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Fumonisin B1 alters cell cycle progression and
interleukin-2 synthesis in swine peripheral blood
mononuclear cells
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Fumonisin B, (FB,) is a mycotoxin produced by Fusarium verticillioides, a fungus that commonly
contaminates maize. In the present study, we investigated the effects of FB, on swine peripheral blood
mononuclear cells (PBMC) by measuring cell proliferation, cell cycle progression and interleukin
(IL)-2 production. Forty-eight hours after treatment in vitro, FB, induced a decrease of PBMC prolif-
eration as measured by cell counting and dehydrogenase enzyme activity. This effect was observed
starting with 10 uM FB,. The effect of FB, on cell cycle progression was analyzed by flow cytometry.
Incubation of PBMC with FB, increased the percentage of cells blocked in GO/G1 phase of the cell
cycle. Treatment with 200 uM FB; induces a high blockade of the cell cycle, with 92.4% of cells in
GO0/G1 phase. This blockade was observed in all lymphocyte subsets tested (CD2*, CD4*, CD8" and
Ig") as evidenced by dual staining for DNA and membrane surface molecules. A significant decrease
of IL2 production was also observed in the supernatants of ConA stimulated PBMC treated with 100
or 200 uM FB4. In conclusion, these data suggest that FB, may affect immune functions by inhibiting
lymphocyte proliferation and IL2 production, suggesting a possible role of FB, exposure during infec-
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tious disease and cancer.
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1 Introduction

Mycotoxins are fungal secondary metabolites, produced by
many species of Aspergillus, Fusarium, Penicillium, Clavi-
ceps and Alternaria [1] and known to be associated with
different human and animal diseases. Among the most com-
mon mycotoxins, distributed worldwide, are aflatoxins,
ochratoxin, trichothecenes, zearalenone and fumonisins.
The toxicological symptoms caused by ingestion of myco-
toxins range from acute mortality, to retarded growth and
altered reproduction. Consumption of fungal toxins may
also result in impaired immunity and decreased resistance
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to infectious diseases [2]. The global occurrence of myco-
toxin is considered an important risk factor for both human
and animal health as, according to some reports, up to 25%
of the world crop production is contaminated [3].

The fumonisins are a group of mycotoxins produced by a
limited number of Fusarium species, of which F verticil-
lioides and F proliferatum are the most frequent worldwide
[4]. Fumonisin B, (FB,) is the most abundant toxin of this
family in naturally contaminated foods and feeds [5].
Recent surveys have raised concerns about the extent of
FB; contamination and its implication for food safety [6, 7].
Studies published in 2007, showed that in Portugal fumoni-
sins were found in 22% of cereals samples at concentrations
between 113 and 2026 ppb [8] while in Spain up to 13.3%
of the conventional corn samples contained fumonisins B,
and B, at mean concentrations of 43 and 22 ppb [9]. For
human exposure, the potential danger is mostly but not
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exclusively from homegrown corn in underdeveloped coun-
tries as Iran [10—12].

Ingestion of high doses of FB, is hepatotoxic in all spe-
cies studied and induces different species-specific effects
in domestic and laboratory animals including pulmonary
edema and cardiovascular changes in the pig, leukoence-
phalomalacia in horses and nephrotoxicity in rats, rabbits
and lambs [13, 14]. Ingestion of this toxin is also a possible
risk factor associated with human esophageal cancers [6]
and neural tube defects [15]. Ingestion of low doses of FB,
increases intestinal and pulmonary infections [16, 17] and
alters immune responses in many species including rodents
and pigs [18—-20]. Considering that pigs are high consum-
ers of corn and are thus particularly exposed to fumonisins
[21, 22], we used swine peripheral blood mononuclear
cells to determine the effect of FB,. Moreover, pig is also
considered as a good model for extrapolation to humans
[23, 24].

The mechanisms of toxicity for FB, are complex and
may involve several molecular sites [25]. The primary bio-
chemical effect of FB, is to inhibit the ceramide synthase
enzyme, leading to the cellular accumulation of sphingoid
bases (sphinganine and/or sphingosine) and to the depletion
of ceramide and complex sphingolipids [26, 27]. Sphingoid
bases are known to mediate several key biological processes
such as cell proliferation or DNA replication [27]. More-
over, cell cycle control, including cell growth and prolifera-
tion as well as cell cycle arrest and apoptosis, plays a central
role in cellular immune responses [28]. In this context, FB;
has been shown to alter some lymphocyte functions and to
reduce specific antibody production after vaccination with
Mycoplasma agalactiae [29, 30], to alter cytotoxic func-
tions [31] and to decrease proliferation [32, 33]. However,
the underlying mechanism has been poorly described. The
aim of the present study was to confirm the effects of FB,
on swine lymphocyte proliferation, to characterize at which
phase of the cell cycle progression the lymphocytes were
blocked and to compare the susceptibility of the different
lymphocyte subset to FB;.

2 Materials and methods

2.1 Fumonisin B,

Fumonisin B, (FB;) (>98% pure by NMR, and HPLC)
extracted and purified according to the method of Cawood
[34] was obtained from PROMEC/MRC (Tygerberg, South
Africa). The toxin was dissolved in water and further
diluted in complete cell culture medium.

2.2 Isolation and culture of porcine peripheral
mononuclear cells

Blood from six healthy crossbreed pigs available in the lab-
oratory was collected from the jugular vein into heparinized
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Vacutainer tubes (Becton Dickinson, Plymouth, UK). Fol-
lowing gradient centrifugation over Ficoll-Hypaque (den-
sity 1.077, Eurobio, Les Ulis, France), peripheral blood
mononuclear cells (PBMC) were isolated, washed twice in
PBS and resuspended in RPMI-1640 (Eurobio) supple-
mented with 10% fetal calf serum (Sigma), 2 mM L-gluta-
mine, 100 U/mL penicillin and 50 pg/mL streptomycin
(Eurobio). Cells were counted and viability assessed using
trypan blue exclusion method counting 50 to 100 cells
(Eurobio). PBMC were then cultivated with different con-
centrations of fumonisin B;.

2.3 Measurement of proliferation

PBMC, cultured at a density of 1 x 10° cells/well in 96-well
flat-bottom tissue plates (Falcon, Franklin Lakes, NJ), were
stimulated with 10 pg/mL concanavalin A (ConA) (Sigma).
PBMC were incubated for 48 h at 37°C and 5% CO,, with
concentrations of FB, of 0, 10, 50, 100 or 200 uM. Stimu-
lated and unstimulated cells without FB, were used as con-
trols. Cell metabolic activity, as an indicator of cell prolifer-
ation, was determined, in three independent experiments,
by an MTS test using a cellTiter 96 aqueous non-radioactive
test (Promega, Charbonniere, France). Absorbance of the
soluble formazan produced was measured at 492 nm after
4 h of incubation with MTS solution.

2.4 DNA staining and analysis of the cell cycle

PBMC (1 x 10° cells/mL) were stimulated with ConA or
pokeweed mitogen (PWM) (Sigma), at final concentration
of 10 pg/mL, and cultured in presence of 100 uM FB,.
After 48 h, cells were harvested by centrifugation (10 min
at 500 x g), washed in 2 mL of PBS and fixed with 1% Par-
aformaldehyde (Sigma) in PBS, 20 min at room tempera-
ture. Cells were then permeabilized 5 min at room temper-
ature with 0.5% Triton X-100 (Sigma), treated with 5 U
RNase A, and stained with 20 pg/mL propidium iodide (PI)
(Sigma) for 30 min at room temperature. Cell cycle analysis
was done by flow cytometry using a Coulter XL 4C (Becton
Dickinson Immunocytometry Systems, San Jose, CA,
USA). Ten thousand cells were analyzed and the percentage
of cells in each stage of the cell cycle was estimated using
CellQuest software (Becton Dickinson).

2.5 Staining for cell surface antigen

PBMC cells treated and stimulated, as already described for
cell cycle analysis, were harvested, fixed with 1% parafor-
maldehyde in PBS (pH = 7.4) and incubated 30 min with
NH,CI (50 mM). Following saturation treatment in 3%
bovine serum albumin (BSA) for 1 h, PBMC were labeled
with primary specific mAb (VMRD, Pullman, USA)
directed against CD2 (clone MSA 4), CD4 (clone 74-12-4),
CDS8 (clone 76-2-11) or CD25 (clone PGBL25A). Mouse
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anti-porcine IgG (light chain) (clone K139 3El, Serotec,
Oxford, U.K) was used as isotype control.

After 1h of incubation at 37°C, cells were washed in
PBS and labeled with goat FITC secondary anti murine
antibody (Sigma) for 30 min at 37°C. For dual staining of
surface antigen and DNA, cells were then permeabilized as
described previously. Cells were then analyzed by flow
cytometry analysis as described previously.

2.6 Determination of interleukin-2 by ELISA

PBMC, cultured at a density of 5 x 10° cells/well and stimu-
lated with 10 pg/mL ConA, were incubated with the differ-
ent doses of FB,. Twenty-hours later, culture supernatants
were then collected and analyzed for cytokine content by
ELISA. Briefly, a purified fraction of anti-swine interleukin
(IL)-2 (clone A150D3F1, Biosource Europe, CliniSciences,
Montrouge, France) was used as capture antibody in con-
junction with biotinylated anti-swine IL2 mAb (clone
A150D8H10, Biosource). Streptavidin-HRP (Biosource)
and TMB (Fermentas, MD, USA) were used for detection.
Absorbance was read at 450 nm using an ELISA plate
reader (Spectra Thermo, Tecan, NC, USA). Recombinant
swine IL2 was used as standard and results were expressed
as picograms of cytokine/mL.

2.7 Statistical analysis

Student's #-tests were used to analyze the differences in
term of lymphocyte proliferation, cell percentages in G0/
G1 phase of the cell cycle, and synthesis of IL2 synthesis
between control cells and cells treated with various concen-
tration of FB,. The p values < 0.05 were considered signifi-
cant.

3 Results

3.1 FB; inhibits lymphocyte proliferation

Porcine lymphocyte proliferation after ConA stimulation
and FB, treatment was evaluated. We first determined the
metabolic activity of the cells by measuring the evaluation
of dehydrogenase enzyme activity (Fig. 1). As expected,
ConA stimulation significantly increased dehydrogenase
metabolic activity, reflecting an increased PBMC prolifera-
tion. Addition of increasing concentrations of FB; in ConA
stimulated cultures inhibited dehydrogenase activity. The
effect of FB, was already observed with the lowest concen-
tration used (10 uM, p < 0.05) and was dose dependent.

In order to verify that the decreased metabolic activity
measured by the MTS assay was associated with a
decreased cell number, trypan blue exclusion experiments
were performed. In three independent experiment, we
observed that the cell number increases from 1.75 =
0.09 x 10° cells/mL in control PBMC to 2.44 + 0.09 x 10°
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Figure 1. Effect of FB, on peripheral blood monocyte cell pro-
liferation. PBMC stimulated with ConA were incubated for 48
hours with concentrations of FB; of 0, 10, 50, 100 and 200 uM/
well. Cell proliferation was determined through a cell metabolic
activity test. Absorbance of soluble formazan produced was
measured at 492nm using an ELISA plate reader. Data are
mean = standard errors of three independent experiments.
Blank square represent optical density average value for unsti-
mulated cells. * Indicates differences between FB;-treated
cells and ConA-stimulated cells.

cells/mL in ConA-stimulated cells and was back to 1.56 =
0.06 x 10° cells/mL in ConA-stimulated cells treated for
48 h with 200 pM FB, (p < 0.001, comparison between
ConA- and ConA + FBj-treated cells). This decrease cell
number was not associated with an increased cell death.

3.2 FB, blocks the cell cycle of PBMC in GO/G1
phase

In order to better understand the effect of FB, on lympho-
cyte proliferation, the percentage of cells within the differ-
ent phases of the cell cycle was determined by flow cytome-

Table 1. Effect of FB; on GO/G1 phase of the cell cycle®

Cell treatment Percentage of cell
in GO/G1 phase of
Con A stimulation FB1 treatment the cell cycle
(10 ug/mL) (uM)
- 0 95.8:0.5
+ 0 83.2:0.7°
+ 1 86.3+0.3°
+ 5 87.6:0.3
+ 10 86.9:+0.7°
+ 20 87.6+0.5°
+ 50 89.0:0.2¢
+ 100 90.5+0.5¢
+ 150 90.2+1.34
+ 200 92.5+0.3°

a) Data are mean = standard errors of three independent
experiments. Means with different letters in the same col-
umn are significantly different (p < 0.05).
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Table 2. Effect of FB; on the different lymphocyte subsets

Lymphocyte population Cell treatment Statistical analysis®
Cell surface maker
Control Mitogen® Mitogen + FB1 Mitogen effect FB, effect
T lymphocyte
Ccbh2* 94.3+1.89 80.2:4.6 88.5:0.6 ** *
CD4* 949:1.8 78.0:4.8 87.3:2.0 ** *
CcD8* 96.2+0.6 70.9:2.7 81.4:1.3 ** *
B lymphocyte
Ig* 97.5:2.6 82.2:1.4 86.9:0.6 ** *

a) Data are mean = standard errors of three independent experiments.
b) ConA (10 pg/mL) was used to stimulate T lymphocytes and Pokeweed mitogen (10 pg/mL) was used to stimulate B lympho-

cytes.

c) Student's t-tests were performed to determine the effect of mitogen (difference between control cell and mitogen-treated cells)
and the effect of 100 uM FB; (difference between mitogen-treated cells and cells treated with mitogen + FB4): * p < 0.05, ** p <

0.01.

try analysis. For this purpose, PBMC were stimulated with
ConA, incubated for 48 h with increasing concentrations of
FB, (0 to 200 uM) and their DNA contents were analyzed
after PI staining. In ConA-stimulated cultures, 83.1 + 0.4%
cells were in GO/G1 phase compared to 95.8 + 0.28% in
control cells (Table 1). Treatment with FB; blocked the cell
cycle progression of ConA stimulated PBMC in the GO/G1
phase in a dose-dependent manner. The highest FB; con-
centration induces a partial blockade of the cell cycle.
Indeed, the percentage of cell in GO/G1 phase in ConA
stimulated PBMC treated with 200 uM almost reach the
one of unstimulated cells, 92.4 + 0.5% and 95.8 = 0.3%,
respectively.

The ability of FB, to alter the cell cycle progression of
different lymphocyte subsets was then investigated. PBMC
were stimulated with T or B cell mitogen (Con A or PWM,
respectively) and cultured for 48 h in the presence of
100 uM FB,. Lymphocytes were stained for surface mole-
cules (CD2*, CD4", CD8" and IgG") with specific antibody
and for DNA content with PL.

As shown in the Table 2, in each lymphocyte population
considered, FB, treatment induced a cell cycle arrest in GO/
G1 phase. FB; inhibited the mitogenic response of the cells
by 59.6, 51.4, 41.7 and 38.1% for CD2", CD4", CD8" and
surface IgG™ cell, respectively.

3.3 Effects of FB; on IL2 synthesis

Because of its implication in lymphocyte proliferation, the
effect of FB, on IL2 production was investigated. As
expected, IL2 production was significantly increased by
Con A stimulation (3.8 = 0.1 pg/mL versus 1025.1 =
17.8 pg/mL, p < 0.0001). As shown in Fig. 2, high concen-
trations of FB; significantly decrease IL2 production. For
example, concentration of 100, 150 and 200 uM FB;
reduced IL2 synthesis by 19.3, 30.8 and 35.7%, respectively
(»=0.017,0.007 and 0.011, respectively). This modulation
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Figure 2. Effect of FB; on IL2 synthesis in porcine PBMC cul-
tures. PBMC stimulated with 10 pg/mL ConA, were incubated
with 0—200 uM FB; for 24 h. Culture supernatants were then
collected and analyzed for IL2 content using an ELISA assay.
Recombinant swine IL2 were used as standards and results
were expressed in pg/mL. Data are mean = standard errors of
three independent experiments. a, b, ¢, d indicate statistically
significant differences for IL2 synthesis between treatments (p
<0.05).

of IL2 synthesis was not associated with changes in the sur-
face expression of the IL2 receptor (CD25). Indeed, the per-
centages of PBMC expressing CD25 on their surface were
17.3, 19.6, and 17.3% in untreated cells, ConA-stimulated
cells and ConA stimulated cells treated with 100 uM FBy,
respectively.

4 Discussion
In the present in vitro study, we demonstrated that FB,

blocks lymphocyte proliferation in the GO/G1 phase of the
cell cycle. This effect was observed with a very low dose of
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FB, (1 uM) and was dose dependent (Table 1). A cell cycle
arrest has already been described in epithelial cell lines [18,
35, 36], but this is the first report describing a blockade of
the cell cycle by FB; in primary cells such as lymphocytes.

This arrest in cell cycle of porcine PBMC is associated
with a dose-dependent anti-proliferative effect (Fig. 1).
Inhibition of lymphocyte proliferation by FB, has also been
observed in other species. In turkey, ingestion of FB;-conta-
minated feed or in vitro exposure of PBMC to FB; inhibits
lymphocyte proliferation [37]. In mice, subcutaneous injec-
tion of FB; caused a decrease in splenocyte proliferation
[38]. Similarly, in human, inhibitory effect of FB, was
observed in T lymphocytes from patients with systemic
lupus erythematosus [39] as well as on a erythroleukemia
cell line [40].

In vivo or in vitro treatment with FB, leads to repression
of certain protein kinase C isoforms, alteration in the
expression of genes associated with the cell cycle, cell-
cycle arrest and programmed cell death [41—44]. These
alterations were associated with a repression of the factors
that promote G1 progression and S-phase entry such as
CDK2, CDK3 and cyclin E and a induction of two CDK
inhibitors, Kip1 and Kip2 [36]. Also, it was shown that the
activation of activated protein kinase B by FB; leads to
increased survival, inhibition of glycogen synthase kinase
3beta activity and post-translational stabilization of cyclin
D1, all events responsible for disruption of the cell cycle
G(1)/S restriction point in hepatocytes [45]. The mecha-
nisms of toxicity for fumonisins are complex and may
involve several molecular sites. The primary biochemical
effect of fumonisin is to inhibit ceramide synthase. This
enzyme is involved in sphingoid base turnover and it is a
target for cell polarity-stimulating signaling cascades. The
alteration of cell polarity may provide a mechanism for the
cytotoxic effects of fumonisin B, [46]. Moreover, inhibition
of the ceramide synthase by FB, has been shown to lead to
the accumulation of sphingoid bases and sphingoid base
metabolites, and to the depletion of more complex sphingo-
lipids [47]. Alterations of sphingolipid metabolism contrib-
ute to the increased cell death and cytolethality of FB,
observed in murine microglial cells and murine cultured
astrocytes [48]. Alteration of sphingolipid metabolism
result also in an increase of sphingosine (sphinganine) 1-
phosphates in the organs of the exposed animals [49—-51].
Sphingosine 1-phosphate is a bioactive lipid that partici-
pates in the regulation of numerous cell processes, such as
cell proliferation, differentiation, migration [52] and the
antiapoptotic, promitotic activities of this molecule [53, 54]
could be responsible for some fumonisin related diseases.

In order to see if the arrest in GO/G1 phase of the cell
cycle was restricted to a particular subset of lymphocytes,
dual staining for DNA and membrane surface molecules
were performed (Table 2). We demonstrated that FB, treat-
ment induced an arrest of the cell cycle in GO/G1 phase in
both the CD4"and the CD8" subset of T lymphocytes and as
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well as in B lymphocytes. Cells blocked in the phase GO/G1
have a finite proliferative potential and could not follow a
normal cell cycle. Our results are consistent with a 36% and
a 57% decrease in the number of T lymphocytes and B lym-
phocytes, respectively, observed in mice injected subcuta-
neously with FB, [38].

Transition from GO to G1 is marked by transcriptional
activation of IL2 and IL2 receptor genes [55]. IL2, also
called T cell growth factor, is a pleiotropic cytokine pro-
duced by activated T lymphocytes that modulates the func-
tion of B and T lymphocytes. In our study, concentrations of
100 to 200 uM FB; induced a significantly decrease of IL2
production; this effect was not observed with the low doses
(Fig. 2). Treatment of murine primary splenic T cell and T
cell hybridomas with 100 uM FB, also decreased TCR
induced IL2 production [56]. By contrast, treatment of the
human Jurkat T cell with 80 uM FB; does not modify IL2
mRNA level upon mitogenic stimulation [57].

In conclusion, FB; inhibits the proliferation of the differ-
ent lymphocyte subsets through a blockade of their cell
cycle in GO/G1 phase and a decrease in IL2 synthesis.
Since, lymphocyte proliferation is critical for the develop-
ment of an immune response, our results may explain the
increased susceptibility to infectious diseases [17, 18] and
the decreased response to vaccination of pigs exposed to
fumonisin [29, 30]. Considering that high concentrations of
FB, may be present in animal feeds and human food prepa-
rations [7-9, 58], this might have clinical relevance against
infectious disease.
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