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Summary

Ragweed pollen extract (RWE) possesses intrinsic NADPH oxidase activity

that induces oxidative stress by initiating the production of intracellular

reactive oxygen species (ROS). The ROS are important contributors to the

manifestation of allergic inflammation; furthermore, concomitant exposure

to an allergen and an endotoxin trigger a stronger inflammatory response.

One of the main pro-inflammatory cytokines produced in inflammatory

responses is interleukin-1b (IL-1b), and its production is associated with

caspase-1-containing inflammasome complexes. Intracellular ROS have

been implicated in NLRP3 inflammasome-mediated IL-1b production,

therefore, we aimed to study whether RWE influences the function of

NLRP3 inflammasome. Here we describe that, in the presence of NADPH,

RWE significantly elevates lipopolysaccharide-induced IL-1b production of

THP-1 cells as well as human primary macrophages and dendritic cells.

We also demonstrate that increased IL-1b production is mediated through

NLRP3 inflammasome in THP-1 macrophages. We provide evidence that

RWE elevates cytosolic ROS level in these cells, and ROS inhibitors abolish

IL-1b production. Furthermore, we show that RWE enhances lipopolysac-

charide-induced gene transcription/expression of pro-IL-1b and key com-

ponents of the inflammasome via a ROS-dependent mechanism.

Keywords: interleukin-1b; NADPH oxidases; NLRP3 inflammasome; rag-

weed pollen extract; reactive oxygen species.

Introduction

Ragweed (Ambrosia artemisiifolia) pollen is one of the

most abundant aeroallergens that cause severe allergic

symptoms. After hydration in rainwater, or in conditions

with high humidity or moisture, ragweed pollen grains

release sub-pollen particles of respirable size.1 These parti-

cles can easily penetrate the lower airways and trigger or

exacerbate asthma symptoms. Sub-pollen particles and

pollen extracts have been reported to contain intrinsic

NADPH oxidases2 that produce reactive oxygen species

(ROS) and therefore induce oxidative stress in the airway

epithelium,3 causing allergic airway inflammation.4

It has been demonstrated that allergens in the presence

of endotoxins trigger a substantially stronger allergic

inflammation, compared with that evoked in the absence

of endotoxins.5–7 After inhalation, endotoxins, such as

lipopolysaccharide (LPS), encounter and activate alveolar

macrophages, leading to the production and release of

pro-inflammatory cytokines, chemokines, adhesion mole-

cules and other mediators.8 Nasal and lung lavage sam-

ples of allergic subjects show increased levels of

interleukin-1b (IL-1b),9 primarily produced by activated

macrophages.10 Production of mature IL-1b requires dis-

tinct signals, some of which induce gene expression in

the so called ‘priming step’, whereas other signals trigger

the maturation of pro-IL-1b to IL-1b by a multiprotein

complex called inflammasome.

The NLRP3 inflammasome complex consists of NLRP3

(NOD-like receptor family pyrin domain-containing 3)

sensor, caspase-1 and ASC (apoptosis-associated speck-

like protein containing a caspase recruitment domain)

adaptor.11,12 NLRP3 inflammasomes play a crucial role in

the detection and sensing of exogenous danger signals like

pathogen-associated molecular patterns and toxins of

microbes, asbestos or silica, as well as endogenous danger

signals like monosodium urate and amyloid.13,14 Most

NLRP3 activators have been shown to induce ROS

generation,15 and inhibitors of ROS production or ROS

scavengers attenuate NLRP3 inflammasome activation16

implying an essential role for ROS in NLRP3 function. As

pollen NADPH oxidases are able to generate ROS, and
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ROS have been implicated in the NLRP3 inflammasome-

mediated IL-1b production, we hypothesized that expo-

sure to pollen extract may influence inflammatory

responses and IL-1b production of macrophages via

NLRP3 inflammasome. Here we report for the first time

that ragweed pollen extract (RWE), typically used as a

model for pollen action,3 significantly elevates LPS-

induced IL-1b production of THP-1 or primary

macrophages and dendritic cells in an NADPH-dependent

manner. We also demonstrate that a caspase-1 inhibitor

or NLRP3 silencing abolish this enhancing effect together

with the original LPS-triggered inductions. We also show

that RWE in the presence of NADPH enhances LPS-

induced p38 and Jun N-terminal kinase (JNK) signalling

pathways resulting in the activation of AP-1 transcription

factors and the subsequent gene transcription/expression

of pro-IL-1b and key components of the inflammasome.

This effect is mediated by a ROS-dependent mechanism.

Methods

Cell culture of THP-1 macrophages

The THP-1 cell line (ATCC TIB-202) was a generous gift

from Professor Laszlo Nagy. THP-1 monocytes were cul-

tured in RPMI-1640 (Gibco BRL Inc., Grand Island, NY)

containing 10% heat-inactivated fetal calf serum, penicil-

lin-streptomycin and glutamine, and maintained at 37°
under 5% CO2. Cells were differentiated into macrophages

in tissue culture dishes with 0�5 lM PMA (InvivoGen, San

Diego, CA) for 3 hr, then washed three times with PBS

and plated at 5 9 105 cells/ml for ELISA or 106 cells/ml

for real-time PCR and Western blot methods. Cells were

left to adhere overnight, then they were treated with

100 ng/ml LPS (InvivoGen), 10 lg/ml RWE (Greer Labo-

ratories, Lenoir, NC), 100 lM NADPH (Sigma-Aldrich,

St. Louis, MO) or 0�3 mM H2O2 (Sigma-Aldrich). The

endotoxin content of pollen extract was 16�31 pg/lg pro-

tein, negligible compared with the LPS concentration used.

Differences from these treatments are indicated in the

corresponding figure legends. N-Acetyl-cysteine (30 mM;

NAC, Sigma-ldrich), MitoTEMPO {[2-(2,2,6,6-tetrame-

thylpiperidin-1-oxyl-4-ylamino)-2-oxoethyl]triphenylphos-

phonium chloride monohydrate} (300 lM; Santa Cruz

Biotechnology, Santa Cruz, CA), diphenyleneiodonium

chloride (DPI, 10 lM, Sigma-Aldrich) or caspase-1 inhibi-

tor (Z-YVAD-fmk, 20 lM, BioVison, Mountain View, CA)

were added to the cells 1 hr before treatments.

Macrophage and dendritic cell generation

For monocyte separation local Ethics Committee approval

was received for the studies and the informed consent of all

participating subjects was obtained. CD14+ monocytes

were separated with anti-CD14-conjugated microbeads

(VarioMACS Separation System; Miltenyi Biotec, Bergish

Gladbach, Germany) from leucocyte-enriched buffy coats

and plated in RPMI-1640. Cells were plated in 12-well

culture dishes at a density of 1�5 9 106 cells/ml in RPMI-

1640 supplemented with 10% fetal bovine serum, 500 U/ml

penicillin-streptomycin (Invitrogen, Carlsbad, CA), and

2 mM L-glutamine (Invitrogen). For macrophage and den-

dritic cell differentiation cells were treated with 80 ng/ml

granulocyte–macrophage colony-stimulating factor (GM-

CSF; Leucomax; Gentaur Molecular Products, Brussels,

Belgium) or 80 ng/ml GM-CSF and 100 ng/ml IL-4

(PeproTech EC, London, UK), respectively. IL-4 and

GM-CSF were replenished on day 3. The macrophages and

dendritic cells were challenged at day 5 of culturing for 24 hr

with 500 ng/ml LPS, 100 lg/ml RWE and 100 lMNADPH.

Reactive oxygen species measurement

About 106 cells were loaded with 50 lM 2′-7′-dihydro-
dichlorofluorescein diacetate (H2DCFDA, Invitrogen) at

37° for 20 min and treated with the indicated com-

pounds. At the indicated times, cells were resuspended

and analysed by flow cytometry using FACSCalibur (BD

Biosciences Immunocytometry Systems, Franklin Lakes,

NJ). FLOWJO software was used for analysis. Relative ROS

levels are given in arbitrary units of mean intensity of

fluorescence with respect to untreated controls.

Small interfering RNA transfection

Differentiated THP-1 cells were electroporated with

2�5 lM NLRP3-specific or scrambled small interfering

RNA (siRNA; Silencer Select Pre-Designed and Validated;

Ambion Inc., Austin, TX), then plated. After 48 hr, cells

were treated with the indicated compounds and 24 hr

later the supernatants were collected for ELISA, while

cells were used for real-time PCR and/or Western blot.

RNA preparation and RT-PCR

Total RNA was extracted with TriReagent (Molecular

Research Center Inc., Cincinnati, OH) and isolated accord-

ing to the manufacturer’s instructions as described previ-

ously.17 The concentration and homogeneity of RNA

preparations were determined by a spectrophotometer

(NanoDrop ND1000; Promega Biosciences, Madison, WI).

Standardized amounts of RNA were then digested with

DNase (Ambion), and subjected to reverse transcription

using Super Script II RNase H – Reverse Transcriptase and

Random Primers (Invitrogen).

Real-time quantitative PCR

Real-time analyses were performed in 384-well optical

reaction plates in ABI Prism 7900HT Sequence Detector
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System (Applied Biosystems, Foster City, CA). For real-

time PCR, all oligo mixes were purchased from Applied

Biosystems. Taq DNA Polymerase (Fermentas, St. Leon-

Rot, Germany) was used for amplification, and Rox Refer-

ence Dye (Invitrogen) was used for normalization of the

fluorescent reporter signal, as described previously.18

Amplification was conducted in a 25 ll reaction mixture

containing 125 ng cDNA. Real-time PCR data were analy-

sed by using SEQUENCE DETECTOR SYSTEM version 2.1 software

(Applied Biosystems). The expression levels were calcu-

lated by the DCt method using cyclophilin as control.

Western blot analysis

Cells were washed with ice-cold PBS and suspended in a

lysis buffer containing 30 mM Tris (pH 7�6), 140 mM

NaCl, 5 mM EDTA, 50 mM NaF, 2 mM sodium pyrphos-

phate, 50 lM phenylasine-oxide, 1% Triton-X and 1 mM

Na3VO4 with freshly added protease inhibitors (1 lg/ml

aprotinin, 0�5 lg/ml pepstatin, 1�25 lg/ml leupeptin,

1 mM PMSF). The protein concentration of the samples

was determined using a bicinchoninic acid protein assay

reagent kit (Pierce, Rockford, IL); 30 lg of total proteins

were heated with SDS sample buffer (0�5 M Tris–HCl, pH

6�8, glycerol, 10% SDS, 0�025% bromophenol blue). Ly-

sates were separated on SDS–PAGE gels, and transferred

onto nitrocellulose membranes using wet electro-blotting.

Membranes were blocked in Tween-TBS containing 5%

non-fat milk and stained with antibodies recognizing

NLRP3 (mouse monoclonal; Alexis Biochemicals, San

Diego, CA), cleaved IL-1b and caspase-1 (rabbit poly-

clonal, Cell Signaling Technology, Danvers, MA), procas-

pase-1 (rabbit polyclonal; Santa Cruz Biotechnology),

phospho-p38 mitogen-activated protein kinase (MAPK),

phospho-stress-activated protein kinase (SAPK)/JNK

(rabbit polyclonal; Cell Signaling Technology), phospho-

p38 and p38, phospho-SAPK/JNK and SAPK/JNK, phos-

pho-c-Jun (Ser63 and Ser73) and c-Jun, phospho-c-Fos

and c-Fos overnight at 4°. Primary antibodies were

detected using horseradish peroxidase-conjugated second-

ary antibodies (anti-mouse or anti-rabbit; Amersham Bios-

ciences, Piscataway, NJ) for 1 hr at room temperature.

Proteins were visualized by Supersignal West-Pico perox-

ide/luminol enhancer solution (Pierce). An equal amount

of protein sample loading was verified by detecting b-actin
(rabbit polyclonal; Sigma-Aldrich) protein expression.

Measurement of caspase-1 activity

Caspase-1 activity in cell lysates was determined using the

acetylated and AMC-conjugated fluorometric peptide sub-

strate Acetyl-Tyr-Glu-Val-Asp-7-amino-4-methyl-couma-

rin (Anaspec, San Jose, CA). Lysis of the cells was

performed on ice for 30 min in 50 mM Tris–HCl, pH 7�5,
containing 150 mM NaCl, 0�5 mM EDTA, 0�5% Nonidet P-

40, 1 mM PMSF, 1 lg/ml aprotinin, 0�5 lg/ml pepstatin,

1�25 lg/ml leupeptin and 1 mM dithiothreitol. After cen-

trifugation (10 000 g, 10 min at 4°), 30 lg protein lysate

supernatants were incubated in 100 ll lysis buffer with

40 lM substrate (final concentration) in microtitre plate

wells at room temperature, and the increase of fluorescence

due to the release of AMC was detected at 460 nm, using a

355-nm excitation wavelength in a Wallac 1420 Victor2

fluorimeter-luminometer (Wallac Oy, Turku, Finland).

Quantification of IL-1b cytokine

The concentrations of secreted IL-1b in the cell culture

supernatants after the indicated times of treatments were

measured by ELISA (BD Biosciences, San Diego, CA)

according to the manufacturer’s instructions. Detection

limit of the assay was 10 pg/ml.

Statistical analysis

Significance of the differences between mean values was

evaluated using a Student’s t-test. Data presented as

mean � SD values.

Results

RWE enhances LPS-induced IL-1b secretion of
human macrophages

To determine the effect of RWE on IL-1b production,

THP-1 macrophages were treated with different combina-

tions of RWE, NADPH and LPS. Although in good agree-

ment with previous findings,19 LPS treatment resulted in

a substantial increase of the secreted IL-1b, the treatment

with RWE in the absence or presence of NADPH did not

trigger the secretion of this cytokine, nor did NADPH

alone (Fig. 1a). However, RWE in the presence of

NADPH strongly enhanced the LPS-induced IL-1b pro-

duction in a dose-dependent manner at the lowest satu-

rating LPS concentration (100 ng/ml) (Fig. 1a). A similar

induction was observed at an even 10-fold higher LPS

concentration and the substantial dose-dependent eleva-

tion required 24 hr after treatment (data not shown).

Treatment of human monocyte-derived macrophages and

dendritic cells with LPS alone or in combination with

RWE led to results similar to those found with the THP-

1 cell line (Fig. 1b).

RWE induces ROS production and ROS inhibitors
abolish RWE-enhanced IL-1b production in
LPS-treated THP-1 macrophages

Pollen extract has been reported to stimulate ROS pro-

duction in epithelial cells, for this reason we aimed to see

if pollen extract could induce ROS production in THP-1

© 2012 University of Debrecen Immunology ª 2012 Blackwell Publishing Ltd
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macrophages. H2O2, used as a positive control, induced a

fast increase in intracellular ROS (Fig. 2a). Whereas RWE

but not NADPH alone induced some ROS production,

their combined effect yielded a continuously increasing

ROS level (Fig. 2a). Lipopolysaccharide alone did not

produce detectable ROS by this method, in good agree-

ment with previous findings,20 nor did it enhance the

ROS produced by RWE treatment in the presence of

NADPH (Fig. 2a). To determine whether the RWE-

dependent enhancement of LPS-induced IL-1b
production is mediated by ROS, THP-1 macrophages

were pre-treated with the ROS-scavenger NAC. NAC

completely inhibited IL-1b secretion, indicating that ROS

play an indispensable role in LPS-induced as well as in

RWE-enhanced IL-1b production (Fig. 2b). To verify the

source of ROS involved in the IL-1b secretion, cells were

treated with MitoTEMPO, which inhibits ROS produc-

tion by the mitochondria, or with DPI, which inhibits

ROS production by NADPH oxidases and mitochondria.

In good agreement with previously published results, we

found that LPS-induced mitochondrial ROS was substan-

tially contributing to the IL-1b production, as shown by

the significant (about two-third) inhibition caused by Mi-

toTempo, However, the RWE-mediated enhancement of

the IL-1b production does not appear to be as strongly

dependent on mitochondrial ROS because MitoTempo

treatment resulted in less than 40% inhibition of IL-1b
production. Nevertheless, DPI treatment completely abol-

ished IL-1b production, independently of the stimulating

agents (Fig. 2b). This inhibition pattern suggests that

while the majority of the ROS involved in the LPS-

induced IL-1b production is mitochondrial, the ROS

involved in the RWE-dependent enhancement is cytosolic,

generated by pollen-derived NADPH oxidases.

Caspase-1 inhibition and NLRP3 silencing abolish
RWE-enhanced LPS-induced IL-1b production

To find out whether RWE-enhanced IL-1b production is

mediated by NLRP3 inflammasome, we treated THP-1

cells with a specific caspase-1 inhibitor. Z-YVAD-FMK

significantly reduced the LPS plus RWE-induced IL-1b
production, suggesting the involvement of caspase-1 in

RWE-enhanced IL-1b production (Fig. 3a). We have also

silenced NLRP3 expression using siRNA in THP-1 cells

(Fig. 3b,c). Silencing of NLRP3 completely inhibited

IL-1b secretion of stimulated THP-1 macrophages

(Fig. 3d), indicating that not only the LPS-induced IL-1b
production but also its enhancement by RWE are depen-

dent on NLRP3 inflammasome.

RWE enhances the LPS-induced NLRP3
inflammasome function

Priming step of NLRP3 inflammasome function involves

the elevated expression of inflammasome components
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Figure 1. Ragweed pollen extract (RWE) enhances lipopolysaccharide (LPS) -induced interleukin-1b (IL-1b) production by macrophages and

dendritic cells in the presence of NADPH. (a) THP-1 macrophages were stimulated for 24 hr with an increasing amount (10, 30 and 100 lg/ml)

of RWE in the absence or presence of LPS and 100 lM NADPH, as indicated. The supernatants were collected and their IL-1b content was mea-

sured using an ELISA method in triplicates. The experiment was repeated five times and results of a representative set are provided. (b) Human

monocyte-derived macrophages and dendritic cells were treated with 500 ng/ml LPS in the absence or presence of 100 ug/ml RWE and 100 lM
NADPH. Twenty-four hours after treatment supernatants were collected and their IL-1b content was determined using an ELISA method in trip-

licates. Experiments were repeated four times and results were combined. Mean � SD values are provided. *P < 0�05, **P < 0�005.
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and pro-IL-1b. We sought to determine how RWE and

NADPH treatment affect the expression of NLRP3 in-

flammasome components. We have found that LPS treat-

ment in THP-1 macrophages significantly induced the

expression of NLRP3 (Fig. 4a,b) and procaspase-1

(Fig. 4c,d) at both mRNA and protein levels. Whereas

RWE in the presence of NADPH did not affect the

expression of these molecules, it further enhanced the

LPS-induced procaspase-1 expression at both the mRNA

and protein levels (Fig. 4c,d). Though an increased tran-

scription of NLRP3 was also observed, this did not result

in significant elevation of the protein amount (Fig. 4b).

To see whether the elevated level of procaspase-1 is

accompanied by increased caspase-1 activity, we detected

the processed forms of caspase-1 using immunoblot tech-

niques, furthermore, we also measured the activity of the

enzyme in THP-1 cell lysates using a fluorescent sub-

strate. Our results show that LPS treatment significantly

induced caspase-1 processing, moreover, in the LPS-

primed cells RWE treatment resulted in a further

enhancement of the processing of caspase-1 (Fig. 4f).

However, we found that while LPS treatment significantly

induced caspase-1 enzyme activity (Fig. 4e), treatment of

the LPS-primed cells with RWE did not result in further

caspase-1 activation. The transcription of pro-IL-1b was

also substantially induced by LPS and strongly enhanced

by RWE treatment (Fig. 4f) and a substantially stronger

production of processed IL-1b protein was detected in

the lysate of LPS and RWE plus NADPH-treated cells

compared with the LPS-treated ones (Fig. 4g).

Induction of key inflammasome components and
pro-IL-1b by RWE is NADPH-dependent, and is
suppressed by an inhibitor of ROS production

To see how NLRP3 and pro-IL-1b expression depends on

RWE NADPH oxidase-generated ROS, we studied the

RWE-induced transcription of the corresponding genes in

the absence or presence of NADPH (Fig. 5). Our results

show that all of the studied gene inductions by RWE

appeared to be NADPH dependent. Furthermore, we

found that ROS-inhibitor DPI substantially inhibited pro-

IL-1b and NLRP3 gene expression in the LPS-treated or

RWE-treated cells, as well as in those treated with their

combination. Interestingly, while the LPS-induced caspase-

1 production was not affected by DPI, significant down-

regulation was observed in the case of the RWE-treated

THP-1 macrophages, regardless of the LPS treatment.

RWE triggers p38 MAPK and JNK signalling in an
NADPH-dependent manner and results in increased
p38 MAPK and JNK phosphorylation in LPS-treated
cells

To see whether the LPS-activated signal transduction

pathways are affected by RWE we studied the phosphor-

ylation of JNK, p38 MAPK and IjBa in response to

treatment by various combinations of compounds used

in this study. Unlike the phosphorylation of IjBa (data

not shown), the RWE-induced p38 MAPK and JNK

phosphorylation appeared to be NADPH dependent

(Fig. 6a). Furthermore, RWE in the presence of NADPH

substantially enhanced the LPS-induced p38 MAPK and

JNK phosphorylation (Fig. 6b). p38 and JNK are mem-

bers of the MAPK family that has been described to

activate AP-1 transcription factors.21 To demonstrate the

activation of these downstream signalling events we
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Figure 2. Ragweed pollen extract (RWE) leads to intracellular reac-

tive oxygen species (ROS) production and ROS inhibitors abolish

interleukin-1b (IL-1b) production. (a) THP-1 cells were loaded with

H2DCFDA, treated with various combinations of 100 lg/ml RWE,

100 lM NADPH and 1000 ng/ml lipopolysaccharide (LPS), and

changes in the intracellular ROS level were measured using flow

cytometry for the indicated time interval; 1 mM H2O2 was used as a

positive control. Mean intensity of fluorescence was calculated from

the positive area defined by the stained cells. (b) THP-1 cells were

pre-treated with 30 mM NAC, 300 lM MitoTempo or 10 lM DPI for

1 hr then treated with 100 ng/ml LPS in the presence or absence of

10 lg/ml RWE and 100 lM NADPH. Twenty-four hours after treat-

ment the secreted IL-1b was measured from the collected superna-

tants in triplicates by an ELISA method. Results were obtained in

three independent experiments, and a representative result set is

shown. *P < 0�1, **P < 0�01, ***P < 0�001.
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studied the expression and phosphorylation of c-Jun and

c-Fos transcription factors. Our results show that the

expression of c-Fos and c-Jun was not affected by the

NADPH21 (Fig. 6c) or the RWE plus NADPH treatment

(Fig. 6d). However, we found that co-treatment with

RWE and NADPH significantly increased the phosphor-

ylation of c-Fos and c-Jun compared with that of the

RWE-treated cells (Fig. 6c). Similarly, these transcription

factors were more phosphorylated in the LPS-activated

and RWE plus NADPH-treated cells compared with the

only LPS-treated ones (Fig. 6d). These results suggest

that the ROS-dependent enhancement of LPS-induced

IL-1b production by RWE involves the p38 MAPK and

JNK pathways.

Discussion

Allergic rhinitis is one of the most common inflammatory

disorders accompanied by high levels of IL-1b produc-

tion. It is hypothesized that combined exposure to endo-

toxin and an allergen would enhance the influx and

activity of macrophages in the lung and increase the

symptoms of allergic airway reactions.7,22 Supporting this

assumption, here we demonstrate that RWE significantly

enhances LPS-induced IL-1b secretion in THP-1 macro-

phages, as well as in human primary macrophages and

dendritic cells.

Both pollen grain and pollen extract have been

reported to be able to modify inflammatory responses.
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Figure 3. Caspase-1 inhibition and NLRP3 silencing abolish ragweed pollen extract (RWE) -enhanced lipopolysaccharide (LPS) -induced interleu-

kin-1b (IL-1b) production. (a) THP-1 macrophages were treated with 100 ng/ml LPS and 10 lg/ml RWE in the absence or presence of the cas-

pase-1-specific inhibitor Z-YVAD-FMK (20 lM), for 24 hr. IL-1b content of the supernatants was determined using an ELISA method. (b–d)

THP-1 cells were electroporated with scrambled (SCR) small interfering (si) RNA, as negative control or siRNA specific for NLRP3. Two days after

electroporation, cells were stimulated with LPS (100 ng/ml), RWE (10 lg/ml) and NADPH (100 lM) for 24 hr. After harvesting the cells, RNA

was purified and NLRP3 transcription was measured by quantitative real-time PCR (b), while NLRP3 protein expression of NLRP3 was detected

by Western blot technique (Alexis Biochemicals) (c). Gene expression is shown as the ratio of the studied transcripts relative to human cyclophilin

expression (� SD) measured in triplicates. Equal amount of protein sample loading was verified by detecting b-actin protein expression (rabbit

polyclonal antibody, Sigma-Aldrich). (d) The concentration of secreted IL-1b was measured from the supernatant of the cells in triplicates using

an ELISA method. Results were obtained in three independent experiments, and a representative result set is shown. * P < 0�05, ** P < 0�005.
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Figure 4. Ragweed pollen extract (RWE) increases NLRP3, caspase-1 and interleukin-1b (IL-1b) gene transcription or expression of lipopolysac-

charide (LPS) -treated cells. THP-1 macrophages were treated with LPS (100 ng/ml), RWE and NADPH in the absence or presence of RWE

(10 lg/ml) and NADPH (100 lM). Twenty-four hours following treatment cells were collected and gene expression of (a) NLRP3, (c) caspase-1

and (g) pro-IL-1 b was determined using quantitative RT-PCR. Protein expression was determined by Western blot technique using antibodies

recognizing (b) NLRP3, (d) procaspase-1, (f) caspase-1 and (h) IL-1b. Primary antibodies were detected using horseradish peroxidase-conjugated

secondary antibodies (anti-mouse and anti-rabbit, Amersham). Gene expression is shown as the ratio of NLRP3, caspase-1 or pro-IL-1b tran-

scripts relative to human cyclophilin expression (� SD) measured in triplicates. For Western blot an equal amount of protein sample loading

was verified by detecting b-actin protein expression. Protein levels were estimated by densitometric analysis of the bands using KODAK 1D Image

Analysis Software. A representative immunoblot is also shown for NLRP3, caspase-1 and IL-1b. Densitometry values provided are the average of

Western blot runs of three independent experiments. (e) From the lysate of THP-1 macrophages the activity of caspase-1 enzyme was determined

using fluorometric peptide substrate in triplicates. Mean � SD values of three independent experiments are shown. *P < 0�1, **P < 0�01
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However, pollen grains are commonly contaminated with

LPS or other microbial products. Furthermore, it has also

been described that direct contacts between the antigen-

presenting cells and pollen grain particles may strongly

influence the outcome of the activation of the cells, which

could account for the reported adjuvant activity of intact

pollens.23,24 Therefore, to identify the molecular effects of

pollen components on antigen-presenting cells, we have

used a commercially available pollen extract in our stud-

ies that is typically used for skin allergy tests. Further-

more, while pollen grains have been shown to contain

endogenous NADPH, the use of pollen extract required

exogenous addition of NADPH to study the effect of pol-

len NADPH oxidase, as this has been established previ-

ously.3 Pollen NADPH oxidases are able to induce

oxidative stress in various epithelial cells25 and also in

dendritic cells.26. Here we show that in THP-1 macro-

phages RWE causes a steadily increasing level of intracel-

lular ROS and a sustained exposure to ROS, in good

agreement with studies that showed long-term intracellu-

lar ROS production in pollen-treated A549 alveolar

epithelial cells.25 On the other hand, LPS treatment alone

neither induced detectable ROS production nor enhanced

the RWE-induced one in THP-1 cells, in line with a pre-

vious study where, using the same method, no cytoplas-

mic ROS production was detected in THP-1 cells upon

LPS stimulus.20 The primary sources of LPS-generated

ROS are the mitochondria,27 into which the de-esterified

substrate probe is not expected to penetrate. Our results

suggest that agents capable of causing elevated cytoplas-

mic ROS levels (like H2O2 or RWE with NADPH) can

enhance the LPS-induced IL-1b production but cannot

alone yield mature IL-1b. In our assay system MitoTem-

po, a specific mitochondrial ROS production inhibitor,

caused a similar degree of inhibition in the LPS and

RWE-co-treated THP-1 cells as in the LPS-treated ones,

suggesting that the oxidative stress induced by RWE

treatment is independent of the mitochondrial ROS gen-

eration. The functional involvement of the increased

intracellular ROS levels in this enhancing effect was sup-

ported by the NADPH-requirement of the RWE and by

the strong inhibition of IL-1b production by ROS inhibi-

tors and scavengers.28

Our experiments using a caspase-1 inhibitor as well as

silencing of NLRP3 demonstrates that IL-1b production

requires NLRP3 inflammasome function. Although vari-

ous inflammasome complexes have been associated with

IL-1b production, such as AIM2 (absent in melanoma 2),

IPAF (interleukin-1-converting enzyme protease-activat-

ing factor), NLRP1 or NLRP3 inflammasomes,29 only

NLRP3 inflammasome-mediated IL-1b production was

previously demonstrated to be mediated by intracellular

ROS.30,31 It was shown recently that, in the murine

system, ROS do not directly affect the activation of the

NLRP3 inflammasome but, instead, they are necessary for

the priming steps, that is for the induction of the expres-

sion of inflammasome components and the pro-IL-1b.31

In good agreement with these findings, the down-regula-

tion of NLRP3 and procaspase-1 gene transcription using

ROS-inhibitors suggests that ROS in our experiment is a

mediator of the priming of NLRP3 inflammasome. Our

results showed that RWE treatment in the presence of

NADPH enhanced procaspase-1 and IL-1b protein levels

in THP-1 macrophages. This effect was dependent on the

presence of exogenously added NADPH, implying the

role of pollen NADPH oxidases in these effects.

While using an immunoblotting technique, the RWE

treatment in the presence of NADPH further increased
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Figure 5. Ragweed pollen extract (RWE)-induced gene expression is

NADPH-dependent and is suppressed by a reactive oxygen species

(ROS)-inhibitor. THP-1 macrophages were treated for 24 hr with

the compounds as indicated, DPI was used in 10 lM. After harvest-

ing the cells, the gene expression of (a) pro-interleukin-1b (pro-IL-

1b), (b) caspase-1 and (c) NLRP3 was determined by quantitative

real-time PCR. Gene expression is shown as the ratio of the studied

transcripts relative to human cyclophilin expression (� SD) mea-

sured in triplicates. Results were obtained from four independent

experiments, and a representative result set is shown.*P < 0�05,
**P < 0�005, ***P < 0�0005.
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caspase-1 processing (Fig. 4f), this did not result in sig-

nificantly increased caspase-1 activity (see Fig. 4e). These

results appear to be contradictory, however, it should be

taken into account that the immunoblotting technique

detects the processed caspase-1 independent of its activity,

and it has been demonstrated that caspase-1 is rapidly

inactivated in THP-1 cells (with a half-life of 9 min)

leading to the accumulation of processed but inactive cas-

pase-1.32 It should be noted that despite intensive studies

on NLRP3 inflammasome and IL-1b production, the

molecular and biochemical details of the protein expres-

sion, half-life and degradation of NLRP3 and caspase-1

are far from being understood. Post-translational modifi-

cation, enhanced protein inactivation and degradation

may strongly deviate the actual protein levels and activity

from those that could be predicted from the gene expres-

sion patterns alone.

Various signal pathways have been shown to be

involved in LPS-mediated NLRP3 inflammasome compo-

nent up-regulation.33,34 Based on our studies, RWE

induces p38 and JNK phosphorylation in an NADPH-

dependent manner; however, this does not lead to

elevated pro-IL-1b, NLRP3 and procaspase-1 transcrip-

tion. Nevertheless, co-treatment of the THP-1 macro-

phages with LPS and RWE in the presence of NADPH

resulted in a substantially more intensive phosphorylation

of these proteins, presumably leading to the observed

gene expression induction. Unlike LPS, RWE and

NADPH did not significantly activate the nuclear factor-

jB signalling pathway.

Signals triggering activation of nuclear factor-jB path-

ways like that of LPS ligating TLR4, induce strong expres-

sion of pro-IL-1b because its promoter region contains

multiple nuclear factor-jB responsive elements.35 On the

other hand, p38 and JNK pathways are typically induced

by stress stimuli like ROS. Cross-talk between signalling

pathways like phosphorylation of cytosolic elements of

the pathway or transcriptional regulators by JNK and p38

kinase may result in the formation of more stable enhan-

cer complexes, as described previously.36

Our results show that LPS-induced p38 and JNK phos-

phorylation, also the activation of AP-1 (c-Fos and c-Jun)

and subsequent gene expressions are enhanced by RWE

and NADPH. This suggests that RWE, in the presence of

NADPH, essentially participates in the priming step of

NLRP3 inflammasome functions.

In summary, our data suggest that RWE-stimulated

enhancement of IL-1b production in LPS-treated THP-1

cells is mainly the consequence of the substantially

increased pro-IL-1b expression and elevated caspase-1

activation. The induced gene transcription and expression

of pro-IL-1b together with key inflammasome compo-

nents (caspase-1 and NLRP3) is dependent on the ROS

production by the RWE-associated NADPH oxidases.
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Figure 6. Ragweed pollen extract (RWE) triggers stress-activated protein kinase/Jun N-terminal kinase (SAPK/JNK), p38 mitogen-activated pro-

tein kinase (MAPK) and AP-1 signalling. (a, c) THP-1 macrophages were treated with 30 lg/ml RWE in the absence or presence of 100 lM
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were harvested, protein lysates were prepared and the phosphorylation of (a, b) p38 MAPK, SAPK/JNK, (c, d) c-Jun (phosphorylated at serine 73

or 63) and c-Fos; furthermore total c-Jun and c-Fos were analysed by Western blot method. To verify the loading of equal amounts of protein

sample, the b-actin protein expression was detected (c, d) or total p38 and SAPK/JNK were used as loading controls (a, b). Results obtained from

three independent experiments, and one representative Western blot are shown.
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Nevertheless, it is important to note that pollen grains

and sub-pollen particles are complex biological packages

composed of many components that can alter the func-

tions of human cells. However, the observed interplay of

RWE and LPS suggests a critical role of bacterial endo-

toxin in the pollen-induced allergic reactions that should

be taken into account in designing treatments for allergic

airway inflammations.
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