX1. This is in contrast to neutrophils,

which primarily use NADPH oxidase for ROS produc-

tion.20 In the present study, we demonstrate that IFN-c
enhances intracellular ROS production induced by

S. aureus and that this also was 5LO- and COX1-depen-

dent. Extracellular ROS production by huMCs, in con-

trast, was mediated by NADPH oxidase, since the

NADPH oxidase inhibitor DPI and the antioxidant super-

oxide dismutase completely abrogated the extracellular

ROS production. These findings support the conclusion

that different enzymes are responsible for the generation

of intracellular versus extracellular ROS in S. aureus-stim-

ulated huMCs. We next investigated the role of 5LO and

COX1 in mediating killing of S. aureus by huMCs. Using

inhibitors of these enzymes, we demonstrated that 5LO

and COX1 were not involved, indicating that extracellular

and not intracellular ROS is involved in the killing of the
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Figure 9. Blockade of integrin receptors on human mast cells (huMCs) reduces Staphylococcus aureus-dependent binding and CXCL8 secretion.

Human MCs were incubated with IFN-c for 48 hr before a 1-hr exposure to increasing concentrations of fibronectin (1–100 lg/ml) or b1
integrin blocking antibody. Binding of FITC-SA was analysed by flow cytometry after 1 hr at 4° (a) or S. aureus-induced CXCL8 secretion in

cell-free supernatants after 2 hr at 37° (b) was then determined. Results are means � SE performed in duplicate, n = 3 or n = 4 huMC donors.

Differences between individual groups were tested for statistical significance by two-way repeated measures analysis of variance with Holm–Sidak

correction for multiple comparisons (+P < 0�05; ++P ≤ 0�01; +++P ≤ 0�001 for comparison between control and IFN-c-stimulated cells and

*P < 0�05; **P ≤ 0�01 and ***P ≤ 0�001 for comparison with S. aureus-treated cells).
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bacterium. The investigation of NADPH oxidase was

hampered by the fact that the enzyme inhibitor DPI had

direct antibacterial activity in the absence of host cells.

We did not employ other ROS scavengers/inhibitors such

as L-NAC or apocynin, as these may have non-specific

effects.

We also investigated inflammatory mediator secretion

by huMCs in response to S. aureus � IFN-c. Human

MCs did not degranulate in response to S. aureus but

generated low levels of PGD2. In the presence of IFN-c,
degranulation occurred and production of LTC4 and

PGD2 release was enhanced. This is consistent with a

report that rat peritoneal MCs degranulate in response to

E. coli32 and that rats challenged with S. aureus have a

reduction in granular MCs.33 Additionally, mice chal-

lenged with peptidoglycan show increased histamine

levels.7 Degranulation of MCs has also been reported to

occur in response to exotoxins from S. aureus including

d-toxin5 and in response to superantigens.34 Our data

demonstrate that MC degranulation can occur in direct

response to S. aureus following pre-treatment of huMCs

with IFN-c. This suggests that the ability of huMCs to

degranulate in response to bacterial stimuli is enhanced

in the context of inflammatory lesions with a Th1 profile

such as occurs in chronic lesions of atopic dermatitis.35

IFN-c also enhanced LTC4 and PGD2 production

induced by S. aureus in huMCs. There is little previous

evidence of eicosanoid generation induced by S. aureus.

Rat peritoneal MCs show LTC4 generation but no

degranulation in response to S. aureus-derived peptido-

glycan,36 whereas in humans Protein A (enterotoxins

from S. aureus) induced histamine release, leukotriene

and prostaglandin production from nasal polyps.37

As IFN-c is known to up-regulate FccRI on huMCs,21

we hypothesized that it would also up-regulate receptors

for bacterial recognition on huMCs. We used quantitative

PCR and flow cytometry to investigate the expression of a

range of receptors both at baseline and induced by IFN-c.
We determined that huMCs increased expression of TLR2

and scavenger receptors following IFN-c exposure and had

high baseline levels of integrin receptors. However, using

blocking antibodies to these receptors or mBMMCs defi-

cient in these receptors, there was no change in SA-FITC

binding, suggesting that these receptors are not involved

in the recognition and binding of S. aureus by huMCs.

This is in agreement with a report demonstrating that

S. aureus binding to cord blood MCs (CBMCs) is not

dependent on TLR2.13 There has been no investigation to

date regarding the role of scavenger receptors in the

huMC response to S. aureus but these receptors are

known to interact with S. aureus in certain cells types.26

We determined that the b1 integrin was critical for

S. aureus binding to IFN-c-treated huMCs using blocking

antibodies to this receptor or by blocking integrin

receptors via fibronectin. FN-c did not increase the mRNA

or protein levels of b1 integrin, but it is possible that IFN-
c promotes a conformational change of b1 integrin or

increases clustering of b1 integrin receptors resulting in

increased binding of bacteria or activation intracellularly.

Staphylococcus aureus has been reported to be internalized

in mammalian cells by a ‘sandwich mechanism’ whereby

fibronectin-binding proteins on the bacterium bind to

fibronectin and the fibronectin-coated bacteria are then

recognized by fibronectin-binding integrins on the cell

surface, allowing internalization.27 Mouse fibroblasts with

mutations in the b1 integrin receptor have a reduced

capacity to internalize S. aureus38 and the epithelial cell

line A549 using blocking antibodies or small interfering

RNA for b1-inhibited internalization of S. aureus.39 Fur-

thermore, a5b1 integrin has also been demonstrated in

epithelial cells to be the receptor involved in mediating

cell death, and TNF-a release by S. aureus a-toxin and

pre-incubation with fibronectin reversed these effects.40

These studies support our data demonstrating that in

huMCs the b1 integrin receptor is critical for the recogni-

tion and internalization of S. aureus.

We also investigated the role of b1 integrin in

S. aureus-mediated cytokine secretion in IFN-c-treated
huMCs and demonstrated a partial role in CXCL8

production. This is in contrast to the report by Rocha-

de-Souza et al.13 who concluded that a combination of

TLR2 and CD48 was involved in S. aureus-induced cyto-

kine production. This difference may relate to the source

of the huMC cultures where Rocha-de-Souza et al. used

cord-blood-derived huMCs whereas we used peripheral

blood-derived huMCs. We did use a TLR2 blocking anti-

body to investigate the potential role of TLR2 in CXCL8

production but the antibody was without effect (data not

shown). We also used blocking antibodies to scavenger

receptors [msr1 (SR-AI), scarb1 (SR-BI/II)] as well as

inhibitors of SR-BI (Block lipid transport-1). However,

tlr2-deficient mBMMCs did have a 50% reduction in

S. aureus-dependent CCL3 production and scarb1-defi-

cient mBMMCs had complete abrogation of S. aureus-

dependent CCL3 production (data not shown). Again, we

observed no altered binding of S. aureus in these

mBMMCs. These data appear to demonstrate a difference

between mouse and human MCs in the receptors used to

recognize S. aureus and those involved in mounting a

cytokine response. Furthermore, it may not be a single

receptor that is involved in recognition and cytokine

secretion by mBMMCs but a combination of multiple

receptors. Scavenger receptors do not mediate intracellu-

lar signalling and have to rely on co-receptors to induce

their signals. In mBMMCs, it may be that the combina-

tion of scavenger receptors with TLR2 and others are

involved in the response to S. aureus. We were unable to

investigate the response in b1 integrin-deficient mBMMCs

as these mice are embryonically lethal.41 Overall, our data

demonstrate that integrin receptors are involved in the
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binding of S. aureus and the subsequent cytokine

response in huMCs.

In summary, this study demonstrates that huMCs

exposed to IFN-c have enhanced intracellular and extra-

cellular ROS production in response to the bacterium

S. aureus and this relates to bacterial killing. Interferon-c
increases the sensitivity of huMCs to S. aureus by induc-

ing degranulation and up-regulating eicosanoid, cytokine

and chemokine secretion. Binding of S. aureus is

increased to IFN-c-treated huMCs and is mediated by

integrin receptors. The secretory response of huMCs to

S. aureus is partially mediated by integrin receptors.

These data show the complexity of the MC response in

relationship to the cytokine environment and help explain

the role of MCs in innate immunity and in inflammatory

processes such as those involved in atopic dermatitis.
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Figure S1. Human mast cells (huMCs) incubated with

pre-coated bacteria or cell wall components of Staphylo-

coccus aureus have reduced production of reactive oxygen

species (ROS). Human MCs were incubated with or with-

out interferon-c (IFN-c; 20 ng/ml) for 48 hr then

exposed to DCF-DA (20 lM) or medium for 20 min.

After washing huMCs were incubated with increasing

ratios of 2 : 1, 20 : 1 or 100 : 1 (S. aureus : huMC) (a),

heat-killed S. aureus (b), opsonized or IgG-coated S. au-

reus (c) or the S. aureus-derived cell wall components

peptidoglycan (PGN; 100 ng/ml) or lipoteichoic acid

(LTA; 100 lg/ml) (d) or HEPES buffer (negative con-

trol). Intracellular ROS production was determined by

DCF fluorescence for 1 hr at 30-second intervals at 37°.
Results are shown as kinetic data of single experiments

performed in duplicate and are representative of n = 3

(a–c) or n = 1 (d) from a single huMC donor.

Figure S2. A comparison of the time-dependent killing

of Staphylococcus aureus by polymorphonuclear cells

(PMNs) or human mast cells (huMCs). PMNs (a) or

huMCs pre-treated with interferon-c (IFN-c) (20 ng/ml)

for 48 hr (b) were incubated with S. aureus (20 : 1) and

bacterial killing was determined after 0–3 hr by counting

CFUs of cell lysates on agar plates after 24 hr culture at

37°. Results are shown as means � SE, n = 2 donors of

PMNs or huMCs.

Figure S3. Interferon-c (IFN-c) enhances gene expres-

sion of receptors associated with cell recognition of

Staphylococcus aureus. Human mast cells (huMCs) were

pre-treated with IFN-c (20 ng/ml) for 50 hr before

mRNA isolation and transcription of cDNA. Quantitative

PCR was then performed for detection of receptors asso-

ciated with bacterial recognition including scavenger and

Toll-like receptors (TLRs) (a) and integrin, complement

and lectin receptors (b). Results are fold change com-

pared with control cells and are means � SE performed

in triplicate on four donors of huMCs.

Figure S4. Interferon-c (IFN-c) does not induce

expression of CD markers on human mast cells (huMCs)

associated with Staphylococcus aureus binding. HuMCs

were pre-treated with IFN-c (20 ng/ml) for 48 hr before

addition of antibodies to surface receptors and analysed

by flow cytometry. Results are representative flow cyto-

metric traces (a) or means � SE. (b) performed in dupli-

cate, n = 3 huMC separate donors.
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