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monocytic cell lines, but does not increase the IgE response
in a mouse model for allergy
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Abstract

We examined whether the common crop mycotoxin deoxynivalenol (DON) Frasariumspecies is toxic to human colonic
(Caco-2), lung (A549) and monocytic (U937) cell lines. Moreover, since DON reportedly induces increased levels of Th2
cytokines and total IgE, and we have observed that mould extracts adjuvated allergy development in mice, possible adju-
vant effect of DON on allergy was studied in a mouse model. For all the cells, exposure to DON for 24 h reduced cellu-
lar protein synthesis, proliferation and survival rate dose-dependently. In addition, production of IL-8 in the U937 cell line
increased up to eight-fold at levels of DON just lower than the most toxic one, suggesting that IL-8 can be used as an ad-
ditional index for cytotoxicity in mononuclear phagocytes. However, DON did not increase levels of allergen-specific IgE
or IgG1 in the mouse model for allergy. These results suggest that DON, when inhaled or ingested, may have toxic ef-
fect on human alveolar macrophages and epithelial cells in lungs and colon, but does not increase the allergic response to
allergens.
© 2004 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction (Morooka et al., 1972; Miller et al., 19831t is a
trichothecene with relatively low toxicity. However,
Deoxynivalenol (DON), a.k.a. vomitoxin, is a my- DON is of interest because it is one of the most com-
cotoxin mainly produced by the fungiusarium cul- mon contaminants of wheat, corn and barl®pfter
morumand F. graminearumwhile growing on crops et al., 1996review) and only partly reduced during
processing of grainYoung et al., 198} Thus, DON
T ABbreviations:DON, deoxynivalenl: OVA, ovalburmin is found in agricultural produ_cts like bread, beer and
« Corresponding author. Teled7 22 04 24 3”5; fe_ed. Moreover, the mycotoxin may represent an en-
fax: 447 22 04 26 86. vironmental problem at work places where cereals are
E-mail addressigeir.hetland@fhi.no (G. Hetland). processed, like mills, bakeries and breweries.
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In animals, low ingestion of DON promotes
anorexia, whereas higher doses induce vomiting
(Rotter et al., 199@eview), hence the name vomi-
toxin. The cytotoxicity of DON is linked to its potent
inhibition of protein, DNA and RNA synthesi&ptter
et al., 1996review). Leukocytes and the immune
system are a primary target for trichothecene myco-
toxins like DON Bondy and Pestka, 200@@view).

In vitro, DON and related trichothecenes exhibit im-
munotoxic effects on B and T cellRétter et al.,
1996 review) and NK cells Berek et al., 2001

in addition to toxicity to Chinese hamster lung
cells (Rogers and Heroux-Metcalf, 198%&nd en-
terocytes Kasuga et al., 1998 In vivo DON

is found to induce development of autoimmune
IgA nephropathy Rotter et al.,, 1996 review).
Exposure to DON modulates normal regulation
of the IgA response in Peyer's patches (PP)
by affecting T-cells and macrophages and el-
evating their cytokine production Yén et al,
1998; Ouyang et al., 1996; Wong et al., 19980N
increased IL-2, IL-4 and IL-5 levels in murine T
cell cultures Quyang et al., 1996 and IL-13, IL-6
and TNFx secretion by murine macrophageé&/dqng

et al,, 1998 In vivo, DON fed mice express in-
creased IL-B, IL-2, IL-6, IL-10, IL-12 and TNFx
MRNAs in spleen and PPZfou et al., 1998 The
result is an increase in IgA positive B-cells in PP
and spleen cells and elevated levels of IgA in serum,
mainly of the polyform Bondy and Pestka, 1991;
Petska et al., 19§9which is normally found on mu-
cous membranes. DON may induce T cell-mediated
switching to both IgA- and IgE-positive cells in
PP (etska and Dong, 1994Moreover, ingestion
of DON in mice is also found to induce increased
levels of circulating total IgE Hetska and Dong,
1994).

DON is toxic to immune cells (B and T cells,
NK cells, macrophagedRotter et al., 199Geview;
Berek et al., 2001) and immuno-competent cells like
epithelial lung cells Rogers and Heroux-Metcalf,
1983. Hence it is not surprising that DON in-
duces a reduced resistance lLésteria monocyto-
genesnfection, a facultative intra-cellular bacteria in
macrophagesltyphonas et al., 1996 These bacteria
also most often result in airway infections, which,
in the case with DON-affected patients, may be ex-
plained by toxicity of inhaled DON on both lung
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epithelial cells and alveolar macrophages. Although
DON is mostly ingested and toxic to enterocytes
(Kasuga et al., 1998 there are no reports on a
general increase in alimentary tract infections after
DON ingestion. The reason may be a preventive ef-
fect of the DON-induced increase in IgA positive
B-cells in PP Bondy and Pestka, 1991Depressed
host resistance does also involve suppression of
several other cellular function®RR6tter et al., 1996
review).

Recently, we have found that mould extracts in-
creased the allergic response to the model allergen,
ovalbumin (OVA), in mice [nstanes et al., in press
Since DON is a mould product and it also induces
Thl and Th2 type of cytokines as well as increased
IgE production, we wanted to investigate possible ad-
juvant effect of DON on allergy in the very same
mouse model that was used in the previous study with
mould extracts. Moreover, since DON affects the ali-
mentary tract when ingested and possibly lungs when
inhaled, we examined the toxic effect of low doses of
DON on a human colonic cell line (Caco-2), as well
as on immuno-competent monocytic (U937) and lung
(A549) cell lines.

2. Materials and methods
2.1. Cells

Human colorectal adenocarcinoma cell line Caco-2
(ATCC no. HTB-37), human lung adenocarcinoma
A549 (ATCC no. CCL-185) and histiocytic lym-
phoma U937 cell lines (ATCC no. CRL-1593.2)
were cultured at 37C in air with 5% CQ, in
RPMI 1640 (Gibco-BRL, Paisley, Scotland) with
10% fetal calf serum (FCS) (Sigma-Aldrich, St.
Louis, MO, USA) supplemented with 100 U/ml of
penicillin (P) and 10Qug/ml of streptomycin (S)
(Gibco).

2.2. Animals

Female Balb/c mice (6—8 weeks old) were obtained
from GI. Bomholt gard Ltd., Ry, Denmark, and rested
for 1 week after arrival. The mice were earmarked,
housed eight per cage (one group) and given water and
feed ad libitum. The experiments were approved by
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the local representative for the National Animal Re-
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culture well, was recorded in f-counter. The re-

search Committee and were performed in accordancesults are presented as percentage 3f[thymidine

with standards published by the Norwegian Ministry
of Agriculture.

2.3. Reagents

Deoxynovalenol (DON) was purchased from
Sigma—Aldrich (cat. no. SD0156) and diluted in
PBS with 10% (w/v) ethanol (stock) and further di-
luted in PBS and PBS with 10% Balb/c serum for
in vitro and in vivo usage, respectively. Ovalbumin
(Sigma—Aldrich; cat. no. A7641) was prepared as
described Qrmstad et al., 1998

2.4. Assay for{H]leucine incorporation

Cells of similar age were seeded at®Agell
in 96-well cell culture plates (Nunc, Nuncleon,
Roskilde, Denmark) in leucine-free RPMI (Sigma)
with additives and incubated with or without DON
(0—25p.g/ml) for 24 h, and then pulsed overnight with
1pCilwell of [3H]leucine (sp. act. 25-50 Ci/mM;
Amersham Life Science, Amersham Place, Buck-
inghamshire, UK). Then the supernatants were re-
moved, the cells lysed with 1M NaOH, cellular
protein trichloroacetic acid (TCA)-precipitated and
its content of radioactivity recorded in @-counter
(Tri-Carb, Model 1500, Packard Instruments Co.,
Inc. Meriden, CT, USA) after addition of scintil-
lation fluid. The results are presented as percent-
age of PHJleucine incorporation of control cells
incubated with medium alone. In all in vitro ex-
periments, wells incubated with 0.5% (w/v) of
ethanol were used as controls for wells incubated
with DON diluted in a similar end concentration of
ethanol.

2.5. Assay for{H]thymidine incorporation

Cells were cultured in 96-wells plates (Nunc)
in RPMI 1640 with additives and with or without
DON for 24h, whereafter 2@l of [3H]thymidine
(1.25p.Ci/well, sp. act. 98 Ci/mg; Amersham) was
incubated with each well overnight. A Scatron cell
harvester (Scatron A/S, Lier, Norway) transferred the
cells onto filter paper, which was washed and dried.
The radioactivity on the filter, corresponding to each

incorporation of control cells incubated with medium
alone.

2.6. Assay for survival of cells

Cell cultures were handled similarly as above, ex-
cept for omitting the isotopes, stained for 15min at
37°C with trypan blue, washed and fixed in 2.5%
glutaraldehyde. The percentage of live cells counted
in a cross-section in each cell culture well, was de-
termined by trypan blue exclusion using an inverse
phase-contrast microscope.

2.7. IL-8 measurement

Human IL-8 levels in cell supernatants were
determined by a sandwich-type ELISA obtained
from R&D Systems (Barton Lane, Abingdon,
Oxon, UK). The assay is based on a monoclonal
anti-human 1L-8 capturing antibody (cat. no. MAB
208) coated onto polystyrene microtiter wells (Im-
munulon I M 129B, Dynatech Laboratories Ltd.,
Chantilly, VA, USA) and a biotinylated, poly-
clonal anti-human IL-8 detection antibody (cat.
no. BAF 208). The reaction was developed with
Strept-ABComplex (cat. no. KO0391; Dako AS,
Glostrup, Denmark) and phosphate substrate in 10%
diethanolamine buffer (Sigma). The absorbances were
read on a Dynatech MR 7000 ELISA (Alexandria,
VA).

2.8. Procedure for animal experiments

The procedure for the animal experiments is de-
scribed in detail elsewher®©¢mstad et al., 20Q01In
brief, groups of eight female Balb/c mice (7—9 weeks
old) were injected with 0.08-10y of DON plus
10pg of OVA, DON (2ug) alone, medium or OVA
alone into the right hind footpad. All groups were
boosted with OVA on day 21. An additional group con-
tained untreated animals. The experiments were termi-
nated by exsanguination on day 26, and the popliteal
lymph node (PLN) was taken out from both hind
limbs. The PLN weight and cell numbers were deter-
mined (PLN assay, PLNA), as well as levels of serum
IgE, 1gG1 and IgG2a anti-OVA.
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2.9. Assays for PLN and specific serum IgE, 1gG1
and IgG2a anti-OVA

The PLN assay and the ELISA used for measure-
ment of OVA-specific IgE have been described in
detail previously Qrmstad et al., 1998 PBS with
10% Balb/c serum was used as medium. The IgG1
and lIgG2a assays were similar to the one for IgE
anti-OVA, except for coating with rat anti-mouse
IgG1 (clone LO-MG1-13) and IgG2a antibody (clone
LO-MG2a-7; Serotec Ltd., Oxford, UK), respectively,
and using OVA-specific standard IgGl or IgG2a
serum Ormstad et al., 2000 Results are expressed
as arbitrary units (AU)/ml.

2.10. Statistical analysis

One-way analysis of variance (ANOVA) on ranks
for multiple comparisons and Spearman’s rank corre-
lation coefficiento were used. Groups were compared
with parametrid-test when normally distributed, oth-
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erwise with nonparametric rank sum teBtyalues<
0.05 were considered significant.

3. Results

3.1. Effect of DON on allergic and PLN responses in

mice

Possible adjuvant effect of DON on the production
of specific serum IgE antibodies against the model al-
lergen OVA was studied in Balb/c mice injected with
OVA + DON in the right hind footpad. However, there
was no systemic IgE effect of DONFig. 1). The neg-
ative specific IgE results were confirmed by analysis
of serum IgG1 anti-OVA antibodies (data not shown).
Moreover, examination of weight and cell number in
the harvested PLN, to measure the local cellular re-
sponse, did not reveal any adjuvant effect of DON on
OVA or of DON alone in this local inflammatory re-
sponse (data not shown).
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Fig. 1. Levels of OVA-specific IgE measured in mouse serum on day 26 after immunization. Mice were injected with D@ DON

or OVA on day 0. Doses of DON were: 0.08, 0.4, 2 andufOgiven together with 10.g of OVA. Control mice were given 12g of DON

or OVA alone. On day 21 all mice were boosted withplf of OVA. Values are given in arbitrary units (AU) for each mouse (circle) and
mean for groups of eight mice (columns).
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Fig. 2. Levels (% of untreated control) oiH]leucine incorporation in U937(), A549 (A) and Caco-2I[(J) cell cultures incubated with
0.025-25.Qwg of DON for 24 h. Values (mean) for control cells incubated with medium were 438477, 138175 and 52907 cpm for the
respective cell lines. The data points represent mean values of three separate experiments each performed in triplicate and the vertical bars

represent one standard error.

3.2. Effect of DON on cellular protein synthesis, cell lines, representative for cells from lung and in-
proliferation and survival testines, respectively. For all cell lines, DON inhib-
ited both the incorporation of®H]leucine €ig. 2)
We then examined the toxic effects of DON af- and of PH]thymidine Fig. 3 at concentrations as
ter 24h on human A549 and U937, and Caco-2 low as 2.5ug/ml. In U937 cells the incorporation of

250
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Fig. 3. Levels (percentage of untreated control) 3i]Jfhymidine incorporation in U937(), A549 (A), and Caco-2[{J) cell cultures

incubated with DON for 24 h. Values (mean) for control cells incubated with medium were 441893, 11984 and 2 873 cpm for the respective
cell lines. The data points represent mean valtés S.E. (vertical bars) of three separate experiments performed in triplicate.
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Fig. 4. Survival rate of U937(), A549 (A) and Caco-2[(J) cell cultures incubated with DON for 24 h. The values (mean survival rates)
for control cells incubated with medium were 90.7, 89.5 and 89.1% for the respective cell lines. The data points represent mean values
+/— S.E. (vertical bars) of three separate experiments performed in triplicate.

[3H]leucine was even inhibited at Ou®/ml (Fig. 2). 0.25p.g/ml (Fig. 5). Although the IL-8 peak values

DON reduced the survival rates of A549 and Caco-2 Were not statistically significantly increased, they were

cells with approximately 30% and 40%, respectively, 1.5- to 8-fold higher than corresponding values from

over a concentration of 25g/ml (Fig. 4), and the unexposed cells. DON had less effect on the IL-8 pro-

toxin killed all U937 cells at 2.5g/ml (Fig. 4). duction in A549 and Caco-2 cells (data not shown).
There was a highly negative correlation between

the levels of these three parameters for each of the

cell types and the concentrations of DON (Spearman 4. Discussion

p < —0.69, P < 0.04). Moreover, except for cor-

relations between proliferation and survival rates in ~ Our results show that the mycotoxin DON is

A549 cells p = 0.51,P = 0.12) and protein synthe-  highly toxic to human monocytic cells and epithe-

sis and survival of Caco-2 cellp & 0.61,P = 0.08), lial cells from the colon and lung, as demonstrated

there were highly positive and statistically significant by strongly reduced cellular protein synthesis, pro-

inter-correlations 4 > 0.70,P < 0.03) between levels liferation and survival rate of model cells exposed

of the parameters for each cell line. to increasing doses of DON. In contrast, there was
neither an adjuvant effect of DON on the systemic
3.3. Effect of DON on cellular IL-8 biosynthesis allergic response nor on the local lymph node reac-

tion in the PLNA mouse model. DON (vomitoxin)

The IL-8 concentration in cell supernatants was induces vomiting when ingested, and the currently
measured by ELISA. Whereas U937 and Caco-2 cells and previously Kasuga et al., 1998reported toxic
had a meant S.E. baseline IL-8 synthesis after 24 h effect of DON on cells (Caco-2) from the alimentary
incubation of 120+ 21 pg/ml and 227 124 pg/ml, tract may contribute to nausea. Since DON may be
respectively, A549 cells showed a 20- to 30-fold higher inhaled as well, its potential toxic effects on epithelial
(P < 0.03) baseline IL-8 production (40 1.2ug/ml). cells in the lungs and on alveolar macrophages is yet
DON induced a peak in the IL-8 production of U937 another concern. It may be relevant for farmers or
cells (0.6+ 0.2pg/ml) over a DON concentration of ~ mill workers during harvest and processing of crops.
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Fig. 5. Levels (pg/ml) of IL-8 in three individual experiments with U937 cells incubated with DON for 24 h. The values for control cells
incubated with medium were 159 pg/nfD§, 84 pg/ml §7) and 116.g/ml (@). Each experiment was performed in duplicate.

This may also affect the handling of contaminated increase both the pro-inflammatory TWMHAL-18 and
flour by bakers and brewers. IL-8 (Zhou et al., 1998 Sugita-Konishi and Pestka,
Judged by data on protein synthesis and cell sur- 2001) and anti-inflammatory (as well as Th2 type)
vival, A549 and Caco-2 cells seemed to be less sus-IL-6 and IL-10 ¢Zhou et al., 1998 Sugita-Konishi
ceptible to DON compared with U937 cells. The high and Pestka, 200QIcytokines. Hence, the overall out-
degree of inter-correlation between levels of the pa- come of DON stimulation in a local inflammatory
rameters for each cell line indicates that there is a close reaction like the one in the PLNA, was unpredictable.
relationship between protein synthesis, proliferation One could possibly have expected a toxic effect with
and survival of these cancer cells. The lower correla- diminished cell numbers and reduced PLN weight be-
tion coefficients between survival rate and prolifera- cause DON induces apoptosis in lymphocytestéka
tion in A549 cells, and survival and protein synthesis et al., 1994. Hence, low doses of DON were admin-
in Caco-2 cells, are due to large variations in these istered to avoid toxic cell death in the footpad. The
parameters at lower DON concentrations. The current highest dose given in this experiment was similar to

doses of DON used in vitro are similar to those em-
ployed previously byRotter et al. (1996)

In contrast to the activity of DON in PFYén et al.,
1998, there was no local inflammatory response in
the draining PLN after DON injection into the corre-
sponding hind footpad of the mice. In addition, there
was no adjuvant effect of DON on the PLN parame-
ters when injected together with OVA, which by itself
gives a low inflammatory response in the PLN. Sub-
stances injected into the footpad will be taken up by

that of adjuvant substances from mould and fungi,
which mostly had systemic effects in similar animal
experiments Qrmstad et al., 2000 Nevertheless,
the lack of systemic adjuvant effect of DON on IgE
anti-OVA is surprising because DON has been shown
to induce increase in total serum IgE and IL-4 and
IL-5 cytokine (Th2-type) levels Retska and Dong,
1994 Azcona-Olivera et al., 19950n the other hand,
DON has also been found to induce IL-2 and IL-12
(Meky et al., 2001; Zhou et al., 1998vhich favor a

Langerhans cells which phagocytose foreign material Thl-response and depress a Th2-response according to
in the skin for processing and presentation to T cells the Th1/Th2 paradigm. Furthermore, in contrast with
in draining lymph nodes (PLN). In addition to Thl- administration by the respiratory route which mainly
and Th2-type of cytokines, DON is also reported to favors a Th2-dependent response, s.c. administration
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of antigen in mice used in the present paper, promotes or ingested, may have toxic effect on human alveolar
a Th-1 dependent responseopstant et al., 20Q0In macrophages and epithelial cells in lungs and colon.
order to get a final answer, it is pertinent to examine Although DON induces increased total IgPgtska
the adjuvant effect after administration of the myco- and Dong, 199 it does not seem to affect the aller-
toxin via the airways and the alimentary tract. The gic response.

immunological effect of DON may be confined to mu-

cosal membranes only and it would have been of inter-

est to examine possible adjuvanticity of DON in food Acknowledgements

allergy.
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