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Rationale: Epidemiological studies have shown that indoor molds are
associated with increased prevalence and exacerbation of respira-
tory symptoms and asthma. Mycotoxins, secondary metabolites of
molds, may contribute to these effects.
Objectives: To investigate the adjuvant activity of mycotoxins on
allergic airway inflammation.
Methods: Balb/c mice were exposed via the airways to gliotoxin and
viathe intestinetopatulin, sensitizedwithovalbumin(OVA),andthen
analyzed in acute and chronic murine asthma models. In addition, the
effect of mycotoxin exposure on dendritic cell (DC) function was
investigated using murine bone marrow–derived DCs.
Measurements and Main Results: Exposure of mice to both mycotoxins
enhanced dose-dependently airway hyperreactivity, eosinophilic
lung inflammation, and OVA-specific IgE serum levels compared with
mice that received only the antigen. These findings correlated with
increased Th2 cytokine levels and decreased IFN-g production. Long-
term mycotoxin exposure exacerbated chronic airway inflammation
and airway remodeling. In vitro or in vivo mycotoxin exposure
inhibited IL-12 production in maturing DCs and enhanced airway
inflammation after adoptive DC transfer into Balb/c mice. Mycotoxin
exposure enhanced OVA-induced lung lipid peroxidation and mod-
erately increased isoprostane levels in naive mice. Treatment of
mycotoxin-exposed DCs with the antioxidants N-acetylcysteine or
glutathione ethyl ester restored IL-12 secretion and pretreatment of
exposed mice with N-acetylcysteine prevented the mycotoxin-
induced increase of airway inflammation and AHR.
Conclusions: Our results demonstrate that gliotoxin and patulin in-
crease the allergic immune response in mice by modulating the Th1/
Th2 balance via direct effects on IL-12 secretion in DCs and by
inducing oxidative stress.
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Asthma is caused by a Th2 cell–mediated immune response to
common environmental allergens and is characterized by airway
hyperreactivity (AHR) and chronic airway inflammation. The pre-
valence of atopic diseases like allergic asthma has increased sub-
stantially in the last 2 decades (1). The development of allergic
diseases is strongly familial and has a genetic basis. However, en-
vironmental factors are believed to contribute significantly to this
recent increase in prevalence, especially in developed countries. In
this context, indoor exposures are of great importance in relation
to asthma because most people in industrialized nations spend
a large amount of their time indoors (2). Exposure to indoor
allergens, such as from house dust mites, animals, and molds, is
considered an important risk factor for asthma (3).

Although the role of exposure to indoor molds in the de-
velopment of sensitization and asthma has remained a subject of
controversy, epidemiological evidence suggests that molds found
in indoor environments are associated with increased prevalence
and exacerbation of respiratory symptoms and asthma (4). How-
ever, the underlying mechanisms of the allergy-promoting effect of
molds remain unclear. Some studies indicate that mycotoxins,
secondary metabolites of molds, are responsible for the observed
health effects (5, 6). Mycotoxins usually enter the body via in-
gestion of contaminated food or inhalation of organic dust con-
taining molds or their spores (7). Indoor exposure to mold is
predominantly associated with Aspergillus and Penicillium species,
both producing—depending on growth conditions—several myco-
toxins, including gliotoxin and patulin (6, 8). Patulin is commonly
found in food, such as apple juice and pomaceous fruits (9), and
also in the indoor air (10), whereas exposure to gliotoxin is mainly
through inhalation of indoor air (7). In several studies, it has been
shown in vitro that gliotoxin and patulin may affect immune
functions (11, 12), although there is still limited understanding
about the adjuvant effects of these mycotoxins on immune re-
sponses in vivo.

The aim of the present study was to examine the role of
mycotoxin exposure in allergy development. Therefore, we
investigated the effect of patulin and gliotoxin in a murine model
of allergic asthma. Our data show that respiratory exposure to
gliotoxin as well as exposure to patulin via the intestine clearly
exacerbated the asthma-like phenotype. In addition, we demon-
strate that both mycotoxins interfere with maturation-associated
IL-12 production in dendritic cells (DCs) and IFN-g production
in T cells. The decreased Th1 differentiation may explain the
observed adjuvant effect of mycotoxin exposure in a Th2-driven
immune response like allergic asthma.

Some of the results of these studies have been previously
reported in the form of an abstract (13).

METHODS

Mice

Female BALB/cByJ mice (6–8 wk of age) were obtained from the
Elevage Janvier Laboratory (Le Genest St Isle, France), and DO11.10
mice were obtained from the Jackson Laboratory (Bar Harbor, ME).
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All animal experiments were performed according to institutional and
state guidelines. The Committee on Animal Welfare of Saxony ap-
proved animal protocols used in this study.

Immunization and Exposure to Mycotoxins

To induce acute airway inflammation, Balb/c mice were immunized
intraperitoneally with ovalbumin (OVA) (20 mg; Sigma-Aldrich, Steinheim,
Germany) adsorbed to 2 mg of an aqueous solution of aluminum
hydroxide and magnesium hydroxide (Alum; Perbio Science, Bonn,
Germany) on Days 1 and 14 followed by 20 mg OVA in 40 mL normal
saline given intranasally on Day 14 and Days 17 through 19. Control
mice received Alum intraperitoneally and normal saline intranasally.
AHR was measured on Day 20 and mice were killed on Day 21. Mice
were exposed to gliotoxin (0.1–100 ng in 0.01% dimethyl sulfoxide;
Sigma-Aldrich) intranasally and to patulin (5–20 mg in normal saline;
Sigma-Aldrich) by gastric intubation on Days 0, 1, 13, 14, 17, and 18. In
mycotoxin solutions, no lipopolysaccharide (LPS) was detectable by the
limulus amebocyte lysate test (Cambrex Bio Science, Walkersville, MD).
Control mice received either normal saline or 0.01% dimethyl sulfoxide
in normal saline. The antioxidant N-acetylcysteine (NAC, 300 mg/kg
intraperitoneally) was given to mice 30 minutes before mycotoxin
exposure (14). To analyze the effect of mycotoxin exposure on an
ongoing allergic inflammation, sensitized mice (OVA; Hyglos GmbH,
Regensburg, Germany, endotoxin , 1 EU/mg on Days 1 and 14) were
first challenged with OVA on Days 14 and 17 and then exposed to
gliotoxin (intranasally), patulin (orally), and OVA on days 18, 21, and
22. In addition, patulin (100 ng) was given intranasally on Day 22. AHR
was measured on Day 23 and mice were killed the following day. To
induce a chronic asthma-like phenotype, Balb/c mice were immunized
intraperitoneally with OVA on Days 1 and 14 and challenged with
OVA intranasally twice per week for 8 weeks. Gliotoxin and patulin
were applied 1 hour before OVA challenge. AHR was measured on Day
71 and mice were killed the following day.

Measurement of Airway Responsiveness

Airway responsiveness was assessed by methacholine-induced airflow
obstruction from conscious mice placed in a whole-body plethysmograph
(emka TECHNOLOGIES, Paris, France) as described previously (15,
16). Lung resistance and dynamic compliance were measured by invasive
plethysmography (emka TECHNOLOGIES) in response to inhaled
methacholine (Sigma-Aldrich). Therefore, mice were anesthetized (100
mg/kg ketamine and 10 mg/kg xylazine; Bayer, Leverkusen, Germany),
intubated, and mechanically ventilated at a tidal volume of 0.2 ml and
a frequency of 150 breath/min. Baseline lung resistance, dynamic com-
pliance, and responses to aerosolized saline (0.9% NaCl) were measured
first, followed by responses to increasing doses (2.5 to 40 mg/ml) of
aerosolized methacholine.

Statistical Analysis

One-way analysis of variance and Bonferroni multiple comparison tests
were used to determine the statistical significance of differences between
groups (Prism 4.0; GraphPad Software, La Jolla, CA). Data were
expressed as mean 6 SEM. P values of less than 0.05 were considered
significant.

RESULTS

Exposure to Mycotoxins Increases the Acute Asthma-like

Phenotype in OVA-sensitized Mice

To investigate the role of mycotoxins in the development of the
allergic immune response we exposed mice to gliotoxin and
patulin during OVA sensitization in our established acute asthma
model (15–17). Respiratory exposure to gliotoxin and exposure to
patulin via the intestine exacerbated airway inflammation in the
lung. This was demonstrated by an increase in inflammatory in-
filtrates in hematoxylin and eosin–stained lung sections (Figure
1A) and verified by objective, investigator-independent computer
analysis (Figure 1B). In addition, periodic acid-Schiff–stained
lung sections showed an increase in mucus production in the
mycotoxin-exposed mice compared with the OVA control ani-

mals (Figure 1A and Figure E1A in the online supplement). Both
mycotoxins enhanced the number of eosinophils in the bron-
choalveolar lavage (BAL) fluid in a dose-dependent manner
(Figure 1C) compared with mice that received only the antigen.
These findings are associated with increased serum levels of
OVA-specific IgE (Figure 1D) and IgG1 (Figure E1B) of sen-
sitized mice exposed to mycotoxins, whereas an effect on IgG2a

levels was not observed (data not shown).
Exposure of OVA-immunized mice to gliotoxin or patulin

increased methacholine-induced AHR as measured in a whole-
body plethysmograph for mice (Figure 2A). This was confirmed
by assessing AHR using direct invasive assays for lung resistance
and dynamic compliance in intubated mice (Figures 2B and 2C).
In parallel, in OVA-sensitized mice exposed to mycotoxins we
measured increased Th2 cytokine levels, specifically IL-5 and IL-
13, and decreased levels of the Th1 cytokine IFN-g in cell culture
supernatants of OVA-restimulated splenocytes (Figure 2D) and
mediastinal lymph node cells (Figure E1C).

In summary, exposure of mice to gliotoxin and patulin during
OVA sensitization dose-dependently increased the asthma-like
phenotype. These effects were accompanied by a reduced release
of the Th1 cytokine IFN-g and an increase of Th2 cytokine
production.

Exposure to Mycotoxins Exacerbates Chronic Airway

Inflammation and Airway Remodeling

To test the effect of long-term exposure to mycotoxins on the
development of chronic inflammation and airway remodeling, we
exposed mice to gliotoxin and patulin in an established chronic
asthma model (15, 18). The number of eosinophils and lympho-
cytes in the BAL fluid and the chronic airway inflammation of
mycotoxin-exposed mice were significantly enhanced compared
with control mice, whereas OVA-specific IgE serum levels and
AHR were slightly but not significantly increased (Figures 3A–
3D). Furthermore, exposure to mycotoxins exacerbated several
features of airway remodeling. The amount of total lung collagen
was slightly but not significantly enhanced, and the subepithelial
deposition of extracellular matrix proteins examined by Martius
Scarlet Blue-stained lung sections, which has been shown to be
specific for collagen and old fibrin (19, 20), was increased in
mycotoxin-exposed mice compared with control mice that had
been only immunized to OVA (Figures 3E and 3F). To show the
effect of long-term exposure to mycotoxins on smooth muscle
cells and their proliferation in OVA-sensitized mice, we stained
lung sections for a-smooth muscle actin and proliferating cell
nuclear antigen. There was a significant increase in the smooth
muscle area (a-smooth muscle actin–stained cells) in mice ex-
posed to the mycotoxins and in the area of proliferating smooth
muscle cells of patulin-exposed mice, whereas gliotoxin-exposed
mice showed slightly but not significantly enhanced proliferating
cell nuclear antigen-positive–stained cells (Figures 3G and 3H).
Mycotoxin exposure of naive mice showed no effect on airway
inflammation, IgE levels, AHR, or cytokine production in the
acute or the chronic asthma model and no influence on airway
remodeling (data not shown).

Mycotoxins Inhibit IL-12 Production in LPS-Stimulated

Murine DCs and Decrease Intracellular Glutathione Levels

The increased asthma phenotype after in vivo exposure to
gliotoxin or patulin was characterized by a reduced Th1
cytokine pattern and an enhanced Th2-mediated allergic re-
sponse. For the induction of Th1 immune response, the initial
secretion of IL-12 by DCs is important (21). To analyze the
effect of mycotoxin exposure on DC phenotype and function,
immature murine bone marrow–derived DCs were exposed to
gliotoxin and patulin and stimulated with LPS, which is known
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to induce maturation-associated IL-12 production in DCs (21).
Both mycotoxins inhibited the LPS-induced IL-12 production in
DCs in a dose-dependent manner (Figures 4A and 4B). IL-10
levels were not affected (data not shown). The concentrations
used had no effect on cell viability as measured by trypan blue
assay (data not shown). Furthermore, the presence of gliotoxin
and patulin caused a reduction in DC maturation, determined
by means of CD80, CD86, and major histocompatibility com-
plexII expression (Figure E2).

Previous studies have shown that intracellular glutathione
levels play a central role in determining the Th1/Th2 polarization
of DCs, whereby decreased glutathione levels correspond to a
Th2 response (22). Treatment of LPS-stimulated DCs with glio-

toxin or patulin reduced total glutathione in a concentration-
dependent matter (Figures 4C and 4D). Furthermore, pretreat-
ment of mycotoxin-exposed DCs with the thiol antioxidants
NAC or glutathione ethyl ester (GSH-Et) partially recovered
the LPS-stimulated IL-12 secretion (Figure 4E). NAC and GSH-
Et alone had no significant effect on the LPS-induced IL-12
production (data not shown).

Mycotoxin-induced Increase of Th2 Immune Response

Is Mediated by Reduced IL-12 Production of DCs

To verify the role of DCs during mycotoxin exposure, OVA-
sensitized Balb/c mice were exposed to gliotoxin or patulin and DCs
of these mice were isolated from spleen cells using micro beads (see

Figure 1. Exposure to mycotoxins increases acute airway inflammation and antigen-specific IgE levels in ovalbumin (OVA)-sensitized Balb/c mice. Balb/c

mice were immunized with OVA (Days 1 and 14) and then challenged with OVA on Day 14 and Days 17 through 19. Mice were exposed to mycotoxins
and challenged with OVA on Days 0, 1, 13, 14, 17, and 18. (A) Effect of mycotoxin exposure on inflammation (hematoxylin and eosin, 3200) and mucus

hypersecretion (periodic acid-Schiff, 3200), (B) verified by an objective, investigator-independent computer-based quantification of lung inflammation.

Cell numbers in (C) the bronchoalveolar lavage (BAL) fluid and (D) OVA-specific IgE levels were enhanced dose-dependently after exposure to mycotoxins

compared with the unexposed group. Data are expressed as mean 6 SEM, n > 9 animals per group; *P , 0.05 versus OVA, one-way analysis of variance
and Bonferroni multiple comparison test.

b

Figure 2. Exposure to mycotoxins in-

creases airway hyperresponsiveness (AHR)

and Th2 cytokine production and reduces
IFN-g levels in ovalbumin (OVA)-sensitized

Balb/c mice. Balb/c mice were immunized

with OVA (Days 1 and 14) and then
challenged with OVA on Day 14 and Days

17 through 19. Mice were exposed to

mycotoxins and challenged with OVA on

Days 0, 1, 13, 14, 17, and 18. Effect of
mycotoxin exposure on AHR, determined

as (A) enhanced pause (Penh), (B) lung

resistance (RL), (C ) dynamic compliance

(Cdyn), and (D) cytokine levels in the
supernatant of OVA-restimulated spleno-

cytes. Data are expressed as mean 6 SEM,

n > 9 animals per group; *P , 0.05 versus

OVA, one-way analysis of variance and
Bonferroni multiple comparison test.
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additional METHODS information in the online supplement). The
isolated DCs were cocultured in vitro with OVA-specific CD41 T
cells isolated from OVA-immunized DO11.10 mice, which are
transgenic for T-cell receptor recognizing OVA-specific peptide
(23). IL-12 production in the coculture with DCs isolated from
mycotoxin-exposed mice was significantly reduced compared
with the coculture with DCs from unexposed mice (Figure 5A).
Moreover, in the cocultures of DO11.10 T cells with DCs isolated
from mycotoxin-exposed mice we observed decreased IFN-g
levels, a significant enhancement of IL-5 release for both myco-
toxins, and significantly increased levels of IL-13 in the coculture
of DCs from patulin-exposed mice (Figure 5B). Interestingly,

exposure of DO11.10 mice to mycotoxins and coculture of
isolated CD41 T cells from these mice with CD111 cells from
unexposed Balb/c mice also significantly decreased IFN-g pro-
duction after restimulation with OVA but had no effect on IL-5
and IL-13 levels (Figure E3).

In an additional experiment we pulsed DCs with OVA and
exposed the cells with the mycotoxins for 24 hours. It should be
noted that the OVA used for in vivo sensitization and for the
treatment of DCs was contaminated with LPS, which was con-
firmed with the limulus amebocyte lysate test (endotoxin activity:
36.04 6 2.80 EU/20 mg OVA, which correspond to 3.6 ng LPS).
Although in the supernatant of OVA-treated (Sigma) DCs in-

Figure 3. Exposure to
mycotoxins exacerbates

chronic airway inflam-

mation and airway
remodeling. To induce

a chronic asthma pheno-

type mice were immu-

nized with ovalbumin
(OVA) (Days 1 and 14)

and then challenged

with the antigen twice

per week for 8 weeks.
Effect of exposure to

gliotoxin (100 ng intra-

nasally) or patulin
(20 mg orally) on total

cell numbers in (A) bron-

choalveolar lavage (BAL)

fluid, (B) inflammation
of lung tissues, (C ) IgE

levels, (D) airway hyper-

responsiveness (AHR),

(E ) total lung collagen,
(F ) Martius Scarlet Blue–

stained lung tissues

(3100), and (G, H )
a-smooth muscle actin–

and proliferating cell nu-

clear antigen–stained

lung sections. Data are
expressed as mean 6

SEM, n > 9 animals per

group; *P , 0.05 versus

OVA (eosinophils), #P ,

0.05 versus OVA (lym-

phocytes), one-way

analysis of variance and

Bonferroni multiple com-
parison test. Penh 5

enhanced pause.
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creased levels of IL-12 were found, the LPS-depleted OVA
(EndoGrade OVA) did not induce IL-12 production (Figure
E4A). In the following experiment DCs were pulsed with OVA
or also exposed to the mycotoxins for 24 hours and then trans-
ferred intratracheally into naive Balb/c mice. Mice that received
mycotoxin-treated and OVA-pulsed DCs showed an enhanced
AHR (Figure 5C), eosinophilic inflammation in the BAL fluid
(Figure 5D), airway inflammation in hematoxylin and eosin–
stained lung sections quantified by an objective, investigator-
independent computer analysis (Figure 5E), and increased levels
of Th2 cytokines and reduced IFN-g production in mediastinal
lymph nodes (Figure 5F) and in lung cells (Figure E4B) compared
with mice that received only OVA-pulsed DCs.

Reduced DC Function after Mycotoxin Exposure Is Associated

with Inhibition of Nuclear Factor-kB Translocation or p38

Mitogen-activated Protein Kinase Activity

Stimulation of DCs with LPS has been shown to activate nuclear

factor-kB (NF-kB) as well as p38 mitogen-activated protein

kinase (MAPK) pathways, which are involved in transcriptional

activation of genes encoding for maturation receptors and IL-12

(24). To determine whether mycotoxins interfere with these

pathways we first observed the translocation of NF-kB in the

presence of gliotoxin or patulin. Exposure of DCs to gliotoxin

significantly abrogated the LPS-induced NF-kB translocation,

whereas patulin exposure had no effect (Figures 6A and 6B). On
the other hand, patulin significantly inhibited the LPS-induced
p38 MAPK activity (Figure 6C), whereas gliotoxin showed no
effect under these conditions. Interestingly, the inhibition of NF-
kB translocation by gliotoxin and the reduced p38 MAPK
activity after patulin exposure were abolished by pretreatment
of the LPS-stimulated DCs with GSH-Et (Figures 6A–6C).

Exposure to Mycotoxins during Antigen Challenge Increases

Airway Inflammation, IgE Levels, and AHR, and Induces an

Induced Lipid Peroxidation

To investigate whether mycotoxin exposure has an effect on an
ongoing allergic inflammation in already sensitized mice we exposed
mice to mycotoxins only during antigen challenge. Furthermore, to
exclude LPS-mediated effects we used endotoxin-free OVA.
Exposure of OVA-sensitized mice to gliotoxin or patulin during
the antigen challenge also enhanced the asthma-like phenotype with
increased airway inflammation, AHR, and OVA-specific IgE
levels (Figures 7A–7D). Exposure of nonsensitized mice to the
mycotoxins had no significant effect on these asthma parameters,
although the AHR was mildly increased. To find out whether
mycotoxins themselves may already induce an inflammatory
response in the lung involving cell types other than DCs, we
measured several inflammatory cytokines in lung homogenates.
We found no significant effects of mycotoxin exposure to un-
sensitized mice on the thymic stromal lymphopoietin, tumor

Figure 4. Mycotoxins

inhibit IL-12 production
in lipopolysaccharide

(LPS)-stimulated murine

dendritic cells (DCs) and

decrease intracellular glu-
tathione levels in vitro.

(A, B) Effect of exposure

of LPS-stimulated bone
marrow–derived DCs to

gliotoxin and patulin on

IL-12 production, and

(C, D) intracellular glu-
tathione (GSH) levels.

(E ) Pretreatment with

N-acetylcysteine (NAC)

(2 mM) or GSH-ethyl
ester (GSH-Et) (0.4 mM)

on IL-12 production af-

ter gliotoxin (25 ng/ml)
and patulin (100 ng/ml)

exposure is shown. Data

are expressed as mean 6

SEM; n 5 4–5/group.
*P , 0.05 versus LPS,

one-way analysis of vari-

ance and Bonferroni mul-

tiple comparison test.
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necrosis factor-a, IL-6, or IL-25 levels in the lung. However, these
inflammatory cytokines are increased in antigen-sensitized and
-challenged mice, but are not affected by mycotoxin exposure
(Figure E5A–D).

To evaluate the role of oxidative stress for the increased
allergic inflammation of the lung caused by mycotoxin expo-
sure, 8-isoprostane levels as marker for lipid peroxidation were
analyzed in lung homogenates (25). Here, mycotoxin exposure
to nonsensitized mice led to an elevated isoprostane concen-
tration that was significant for gliotoxin compared with un-
exposed mice. Allergen challenge in sensitized mice increased
the isoprostane levels compared with control mice, which were
further enhanced by exposure to the mycotoxins (Figure 7E).

Increased Allergic Immune Response by Mycotoxins

Is Abrogated by the Antioxidant NAC

Because treatment with thiol antioxidants was able to recover
the reduced IL-12 production in mycotoxin-exposed DCs

in vitro (Figure 4E), we administered Balb/c mice NAC, a widely
used antioxidant and pharmaceutical drug (14, 26), 30 minutes
before exposure to gliotoxin or patulin in the acute murine
asthma model. The exacerbated asthma-like phenotype in
mycotoxin-exposed mice compared with mice that were only
sensitized to OVA was diminished by pretreatment with NAC.
Similarly, AHR, OVA-specific IgE levels, and the number of
eosinophils in the BAL fluid were significantly reduced in NAC-
treated mice exposed to mycotoxins (Figures 8A–8D). How-
ever, pretreatment of OVA-immunized mice with NAC had no
significant effect on eosinophilic inflammation, AHR, and
OVA-specific IgE levels.

DISCUSSION

Epidemiological studies suggest that exposure to indoor mold is
associated with increased prevalence of respiratory symptoms and
asthma, although the underlying mechanisms of the adverse effect

Figure 5. Mycotoxin-

induced increase of Th2

immune response is me-
diated by reduced IL-12

production by dendritic

cells (DCs). Splenic DCs

isolated from immu-
nized mycotoxin-

exposed or unexposed

Balb/c mice were cocul-

tured with ovalbumin
(OVA)-specific CD41

T cells isolated from

DO11.10 mice and
stimulated with OVA.

(A) IL-12, (B) IFN-g pro-

duction, and IL-13 and

IL-5 levels are shown.
DCs were pulsed for

24 hours with OVA

(200 mg/ml), some cells

in the presence of glio-
toxin (25 ng/ml) or

patulin (100 ng/ml),

and transferred into the

trachea of naive Balb/c
mice. As control (CON),

DCs only treated with

lipopolysaccharide (LPS)
(100 ng/ml) were trans-

ferred. From Day 10

onward, mice were chal-

lenged intranasally with
OVA for 3 consecutive

days. Effect of DC trans-

fer on (C ) airway hyper-

responsiveness (AHR),
(D) eosinophilic inflam-

mation in the bron-

choalveolar lavage
(BAL) fluid, (E ) airway

inflammation in hema-

toxylin and eosin–stained

lung sections quantified
by objective, investigator-

independent computer

analysis, and (F ) cytokine production in mediastinal lymph nodes. Data are expressed as mean 6 SEM; n 5 4–5/group. *P , 0.05, CD111

unexposed versus CD111 exposed (A, B), CON versus OVA-DC (C–F ); #P , 0.05, mycotoxin-DC versus OVA-DC; one-way analysis of variance and

Bonferroni multiple comparison test. Penh 5 enhanced pause.
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remain unclear (27, 28). In the current study, we investigated
whether mycotoxins could act as adjuvants of an allergic response.
Therefore, on exposure of Balb/c mice to gliotoxin or patulin, we
measured their impact in the development of OVA-specific
immune responses in established acute and chronic murine

asthma models (15–17). Respiratory exposure to gliotoxin as well
as exposure to patulin orally during antigen sensitization of mice
clearly increased the asthma-like phenotype in the acute model
and enhanced the manifestation of chronic airway inflammation
and airway remodeling as well. The observed adjuvant effect by
the mycotoxins is comparable to effects caused by exposure to
other air pollutants as described in studies for elemental carbon
ultrafine particle (EC-UFP) inhalation (29), diesel exhaust (30),
environmental tobacco smoke (31), or ozone (32). Furthermore,
mycotoxin exposure after OVA immunization and the first an-
tigen challenge also increased airway inflammation and IgE
levels, suggesting an adverse health effect in already sensitized
individuals. Our results indicate an immune modulatory effect of
gliotoxin and patulin during antigen sensitization or antigen chal-
lenge, whereas the adjuvant impact on the asthma phenotype was
independent of the exposure route, suggesting a more general in-
fluence on the immune response.

The World Health Organization has established a provi-
sional maximum tolerable daily intake for patulin of 0.4 mg/kg
of body weight (33). However, it has been shown that children
during the first year of life consume more apple products than
adults (34) and therefore may also achieve daily patulin intake
levels of greater than 1 mg/kg of body weight (35). After
extrapolation from human exposure levels (surface area,
variability), as done by Llewellyn and colleagues (35), our
applied patulin doses for mice is comparable to real-life
exposure conditions, particularly considering that mice re-
ceived patulin not daily but only six times. Data of relevant
gliotoxin concentration after exposure to molds are not avail-
able from either human or mouse studies. In the present study
we detected adjuvant effects on airway inflammation, the
number of eosinophils in the BAL fluid, and on OVA-specific
IgG1 levels of gliotoxin in vivo already at 0.1 ng (4 ng/kg, given
intranasally six times in a 21-day protocol) that were observ-
able but not significant, and several significantly enhanced
asthma parameters at a concentration of 1 ng (number of
eosinophils, IgG1, IL-5, IL-13). Published calculated human
maximum inhalation doses for other mycotoxins achieve
different concentrations (e.g., 1.4 ng/kg per day for aflatoxin
B2, 5.4 ng/kg per day for satratoxins G1H, and 19 ng/kg per
day for aflatoxin B1) (36). To date we do not know whether
gliotoxin concentrations approximate real-world exposures.
However, the situation and the conditions in the human lung
after daily inhalation of organic dust containing molds or their
spores is surely complex, and a predication of possible
mycotoxin concentrations in vivo is difficult. Compared with
other mice studies investigating immunomodulatory effects of
gliotoxin, the effective dose in our study was remarkably low
(37, 38).

It has been demonstrated that both mycotoxins possess a set
of bioactivities. Gliotoxin has been shown to have antibacterial,
antiviral, and immunosuppressive properties (37, 39). Patulin was
found to exert various effects, including antibacterial effects, dis-
ruption of transcription and translation, and inhibition of DNA
and protein synthesis (9). Experimental studies using human
peripheral blood mononuclear cells have demonstrated in vitro
that gliotoxin and patulin are able to modulate T-cell function
and induce a shift of the Th1/Th2 balance toward Th2 (12, 40).
Our in vivo study confirmed these results, demonstrated by
increased Th2 cytokine levels and a reduced IFN-g production
in mycotoxin-exposed OVA-sensitized mice. These data support
the hypothesis of a decreased Th1 differentiation as an explana-
tion for the observed adjuvant effects.

DCs are central to the development of either Th1 or Th2
immunity because cytokine milieu during antigen presentation
and recognition are crucial to initiate appropriate immune re-

Figure 6. Reduced dendritic cell (DC) function after mycotoxin expo-

sure is mediated by inhibition of nuclear factor (NF)-kB translocation or

p38 mitogen-activated protein kinase (MAPK) activity. (A, B) Exposure of

bone marrow–derived DCs to gliotoxin (25 ng/ml) significantly inhibited
the lipopolysaccharide (LPS)-induced NF-kB translocation, whereas

patulin treatment (100 ng/ml) did not alter the translocation of NF-kB.

(C) LPS-induced p38 MAPK activity was inhibited after patulin exposure.

Data are expressed as mean 6 SEM from three independent experiments
(B, C) and representative results are shown (A). *P , 0.05, LPS versus LPS

1 mycotoxin; #P , 0.05, LPS 1 mycotoxin versus LPS 1 mycotoxin 1

glutathione ethyl ester (GSH-Et); one-way analysis of variance and
Bonferroni multiple comparison test.
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sponses and could be responsible for the observed adjuvant
effects of mycotoxin exposure in OVA-sensitized mice. There-
fore, we investigated the capability of both mycotoxins to alter the
Th1/Th2 balance via modification of DC activation. DCs secrete
IL-12, which drives IFN-g production in antigen-specific Th1 cells
(21). To induce DC maturation, cells were treated with LPS as
shown previously in several studies (41, 42). Treatment of DCs
with gliotoxin or patulin inhibited both the LPS-induced IL-12
production and the expression of costimulatory molecules, such as
CD80 and CD86. Significantly reduced IL-12 levels were detected
at concentrations starting at 6.25 ng/ml gliotoxin and 12.5 ng/ml
patulin, respectively. As confirmed by other studies (12, 40), the
mycotoxin concentrations of up to 50 ng/ml gliotoxin and 100 ng/ml
patulin used by us did not affect cell viability, indicating an
influence on immune function by the mycotoxins at subtoxic
levels. IL-12 production is an important facet for asthma and
allergic disease, because it has been shown that DCs from atopic
individuals produce less IL-12 than DCs from healthy individ-
uals, thus favoring Th2 differentiation (43, 44). To show the
DC-polarizing effect of mycotoxin exposure on T-cell function,
we cocultured purified T cells from DO11.10 mice with purified
splenic DCs isolated from mycotoxin-exposed mice or control
mice in the presence of OVA. We found that the production of
IFN-g by the transgenic T cells is impaired when Balb/c DC
donors had been exposed in vivo to the mycotoxins. In a sub-
sequent experiment we transferred OVA-pulsed or additionally
mycotoxin-exposed DCs into naive Balb/c mice. Our results

demonstrate that the transfer of mycotoxin-treated and OVA-
pulsed DCs enhanced AHR and eosinophilic airway inflamma-
tion as well as IL-5 and IL-13 levels and reduced IFN-g
production in the mediastinal lymph nodes compared with mice
that received only OVA-pulsed DCs. These data implicate that
the reduced IFN-g production after mycotoxin exposure in vivo
is specifically due to the effects of mycotoxins on DC popula-
tions. A comparable influence on DC function was also demon-
strated for diesel exhaust particles (41).

Antigens, such as the experimental allergen OVA, that do
not have any intrinsic activating properties need additional
signals to trigger DC activation. It has been shown that
concomitant exposure of antigens and pathogen-associated
molecular patterns such as LPS is required to activate DCs to
mount an immune response (45, 46). In our study the used OVA
contained traceable amounts of LPS. In mouse models it was
demonstrated that low doses of LPS promote asthma develop-
ment, whereas higher levels appear to be protective (46). The
endotoxin contamination of commercial OVA has been shown
to suppress AHR and airway inflammation (47). However, the
fact that the OVA used in most of the experimental mouse
studies contains endotoxin may have direct clinical relevance,
because most inhaled allergens, such as allergens derived from
cockroaches and house dust mites, are contaminated with LPS
(45) or exhibit other pathogen-associated molecular patterns,
such as house dust mite–derived b-glucans that bind to non-Toll
pattern-recognition receptors (48). However, exposure to my-

Figure 7. Exposure to

mycotoxins during anti-

gen challenge increases

airway inflammation, IgE
levels, and airway hyper-

responsiveness (AHR)

and induces an increase
in isoprostane levels. To

analyze the effect of my-

cotoxin exposure on an

ongoing allergic inflam-
mation, Balb/c mice were

sensitized and exposed

to the mycotoxins as de-

scribed under METHODS.
To measure 8-isopros-

tane, lung tissues were

prepared as described in
METHODS in the online

supplement. Effect of

exposure to gliotoxin or

patulin on (A) inflamma-
tion in the lung, (B) total

cell numbers in bron-

choalveolar lavage (BAL)

fluid, (C ) AHR, (D) IgE
levels, and (E ) the pro-

duction of 8-isoprostane

in lung homogenates.
Data are expressed as

mean 6 SEM, n > 9 ani-

mals per group; *P ,

0.05 versus ovalbumin
(OVA); #P , 0.05, glio-

toxin versus Alum, one-

way analysis of variance

and Bonferroni multiple
comparison test. Penh 5

enhanced pause.
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cotoxins also increased the allergic immune response in a model
using an endotoxin-free OVA, indicating the adjuvant potential
of the mycotoxins.

It has been shown previously that intracellular glutathione
levels play a central role in determining the Th1/Th2 polarization
of DCs, whereby decreased glutathione levels correspond to
a Th2 response (22, 49). In addition, the capability of mycotoxins
to deplete glutathione could be demonstrated in peripheral blood
mononuclear cells and human alveolar epithelial cells (40, 50).
Here, treatment of LPS-stimulated DCs with patulin or gliotoxin
reduced total glutathione, which may be responsible for the
reduced IL-12 production after mycotoxin treatment. Further-
more, pretreatment of mycotoxin-exposed DCs with the thiol
antioxidants NAC or GSH-Et abrogated the mycotoxin-caused
IL-12 reduction suggesting an involvement of oxidative stress.
The modulation of DC and T-cell function by oxidative stress has
been shown previously (51).

In our study, we could detect low oxidative stress by 29-
79dichloroflourescein-diacetate staining in mycotoxin-treated

DCs measured by flow cytometry (data not shown). The ex-
acerbated asthma phenotype in OVA-sensitized mice exposed to
mycotoxins was abolished after pretreatment of mice with the
antioxidant NAC, supporting our in vitro results. In contrast to
other studies showing an involvement of the nuclear erythroid 2
p45-related factor 2 (Nrf2) in the prooxidative diesel exhaust
particle-mediated modulation of DC function (41), we could not
find Nrf2 translocation in response to mycotoxin exposure (data
not shown). Stimulation of DCs with LPS via toll-like receptor 4
activates NF-kB as well as p38 MAP kinase pathways, which are
involved in transcriptional activation of genes encoding for
maturation receptors and IL-12 (24). Here, we demonstrated
a significant reduction of NF-kB translocation by treatment with
gliotoxin in LPS-stimulated DCs that was restored by GSH-Et.
The capability of gliotoxin to suppress NF-kB activation by
inhibition of IkB degradation has been shown in previous studies
(52, 53), although the exact molecular mechanisms are still not
well established. Interestingly, in our study we could not find an
inhibitory effect of patulin on the LPS-stimulated NF-kB trans-

Figure 8. Increased

acute allergic immune

response by mycotoxins

is abrogated by the an-
tioxidant N-acetylcys-

teine (NAC). Treatment

of Balb/c mice with NAC

(300 mg/kg intraperito-
neally) 30 minutes be-

fore exposure to

gliotoxin (100 ng) or
patulin (20 mg) reduced

(A) the exacerbated

acute airway inflamma-

tion, (B) the number of
eosinophils in the BAL

fluid, (C ) the AHR, and

(D) the ovalbumin

(OVA)-specific IgE levels
compared with NAC-

untreated mice. Data are

expressed as mean 6

SEM, n > 9 animals per

group; *P , 0.05,

mycotoxins versus OVA;
#P , 0.05, mycotoxins
versus mycotoxins 1

NAC; one-way analysis

of variance and Bonfer-

roni multiple compari-
son test. Penh 5

enhanced pause.
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location. In contrast, patulin reduced the phosphorylation of
MAPK p38, whereas gliotoxin did not exert a significant effect. It
has been already shown for other chemicals, such as sodium
methyl dithiocarbamate, that the reduction of the LPS-stimulated
IL-12 production via oxidative stress may be mediated by
suppression of p38 MAP kinase activation but not by inhibition
of NF-kB activation (54). These data suggest different mecha-
nisms of the structurally different mycotoxins in the molecular
signaling leading to the altered DC function.

Furthermore, an increased asthma phenotype after mycotoxin
exposure of already sensitized mice implicates an additional
mechanism for lung inflammation. Recently it has been shown
that exposure to elemental carbon ultrafine particles in mice in-
duced oxidative stress in the airways, measured by 8-isoprostane
in lung tissues (25). In the present study, exposure of OVA-
sensitized mice during the allergen challenge to mycotoxins
enhanced the isoprostane levels compared with nonexposed
OVA-sensitized animals. Although exposure of nonsensitized
mice to mycotoxins had no effect on asthma parameters or in-
flammatory cytokines, such as thymic stromal lymphopoietin,
tumor necrosis factor-a, or IL-6 in lung tissues, gliotoxin and
patulin did induce a moderate increase in isoprostane levels. Our
results are comparable with earlier findings (25) and implicate the
induction of oxidative stress in the lung by other cell types, such as
macrophages or epithelial cells, as an additional mechanism for
the observed adjuvant effects of mycotoxin exposure. Mycotoxins
may also have an effect on T cells as shown in a previous study
demonstrating a reduced IFN-g production by an IL-12 indepen-
dent but still unknown mechanism (40). Here, our results show
that coculture of isolated CD41 T cells from mycotoxin-exposed
DO11.10 mice with CD111 cells from unexposed Balb/c mice
significantly decreased IFN-g production. Mycotoxin exposure
may also influence the number or the function of regulatory T
cells leading to an increased allergic immune response; however,
this remains to be elucidated.

In summary, our data clearly show that exposure of sensitized
mice to gliotoxin or patulin increased the asthma-like phenotype.
The observed adjuvant effect of gliotoxin and patulin is mediated
by affecting the DC function that resulted in reduced IL-12
production in DCs and diminished IFN-g production in T cells.
The decreased Th1 differentiation could be one explanation for
the exacerbated allergic immune response after mycotoxin expo-
sure. In addition, exposure to mycotoxins caused oxidative stress
in the lung that may have also enhanced the allergic immune
response. Taken together, our results suggest that mycotoxins
could be responsible for the observed health effects of indoor
mold exposure.
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METHODS 

Mice 

Mice were bred and maintained in animal facility at the University of Leipzig 

(Germany) and housed under conventional conditions with 23°C room temperature, 

60% humidity, and 12 h day/night rhythm. Cages were bedded with LIGNOCEL® 

bedding material (fine particles < 200 µm 0.2%). The mice received conventional 

mouse feed (Altromin, Lage, Germany) and water ad libitum. All animal experiments 

involved groups of 4-6 mice/cage and were performed at least 2 times.  

 

Mycotoxins 

The mycotoxins used for this study are different in their chemical structure. Gliotoxin 

belongs to the epipolythiodioxopiperazine class of secondary metabolites, 

characterized by the bridged disulphide piperazidone six-membered ring that appears 

to be necessary for the most of the biological properties oh these compounds (1). 

Patulin has an ylidenebutenolide structure. Gliotoxin (Sigma-Aldrich, Steinheim, Ger-

many) is obtained by Gliocladium fimbriatum, patulin (Sigma-Aldrich) by Penicillum 

fumigatus.  

 

Collection of bronchoalveolar lavage (BAL) fluid 

Cells in the lavage fluid were counted using a hemocytometer and BAL cell 

differentials were determined as described previously (2, 3). 

 

Lung histology and computer-based quantification of inflammation, mucus 

production, extracellular matrix deposition and airway smooth muscle 

proliferation. Left lung was fixed in 10% formalin and stained with Haematoxylin & 

Eosin (H&E, MERCK, Darmstadt, Germany) or with Alcian blue-PAS (Sigma-Aldrich). 



For quantification and objective evaluation of the degree of histological inflammation 

and mucus production, lung sections were scanned with a digital camera (Zeiss, 5 

shots per lung) and analyzed with HistoClick-Software (provided by Ingo Hohmann 

and Wiebke Scherf) based on morphometric image analysis (2, 4). The degree of 

inflammation is expressed by the number of pixels which correlate to the stained cells 

of interest. Total matrix deposition was assessed on Martius Scarlet Blue (MSB)-

stained sections (5). Lung sections were also immunostained with anti-α-smooth 

muscle actin (SMA) primary Ab to distinguish smooth muscle cells and with 

proliferating cell nuclear antigen (PCNA) to stain proliferating smooth muscle cells 

(4). The primaries Abs were detected with a HRP-labeled secondary Ab (both 

Abcam, USA). Digital photographs of four bronchioles per tissue section were taken 

and analyzed with HistoClick-Software. 

 

Collagen Analysis. Collagen content was measured in lung tissue homogenates by 

a biochemical assay according to the manufacturer’s instructions (Sircol collagen 

assay, Biocolor, Ireland). Lung tissue (100 mg) was homogenized in 1 ml Tris buffer 

containing 1 M sodium chloride and a protease inhibitor cocktail (Sigma-Aldrich, 

Taufkirchen, Germany). Samples were incubated overnight at 4°C with stirring, 

centrifugated and the supernatant was assayed (4). 

 

OVA-specific IgE and IgG1 assay 

OVA-specific IgE and IgG1 serum levels were measured by sandwich ELISA 

according to a standard protocol as described previously (2).  

 

Cytokine production 



Splenocytes or mediastinal lymph node cells (5 x 106 cells/ml per well) were isolated 

and re-stimulated in vitro with 200 μg/ml OVA in culture medium (RPMI medium 

supplemented with 10% FCS, 100 U/ml Penicilin, 100 μg/ml Streptomycin) one day 

after airway function test. Lung tissues were homogenized in PBS and protein was 

measured at 700 nm with 5 µl homogenate and 200 µl of 1:5 diluted Biorad solution 

(Bio-Rad, München, Germany) with bovine serum albumin as standard.  

 Cytokines were measured in supernatants from re-stimulated spleen cells after three 

days or from lung tissues using DuoSet® ELISA kits (R&D Systems, Minneapolis, 

USA) according to the manufacturer’s instructions.  

 

Measurement of 8-isoprostane 

18 hours after the last mycotoxin exposure lung tissues were homogenized in buffer 

(0.1 M phosphate, 1 mM EDTA, 10 µM indomethacin and 0.05% butylated 

hydroxytoluene, BHT at pH 7.4) using lysing matrix A (FastPrep®24 homogenizer, 

MP Biomedicals, LLC, Eschwege, Germany). Aliquots of the obtained supernatants 

were hydrolysed (15% KOH) and deproteinized (ethanol containing 0.01% BHT). 8-

isoprostane concentration was determined by specific immunoassay according to 

manufacturer’s instructions (Cayman Chemical Company, Ann Arbor, MI, USA). 

Protein concentration of 5 µl homogenates were measured at 700 nm using DC 

Protein Assay (Bio-Rad, München, Germany) comparing it to diluted series of bovine 

serum albumin as standard. 

 

Culture, treatment and transfer of bone marrow-derived dendritic cells (BMDC) 

Bone marrow cells were collected from naïve mice, depleted of red blood cells using 

ammonium chloride, and grown in RPMI medium containing 10% FCS and 20 ng/ml 

rmGM-CSF for 7 days. Cells were characterized by staining with an anti-CD11c– 



Phycoerythrin (PE) mAb and 2 x 106 cells/ml were given to 24-well plates and 

exposed to gliotoxin (6.25-50 ng/ml) or patulin (12.5-100 ng/ml) in the presence of 

LPS (1 μg/ml) for 18 hrs. In some experiments, NAC (2 mM) and glutathione ethyl 

ester (GSH-Et, 0.4 mM, both Sigma-Aldrich) were given to the cells during mycotoxin 

exposure. The supernatant was collected for cytokine measurement and cells were 

prepared for analysis of intracellular glutathione. 

 

Total GSH measurement 

DCs were exposed to gliotoxin (6.25-25 ng/ml) or patulin (25-100 ng/ml) in the 

presence of LPS for 18 hrs and total cellular glutathione (GSH) was determined 

according to the manufacturer’s instructions (Sigma-Aldrich). Briefly, cells were 

washed with PBS, pelleted and resuspended in PBS with sulfosalicylic acid. The cell 

suspension was frozen and thawed twice followed by centrifugation at 10000 g for 10 

min. Samples were diluted 1:5 and glutathione content of the sample was assayed 

using a kinetic assay in which catalytic amounts of glutathione cause a reduction of 

5,5'-dithiobis-(2-nitrobenzoic) acid (DTNB) to TNB. The oxidized glutathione formed 

is recycled by glutathione reductase and NADPH. The product, TNB, is assayed 

colorimetrically at 405 nm.  

 

Co-culture of spleen DC and CD4+ T cell 

Balb/c mice were exposed to gliotoxin (100 ng i.n.) and patulin (20 μg, days 0 and 1) 

and OVA-immunized (day 1). The next day splenocytes from exposed and 

unexposed mice were isolated, pooled and DCs were separated by magnetic cell 

sorting (Pan DC MicroBeads, Milteny Biotek, Bergisch-Gladbach, Germany, > 90% 

CD11c+ cells). 2.5 x 105 spleen DCs were co-cultured with separated CD4+ T cells (> 



95%, 2.5 x 105 cells, final volume 1 ml) from DO11.10 mice and stimulated with OVA 

(20 μg) for 24 h (IL-12) and 48 h (IL-5, IL-13, IFN-γ) to measure cytokine production 

in the supernatant (6). 

 

Transfer of OVA-pulsed DCs 

Immunization by intrapulmonal injection of OVA-pulsed DCs was done as described 

Lambrecht et al. (7, 8). Briefly, bone marrow-derived DCs were pulsed for 24 h with 

OVA (200 µg/ml), some cells in the presence of gliotoxin (25 ng/ml) or patulin (100 

ng/ml). 2 x 106 cells in 80 μl PBS were adoptively transferred into the trachea in 

anesthetized naïve Balb/c mice. From day 10 onward, mice were challenged i.n. with 

OVA for 3 consecutive days. AHR was measured on day 13 and mice were sacrificed 

the following day.  

 

NFκB translocation 

BMDCs (0.5 x 105/well) were exposed to gliotoxin (25 ng/ml) or patulin (100 ng/ml) 

followed by stimulation with LPS (1 µg/ml) in 96-well Imaging Plates (BD FalconTM) 

and fixed (3.7 % formaldehyde/PBS) after 1 hr. Cells were permeabilized in 0.1% 

TritonX100/PBS for 15 min and washed two times with PBS. NFκB was localized by 

rabbit-anti-NFκB p65 IgG (1:100; Santa Cruz Biotechnology, USA) and anti-rab-IgG-

Alexa Fluor 647, Fab-fragment (1:400; Invitrogen). To localize nuclei cells were 

additionally stained with Hoechst 33342 (Invitrogen). The imaging plates were 

measured by BD Pathway™ 855 High-Content Bioimager. Images were analyzed 

with attovision software (BD Biosciences). Data represents normalized ratio (intensity 

nucleus/intensity cytoplasm).  

 

Western blot analysis for p38 MAP kinase activation 



BMDCs (2 x 106/well) were exposed to gliotoxin (25 ng/ml) or patulin (100 ng/ml), in 

part in the presence of GSH-Et, followed by stimulation with LPS for 1 hr and western 

blots were done as described previously (9). 

 

Flow cytometric analysis 

Flow cytometric analysis was performed using PE- or PerCP-Cy5.5-conjugated mAb 

to mouse CD11c, CD80, CD86 and I-A/I-E or isotyp-matched control mAb (BD 

Biosciences Pharmingen, Heidelberg, Germany). 1 x 106 BMDCs were preincubated 

with 2.4G2 mAb (10 μg/ml) to block FcγR, and then incubated with the relevant mAbs 

for 15 min. at 4°C. Cells were washed twice with 1% BSA in PBS. Cells were 

analysed by FACScalibur (BD Biosciences Pharmingen, Heidelberg, Germany).  

 

Figure legends 

 
 
Figure E1: Effect of mycotoxin exposure on mucus production, antigen-

specific IgG1 and cytokine production in lung cells in OVA-immunized mice.  

Balb/c mice were immunized with OVA (day 1 and 14) and then challenged with OVA 

on days 14 and 17-19. Mice were exposed to mycotoxins and challenged with OVA 

on days 0, 1, 13, 14, 17 and 18. Effect of mycotoxin exposure on mucus production, 

quantified by an objective, investigator-independent computer analysis (A) OVA-

specific IgG1 levels (B) and cytokine levels in the supernatant of OVA-re-stimulated 

lung cells (C). Data are expressed as mean ± SEM, n ≥ 9 animals per group; *P < 

0.05, one-way ANOVA and Bonferroni’s multiple comparison test. 

  

Figure E2: Mycotoxin exposure of LPS-stimulated DCs suppresses CD80 and 

CD86 expression.  



BMDCs were exposed to mycotoxins and stimulated with LPS for 18 hrs. Flow 

cytometric analyses were assessed by FACScan. Exposure to gliotoxin (25 ng/ml) 

and patulin (100 ng/ml) suppressed CD80 (A) and CD86 (B) expression. Data are 

expressed as mean ± SEM from three independent experiments. *P < 0.05, one-way 

ANOVA and Bonferroni’s multiple comparison test. 

 

Figure E3: Co-culture of CD4+ T cells from mycotoxin-exposed DO11.10 mice 

with CD11+ cells from unexposed Balb/c mice significantly decreased IFN-γ.  

Splenic DCs isolated from immunized, un-exposed Balb/c mice were co-cultured with 

CD4+ T cells isolated from mycotoxin-exposed DO11.10 mice and stimulated with 

OVA. IFN-γ, IL-13 and IL-5 levels are shown. *P < 0.05, CD4+ unexposed vs. CD4+ 

exposed; one-way ANOVA and Bonferroni’s multiple comparison test. 

 

Figure E4: Effect of mycotoxin exposure in OVA-stimulated DCs on IL-12 

production in vitro and cytokine production in vivo after DC transfer into Balb/c 

mice. 

DCs were pulsed for 24 h with OVA from Sigma (OVA (S), 200 µg/ml) or with 

Endograde-OVA (OVA (EG), 200 µg/ml), some cells in the presence of gliotoxin (25 

ng/ml) or patulin (100 ng/ml). As control DCs were treated only with LPS (100 ng/ml). 

Afterwards DCs were transferred into the trachea of naïve Balb/c mice. From day 10 

onward, mice were challenged i.n. with OVA for 3 consecutive days. IL-12 production 

of DCs before transfer (A) and effect of DC transfer on cytokine production in lung 

cells (B). Data are expressed as mean ± SEM; n= 4-5/group. *P < 0.05, LPS or OVA 

(S) vs. Medium; #P < 0.05, mycotoxin + OVA (S) vs. OVA- (S); one-way ANOVA and 

Bonferroni’s multiple comparison test. 

 



Figure E5: Effect of mycotoxin exposure to naïve or immunized Balb/c mice on 

TSLP, TNF-α, IL-6 or IL-25 levels in lung tissue. 

18 hours after the last mycotoxin exposure lung tissues were homogenized in PBS 

and cytokine levels were measured in the supernatant. Mycotoxin exposure to naïve 

or OVA-immunized Balb/c mice had no effect on TSLP, TNF-α, IL-6 or IL-25 levels in 

lung tissue. *P < 0.05 vs. OVA, one-way ANOVA and Bonferroni’s multiple 

comparison test. 
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