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Abstract

Aflatoxin B; (AFB,) is a mycotoxin produced by Aspergillus spp. that can occur as a natural
contaminant in foods and feeds of vegetable origin. Post-ingestion, AFB; can be metabolized in
the liver of mammals into hydroxylated aflatoxin M, (AFM,) that is excreted with milk. Although
several studies have been carried out to evaluate effects of AFB; on the immune system, studies
regarding AFM; are moreover lacking. The aim of the current study was to investigate effects
of AFB; and AFM; on immune function using a lymphoblastoid Jurkat T-cell line as an
experimental model. Both AFB; and AFM; produced significant decreases in Jurkat cell
proliferation, whereas only minor effects were noted on interleukin (IL)-2 and interferon (IFN)-y
cytokines mRNA expression in stimulated cells that had been pre-incubated with AFB; and
AFM,. Particularly, AFB,, but not AFM,, at the highest concentration (50 uM) induced a marked
increase in IL-8 mRNA expression. The results of the current study suggested the existence of a
concentration threshold for AFB; and AFM; needed to exert biological activity on cell viability
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and innate immunity.

Introduction

Aflatoxins are food contaminants of natural origin produced by
secondary metabolism of some strains of molds belonging to
Aspergillus genus such as A. flavus and A. parasiticus. Humans
and animals are exposed to aflatoxins primarily through the
ingestion of contaminated food, although inhalation could be also
possible, particularly due to dusts of contaminated grains (Viegas
et al.,, 2012). Aflatoxins are found in many foods and feeds,
particularly in products of vegetable origin such as cereal grains
(Wang and Liu, 2007); nevertheless, products of animal origin
could be contaminated by some metabolites. Aflatoxins M;
(AFM,) and M, (AFM,) are hydroxylated metabolites of
aflatoxins B; (AFB;) and B, (AFB,), respectively, which are
produced mainly in the liver of both humans and animals fed with
contaminated products (Gallagher et al., 1994). AFM; can be
produced in mammary epithelial cells too (Caruso et al., 2009).
AFM, and AFM, are secreted in the milk of several mammals
including humans exposed through contaminated food; these toxic
compounds link to caseins and are thermostable in dairy products
(Prandini et al., 2009).

Likely owing to their established toxic effects in humans or
pro-carcinogenic activity in susceptible laboratory animals,
aflatoxins are the most intensively investigated mycotoxins.
A number of epidemiological studies have linked the aflatoxin-
contaminated food consumption with liver cancer (Hamid et al.,
2013), hepatic failure resulting in death (Asim et al., 2011), and
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impaired child growth (Egal et al., 2005). Among the many
aflatoxins, AFB, is the predominant form exhibiting the highest
toxicity and most potent hepatocarcinogenicity; for these reasons
the International Agency for Research on Cancer classified AFB;
as a carcinogen (IARC, 1993).

Although several studies have been performed both in vitro
and in vivo in order to evaluate the immunomodulatory effects of
AFB;, literature data concerning the immunotoxicity of AFM; are
moreover lacking. AFB| has been demonstrated to exert immune-
toxic effects on cell-mediated immunity by reducing the number
of circulating lymphocytes (Bondy and Pestka, 2000), or by
alteration of NK cells activity and cytokine expression
(Methenitou et al., 2001). AFB; affects immune functions and
also inhibited lymphocyte blastogenesis in several animal species
(Meissonier et al., 2008; Ul-Hassan et al., 2012). Silvotti et al.
(1997) showed a reduction in the lymphoproliferative response,
a reduction of macrophage activity linked to a reduced NO
production and chemotaxis in suckling piglets by sow fed with
feed naturally contaminated by AFB1. Moreover, AFB; was also
reported to alter macrophage function by inhibiting NO produc-
tion in murine macrophages (Bianco et al., 2012b), phagocytosis
in alveolar macrophages of pigs (Liu et al., 2002), and antigen
presentation to lymphocytes (Meissonier et al., 2008). Cusumano
et al. (1995) showed that AFM, altered the activity of Kupffer
cells and inhibited phagocytosis in liver tissue, although this
effect was 2-10 times lower than that induced by AFB,;.
Lastly, both AFB; and AFM,; were shown to alter the ability of
murine bone marrow cells to form myeloerythroid colonies (Roda
et al., 2010).

To gain a better understanding of the potential immunotoxicity
that might arise from exposure to AFM,, the current study was
aimed to the evaluation of the effects of AFB; and its metabolite
AFM; in a human lymphoblastoid Jurkat T-cell immune-
competent model.
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Materials and methods
Reagents

All tissue culture products, i.e. RPMI 1640 medium, L-glutamine,
streptomycin, penicillin, fetal bovine serum (FBS), phosphate-
buffered saline (PBS, pH 7.4), and non-essential amino acids were
purchased from Cambrex Bioproducts Europe (Verviers,
Belgium). Aflatoxins, lipopolysaccharide (LPS), reagents for
LDH assays, phorbol myristate acetate (PMA), ionomycin, and
antibiotics were purchased from Sigma (St. Louis, MO). Caspase-
3 substrate, acetyl Asp-Glu-Val-Asp 7-amido-4-methylcoumarin
(Ac-DEVD-AMC), and 7-amino-4-methylcoumarin (AMC) were
purchased from Calbiochem (San Diego, CA). TRIZOL and all
reagents used for reverse transcription were purchased from
Invitrogen Ltd. (Paisley, UK), whereas reagents for real-time PCR
were purchased from BioRad (Hercules, CA).

Cell cultures

Human lymphoblastoid Jurkat T-cells (ATCC, Manassas, VA)
were grown at 37 °C in a humidified atmosphere consisting of 5%
C02/95% air in RPMI 1640 medium supplemented with 10%
heat-inactivated FBS, 2mM L-glutamine, 100 U penicillin/ml,
100 pg streptomycin/ml, and 1% (w/v) non-essential amino acids.
Cells were maintained in exponential growth phase by passages at
2-3 days intervals.

Cell treatments

In each protocol outlined below, various numbers (protocol-
specific) of Jurkat cells were exposed to varying concentrations of
AFB; or AFM; (3-50 uM) for 24, 48, or 72h, unless specified
otherwise. We used this dose range here (and the other assays
below) with the understanding that humans and animals could be
exposed to levels of AFB; or AFM; as low as a few nM. However,
our unpublished results using Jurkat cells and murine J774A.
1 macrophages incubated with such low levels of these agents
(including the European maximum acceptable level for AFB; and
AFM,, ~ 0.3nM) did not show any effects on cell viability,
apoptosis, or immune mediator formation. Thus, the concentra-
tions here were chosen to reflect critical situations where there
might arise an acute toxicity due to exposure, as might occur as a
result of accidental exposures or due to use/sales of contaminated
animal by-products (meats, dairy, etc.), as has been known to
occur in areas of the world where there is less regulatory oversight
(Lye et al.,, 1995; Probst et al., 2007; Bruchim et al., 2012).
These doses were also chosen on the basis of data in the literature
(Moon et al., 1999; Han et al., 2001; Caruso et al., 2009; Bianco
et al., 2012b).

Cell proliferation assay

Jurkat cells (2 x 10*/well) were cultured in flat-bottom 96-well
plates and exposed to AFB; or AFM, (3-50 uM) for 24, 48 or
72h. Eighteen hours prior to harvesting, cells were pulsed with
1 uCi/well [3H]-thymidine (Amersham Biosciences, Piscataway,
NJ). Cultures were then harvested onto filters using a semi-
automatic cell harvester (Filtermate, Packard, Danvers, MA).
[*H]-Thymidine incorporation was assessed using a Top-count
NXTTM microplate liquid scintillator (Packard). Results were
expressed as cpm (counts per minute).

Caspase assay

Caspase-3 activity was measured by determining release of 7-
amino-4-methylcoumarin (AMC) due to enzymatic hydrolysis of
acetyl Asp-Glu-Val-Asp 7-amido-4-methylcoumarin (Ac-DEVD-
AMC). Cells (6 x 10°/well) were incubated with AFB, or AFM,
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(3-50uM) for 24, 48, or 72h in 96-well plates. At the end of
each period, the cells were removed from culture plates and
placed into tubes and then centrifuged. Subsequently, they were
washed with PBS and re-suspended in 100 pl lysis buffer (50 mM
HEPES [pH 7.4], 5mM CHAPS, 5mM DTT) for 20 min at 4 °C.
Lysates were centrifuged (10,000x g, 5min, 4°C) and aliquots
of the supernatant incubated with reaction buffer (lysis buffer
supplemented with 2 mM EDTA and 50 uM Ac-DEVD-AMC) for
60 min at 37 °C. Fluorescence data (360gx/460g\) were recorded
in a Benchmark microplate reader (BioRad) and used to calculate
the concentration of released AMC by means of a calibration
curve generated in parallel with pure standard. Caspase-3 activity
was ultimately expressed as nmol AMC/mg protein/h. Cells
treated with 10 pM actinomycin D were used as a positive control.

Cytotoxicity assay

Lactate dehydrogenase (LDH) release was measured as an in vitro
marker for cellular toxicity (Tipton et al., 2003). Cells (2 x 10%/
well) were incubated in 48-well plates with AFB; or AFM;
(3-50 uM) for 24, 48, or 72 h. At the end of each period, the cells
were removed from culture plates and placed into tubes. After
incubation for 20min at 4°C, the cell suspensions were
centrifuged (4000x g, 5Smin, 4°C) and the supernatants
recovered. The cell pellets were then lysed in 100 pl of 0.2M
Tris/HCI [pH 8.0] containing 1% (w/v) Triton X-100 for 30 min at
4°C. Lysates and supernatant aliquots (100pl) were then
separately incubated for 30min at 37°C with 100l reaction
buffer (0.7mM p-iodonitrotetrazolium violet, 50 mM L-lactic
acid, 0.3mM phenazine methosulfate (PMS), 0.4mM NAD,
0.2M Tris/HCI [pH 8.0]). Absorbance was read at 490 nm in a
Sunrise spectrometer (Tecan Group Ltd, Miannedorf, Switzerland)
and results expressed as a percentage of total LDH release from
control cultures treated with 1% (w/v) Triton X-100 and
calculated as: [(experimental value — blank value)/(total lysis —
blank value) x 100].

Real-time PCR analysis of cytokine transcript levels

The mRNA expression of select cytokines in the Jurkat cell line
was assessed by real-time PCR. Briefly, cells (2 x 10%well) were
cultured in a 24-well plate and incubated for 24 h with different
concentrations of AFB; and AFM; (3-50 uM), in the presence/
absence of 1 pg PMA/L and 0.5 uM ionomycin. At the end of the
incubation period, total RNA was isolated from cells using
TRIZOL reagent according to the manufacturer protocols. cDNA
was prepared from 1 pg total RNA by reverse transcribing with
MMLYV Reverse Transcriptase (Invitrogen) and oligo-(dT)12-18 at
42 °C for 60 min. Real-time quantitative PCR was then performed
and analyzed using an iCycler iQ™ Real-Time Detection System
(BioRad). PCR reactions were carried out in a 96-well plate with
25 ul volume/well and each sample analyzed in triplicate. The
reaction mixture contained 1X iQ™ SYBR Green Supermix
(BioRad), 0.2 uM each primer, and different aliquots of template
DNA. The thermo-amplification program consisted of an initial
denaturation (Smin at 94°C), followed by 40 cycles of 30s
denaturation (94 °C), 30 s annealing at 56.4 °C (L-32 and /FNy) or
58.4°C (IL-2 and IL-8), and 40s elongation at 72 °C. Negative
controls were performed by omitting RNA from the cDNA
synthesis and specific PCR amplification. The oligonucleotides
used for amplification and size of the PCR products are described
in Table 1. The housekeeping gene L-32 was used as an
endogenous control. Relative gene expression levels were
calculated using the 27**¢ method (Livak and Schmittgen,
2001), and presented as fold-change in gene expression, after
normalization to the reference gene and relative to the control
group (untreated cells).
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Table 1. Primer sequences.

Primer sequences Length
L-32 Sense 5'-CCT CAG ACC CCT TGT GAA GC-3’ 145 bp
Anti-sense 5'-GCC CTT GAA TCT TCT ACG AAC C-3'

IL-2 Sense 5'-AAC TCA CCA GGA TGC TCA CAT TTA-3 148 bp
Anti-sense 5'-TTC CTG GGT CTT AAG TGA AAG TTT-3

IFNy Sense 5'-TCA GCT CTG CAT CGT TTT GG-3' 120 bp
Anti-sense 5'-GTT CCA TTA TCC GCT ACA TCT GAA-3’

IL-8 Sense 5'-ATGACTTCCAAGCTGGCCGTGGCT-3’ 289 bp

Anti-sense 5'-TCTCAGCCCTCTTCAAAAACTTCTC-3’
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Figure 1. Effects of AFB; and AFM, on Jurkat cell proliferation. Jurkat
T-cells were incubated in the presence of increasing concentrations
(3-50 uM) of AFB; (black bar) or AFM; (grey bar) for 24 h. Eighteen
hours prior to harvesting, cells were pulsed with 1pCi/well [*H]-
thymidine. DNA synthesis was then measured by [*H]-thymidine
incorporation and expressed as counts per minute (cpm). Control (ctr):
cells incubated with medium containing ethanol (0.1%) only. Each value
represents the mean &+ SD of three independent experiments. *p <0.05;
*#p <0.01; #**p <0.001 versus ctr.

Statistical analysis

Results were expressed as mean =+ SD of at least three independ-
ent experiments. Differences among the various treatment
groups were determined by one-way analysis of variance
(ANOVA). Multiple comparisons of treatment means were
made using a Tukey test. The criterion for significance was
*p<0:05, ¥¥p <0:01, ***p <0.001.

Results
Effect of AFB; and AFM, on Jurkat T-cell proliferation

To investigate the ability of AFB; and AFM,; to affect cell
proliferation, [*H]-thymidine incorporation was used as a DNA
synthesis indicator. Exposure of Jurkat cells to increasing
concentrations of AFB; and AFM, (3-50 uM) for 24 h caused a
significant concentration-dependent inhibitory effect on cell
proliferation (Figure 1); decreases became significant and dose-
dependent starting from 15pM for both mycotoxins. No effect
was reported by incubation of cells with solvent alone. The time-
dependent proliferation assays (48 and 72h) did not reveal any
significant differences with respect to the 24 h outcomes (data not
shown).

Effect of AFB, and AFM; on caspase-3 activity and
LDH release

Caspase-3 and LDH released into the culture medium were
determined to evaluate the involvement of cell apoptosis and
necrosis, respectively, in the observed declines in proliferation
induced by AFB; and AFM,. Exposure of Jurkat cells to both
aflatoxins was unable to modify caspase-3 activity (Figure 2a).
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Figure 2. Effects of AFB; and AFM; on Jurkat cell caspase-3 activity and
LDH release. (a) Each end-point was analyzed following exposure to
AFB; (black bar) or AFM; (grey bar) for 24 h. Control (ctr) cells were
incubated with medium containing ethanol (0.1%) only. In (a), cells
treated with 10 uM actinomycin D (ActD) served as positive control.
Values were ultimately expressed as nmole AMC/mg protein in cell
lysate. In (b), cells treated with 1% NP-40 served as positive control.
Amount of LDH released into medium was expressed as a percentage
of LDH released from positive control. All values represent mean & SD
of three independent experiments. ***p <0.001 versus ctr.

Results of the LDH analyses showed a weak increase at any of the
tested concentrations, although the changes were not significant
versus control values (Figure 2b).

Effects of AFB; and AFM, on the Jurkat T-cell cytokine
mRNA expression

Modulation on cytokine expression due to the test aflatoxins was
evaluated in the Jurkat cells using real-time PCR. As previously
reported, cytokine mRNA expression in Jurkat cells was detected
only following stimulation with PMA/ionomycin (Figure 3).
In such cells, pre-incubation with AFB; and AFM, (3-50 uM) did
not significantly change mRNA levels of the Tyl-like cytokines
IFNy (Figure 3a) and IL-2 (Figure 3b) in comparison to values
measured with positive control cells. In contrast, /L-8 mRNA was
significantly induced, but only at the highest concentration of
AFB; (50 M) tested and not by AFM, (Figure 3c). Incubation
of the mycotoxins with un-stimulated cells (control) did not
elicit any transcript over the entire concentration range tested
(data not shown).

Discussion

Mycotoxins are known to affect cellular functions (Marzocco
et al., 2009; Bianco et al., 2012a). In the current study, effects
of AFB, and its metabolite AFM,; on immune function were
analyzed by means of an in vitro assessment of their effects on the
human lymphoblastoid Jurkat T-cell line. Jurkat cells have long
been used as a human T-cell model, and have been particularly
useful for assessing IL-2 T-cell activation, cytokine production
in response to different contaminants (Colombo et al., 2004;



356 D. Luongo et al.

_T_I

ctr ctr+ 3 15 30 50
Concentration (uM)

=

1.6
1.4 -
1.2 4
1.0
0.8 -
0.6 -
0.4

Relative IFN mRNA (AU)

C

Relative IL-2 mRNA (AU)

ctr ctr+ 3 15 30 50

Concentration (uM
20 - (M)

6.0 1
5.0 1
4.0
3.0 1
2.0 -
1.0
0.0 -

S

Relative IL-8 mRNA (AU)

ctr ctr+ 3 15 30 50
Concentration (uM)

Figure 3. Effects of AFB, and AFM,; on the Jurkat T cell cytokine
expression. mRNA levels of select cytokines in Jurkat cells following
24-h incubation with PMA/ionomycin concurrent with increasing
concentrations (3-50uM) of AFB; (black bar) or AFM; (grey bar).
Control (ctr) was unstimulated cells; the positive control (ctr+) was cells
incubated with PMA/ionomycin. Unstimulated cells were incubated
with medium containing ethanol (0.1%) only. mRNA levels of (a) IFNy,
(b) IL-2, (c) IL-8, and L-32 were subsequently assessed by real-time PCR
analysis. Results represent mean = SD of two independent experiments.
*#%p <0.001 versus ctr+.

Ndebele et al., 2004; Oostingh et al., 2009), or for characteriza-
tion of cell surface markers (Zhao et al., 2013). In our previous
studies (Luongo et al., 2006; Severino et al., 2006), Jurkat cells
were utilized to evaluate effects of different Fusarium toxins,
showing their usefulness as an in vitro model in that findings were
in line with other literature data (Meky et al., 2001; Pestka et al.,
2005; Rocha et al., 2005).

In the current study, we showed both AFB; and AFM,
inhibited Jurkat cell proliferation in a dose-related manner; the
effect was similar following 24, 48 or 72 h of exposure. Similarly,
Bodine et al. (1984) showed that bovine lymphocyte proliferative
capability was inhibited by each aflatoxin. Further, lymphocytes
from rabbits or pigs exposed to high doses of AFB,; displayed
significantly decreased proliferative responses (Harvey et al.,
1995; Dimitri and Gabal, 1996). An in vivo study by Ul-Hassan
et al. (2012) noted severe immunosuppressive effects in pro-
geny chicks as a result of exposure of parent hens to an AFB;-
contaminated  diet; in  particular, lymphoid tissues,
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immunoglobulin production, lymphoblastogenic responses, and
macrophage function were affected. Such modulation was
confirmed here; indeed, while AFB; at the lowest examined
concentration (3puM) did not exert any significant effects, a
significant dose-related inhibitory effect was noted starting at
15 uM. These types of results confirmed there was a concentration
threshold for AFB; to exert toxicologic activity.

Immunosuppressive effects of AFB; were also reported in
other cell types such as J774A.1 murine macrophages (Bianco
et al., 2012b) and murine peritoneal macrophages (Moon et al.,
1999). On the other hand, our results did not show any
enhancement of either caspase-3 activity or LDH release into
the culture medium, although a weak increase in LDH levels was
noted. From this, we assume that the anti-proliferative effect seen
here was not due to caspase-3 induction or a significant alteration
in LDH homeostasis. Although no data to our knowledge are
available about effects of AFB; and AFM; on cellular necrosis,
our results are in accordance with other works showing that both
AFB; and AFM; did not induce apoptosis in murine macrophages
exposed for 24, 48, or 72h (Bianco et al., 2012b).

We also evaluated effects of AFB;, and AFM, on cytokine
expression by Jurkat cells. These in particular focused on IFNy
(a pro-inflammatory cytokine), IL-2 (a lymphocyte growth
factor), and IL-8 (involved in the early phase of the response to
recruit neutrophils). The results in the present study clearly
indicated an increased expression of /L-8 mRNA, but only at the
highest concentration of AFB;. In contrast, gene expression for
IFNy and IL-2, cytokines that play major roles in adaptive
responses in a host were not modified. These results are in
agreement with a previous study showing that AFB; was not able
to modulate EL-4 thymoma cell (as T-cell model) IL-2 production
(Marin et al., 1996). IL-8—a chemokine involved in innate
immunity—has multiple functions including initiator of acute
inflammatory responses, chemotactin for neutrophils (PMN), and
inducer of basophil histamine and leukotriene release (Linevsky
et al., 1997). As professional phagocytes, PMN constitute a prime
part of the innate defense response against an extensive number
of potential pathogens in the environment (Muller et al., 2009;
Kumar and Sharma, 2010). Extensive damage can result from
over-active IL-8-induced recruitment of PMN to specific tissues,
thereby triggering activation of inflammatory responses (Braca et
al., 2011). Indeed, recently it was shown that repeated AFB,
exposure promoted inflammatory responses by inducing changes
in the regulation of cytokine expression in the treated rats (Quian
et al.,, 2013). When taken together in the context of the data
reported here, all of these studies provide novel insights into
potential mechanisms by which AFB,- and potentially AFM;-
exposure affects immunoreactivity and immunocompetence in an
exposed host.

Conclusions

The results of the current study highlighted that aflatoxins
could potentially impart adverse effects on innate immunity.
In particular, this study showed that both AFB; and AFM;
(a product of AFB, detoxification) induced anti-proliferative
effects in Jurkat T-cells. The results were confirmatory of our
hypotheses that AFM1 was also likely to be an immunomodulant
and that, while a minimal concentration threshold was needed for
AFB; to impair the immune response, i.e. by activating innate
mechanisms (IL-8 expression), it was not likely to be sufficient to
elicit changes in adaptive immunity. We plan in future studies
to focus our attention on effects of mixtures of the mycotoxins
since humans and animals are not likely to be exposed to either
alone during ingestion of contaminated foods and feeds and,
further, both forms are likely to co-exist in an exposed host
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once hepatic processes are activated to process the AFB itself.
Lastly, we are keenly aware that our future studies should also
examine the effects of these (and other critical mycotoxins) on the
proliferative/cytokine formation activities of primary human
peripheral blood mononuclear cells (PBMC) or isolated periph-
eral blood T-cells. Such studies would provide more clinically
relevant and translatable immunotoxicity data. Ultimately, with
that information and that of the current studies, more detailed
biochemical and molecular mechanisms of the immunotoxic
effects of these key mycotoxins will be able to be defined.
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