doi: 10.1684/ecn.2015.0361

Eur. Cytokine Netw. Vol. 26 n° 1, March 2015, 1-9 1

RESEARCH ARTICLE

Extracellular Mg concentration and Ca blockers modulate
the initial steps of the response of Th2 lymphocytes
in co-culture with macrophages and dendritic cells

Patrycja Libako!, Julia Miller!, Wojciech Nowacki!, Sara Castiglioni?, Jeanette A. Maier?,
Andrzej Mazur®

! Department of Immunology, Pathophysiology and Veterinary Preventive Medicine, Wroclaw University of Environmental and Life Science, C.K.
Norwida 31, 50-375 Wroclaw, Poland

2 Department of Biomedical and Clinical Sciences L. Sacco, Universita di Milano, Via GB Grassi, 74 Milano, Italy

3 Inra, UMR 1019, UNH, CRNH Auvergne, Clermont-Ferrand, Clermont Université, Unité de Nutrition Humaine, BP 10448, Clermont-Ferrand, France

Correspondence: A. Mazur. Inra, UMR 1019, UNH, CRNH Auvergne, Clermont-Ferrand, Clermont Université, Unité de Nutrition Humaine, BP 10448,
Clermont-Ferrand, France
<andre.mazur @clermont.inra.fr>

To cite this article: Libako P, Miller J, Nowacki W, Castiglioni S, Maier JA, Mazur A. Extracellular Mg concentration and Ca blockers modulate the initial steps of the
response of Th2 lymphocytes in co-culture with macrophages and dendritic cells. Eur. Cytokine Netw. 2015; 26(1): 1-9 doi:10.1684/ecn.2015.0361

ABSTRACT. Magnesium is highly involved in the metabolic network such that even subtle disturbances in its
homeostasis affect many cellular functions, including calcium homeostasis, signal transduction, energy metabolism,
membrane stability and cell proliferation. Recently, magnesium level has been proposed to modulate the priming
and activity of immune cells. We studied the behavior of antigen-presenting cells (APCs) and T lymphocytes after
altering the magnesium/calcium balance. We used two different populations of primary APCs, i.e. bone marrow-
derived dendritic cells and bone marrow-derived macrophages, while D10.G4.1 cells served as a model of responding
Th2 cells. Our principal findings are the following: (i) the extracellular magnesium concentration had no significant
impact on endocytosis by bone marrow-derived APCs, (ii) high concentrations of extracellular magnesium, with or
without calcium antagonists, significantly decreased IL-4 and IL-10 secretion by Th2 cells in a co-culture system of
APCs and Th2 lymphocytes, (iii) proliferation of Th2 cells in co-culture systems was significantly inhibited by calcium
antagonists independently from extracellular magnesium concentrations. Our results suggest that alterations of

magnesium and calcium homeostasis impact on some crucial steps of the immune response.
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Recognition of a pathogen is a fundamental function of
the immune system. Important players in this process
are the so-called antigen-presenting cells (APCs) which
engulf, process, and then present antigens to T lympho-
cytes. APCs also produce the signals necessary for the
activation of lymphocytes into effector cells that actively
carry out immune defenses. In addition, they prime self-
reactive T cells [1]. APCs are a heterogeneous population
that includes Langerhans cells, macrophages, dendritic
cells (DCs) and B lymphocytes. In particular, DCs are
powerful APCs, which express both MHCI and MHCII,
thus being excellent in presenting antigens to naive CD8 T
and CD4 T lymphocytes. On the other hand, macrophages,
which express MHCII, phagocyte antigens, process them
intracellularly, and then present them on MHC-II to T
lymphocytes.

The activities related to antigen presentation in these
cells are governed by calcium (Ca) signals resulting
from Ca influx across the plasma membrane and its
release from intracellular stores, mainly the endoplasmic
reticulum and mitochondria. Ca is known to be a multifunc-
tional messenger regulating many cell functions that are

potentially relevant to antigen processing, including anti-
gen adherence and entry, receptor-mediated endocytosis,
actin depolymerization, phagosome-lysosome membrane
fusion, vesicle formation in the trans-Golgi network,
and exocytosis. It is noteworthy that the addition of
Ca ionophores to immature DCs induces the acquisition
of morphological and functional properties of activated,
mature DCs [2]. Accordingly, intracellular Ca chelators
prevent DC maturation [2]. In macrophages, the capacity
to adhere to a substrate and antigen processing are depen-
dent on the availability of extra- and intracellular Ca, and
on plasma membrane Ca channels [3]. The role of Ca sig-
naling pathways is also well established in lymphocyte
activation [4].

Magnesium (Mg) also modulates the immune response.
Apart from regulating hundreds of different enzymes,
Mg is crucial in controlling transporters, ion channels
and second messengers [5]. Mg, in addition, modulates
intracellular, free Ca concentrations [6]. Leukocytes are
sensitive to extracellular Mg concentrations [7]. In vitro,
the activation of polymorphonuclear cells (PMNs) is
markedly dependent on extracellular Ca and Mg concentra-
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tions [8-10]. High extracellular Mg has also been shown to
affect the antigen-presenting capacity of human epidermal
Langerhans cells in vitro and in vivo [11]. In lympho-
cytes, high extracellular Mg impacts on the production
of cytokines [12]. Recently, a rapid, transient, Mg influx
induced by antigen-receptor stimulation has been shown in
normal T lymphocytes [13]. Interestingly, mutations in the
Mg transporter MagT1 abrogated this influx and decreased
the Ca influx, thus impairing the T cell response to antigen
presentation [13].

Both Ca and Mg therefore, play a part in intracellular
signaling in immune cells. Until now however, these two
metals have been studied individually in different cell types
and very little is known about the relevance of their bal-
ance in modulating cell function, in particular in APCs and
lymphocytes.

With the aim of elucidating some events involved in the
process of antigen presentation by APCs, such as endo-
cytosis by APCs, and growth and cytokine production in
the effector Th2 cells, we cultured macrophages, dendritic
cells and T lymphocytes in the presence of low or high
concentrations of extracellular Mg to alter the extracellular
Mg/Ca ratio. To investigate whether and how extracellu-
lar and intracellular Ca contribute to the aforementioned
events, we also exposed the cells to verapamil and TMB-8.

Verapamil, a widely used L-type Ca channel-blocker, tar-
gets L-type voltage-dependent Ca channels (also known
as dihydropyridine-sensitive DHP- receptor) in their open
state by interfering with the binding of Ca ions to the extra-
cellular opening of the channel [14, 15]. Functional L-type
Ca channels have been detected in a variety of immune
cells, including dendritic and T cells. It is the interplay
between L-type Ca channels and store-operated Ca entry
that regulates Ca signaling and Ca regulation of immune
cell function [16].

TMB-8 has a complex pharmacological profile. It is known
to inhibit Ca-induced Ca release to the cytosol, thus acting
as an intracellular Ca antagonist [17, 18]. It also inhibits
protein kinase C activation [17, 19].

Our results, obtained by using different concentrations of
extracellular Mg, with or without calcium blockers, sug-
gest that alterations in Mg and Ca homeostasis impact on
crucial steps of the specific immune response.

METHODS
Mice

Female C3H/HeN(H-2k) mice (Charles River Laborato-
ries, Munich, Germany), 6-8 weeks old and weighing
20-25 g, were used to isolate bone marrow cells (BMCs)
from femurs and tibias. The mice were kept under spe-
cial pathogen-free conditions and bred in accordance with
institutional guidelines.

Ethics statement

Experimental protocols were approved by the institutional
review board of 2" Local Committee on Animal Research
and Ethics (Wroclaw, Poland).
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Cell culture

BMCs were aseptically flushed out with cold, complete
RPMI-1640 medium using 23G needles and 5.0 mL
syringes. The complete RPMI-1640 medium was pre-
pared by adding heat-inactivated 10% fetal bovine serum
(FBS), 2 mM L-glutamine, 40 U/mL penicillin G, and
100 pg/mL streptomycin (Sigma Aldrich, St. Louis, MO,
USA). To obtain bone marrow-derived dendritic cells
(BMDCs), BMCs were seeded into bacteriological Petri
dishes (Becton Dickinson, Franklin Lakes, NJ, USA) in
complete RPMI medium containing 20 ng/mL recombi-
nant mouse granulocyte-macrophage colony stimulating
factor (GM-CSF) (Life Technologies, Carlsbad, CA, USA)
and 0.05 mM 2-mercaptoethanol (Sigma Aldrich) accord-
ing to the protocol described by Lutz er al. [20]. After
10 days of culture, non-adherent cells were collected, sus-
pended in fresh medium, and seeded onto plastic culture
dishes in the presence of GM-CSF.

To generate bone marrow-derived macrophages (BMMFs),
BMCs were seeded in complete RPMI-1640 medium con-
taining 40 ng/mL M-CSF (eBioscience, San Diego, CA,
USA) and 0.05 mM 2-mercaptoethanol (Sigma Aldrich).
After 24 h, non-adherent cells were removed and fresh
medium was added. Adherent cells were used in the exper-
iments after 10 days of culture [21].

Mouse lymphocyte-like cell line D10.G4.1 (cat. no. TIB-
224, American Type Culture Collection, Manassas, VA,
USA) are Th2-helper lymphocytes established from the
AKR/J(H-2k) mouse, and are extensively used to study
the activation of T cells. They are specific for conal-
bumin in the context of I-Ak, and also respond to the
monoclonal anti-receptor antibody 3D3. D10.G4.1 cells
were grown in RPMI-1640 medium (Sigma Aldrich)
supplemented with heat inactivated 10% FBS, 2 mM L-
glutamine, 10% T-STIM (Becton Dickinson), 10 pg/mL
mouse interleukin (IL)-1a (eBioscience), 0.05 mM 2-
mercaptoethanol, 40 U/mL penicillin G, and 100 pwg/mL
streptomycin. Actively growing cells were subcultured
according to the ATCC protocol. An Mg-free medium
was purchased from Invitrogen (San Giuliano M.se, Italy)
and added to MgSOy to obtain different extracellular Mg
concentrations. To prevent Ca influx from the extracellular
milieu, we used verapamil, and to prevent Ca release from
intracellular stores we utilized TMB-8 (Sigma Aldrich)
because these compounds have similar molar mass and
they are both soluble in water.The experimental strategy is
schematically depicted in the figure 1.

BMDCs and BMMF's marker expression

BMDCs and BMMFs were suspended in PBS containing
10% FBS and 0.1% sodium azide, and stained with phyco-
erythrin (PE)-conjugated anti-CD40, anti-CD86 anti-I-Ab
[major histocompatibility complex (MHC) class II],
and fluorescein isothiocyanate (FITC)-conjugated anti-
CDll1c, anti-CD80 (former B7-1), anti-CD86 (former
B7-2) and anti-F4/80 for 30 min, in the dark, at 4°C,
according to the manufacturer’s instruction (eBioscience).
An appropriate isotype control was used for each antibody.
Stained cells were evaluated by flow cytometry using a
FACS Calibur flow cytometer (Becton Dickinson). Results
were analyzed using the software WinMDI 2.9.
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Figure 1

Experimental strategy.

Initially, primary BMDCs and BMMFs were evaluated for their capacity to take up conalbumin. Then, a stable in vitro co-culture model of
T lymphocytes and APCs was generated to study cell growth and cytokine secretion in T lymphocytes as the result of antigen presentation.

(Illustration was made on the basis of Servier Medical Art).

Endocytosis assay

To study the endocytic capacity of BMDCs and BMMFs,
the uptake of soluble protein antigen (ovalbumin-FITC)
(Life Technologies, Carlsbad, CA, USA) was evaluated.
BMDCs/BMMFs (50,000 cells/mL) were incubated in the
presence of FITC-ovalbumin (1 mg/mL), at 37°C, for 6 h,
in medium with 0.5, 1.0 or 5.0 mM extracellular Mg with
or without verapamil (50 M) or/and TMB-8 (50 uM).
The cells were then washed three times with a cold buffer
(PBS containing 2% FBS, without Mg and Ca). Uptake by
APCs was determined by flow cytometry. Control experi-
ments were conducted in parallel at 4°C to determine the
nonspecific adherence as the background.

Antigen presentation and cytokine levels

The capacity of APCs to present antigen to D10.G4.1
helper T cells was based on the methods of Ayala et al.
[22] and Kwasaki et al. [23]. To evaluate the capacity of
BMDCs/BMMFs to present antigens to lymphocyte-like
D10.G4.1 cells, BMDCs/BMMFs (50,000 cells/mL) were
incubated with 50 wg/mL mitomycin C (Sigma Aldrich).
After 30 minutes, the cells were washed thoroughly with
cold PBS and incubated with 300 pg/mL conalbumin
(Sigma-Aldrich) for 6 h in complete medium. After three

washes with cold Mg- and Ca-free PBS containing 2%
FBS, BMDCs/BMMFs were co-cultured with D10.G4.1
cells (ratio 1:5) in medium with different concentrations of
extracellular Mg (from 0.5 mmol/L to 5.0 mmol/L) with
verapamil (50 nM) or/and TMB-8 (50 pM).

To evaluate proliferation, the cells were collected at
different time points, stained with a trypan blue solu-
tion (0.4%), and the viable cells were counted using
an automated counter. Cellular metabolic activity via
NAD(P)H-dependent cellular oxidoreductase enzymes
was assessed by the MTT assay (Life Technologies).

Secreted IL-4 and IL-10 were measured by enzyme-linked
immunosorbent assay kits (ELISA) (Becton Dickinson)
after 24 h of co-culture, according to the manufacturer’s
instructions.

Statistical analysis

Statistics were calculated using Statistica (version 6.0; Sta-
tistica Software). Results are expressed as mean = SD
of five separate experiments. Statistical multiple compar-
isons were estimated using Kruskal-Wallis test, and the
comparison between two groups was estimated using the
Mann-Whitney U test. In all cases, p-values lower than
0.05 were considered statistically significant.
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Figure 2

Characterization of primary BMDCs and BMMFs.

After isolation, the cells were cultured for 10 days as described in the Method.
A) The morphology of the cells was examined by phase-contrast microscopy (magnification 20 x ). Left panel: BMDCs; right panel: BMMFs. B)
BMDC:s (left panel) or BMMFs (right panel) were incubated with fluorescein isothiocyanate-conjugated ovalbumin (FITC-OVA) as described.

Fluorescence intensity was analyzed by FACS.

RESULTS

Characterization of BMDCs and BMMF's

BMCs, isolated as described in the Methods, were cultured
and exposed to GM-CSF to induce differentiation into
BMDC:s [20], or to M-CSF to obtain BMMFs [21]. Upon
differentiation, the cells were photographed at 20x mag-
nification (figure 2A). BMDCs appeared loosely adherent
and irregular, with some cells forming dendritic processes.
BMMFs were large with a round or oval nucleus and many
cytoplasmic granules and vacuoles. Since antigen endo-
cytosis by APCs is the initial step for the induction of
the antigen-specific T-cell response, the endocytic activ-
ity of BMDCs and BMMFs was compared by measuring

the uptake of fluorescent ovalbumin, by flow cytometry.
Figure 2B shows that the two cell types take up ovalbumin
to a similar extent. The phenotypes of the BMCs, BMDCs
and BMMFs were compared by FACS analysis. Data are
summarized in table 1. BMCs show a non-differentiated
phenotype when compared to BMDCs and BMMFs. CD80
and CD86 are important costimulatory molecules for T
cell stimulation. While the levels of CD80 are comparable
in the two cell types, BMDCs expressed lower amounts
of CD86 than BMMFs. In addition, BMDCs show higher
amounts of MHCII than BMMFs. F4/80, a transmembrane
protein present on the cell-surface of mature macrophages
[24], was detected only in BMMFs. CDll1c, an integrin
glycoprotein found at high levels on dendritic cells [25],
was detected only on BMDCs.
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Table 1
FACS analysis of marker profiles in BMCs, BMDCs and
BMMFs from C3H/HeN(H2k) mice after 10 days in culture.
Results are expressed as mean = standard deviation of five
independent experiments.

BMCs BMDCs BMMFs
Cell surface % positive cells
marker
CD40 56+32 31.3+82 39.8+6.4
CD80 48+£3.6 544 +8.6 59.2+9.1
CD86 3.6+44 229+47 384+7.1
CDllc 74+£5.6 62.9+92 -
F4/80 1.7+£22 - 633172
MHC I 98 +4.1 643 £82 55.8 £ 10.0
MHC 11 ¥ 342 +58 358+74
MHC 11 high 332+£42 19.8 £4.6

Effects of different concentrations of extracellular
Mg and Ca blockers on the endocytic capacity of
primary APC

To vary the extracellular availability of Mg, we used
concentrations of extracellular Mg ranging from 0.5 to
5.0 mM, where 1.0 mM concentration mimics normal lev-
els of Mg. Initially, we investigated the ability of BMDCs
and BMMFs to take up antigens after culturing the cells in
different concentrations of extracellular Mg, in the pres-
ence or absence of verapamil and TMB-8. It is noteworthy
that 12/24 hours treatment with verapamil or/and TMB-
8 had no significant impact on the expression of MHCII,
CD80 or CD86 in APCs as shown by flow cytometry anal-
ysis (data not shown). To study the endocytic capacity of
BMDCs and BMMFs, fluorescent ovalbumin was added
for 6 h, and its uptake by bone marrow-derived APCs was
measured by flow cytometry. Different concentrations of
extracellular Mg did not significantly impact endocyto-
sis by BMMFs and BMDCs. Indeed, ovalbumin uptake

was constant, between 75 and 110 MFI (median fluores-
cence intensity) in BMDCs, and it was between 70 and
90 MFI in BMMF (figure 3). In the presence of verapamil
and TMB-8, alone or in combination, antigen uptake by
BMDCs and BBMFs was significantly decreased indepen-
dently from extracellular Mg concentrations. In particular,
BMDC endocytosis was reduced by verapamil to 35% of
the control, by TMB-8 to 40% and by the combination of
the two to 55% (figure 3A). Similarly, BMMF endocytosis
was decreased by verapamil to 25%, by TMB-8 to 35%
and by the two Ca blockers to 60% of the control value
(figure 3B).

Effects of different concentrations of extracellular
Mg and Ca blockers on the cellular activity and
growth of D10.G4.1 cells in co-culture with BMDCs
or BMMFs

Upon initial encounter with antigen, T helper lymphocytes
are activated and proliferate. To compare BMDCs and
BMMF:s for their capability to stimulate lymphocytes, a co-
culture system of D10.G4.1 and BMDCs or BMMFs was
developed. Briefly, growth-arrested BMDCs and BMMFs
were challenged with conalbumin, a soluble antigen, for
6 h and then co-cultured with D10.G4.1 cells in different
concentrations of extracellular Mg, with or without ver-
apamil, and TMB-8, alone or in combination. Previous
experiments had shown that verapamil or/and TMB-8 had
no significant impact on the expression of CD4 and CD25
in D10.G4.1 cells (data not shown). D10.G4.1 cells were
counted every 24 h for three days. Significant results were
obtained after 72 h (figure 4). Different extracellular Mg
concentrations did not exert any significant effect, while
verapamil and TMB-8, alone or in combination, markedly
inhibited T-cell growth in the two co-culture systems inde-
pendent of extracellular Mg concentrations (figures 4A,
C). As after 72 h the proliferation rate of T-cells is higher
in the BMDC than in the BMMEF co-culture system, our
data suggest that BMDCs are more potent than BMMFs in
activating T cells.
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Figure 3
The effect of different concentrations of extracellular Mg and Ca blockers on endocytosis by BMDCs and BMMFs. BMDCs (A) and BMMFs (B)
were cultured in 0.5, 1.0 or 5.0 mM Mg containing medium with or without verapamil or/and TMB-8 (both 25 uwM). After pre-incubation with
FITC-OVA for 6 h, at 37°C, fluorescence intensity was analyzed by FACS. Results are expressed as the mean £ SD of five separate experiments.
Different letters indicate significant effect (p<0.05) of treatments with Ca blockers within the same magnesium concentration used (a, b, c).
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The effect of different concentrations of extracellular Mg and Ca blockers on the proliferation of D10.G4.1 lymphocytes co-cultured with
BMDCs or BMMFs. BMDCs and BMMFs were cultured in 0.5, 1.0 or 5.0 mM Mg containing medium with or without verapamil (ver) or/and
TMB-8 (both 25 uM) for 72 h. A, C) cell proliferation assay on BMDCs and BMMFs, respectively. B, D) MTT assay on BMDCs and BMMFs,

respectively.

The values are the mean & SD from five independent experiments. Different letters indicate significant effect (p<0.05) of treatments: (a, b)
effect of various Mg concentrations; (w, X, y, z) effect of Ca on cells cultured in 1 0 mM Mg.

We also performed MTT assays, which measure cellular
metabolic activity due to NAD(P)H flux. Figures 4B, D
show that verapamil and TMB-8 have an inhibitory effect
that is exacerbated when the extracellular Mg concentra-
tion is low (figures 4B, D). The results obtained by MTT
assay reflect the number of viable cells, and confirm the
concept that BMDCs are better than BMMFs at antigen
presentation.

Effects of different concentrations of extracellular
Mg and Ca blockers on cytokine secretion by
D10.G4.1 in co-culture with BMDCs or BMMFs

Activated Th2 lymphocytes release high amounts of IL-4
and IL-10. We therefore evaluated the secretion of these
two cytokines in our co-culture system using ELISA. Our
negative controls were the following: i) D10.G4.1 cells
alone; ii) D10.G4.1 cells in the presence of ovalbumin;
iii) D10.G4.1 cells co-cultured with either BMDCs or
BMMFs.

Antigen presentation by BMDCs and BMMFs to D10.G4.1
cells stimulate IL-4 secretion (figure 5). In the two co-
culture systems, 24 h culture in high extracellular Mg

significantly decreased IL-4 secretion and exacerbated
the inhibitory effect of verapamil and TMB-8, alone or
in combination (figure 5). The inhibitory effect of high
concentrations of extracellular Mg is more pronounced in
BMDCs than in BMMFs.

Similarly, high Mg reduced IL-10 secretion in the two
systems (figure 6). After 24 h exposure, verapamil and
TMB-8, alone or in combination, inhibited IL-10. A high
Mg concentration (5.0 mM) enhanced the inhibitory effect
of Ca blockers, and this effect was more pronounced in
BMDCs than in BMMFs.

The concentrations of secreted INF-y and IL-17 were
below the ELISA detection threshold. IL-2 was not mea-
sured because the D10.G4.1 cells require the addition of
2 ng/mL IL-2 to the medium for growth to occur (data not
shown).

DISCUSSION
The availability of Ca and the possibility of mobilizing

it from intracellular stores are crucial for the activation
of various players in immune reactions, including T cells,
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Figure 5

The eftect of different concentrations of extracellular Mg and Ca blockers on IL-4 secretion by D10.G4.1 lymphocytes co-cultured with BMDCs

or BMMFs.

BMDCs (A) and BMMFs (B) were cultured in 0 5, 1.0 or 5.0 mM Mg containing media with or without verapamil or/and TMB-8 (both 25 wM)

for 24 h. IL-4 levels were measured by ELISA.

The values are the mean &+ SD from five independent experiments. Different letters indicate significant effect (p<0.05) of treatments: (a, b)
effect of various Mg concentrations; (w, X, ¥, z, v, q) effect of Ca blockers on cells cultured in 1.0 mM Mg concentration.
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Figure 6

The effect of different concentrations of extracellular Mg and Ca blockers on IL-10 secretion by D10.G4.1 lymphocytes co-cultured with BMDCs

or BMMFs.

BMDCs (A) and BMMFs (B) were cultured in 0 5, 1.0 or 5.0 mM Mg with or without verapamil or/and TMB-8 (both 25uM) for 24 h. IL-10

levels were measured by ELISA.

The values are the mean &+ SD from five independent experiments. Different letters indicate significant effect (p<0.05) of treatments: (a, b)
effect of various Mg concentrations; (w, X, y, z, v, q) effect of Ca blockers on cells cultured in the control Mg concentration (1.0 mM).

macrophages, PMNs and mast cells. Accordingly, Ca chan-
nel blockers can affect the activation of cells involved
in the innate immune response [26, 27]. Less is known
about the contribution of Mg and, to our knowledge,
almost no data are available about the effects of alter-
ing both Ca and Mg on immune cells. Our interest in the
effects of Mg stems from the evidence of the well-known
relationship between Mg and inflammation [28]. At the
cellular level, low Mg activates phagocytic cells, and in

rats Mg deficiency renders macrophages hyper-responsive
to immune stimuli [29]. This is probably due to the increase
in intracellular Ca which follows Mg deprivation so that,
upon activation, the cells release higher amounts of Ca
from the intracellular stores than controls, thus exacerbat-
ing their response [30]. Interestingly, a study performed
on Mg-deficient mice has shown that nifedipine is able
to reverse some inflammatory symptoms and, accord-
ingly, high concentrations of extracellular Mg reduce the



response of phagocytic cells to the immune stimuli [31].
In particular, Lin et al. have demonstrated that increasing
concentrations of extracellular Mg significantly mitigated
LPS-induced up-regulation of inflammatory molecules,
and inhibited endotoxin-induced NF-kB activation in a
murine macrophage-like RAW264.7 cell line [32]. More-
over, high extracellular Mg decreases TLR-stimulated
proinflammatory cytokine production by human primary
monocytes through the induction of constitutive IkBa
levels [33].

The aim of this study was to decipher how altering both
Mg and Ca homeostasis impacts on some aspects of the
cascade of events involved in antigen presentation. In par-
ticular, we focused our attention on (i) antigen uptake by
APC:s as the initial step of the induction of antigen specific
Th2-cell response and (ii) subsequent Th2-cell activation
and response evaluated in terms of T cell proliferation
and cytokine secretion. For this reason we developed an
experimental model in which we interfere with the home-
ostasis of both Ca and Mg by culturing the cells in different
concentrations of Mg, based on the evidence that Mg is
a natural Ca antagonist [4]. We also used verapamil and
TMB-8 to impact on Ca influx and Ca release from intra-
cellular stores, respectively [14-19]. Our results indicate
that different concentrations of extracellular Mg have no
significant impact on antigen uptake by the two types of
APCs we examined, while interfering with Ca availabil-
ity impairs the endocytic capacity of APCs by more than
50%. It is noteworthy that verapamil and TMB-8 have addi-
tive effects in vitro, indicating that both Ca entry and Ca
release from intracellular stores are required for optimal
endocytic activity. When D10.G4.1 cells were co-cultured
with BMDCs or BMMFs, the total cell number was not
affected by extracellular Mg, while it was reduced by ver-
apamil and TMB-8. In agreement with previous studies
[3], these results suggest that Ca is necessary for anti-
gen processing in order to activate T cells. However, it
should be recalled that Gomes et al. [34] indicated that
the Ca antagonist nicardipine did not affect the APC sig-
nalling capacity to prime naive T cells or to induce Th2
proliferation, while this compound altered Ca signalling
in T cells. This discrepancy can be ascribed to the fact that
different cells and different culture conditions have been
used.

We also found that high extracellular Mg alone or in combi-
nation with TMB-8 and verapamil significantly decreased
IL-4 and IL-10 secretion in the T cell-BMDC and -BMMF
co-culture systems. Since Ca is crucial for the secretory
machinery, we argue that high extracellular Mg concen-
trations act to antagonize Ca entry. Indeed, Mg inhibits Ca
influx through L-type voltage-dependent Ca channels [35],
and it is known that Th2 cells express these channels which
can be effectively blocked by L-type Ca channel blockers
[36]. Exposure to verapamil and culture in high concen-
trations of Mg yield similar results. We argue that high
extracellular Mg and verapamil prevent the Ca transients
required for IL-4 and IL-10 secretion. Also, the inhibi-
tion of Ca release from intracellular stores determined by
TMB-8, reduces the secretion of the two cytokines, thus
indicating that both Ca entry and intracellular Ca release
contribute to the regulation of the secretory pathways. Sur-
prisingly, the Mg-dependent decrease in IL-4 and IL-10
does not result in significant alterations of D10G4 cell
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proliferation. We hypothesize that, because of the reduced
release of IL-10, the production from macrophages and
DCs of cytokines and mediators is reprogrammed, thus
altering the cytokine network and generating a microen-
vironment that, according to our data, does not impact
on D10G4 cell proliferation. It is also possible that high
extracellular Mg does not antagonize Ca as much as Ca
blockers. Indeed, the scenario is different in the presence
of Ca blockers, which jeopardize Ca transients known to
be fundamental in the regulation of cell growth.

Overall, our results are in agreement with previous stud-
ies in other cell systems showing that high extracellular
Mg impairs antigen presentation. Treatment with Mg
significantly reduced the capacity of human epidermal
Langerhans cells to activate T cells in a mixed epider-
mal lymphocyte reaction with allogenic, naive, resting
T cells as responders [11]. In addition, Mg suppressed
Langerhans cell function when added to epidermal cell
suspensions in vitro [11]. These results were associated
with the reduced expression of HLA-DR, co-stimulatory
CD80/86 molecules, by Langerhans cells and with the
suppression of the constitutive TNF a production by epi-
dermal cells in vitro. Moreover, nifedipine and verapamil
significantly suppressed the antigen-presenting capacity
of Langerhans cells in a dose-dependent manner, reduced
the percentage of class I MHC antigen-positive epidermal
cells, and significantly suppressed class Il MHC and CD80
levels in Langerhans cells [37]. The present study was
designed to assess specifically antigen presentation and
the subsequent Th2 cell response. Our previous work has
shown alterations of the delayed hypersensitivity response
in Mg-deficient and Mg-supplemented mice, suggesting
that the Th1 response is modulated by the Mg status [38].
Because of the relevance of the balance between the Thl
and Th2 cytokine response in immunity, more studies are
necessary on Th1 cells to obtain an integrated view of the
contribution of Ca and Mg to immune function.

CONCLUSION

Our results suggest that changes to Mg and Ca homeosta-
sis play a role in some crucial steps of the specific immune
response. The additive effect of high Mg and Ca block-
ers might be of interest for modulating innate immune
responses in various clinical settings.
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