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Abstract

Among environmental contaminants known for their toxicity and worldwide distribution, heavy metals are of primary concern.
Although the toxicology of cadmium (Cd) has been extensively studied, little information is available on the immunomodulation
driven by exposure to low doses of Cd. We aimed to evaluate the immunomodulatory eftects elicited by short-term exposure
of human immunocompetent cells to low biologically relevant doses of Cd in two activation models. Human peripheral blood
mononuclear cells, activated either by bacterial antigens (heat-killed Salmonella Enteritidis) or monoclonal antibodies (mAb: anti-
CD3/anti-CD28/anti-CD40), were exposed to Cd acetate for 24 h. Cell vitality was determined by MTT assay, cytokine release by
ELISA, and cytokine gene expression by real-time RT-PCR. The results demonstrated that, in addition to the known toxic effects
of Cd, doses from 0.013 to 13.3 pM exert differential effects on cytokine production. In the case of mAb-activation, secretion of
interleukin (IL)-1f3, tumour necrosis factor (TNF)-a and interferon (IFN)-y was greatly inhibited at low Cd doses compared to
production of IL-4 and IL-10. This indicates a type-2-biased immune response. Under stimulation by bacterial antigens, release
of IL-10 was highly suppressed compared to that of IFN-y and TNF-a; IL-4 was undetectable. These results imply that low Cd
doses exert immunomodulatory effects and the direction of this modulation depends on the pathway to cell activation. Overall, Cd
polarizes the immune response toward type-2 in cells stimulated via T cell receptors. However, a polarized type-1 response induced
by bacterial antigens could not be overwhelmed by the effects of Cd.
© 2006 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

The influences of the heavy metals on human health
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have been debated for several decades. Through its var-
ious industrial uses, cadmium (Cd) has become an ever
increasing environmental contaminant which is known
to enter cells via Ca>* channels of cellular membrane of
many cells and accumulate intracellularly due to its bind-
ing to cytoplasmic and nuclear material (Beyersmann
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and Hechtenberg, 1997; Satoh et al., 2003), consti-
tuting a potential threat to human and animal health.
The primary route of Cd exposure is contaminated
water or food supplies (Leffel et al., 2003; Satarug and
Moore, 2004), smoking (Satarug and Moore, 2004),
mother’s milk (Pillet et al., 2005), through work in bat-
tery factories (Sahmoun et al., 2005), or through fertil-
izers or indiscriminate use of pesticide (Weggler et al.,
2004).

Cadmium is toxic to humans and animals and exces-
sive exposure to it results in diseases and occasionally
death (Othumpangat et al., 2005). It is a well-known
carcinogen (Satoh et al., 2002; Banerjee and Flores-
Rozas, 2005) and a teratogenic agent (Hovland et al.,
2000). It is also known to cause sterility (Bench et
al., 1999), renal dysfunction (Cai et al., 2001), hep-
atic toxicity (Horiguchi et al., 2000), pancreatic activity
changes (Shimada et al., 2000). Genotoxicity and apop-
totic effects of Cd have been also reported in a number
of cell types (Fahmy and Aly, 2000; Kim et al., 2005;
Mondal et al., 2005).

Although immunomodulatory activities have been
investigated in several in vivo and in vitro model sys-
tems, conflicting results have emerged (reviewed Satoh
et al., 2003). For example, some publications have
reported only insignificant in vivo immunosuppressive
effects in mice (Borgman et al., 1986; Schulte et al.,
1994; Chowdhury et al., 1987; Chopra et al., 1984a),
in male rhesus monkeys orally exposed to 5 mg Cd/kg
body weight for a period of 4 months (Chopra et
al.,, 1985) and in man (Borella and Giardino, 1991)
at doses in the range of 50-500nM in vitro, where
only a dose-independent mitogenic activity in unstimu-
lated cells resulted and immunoglobulin secretion was
not significantly affected in PWM-activated cells. A
number of other studies have documented that Cd is
not only toxic to living organisms but may modulate
immune responses (Krocova et al., 2000; Leffel et al.,
2003).

Exposure to Cd at sub-toxic levels has been doc-
umented to cause impairment of immunosurveillance,
which controls expression and inactivation of viruses
and bacteria. Significant depression in the phagocytic
activity (Loose et al., 1978) as well as suppression of
humoral and cell-mediated immune responses (Dan et
al., 2000) were also reported. It was found that sus-
ceptibility to bacteria in Cd-exposed mice was due to
a defect of macrophage recruitment to sites of infection
(Simonet et al., 1984). Thus, it has been suggested that
Cd increase susceptibility of affected individuals to bac-
terial and viral infections (Shen et al., 2001; Simonyte et
al., 2003).

The available data concerning the effects of Cd on
human cytokine responses, in particular T cell-derived
cytokines, are fragmentary and contradictory. For exam-
ple, Daniels et al. (1987) reported a significant depres-
sion of NK cell activity but no changes in IFN-y produc-
tion by Cd treatment. A significant enhancement in the
IFN-vy production, however, was reported by Yucesoy
et al. (1997) and by Krocova et al. (2000). Further-
more, Marth et al. (2000) stated that low Cd doses
were able to stimulate the proinflammatory cytokines IL-
1B, TNF-a and IL-6, whereas IFN-y was only reactive
at higher concentrations. Because of these inconstan-
cies, the present study was conducted to investigate the
effects of biologically-relevant low Cd doses on some
immunoregulatory cytokine profiles using two ways of
cell activation to complete and clarify the already estab-
lished information.

2. Methods
2.1. Cell culture

Peripheral blood mononuclear cells (PBMC) were sepa-
rated from bufty coats of healthy donors (14 samples) through
density gradient centrifugation (Ficoll®; Amersham Bio-
sciences, Freiburg, Germany) and suspended in HybridoMed
DIF 1000 (Biochrom, Berlin, Germany). Cells in density of
1 x 10%/ml were cultured in 48-well flat-bottom microtiter
plates (Greiner Bio-one, Niirtingen, Germany) and stimu-
lated with either monoclonal antibodies (mAbs) anti-CD3
(OKT3, mouse IgG1; Ortho Biotech, Bridgewater, NJ, USA),
anti-CD28 (clone CD28.2, mouse IgG1; Beckman-Coulter,
Krefeld, Germany) and anti-CD40 (clone B-B20, Trinova
Biochem, Gieflen, Germany), each at a final concentration
of 100ng/ml, or bacterial antigens (hkSE — heat-killed
Salmonella Enteritidis; 1.25 x 10° cfu/ml).

2.2. Application of cadmium

A stock solution of Cd acetate (Sigma, Steinheim, Ger-
many) was prepared in deionised water. Immediately before
application, 10 serial concentrations from 0.013 to 444.8 uM
Cd were made using the culture medium. Control samples were
established, where cells received only either mAbs or hkSE.

2.3. MTT assay

The method was first developed by Mosmann (1983) and
described by Hemdan et al. (2005). Following 24-h expo-
sure to Cd and harvesting culture supernatant, remaining cells
received 25 pl/well MTT solution (3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyltetrazolium bromide, 5 g/L. PBS; Sigma) and
were incubated in the dark at 37°C. After 4h, 300 pl/well
stop solution (10%, w/v sodium dodecylsulfate in 50%,
v/v N,N'-dimethylformamide, SERVA, Heidelberg, Germany)
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were added. The optical densities were measured after 24 h
using an automatic plate reader (Spectra Image; Tecan, Crail-
sheim, Germany) at a wavelength of 570 nm and at 450 nm
reference.

2.4. Cytokine release

The cytokines IL-18, IL-10, IL-4, IFN-y and TNF-o in cul-
ture supernatants were determined using commercially avail-
able ELISA Kits (OptEIA™ Kits; BD Biosciences, Heidel-
berg, Germany) and according to the manufacturer’s instruc-
tions. The lower detection limits of these kits are 4 pg/ml.
The optical density was measured by using an automatic plate
reader (Spectra Image; Tecan) at 450 and at 620 nm for refer-
ence. Results were expressed as percentages of control.

2.5. Real-time RT-PCR

For RNA extraction, the E.Z.N.A. total RNA Kit (PeqLab
Biotechnologie, Erlangen, Germany) was used following the
manufacturer’s instructions. The total RNA samples were kept

—20°C for 1 day and then transcribed into cDNA immedi-
ately after thawing. The transcription into cDNA was done by
AMV reverse transcriptase (Promega, Mannheim, Germany) at
42 °C for 60 min using the primer dNTP set and oligo-dT (5'-
pd(T)12-15-3") (Amersham Biosciences). The resulting cDNA
samples were kept at —20°C. Real-time RT-PCR using the
LightCycler FastStart DNA Master SYBR Green I reagent Kit
(Roche Diagnostics, Mannheim, Germany) was performed for
the housekeeping gene GAPDH, and the cytokine genes IFN-y
and IL-4 from the same RNA samples. The reaction was run
by a LightCycler (Roche Diagnostics).

Following the manufacturer’s instructions, 2 ul of the
cDNA were amplified in 20 pl reaction mixture that contained
MgCl, (4 mM for GAPDH, 5 mM for IL-4, and 3 mM for IFN-
v), cDNA Master, and 0.5 uM of both sense and antisense
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primers. The sequences of sense and antisense primers used
were: (i) GAPDH: 5-GTCAGTGGTGGACCTGACCT and
5'-AGGGGAGATTCAGTGTGGTG; (ii) IL-4: 5'-AGAAGA-
CTCTGTGCACCGAGTTGA and 5-CTCTCATGATCGTC-
TTTAGCCTTT; (iii) IFN-y: 5-TTCAGCTCTGCATCGT-
TTTG, and 5'-TCAGCCATCACTTGGATGAG, respectively.

Real-time RT-PCR reactions were performed using 40
cycles and started with a 10-min denaturation step at 95 °C.
Different amplification protocols were used for each gene
(GAPDH: 95°C/0s, 64°C/5s, 72°C/17s; IFN-y: 95°C/0Os,
64°C/5s, 72°C/165s; IL-4: 95°C/1s, 68°C/10s, 72°C/165
with lowering the annealing temperature of 0.5 °C per cycle
until reaching a final annealing temperature of 58 °C at cycle
17). External standards (GenExpress, Berlin, Germany) were
used for quantification. Specificity of the PCR product was
controlled by the melting peaks. The results were corrected by
calibration with GAPDH gene expression.

2.6. Statistical methods

All experiments were carried out in triplicates. Data analy-
sis was performed using the STATISTICA 5.1 software (Stat-
soft, Hamburg, Germany). Differences between control and
Cd-treated samples were tested using Wilcoxon test with an
entry criterium of 0.05.

3. Results

Following 24-h exposure to Cd, cell vitality was sig-
nificantly reduced compared to control groups in a dose-
dependent relationship and independent of the activation
method used (Fig. 1).

As expected, our results demonstrate that Cd doses
which exerted cytotoxic effects (see Fig. 1) also
decreased the mAbs- and hkSE-induced secretion
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Fig. 1. The effect of cadmium (Cd) on the vitality and/or proliferation of (a) mAbs- and (b) hkSE-stimulated human PBMC. Medians and the
10th, 25th, 75th and 90th percentiles of 14 samples, three replicates each, are shown as percentages of the controls. The asterisks (*) indicate the

significance as tested by the Wilcoxon test (p =0.05).
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Fig. 2. The effect of cadmium (Cd) on the mAbs-stimulated cytokine release of (a) IFN-v, (b) IL-4, (c) IL-1B, (d) IL-10, (e) TNF-a and (f) %IFN-
v/%IL-4 by human PBMC. Medians and the 10th, 25th, 75th and 90th percentiles ranges of 14 donors are shown as percentages of the controls.
Symbols above each plot show whether, at each dose, cytokine release was significantly stimulated (#) or suppressed (*) compared with the controls

(p <0.05 in Wilcoxon test).

(Figs. 2 and 3) and gene expression (Fig. 4) of all mea-
sured cytokines. On the contrary, lower doses caused
differential effects on the in vitro cytokine profiles. In
response to antibody stimulation, secretion of the proin-
flammatory cytokines IL-13 and TNF-«a as well as the
type-1 T helper (Ty)1 cytokine IFN-y was found to be
highly reduced due to exposure to low Cd doses more
than that of T2 cytokines IL-4 and -10 (Fig. 2). In
this case, estimating the ratio %IFN-vy/%IL-4 (Fig. 2f)
revealed a polarized type-2 immune response at all tested
doses.

These results could be also confirmed by investigating
cytokine gene expression. As shown in Fig. 4a, expres-
sion of IFN-y gene was decreased in all samples tested
at doses from 133nM to 13.3 uM. Interleukin-4 gene
expression, however, was enhanced at lower doses from
13.3to 133 nM and decreased at higher doses. As aresult,
the ratio %IFN-vy/%IL-4 gene expression (Fig. 4b) was
significantly decreased at most tested doses.

In cells stimulated with hkSE, levels of IL-4 were
undetectable. In contrast to mAb-stimulation, IL-10
secretion was relatively more inhibited compared to
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Fig. 3. The effect of cadmium (Cd) on the hkSE-stimulated cytokine release of (a) IFN-y, (b) IL-4, (c) IL-1pB, (d) IL-10, (¢) TNF-« and (f) %IFN-
v/%IL-10 by human PBMC. Medians and the 10th, 25th, 75th and 90th percentiles ranges of 10 donors are shown as percentages of the controls.
Symbols above each plot show whether, at each dose, cytokine release was significantly stimulated (#) or suppressed (*) compared with the controls

(p<0.05 in Wilcoxon test).

secretion of IFN-y and TNF-« (Fig. 3a, b and e). There-
fore, the ratio %IFN-vy/%IL-10 in the case of hkSE
(Fig. 4f) was reversed compared to the mAb-stimulation
and revealed a polarization tendency toward type-1
immune response.

4. Discussion

Although there have been some reports concern-
ing the effects of Cd exposure on immune responses

and cytokine production, reviewing these studies has
revealed many inconsistencies, which may be, at least in
part, due to the different experimental conditions used
including different application regimes or varying ani-
mal models. These inconsistencies, in addition to the
very long biological half-life of Cd, which ranges from
10 to 30 years (Jarup et al., 1998) and the increasing
levels of human Cd exposure in some countries, e.g.
estimated dietary Cd intake of 10-30 pg/day in Europe
(Nasreddine and Parent-Massin, 2002), exposure levels
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Fig. 4. The effect of cadmium (Cd) on cytokine gene expression of mAbs-
donors are shown for both IL-4 and IFN-vy as percentages of the controls (a).

Ty 1/Ty2, %IFN-y/%IL-4 are represented (b).

of 30-50 pg/day in Australia (Satarug et al., 2003) or
even up to 240 wg/day dietary intake in Egypt (Saleh et
al., 1998), underscores the need for further studies.
Disturbances in cytokine synthesis can be best stud-
ied under dynamic conditions by stimulating competent
cells and analysing the patterns of cytokine production
(De Groote et al., 1992), which may be differentially
affected by heavy metals at concentrations not affecting
other parameters (Shen et al., 2001). The present study
confirms previous reports and reveals new insights into
the effects of Cd on the immune system. Through eval-
uating cell vitality and cytokine responses, we demon-
strated that while higher Cd doses were toxic, exposure
to lower doses (as low as 0.013 uM) exerts immunomod-
ulatory effects. As reviewed elsewhere (Beyersmann and
Hechtenberg, 1997; Satoh et al., 2003), detailed studies
have attributed cytotoxic properties of Cd to its interac-
tions with cell receptors, and its accumulation intracel-
lularly, which perturbs signal transduction and causes
cell apoptosis or necrosis at lower and higher doses,
respectively. Modification of Ca2*-dependent processes
(Beyersmann and Hechtenberg, 1997; Satoh et al., 2003)
or cell cycle regulation factors (Zhou et al., 2004), and
decrease in cellular content of glutathione (Figueiredo-
Pereira et al., 1998; Nishimura et al., 2005) have been
discussed as possible mechanisms for Cd-mediated cell
death or impairment of cell functions. Taken together,
it is likely that the intracellular Cd itself plays a criti-
cal role in the Cd-induced cytotoxicity as proposed by
Nishimura et al. (2005), but a possible direct interaction
between Cd ion and cell stimulants and/or cell recep-
tors can not be ruled out. Cd ions can also contribute to
the decreased cell vitality response at non-toxic doses of
Cd. Thus in the light of our results, which are consistant
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stimulated PBMC as measured by real-time RT-PCR. Results of five
Regression (Regr) lines are shown for both genes. To indicate the ratio

with previous studies (Satoh et al., 2003), Cd has the
ability to reduce cell vitality at low doses and is toxic
at higher doses, but its in vivo toxicokinetics warrants
further studies.

4.1. Discrepancies in documented effects of
cadmium on the immune system

Our results showed that exposure to low and mod-
erate Cd doses resulted in a clear bias of the immune
response toward type-1 or type-2 depending on the acti-
vation method applied. Monoclonal antibody-activated
cells exposed to Cd showed a significant increase in
both IL-4 and -10 release, and a significant decrease
in IFN-y production. Release of the proinflammatory
cytokines IL-1f and TNF-a was significantly reduced.
Moreover, the immunomodulatory effect of Cd could be
also demonstrated at the molecular RNA level supporting
the suggestion that the suppression of IFN-y production
together with the increase of IL-4 release may be due to
altered regulation of cytokine gene expression, and mod-
ulation of cytokine production potency. As expected, we
obtained different results from cells activated with hkSE.
Although the production of IL-4 could not be detected,
IL-10 release was decreased at nearly all tested doses
and was accompanied by a relative increase in IFN-vy
production in comparison to mAb-activated cells.

There have been some conflicting results in the effect
of Cd exposure on various immune components. Despite
the well-documented effects (Satoh et al., 2003; Satarug
and Moore, 2004), some studies demonstrated only
negligible influences of Cd on the immune response.
Chronic Cd feeding of 5 mg/kg body wt up to 7 weeks
in rats (Chopra et al., 1984b) and for 2—-6 months in the
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primate Rhesus monkeys, (Chopra et al., 1985) did not
resultin any signs of immunomodulation, although Cd in
the kidney was close to the toxic limit for man: 200 .g/g
(W.H.O., 1977). Furthermore, proliferation was insignif-
icantly increased in these monkeys. Similarly, chronic
exposure of B6C3F; mice to 10-250 wg/ml of CdCl,
for 90 days, revealed no changes in humoral immunity
even though Cd had accumulated in significant quan-
tities in the tissues (Thomas et al., 1985); macrophage
bactericidal activity and delayed type hypersensitivity
reactions were not significantly altered. All of these
studies are more or less inconveniently non-conform,
at least according to the conditions and doses adopted
in our study, in particular in the case of Rhesus mon-
keys (Chopra et al., 1985), or they lacked the appro-
priate method to detect the modulation of the immune
response.

Interestingly, Hilbertz et al. (1986) found that 1- and
20-h in vitro exposure of mouse macrophages to Cd
increased or decreased the oxidative metabolism, respec-
tively. The authors attributed the short-term effect to
alterations in cell membrane, and suggested that longer
exposures allow for greater metal uptake and more intra-
cellular effects. Similar results have been reported by
Zelikoff et al. (1995) who studied the immunotoxicity
of Cd in trout fish, and speculated that discrepancies
between the in vivo and in vitro studies may be due to
differences in the site of metal action, degree of metal
uptake and/or intracellular bioavailability.

Studies supporting arole of Cd inimmune modulation
demonstrated that heavy metals can increase the sus-
ceptibility of affected individuals to bacterial and viral
infections (Shen et al., 2001; Simonyte et al., 2003).
This has been attributed to suppression of the phago-
cytic activities (Loose et al., 1978; Goering et al., 2000),
defect of macrophage recruitment to sites of infection
(Simonet et al., 1984), suppression of NK cell activity
(Chowdhury and Chandra, 1989), or the general suppres-
sion of humoral and cell-mediated immune responses
(Dan et al., 2000).

Our results, indicating a bias towards type-2 immune
response, are in agreement with previous data (Krocova
etal., 2000). The latter authors reported that Cd at a dose
of 20 wg/ml (177.9 uM) preferentially enhances the pro-
liferation of murine T2 cells activated ex vitro by Con
A. Our data highlight the similarity in reactivity between
mice and human as previously suggested by Lawrence
and McCabe (2002). Theocharis et al. (1991) observed
a decrease in IL-2 and IFN-vy in presence of 10~* M Cd,
although Yucesoy et al. (1997) found that occupational
exposure to Cd caused a significant increase in blood Cd
levels with a significant suppression of the serum IL-1[3

but with no changes in IL-2 or TNF-a levels. These dif-
ferences in reactivity of IFN-y and TNF-a may result
from other cross-regulatory processes of the immune
system, which are compromised in our model. However,
the finding that IL-10, produced by Ty2 cells, inhibits
cytokine production by Ty 1 cells (Fiorentino et al., 1989;
Mosmann and Moore, 1991) and the dichotomy of Ty 1
and Ty2 (Locksley et al., 1991; Dubey et al., 1991)
confirms our results of lowered IFN-y and TNF-« lev-
els during the preferential proliferation of Tg2 in cells
activated by monoclonal antibodies. Thus, short-term
exposure of monoclonal antibody-stimulated cells to low
Cd doses may cause a shift of the immune response from
type-1 to -2. This may increase the incidence of allergic
diseases (Mulligan et al., 2000; Oettgen and Geha, 2001;
Lawrence and McCabe, 2002). In contrast to the stimula-
tion by monoclonal antibodies, the stimulation of human
PBMC by bacterial antigens resulted in higher T 1/TH2
ratios due to the relative higher IFN-vy production. Thus,
response to bacterial antigens may overcome the shift
into a type-2 response, and type-1 defence mechanisms
appear not to be affected. Therefore, the immunomodu-
lative effects of Cd, at least according to our model, may
not affect the natural immune response against bacterial
antigens.

The levels of Cd we applied in this study were in
the range of the biologically relevant human exposure
(Staessen et al., 2000; Nordberg, 2004) and up to toxic
levels. We conclude that exposure of activated T-cells to
low Cd doses leads to suppression of early Ty 1 cytokine
events, and stimulation of the Ty?2 cytokines IL-4 and/or
IL-10. This type-2-biased immune response may raise
the possibility of Cd-promoted allergic diseases and clar-
ify previous data on impaired inactivation of viruses and
bacteria following exposure to Cd. Thus, our findings
indicate that exposure even to low relevant Cd concen-
trations may have hazardous health consequences. This
has to be proven by further in vivo and epidemiological
studies.
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