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Introduction

Summary

Evidence is emerging that exposure to mercury (Hg) may elicit many patho-
logical manifestations, including immunomodulation. We tested whether
changing cellular activation pathways may affect the immunomodulation by
Hg. Human cell cultures were set up where isolated peripheral blood mono-
nuclear cells, activated by monoclonal antibodies (MoAb: anti-CD3/-CD28/-
CDA40) or heat-killed Salmonella enterica serovar Enteritidis (hk-SE), exposed
to mercuric chloride (HgCl,) for 24 h. Cell vitality was assessed by MTT assay,
and modulation of cytokine profiles were monitored by enzyme-linked
immunosorbent assay (ELISA), intracellular cytokine staining and reverse
transcription—polymerase chain reaction (RT-PCR). Results show that Hg
doses above 15 ng/ml significantly reduced cell vitality (P < 0-05). Lower
doses elicited distinct effects on T helper 1 (Th1) and Th2 cytokine expression
depending on cellular activation pathways. In MoAb-stimulated cells, inter-
feron (IFN)-y, tumour necrosis factor (TNF)-a and interleukin (IL)-6 pro-
duction was reduced. Doses up to 0-150 and 0-5 pg/ml increased IL-10 and
IL-4 production, respectively, resulting in significantly reduced Th1l/Th2
ratios. Stimulation by hk-SE, however, elevated Th1/Th2 ratios due to induc-
tion of IFN-y versus IL-10 production. Taken together, we conclude that low-
level exposure to Hg, in the absence of inflammation, polarizes the immune
response toward Th2, but not in the case of Thl-polarized responses elicited
by Salmonella antigens that can be promoted instead. This demonstrates
differential in vitro effects of Hg on the Th1/Th2 balance produced by differ-
ent stimuli, which may have important experimental and scientific
implications.

Keywords: cellular activation, helper T cells, immunotoxicity, inflammation,
mercuric chloride

the sole source of non-occupational exposure to the highly
absorbable methylmercury form [2,4].

Anthropogenic use has led to global dispersion of heavy
metals such as mercury (Hg) into the environment. Mercury
exists in three forms: elemental Hg, inorganic and organic
forms, each of which has unique characteristics for the target
organ specificity [1]. Potential sources of human exposure to
Hg include inhalation of Hg vapours, ingestion of contami-
nated water and foodstuffs, chloro-alkali plants, gold
mining, the production of lamps and batteries and through
medical treatments and dental amalgam fillings that contain
about 50% Hg by weight [2] and is assumed to be the impor-
tant source of inorganic Hg exposure in the general popula-
tion [3]. Dietary intake of fish and other seafood products is
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Many pathological manifestations caused by exposure to
heavy metals have been reported. In general, substantial evi-
dence exists to support the hypothesis that mammalian
immunocompetent cellular components are sensitive to
modulation by metal contaminants, including different
forms of Hg that show diverse effects [5,6]. Exposure to Hg
vapours and to organic Hg compounds affects specifically
the central nervous system (CNS), while the kidney is the
target organ for inorganic Hg. Implication of Hg in induc-
tion or exacerbation of diseases included allergic manifesta-
tions, neurodegenerative and autoimmune disorders in
genetically susceptible animals as well as humans [2,4,6-10].
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Together with other findings, results regarding low-level
doses of Hg emerged from two large studies [4] have led
many regulatory agencies to revise their tolerable limits.
Thus, in 1997, the US Environmental Protection Agency
(EPA) has lowered the safety level for Hg exposure from
0-5 ug Hg/kg body weight/day, the threshold established by
the World Health Organization (WHO) in 1978 [11], to
0-1 pg Hg/kg body weight/day, which is equivalent to blood
Hg levels of 4-0-5-0 ug/l [2,12,13].

Mercury has been studied extensively in animal models
for its immunotoxic properties, which include both immu-
nosuppression and immunostimulation [14]. Except for
those evaluating perinatal exposure [15] or in vivo effects of
human relevant concentrations [16-19], most animal
experiments have only dealt with exposure at higher Hg
concentrations. In addition, many reports have addressed
the health consequences resulting from low-level exposures
such as those occur among dental personnel handling
Hg-containing amalgam or among those who have dental
amalgam fillings [3,20,21].

The present study was conducted to test the hypothesis
that immunomodulation by HgCl, in vitro may be affected
by changes in cell stimulation pathways. To this end, we
adopted two agents of immune cell stimulation, either
through monoclonal antibodies (MoAb) or bacterial anti-
gens, to test their effects on the course of immune modula-
tion induced by Hg. We investigated the in vitro changes in
cell vitality and cytokine secretion profiles of isolated human
peripheral blood mononuclear cells (PBMC). In order to
avoid potential confounding by non-immunological toxicity
of Hg, we intentionally used very low doses of Hg compared
with the range used commonly in studies of Hg
immunotoxicity.

Materials and methods

Preparation of cells

Blood samples used in this study were obtained as bufty
coats of healthy donors from the Blood Bank of Leipzig
University Clinic, Germany. The experiments were approved
by the local authorities and the informed consent of all par-
ticipating subjects was obtained. Density gradient centrifu-
gation technique (Ficoll®; Amersham Biosciences, Freiburg,
Germany) was applied to separate PBMC that were then
collected and washed with phosphate-buffered saline (PBS).

Distribution of PBMC subpopulations

Analysis of the isolated PBMC subpopulations was per-
formed using surface marker staining and flow cytometry.
For immunofluorescence staining of cells, the manufac-
turer’s instructions were followed (BD Biosciences,
Heidelberg, Germany). A standard set of MoAb against
surface antigens was used: Simultest™ CD3/CD8, CD3/CD4,
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CD3/CD19, CD3/CD16CD56, Simultest™ Leucogate™
(CD45/CD14) and Simultest™ control y1/y2a [IgG; fluores-
cein isothiocyanate (FITC)/IgG,, phycoerythrin (PE)]. The
results are given as percentage of positively stained cells in
the sample. A gate was set on the lymphocytes in the
forward-side scatter plot, which were then analysed to esti-
mate the percentages of T helper (CD3*, CD4"), T suppressor
(CD3*,CD8"), B (CD37, CD19") and natural killer (NK) cells
(CD3, CD16/CD56%).

Cell cultures

Isolated cells were suspended in HybridoMed DIF 1000 (Bio-
chrom, Berlin, Germany) containing 10 ug/ml gentamycin,
100 pg/ml streptomycin, 100 U/ml penicillin and 10% fetal
bovine serum (FBS) (HyClone Laboratories, Logan, UT,
USA), incubated at 37°C with humidified 5% CO; and finally
cultured (1 ml/well) in 48-well flat-bottomed microtitre
plates (Greiner Bio-one GmbH, Niirtingen, Germany). Cells
were activated either by MoAb (anti-CD3: OKT3, mouse
IgG1l; Ortho Biotech, Bridgewater, NJ, USA; anti-CD28:
clone CD28-2, mouse IgGl; Beckman-Coulter, Krefeld,
Germany; and anti-CD40: clone B-B20; Trinova Biochem,
Gieflen, Germany; 100 ng/ml each) or heat-killed Salmonella
enterica serovar Enteritidis (hk-SE: ade™, his7; Salmovac SE®,
Impfstoffwerk Dessau-Tornau, Rosslau, Germany; 1:25 X 10°
colony-forming units (CFU)/ml). First, MoAb mixture or
hk-SE was diluted in culture medium and 450 pl were added
to the wells and the plates were preincubated for 1h for
homologous distribution and binding to the plate surface.
Finally, cells were added (2 x 10°/500 pl medium) and fol-
lowed by the application of 50 ul serial doses of the heavy
metal.

Application of mercuric chloride

Mercuric chloride (Sigma, Steinheim, Germany) was dis-
solved in deionized water immediately before application.
Final concentrations from 15 pg to 50 ug/ml were prepared
using the same culture medium. Control samples were estab-
lished where cells received either MoAb or hk-SE.

Cell vitality response

Vitality response of Hg-exposed cells to MoAb or hk-SE was
assessed by MTT assay as described previously [22].
Following harvesting culture supernatant for enzyme-linked
immunosorbent assay (ELISA) after 24-h incubation with
HgCl,, the remaining cells were suspended in 200 ul medium,
then 25ul/well MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide, 5 g/l PBS; Sigma] reagent were
added and the plates were incubated in the dark for 4 h at
37°C. Then 300 pl/well stop reagent (10% w/v sodium
dodecyl sulphate in 50% v/v N,N’-dimethylformamide;
SERVA, Heidelberg, Germany) was added and the plates
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incubated overnight. The optical density (OD) was evaluated
by an automatic plate spectrophotometer (Spectra Image;
Tecan, Crailsheim, Germany) at a wavelength of 570 nm and
450 nm reference.

Detection of cytokine release by ELISA

Following a 24-h incubation period, the release of interleu-
kin (IL)-4, IL-6, IL-10, interferon (IFN)-y and tumour
necrosis factor (TNF)-oo was determined in cell culture
supernatants by commercially available ELISA kits, with
lower detection limits of 4 pg/ml (OptEIA™ Kits; BD Bio-
sciences) according to the manufacturer’s instructions.
Briefly, 384-well microtitre ELISA plates (MaxiSorp, Nunc,
Wiesbaden, Germany) were sterile-coated with 50 pl rel-
evant capture antibodies (1 pug/ml) using an automated
pipetter (Biomek 2000; Beckmann, Unterschleif$heim,
Germany) and incubated overnight in a moist chamber at
—4°C. The plates were then washed three times with wash
buffer using a microtitre-plate wash automate (Tecan,
Crailsheim, Germany) and were then blocked with 100 pul/
well assay buffer and incubated at room temperature for 1 h.
Following three washing steps, samples and standards were
applied and the plates were incubated in a moist chamber for
2 h at room temperature and then washed five times. Detec-
tion antibodies (0-5 pg/ml) were applied (50 pl/well) and
incubated for 1 h. Following a further seven washes, 3,3’,5,5’-
tetramethylbenzidine (TMB)-substrate (50 pl/well; BD Bio-
sciences) was added and the plates were kept in the dark for
20 min before stopping the reaction using 2 M H,SO, (50 ul/
well; Merck, Darmstadt, Germany). The OD was measured
by automatic plate spectrophotometer (Spectra Image;
Tecan) at a wavelength of 450 nm and 620-nm reference.

Intracellular cytokine staining

To evaluate the functional differentiation of T helper (Th)
cells following exposure to Hg, flow-cytometric detection of
intracellular cytokines was performed as described previ-
ously [22]. Briefly, MoAb-activated human PBMC, isolated
as described above, were cultured (2 x 10%/ml) in cell-culture
tubes (TPP, Trasadingen, Switzerland) at 37°C/5% CO, for
24 h in the absence or presence of serial doses of HgCL.
Cells were then washed and received 1-0 ml fresh medium
(HybridoMed DIF 1000; Biochrom) containing 1-0 uM
ionomycin (Calbiochem, Bad Soden, Germany), 2-5nM
phorbol myristate acetate (PMA) and 2:5 uM monensin
(Sigma). After a 4-h incubation period, cells were fixed with
4% cold paraformaldehyde, permeabilized with 0-1%
saponin and stained with FITC-labelled MoAb against CD3
(UCHT1) and PE-labelled MoAb against the cytokines
IFN-y (45-15) or IL-4 (4D9; Beckman-Coulter). Mouse IgG1
PE-labelled isotype control was used. Cells were analysed by
flow cytometry using Cellquest Software [fluorecence acti-
vated cell sorter (FACS)Calibur; BD Biosciences]. For analy-
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sis, cytokine-PE labelled cells were then plotted against total
T cells. Results were expressed as percentages of the control
cells.

Quantitative real-time polymerase chain reaction
(PCR)

A similar set of cell cultures were set up as described above to
determine changes in cytokine mRNA expression following
24-h exposure to Hg. Total RNA was isolated using the
E.ZN.A.® total RNA Kit (PeqLab, Erlangen, Germany).
Transcription into ¢cDNA at 42°C for 1h was followed
using AMV Reverse Transcriptase (Promega, Mannheim,
Germany), primer deoxyribonucleoside triphosphate
(ANTP) set and oligo-dT [5-pd(T)i15-3"; Amersham
Biosciences]. The LightCycler PCR and real-time detection
system (FastStart DNA Master SYBR Green I reagent Kit;
Roche, Mannheim, Germany) were used for detecting
IFN-y and IL-4 mRNA. The sequences of the forward
and reverse primers used were: (i) the housekeeping
gene glyceraldehyde-3-phosphate-dehydrogenase (GAPDH):
5’-G TC AGT GGT GGA CCT GAC CT and 5-AGG GGA
GAT TCA GTG TGG TG; (ii) IL-4: 5-AGA AGA CTC TGT
GCA CCG AGT TGA and 5°-CTC TCA TGA TCG TCT TTA
GCC TTT; and (iii) IFN-y: 5-TTC AGC TCT GCA TCG
TTT TG and 5’-TCA GCC ATC ACT TGG ATG AG. The level
of GAPDH mRNA was used to normalize the amounts of
mRNA in each sample. Cytokine standards (GenExpress,
Berlin, Germany) were used for quantification. Results were
expressed as percentages of the controls.

Statistical analysis

Experiments were carried out in triplicate. Data analysis was
performed using sTATISTICA version 5-1 software (Statsoft,
Hamburg, Germany). Variations among cytokine profiles of
different donors were tested using a non-parametric analysis
of variance (ANova), the Kruskal-Wallis test and, in the case
of an indication of significant variation, a post-test was per-
formed (Dunn’s test). Wilcoxon’s rank test for paired
samples was used to analyse the differences between controls
and Hg-treated cells. The correlation between the different
combinations of cytokine release, intracellular cytokine
levels and cytokine mRNA expression was analysed using
Spearman’s rank correlation test. In all tests, significance was
determined at P < 0-05.

Results

Phenotypes of PBMC

For evaluating the immunomodulatory effects of exposure
to HgCl,, human Ficoll®-isolated PBMC were used. The
percentage of lymphocytes varies within a narrow range
of 73:11 = 6:56 of the total PBMC; monocytes were
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(P < 0-05 in Wilcoxon’s rank test).

15-37 = 5:95% and granulocytes were 4-98 * 3-04%. Of the
total lymphocytes, the percentage distribution of the main
lymphocyte subpopulations was 70-36 * 6-88 for total CD3*
T cells, 41-72 * 6-42 CD4" T cells, 27-25 * 8-82 for CD8* T
cells, 9-:35 = 3-15 for B cells (CD37,CD19") and 18-04 + 7-18
for NK (CD37, CD16", CD56") cells.

Cell vitality response

Cell vitality responses of human PBMC to MoADb or hk-SE
were significantly decreased at 24 h in cells exposed to
HgCl, (Fig. 1). Doses above 15-0 ng/ml exerted significant
inhibitory effects on cell vitality, and those above
15-0 ug/ml showed strong cytotoxic effects, where cell
vitality decreased by 80-100% in comparison to controls.
Mercury doses below 50 ng/ml caused insignificant
decrease in cell vitality, and some samples even showed a
slight insignificant increase in vitality response at doses up
to 15-0 ng/ml.

Cytokine release

Table 1 shows the cytokine ranges of control samples, where
cells were activated either by MoAb or hk-SE in the absence
of HgCl,. Figures2 and 3 demonstrate changes of the

cytokines produced by MoAb- or hk-SE-stimulated human
PBMC following 24-h exposure to HgCL, in vitro.

Following exposure of MoAb-activated PBMC to HgCl,,
the release of the proinflammatory cytokines TNEF-o
(Fig. 2a), IL-6 (Fig. 2b) and the Th1 cytokine IFN-y (Fig. 2¢)
was reduced. Of 12 samples tested, exceptions were the
stimulation of TNF-o and IL-6 release at doses between
1-5 ng/ml and 5-0 pug/ml of three donors, which was remark-
able in the case of IL-6 release at doses from 0-5 to 1-5 pg/ml;
variations between samples were insignificant (P> 0-05,
Kruskal-Wallis test). In the case of IFN-v, only two samples
showed an increase of IFN-y at doses from 15 pg/ml to
1-5 ug/ml and 5-500 ng/ml; data not shown separately. The
levels of IL-4 and IL-10 increased significantly (P < 0-05 at
Wilcoxon’s rank test) at lower doses from 50 pg/ml to 15 and
from 150 pg/ml to 50 ng/ml, respectively (Fig.2d—e).
Because a balance between both T helper cell types Th1 and
Th2 is hypothesized to exist, the ratios of %IFN-y/%IL-4 and
%IFN-Y/%IL-10 were estimated (Fig.2f-g) to assess any
modulation of this balance. At all Hg doses from 50 pg/ml to
5 pg/ml significantly reduced ratios (P < 0-05 at Wilcoxon’s
rank test) were found, indicating Th2-biased immune
responses.

Figure 3 represents changes in cytokine profiles of hk-SE-
stimulated cells exposed to HgCl, for 24 h. Compared to the

Table 1. Ranges of the different cytokines (pg/ml) produced by monoclonal antibodies [monoclonal antibodies (MoADb): anti-CD3/-CD28/CD40] or
heat-killed Salmonella enterica serovar Enteritidis (hk-SE)-activated human peripheral blood mononuclear cells (PBMC) cultured for 24 h. These data

were used as controls to assess the effects of exposure to HgCl, on cytokine production in vitro.

Human MoAb-activated

Human hk-SE-activated

Cytokine PBMC median (10%-90%)* PBMC median (10%-90%)
IL-4 61-5 (34:0-306-7) -

1L-6 2507-8 (1010-2-8216-2) 2301-3 (1079-5-52981)
IL-10 2659 (76:7-505-6) 219-3 (140-2-948:2)
IFN-y 14763 (640-0-6957-1) 114-5 (77-1-415-2)
TNF-o. 67939 (3047:7-9329-9) 8466-1 (2685-4-15271-0)

“The median, the 10th and the 90th percentiles of each cytokine are represented as measured by enzyme-linked immunosorbent assay. IL:

interleukin; IFN: interferon; TNF: tumour necrosis factor.
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Fig. 2. The effect of HgCl, on the in vitro monoclonal antibody (MoAb)-activated release of tumour necrosis factor (TNF)-o (a), interleukin (IL)-6
(b), interferon (IEN)-y (c), IL-4 (d) and IL-10 (e) by human peripheral blood mononuclear cells (PBMC). Box-plots show data of 12 samples, each
with three replicates. T helper 1 (Th1)/Th2 ratios were evaluated from %IFN-y/%IL-4 (f) and %IFN-y/%IL-10 (g). Symbols above each plots show
whether, at each dose, cytokine release was significantly stimulated (#) or suppressed (*) compared with the controls (P < 0-05 in Wilcoxon’s rank
test).
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Fig. 3. The effect of HgCL, on the in vitro heat-killed Salmonella enterica serovar Enteritidis (hk-SE)-stimulated release of tumour necrosis factor
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Fig. 4. The effect of HgCl, on the in vitro MoAb-induced production
of interferon (IFN)-y (a) and interleukin (IL)-4 (b) by human
peripheral blood mononuclear cells as evaluated by intracellular
cytokine staining. Results of five donors are shown as percentages of
intracellular cytokine-phycoerythrin labelled to the total fluorescein
isothiocyanate-labelled CD3* T cells. T helper 1 (Th1)/Th2 ratios (c)
were estimated from %IFN-y/%IL-4.

»

case of MoAb-activated cells, the inhibition of TNF-o and
IL-6 were more pronounced at Hg doses from 50 pg to
150 ng/ml and from 150 pg to 150 ng/ml for both cytokines,
respectively. The release of IFN-y (Fig. 3c), however, was
stimulated significantly at doses from 50 pg up to 0-5 pug/ml,
and then decreased steadily when vitality drops below 80%
(Fig. 1b). The release of IL-4 was undetectable, and IL-10
release showed an insignificant variation in the 10 samples
tested (Fig. 3d). The ratios of %IFN-y/%IL-10 indicated
deviation of the immune response toward Th1 type (Fig. 3e)
due to the relative increase of IFN-y versus IL-10 production.

Intracellular cytokines

Intracellular cytokine staining of MoAb-activated cells
exposed to HgCl, for 24 h revealed changes in the proportion
of IFN-y- as well as IL-4-producing cells of the total viable T
cells in comparison to control cells (Fig. 4). With few excep-
tions, a decrease in the number of IFN-y-producing cells was
found as a result of exposure to HgCl, (Fig. 4a).

On the other hand, the number of IL-4-producing T cells
increased in all tested samples at doses from 15 pg to 1-5 ng/
ml, and then decreased with the increase in cytotoxicity
(Fig. 4b). This led to a decrease in the %IFN-y/%IL-4 ratio at
all tested doses up to 1-5 pg/ml, which indicates favouring
IL-4-producing cells, namely Th2 cells, in comparison to
IFN-y-producing Th1 cells (Fig. 4c).

Cytokine mRNA expression

Figure 5 represents modulation of the mRNA expression of
IL-4 and IFN-y by MoAb-activated human PBMC following
24-h exposure to HgCl,. Although both show a declining
tendency with the increase of Hg dose, it is clear that expres-
sion of the IL-4 mRNA was stimulated comparable to IFN-y
mRNA (Fig. 5a). This is represented clearly by estimating the
Th1/Th2 ratios (Fig. 5b). With the exception of only one of
five tested samples at 15 pg/ml and 1-5 pig/ml, these ratios
indicate that all tested doses deviate the immune response
toward Th2 type, and refer therefore to the modulation of
the immune response by Hg at the early stages of cytokine
synthesis.

Discussion
Heavy metal pollution has attained high visibility in the

public arena and increasingly become a major scientific
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concern. Most of the early studies addressed the effects of
relatively higher doses that are not relevant to most
populations. In addition, only recently has the threshold of
Hg toxicity been considered with regard to the immune
system as a direct target of mercurial exposure [5]. Nowa-
days, exposure of humans to low levels of Hg through its use
in industry and as a component of amalgam fillings warrants
further studies targeted at investigating the possible effects of
these levels and their relevance to diseases. Because of the
great sensitivity of the immune system, determining the
optimal exposure doses for immunological testing and
attempting to extrapolate between different endpoints in
risk assessment is of crucial importance [5]. Among others,
disturbances in cytokine production, an important agent in
the aetiology of many diseases [23], may be the most relevant
indicator to address the effect of xenobiotic agents [24].
Therefore, through applying two model systems of immune
cell stimulation and three different methods to detect
changes in cytokine profiles, the present study was under-
taken to evaluate modulation of cytokine production follow-
ing exposure to HgCl,. We used a wide range of exposure
doses, from toxic levels as indicated by cell cytotoxicity and
downwards to very low levels, thought to be ineffective.
Based on their cytokine secretion patterns and effector
functions, naive CD4" T helper cells (Th0) have been shown
to differentiate into at least two subsets, Th1 and Th2, both
in mice [25-27] and in humans [28,29]. These cells secrete
different but overlapping sets of cytokines. ThO cells secrete
cytokines including IL-2, IL-4 and IFN-y. Whereas Th1 cells
produce IL-2, IFN-y, TNF-B and low levels of IL-10, Th2
cells produce IL-4, IL-5, IL-9, IL-10, IL-13 [25,26,30] and
IL-6 [31]. Differentiation of ThO towards Thl or Th2 is
believed to be a consequence of several cellular influences,
such as the cytokine milieu. ThO cells differentiate into Thl
cells when stimulated in the presence of IL-12 and into Th2
cells when stimulated in the presence of IL-4 [32]. Moreover,
there is cross-regulation between Th1 and Th2 in a variety of
ways. For example, secretion of IL-4 by Th2 cells blocks
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differentiation of ThO into Thl cells. Production of IL-4,
IL-13 and IL-10 by Th2 cells may suppress Thl cells and
many IFN-y-induced macrophage functions. Conversely,
Thl cells secrete IFN-y, which inhibits the proliferation of
Th2 cells [25,32,33]. The dominance of one of these subsets
results in either a predominantly cellular (Th1-mediated) or
antibody (Th2-mediated) response [4]. For instance, altering
the Th1/Th2 balance may lead to the onset and/or exacerba-
tion of autoimmune disorders [34-36], and may even help
find therapeutic possibilities [37]. We assessed the modula-
tion of the Th1/Th2 balance due to exposure to HgCl, using
the %IFN-y/%IL-4 ratios. In accordance with previous
reports, IFN-y levels in all samples were higher than IL-4
levels. Therefore, according to Lawrence et al. [36], estimat-
ing %IFN-y/%IL-4 ratios may be more relevant than the
actual number of IL-4- or IFN-y-producing cells or the
amount of the produced cytokines.

Our results provide evidence that applying different path-
ways of immune stimulation determines the immunomodu-
latory effects elicited by exposure to HgCl, in vitro. While
high Hg doses are highly toxic, as indicated by significant
decrease in cell vitality, exposure to lower and moderate
doses exerts immunomodulatory effects resulting in inclina-
tion of the immune response towards type 2 in MoAb-
activated cells due to induction of IL-4 and IL-10 release.
Production of the Thl cytokine IFN-y as well as the proin-
flammatory cytokines TNF-o. and IL-6 was reduced. These
immunomodulatory effects could be confirmed by measur-
ing the intracellular cytokines of T cells and also at the
mRNA level, indicating the preference of Th2 response in
MoAb-activated PBMC. However, some samples showed
insignificantly different effects following exposure to Hg in
vitro. Unfortunately, our figures are limited by the lack of
background of the subjects used, which could help under-
standing of these differences in individual susceptibility that
could be linked to genetic factors [38].

As mentioned above, we evaluated modulation of cytok-
ine profiles following exposure to HgCl, in vitro using ELISA
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Table 2. The correlation between cytokine release, intracellular cytokine and cytokine mRNA levels for both of interferon (IFN)-y and interleukin

(IL)-4 measured following 24-h in vitro exposure to seven doses of HgCl, ranged from 15-0 pg to 15-0 pg/ml. Spearman’s rank correlation coefficient

values (r;) for five samples are listed for both cytokines. The figures in bold type represent the r, for median cytokine values.

Intracellular cytokine

Cytokine mRNA

IEN-y
Cytokine release 0-21 0-61
0-82** 0-75**
Intracellular cytokine -
IL-4
Cytokine release 0-36 0-38
0-54 0-58

Intracellular cytokine -

0-76 0-75 0-82%* 0-89**
0-61** 0-54 0-86** 1.0
0-61 0-52 0-71
0-11 0-71 0-61
0-64 0-39 —0-43 0-32
0-34 —0-14 0-83** 0-04
0-39 —0-05 0-68
0-21 0-77** 0-38

P < 0-001; **P < 0-05.

to detect cytokine release, flow cytometric analysis to detect
intracellular cytokine levels and reverse transcription (RT)—
PCR to assess cytokine mRNA expression. We carried out a
correlation analysis to test the relevance of these methods
(Table 2). A positive correlation was found in all cases of
IFN-v, indicating the relevance of these methods to assess the
cytokine profile. In the case of IL-4, on the other hand, with
the exception of two cases that showed strong positive cor-
relation, there was no correlation between these different
methods. This variation may be attributed to the instant
uptake of IL-4 by cells following its release. Use of anti-IL-4
receptor antibodies would have been more relevant to assess
the actual levels of IL-4 release. However, the suppression of
IFN-y production which was accompanied by induction of
IL-4 release indicates that the polarization of cytokine pro-
duction begins early at the transcriptional stages, which cor-
responds with previous studies [39-41], indicating a Th2-
polarized immune response in Hg-exposed cells in the case
of MoAb stimulation.

Results of hk-SE-activated cells show that exposure to
Hg promoted the type 1-polarized responses induced by
bacterial antigens, as indicated by an increase in IFN-y pro-
duction. However, at identical concentrations, both TNF-o
and IL-6 production were reduced significantly, implying a
selective suppression of macrophage/monocyte system by
Hg, which is consistent with previous studies [42]. Because
of the induction of some cytokines at intermediate Hg
doses, the overall behaviour may be the result of an overlap
of toxic effects starting at low doses, and cytokine-induced
cell proliferation or induction of cytokine production at
moderate doses. Another reason for this biphasic pattern of
cytokine production may be due to differences in cell sen-
sitivity  [43,44] and/or individual susceptibility. The
increase of the Th1/Th2 ratio in the presence of Salmonella
antigens, which is comparable to lipopolysaccharide (LPS),
has recently shown its important clinical implications [45].
Moreover, we extend the earlier studies on Hg immuno-
toxicity by demonstrating that even low doses of Hg,
that cannot affect cell vitality of human immune cells

© 2007 The Author(s)

in vitro, can disturb cytokine production as reported
previously [24].

Although many studies have been performed on cytotoxic
effects of metals on human immunocompetent cells, some
inconsistencies have evolved, especially regarding the effects
of low-dose exposure in humans. Despite the well-
documented effects elicited by high and moderate doses,
some studies demonstrated only negligible, if any, influences
of low-level exposure to Hg [46-52]. With regard to cyto-
toxic effects of Hg, our results are consistent with previous
studies [53-56]. The immunotoxicity of Hg is complex
involving, on one hand, immunosuppression, but on the
other hand immunopotentiation. For a long time, the effect
of mercurials on the immune system was synonymous with
immunosuppression [6]. Exposure to Hg increased animal
susceptibility to infectious agents possibly by inhibiting cel-
lular [57] and/or humoral [58,59] responses. Human studies
endorsed this view where a decrease in T cell proliferation
[54] or B cell counts resulted following exposure to Hg [60].
On the other hand, in vitro exposure to inorganic Hg was
found to induce human lymphocyte activity [61] and
humoral immunity in Hg-exposed workers [62], and to
increase splenic T and B cells in genetically Hg-susceptible
mice strains [63]. There are many explanations for these
discrepancies [3,5,44], including genetic and cellular differ-
ences as well as an array of experimental factors that may
profoundly influence the outcome of the in vitro studies.

The immunomodulatory effects of Hg found in the present
study are consistent with previous reports. The trend of incli-
nation towards a type 2 response is similar to that described in
several in vitro and in vivo studies [37,40,64—70], as well as in
workers occupationally exposed to Hg [71]. For instance, in
vitro IL-4 production by a Th2 clone was increased signifi-
cantly by the addition of 27-2-1360 ng/ml HgCl,, whereas
IFN-y production by a Th1 clone was decreased [68]. Simi-
larly, in human basophils [72], whereas 0-272-272 pg/ml
HgCl, promoted Th2 cytokine profiles as indicated by high
levels of IL-4 and IL-13, higher doses of 2:72ug/
ml-272 ng/ml strikingly reduced cell viability; however,
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toxicity varied depending on cell density and incubation time.
Using two murine T cell hybridomas (SM1-27-9 and 1H11-3),
Badou et al. [64] found that exposure to HgCl, induced both
IL-4 mRNA expression as well as cytokine release. The latter
authors proposed a mechanistic pathway that HgCl, induces a
protein kinase C-dependent Ca*" influx through L-type chan-
nels leading to IL-4 gene induction in cells that are engaged in
IL-4 production, thereby initiating differentiation of Th2
cells. The predominance of Th2-associated IL-4 is also a
well-known feature of HgCl,-treated genetically susceptible
rats [73,74] and mouse [67,68,75]. When BALB/c mice were
exposed subcutaneously to HgClL, ex vivo IL-4 production by
anti-CD3-stimulated splenic T cells was enhanced, but IFN-y
production was inhibited [68]. Additionally, the plasma IL-4
and IgE levels of Hg-exposed mice were increased and IFN-y
levels were lowered significantly in the absence of exogenous
antigen.

It is important to consider the combined weight of evi-
dence of Hg accumulation, bioavailability, metabolism and
mode of action with regard to threshold of toxicity and
potential immunomodulation [5]. This will help to develop
risk estimations by comparing Hg concentrations in specific
tissues and endpoints that are likely to result in adverse
effects. In this study, we applied a wide range of Hg doses. In
terms of Hg levels in human blood, we used biologically
relevant doses lower than those found in people who live in
contaminated areas (0-02 ug/ml [76]), obtained through
occupational exposure (2-0-98:0 ng/ml [77]) or in people
with amalgam restorations (0-1-2-55 ng/ml [78,79]) and up
to toxic levels. Despite the existence of constraints in the
extrapolation of in vitro to in vivo situation, for example due
to many Hg neutralizing factors in the tissues, our results
reveal immunomodulatory effects at doses as low as
50 pg/ml which are lower than the current acceptable thresh-
old blood Hg level of 4-0-5-0 ug/1[2,12,13]. These results are
consistent with previous reports that indicated cytotoxic
effects of comparable doses [80] and should be taken into
account in the preliminary assessment of the risks to human.

Due to its effects on cytokine and immunoglobulin pro-
duction, Hg has been implicated in the induction of allergic
[72,81] and autoimmune [10,34,82] diseases. In allergies, it
is known that reactions of type 1 response, evoked normally
by IL-2, TNF-o. and IFN-y, are deficient and a type 2
response, driven by IL-4, IL-13, IL-5 and IL-10 [36,83], pre-
dominates and is responsible for immunoglobulin class-
switching from IgM to IgE [36]. Thus, in susceptible mouse
strains, serum IgE increased dose-dependently and reached a
maximum after 1-2-5 weeks following exposure to Hg [84].
The immunomodulative potency of Hg, as indicated here
and by previous studies, confirms the implication of the
metal in the induction of allergic and autoimmune diseases.
Moreover, our results imply that the pathways of activating
immune cells should be considered in such in vitro systems
aiming at evaluation of immunomodulation by xenobiotic
agents such as Hg, especially at low exposure levels.
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In conclusion, short-term exposure to low and moderate
doses of Hg suppresses the MoAb-stimulated production of
IFN-y, TNF-a. and IL-6, and alternatively induces type 2
responses, as evidenced by increases in IL-4 and IL-10 levels.
The two later cytokines induce and maintain a type 2
immune response, which raises the possibility of
Hg-induced allergic diseases, and the development of Th2-
dominant autoimmunity. Contrarily, Hg at concentrations
from 50 pg/ml to 500 ng/ml can promote the type 1 biased
immune response induced by bacterial antigens of S.
enterica. At these doses the macrophage activity, however, is
suppressed, implying that Hg exerts distinct effects on dif-
ferent immune cell types. Further studies may be conducted
to identify specific target cells of Hg immunomodulatory
effects. In order to extrapolate between different end-points
of risk assessment, current in vivo studies are being under-
taken to delineate the biological relevance of these findings
and to determine whether low-level exposure to Hg might be
problematic in terms of risk for immunological disorders
and susceptibility to infectious agents. Overall, this study
reflects the importance of considering immune stimulation
regimes while investigating the immune modulation by
xenobiotic agents such as heavy metals in vitro.
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