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Pb exposure attenuates hypersensitivity in vivo by increasing regulatory T cells
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Pb is a common environmental pollutant affecting various organs. Exposure of the immune system to Pb leads to
immunosuppression or immunodysregulation. Although previous studies showed that Pb exposure can modu-
late the function of helper T cells, Pb immunotoxicity remains incompletely understood. In this study, we inves-
tigated the effect of Pb exposure on T cell development, and the underlying mechanism of Pb-induced
suppression of the delayed-type hypersensitivity (DTH) response in vivo. Sprague–Dawley rats were exposed
to 300 ppmPb-acetate solution via the drinkingwater for sixweeks, andwe found that Pb exposure significantly
increased Pb concentrations in the blood by 4.2-fold (pb0.05) as compared to those in the control rats. In
Pb-exposed rats, the amount of thymic CD4+CD8− and peripheral CD4+ T cells was significantly reduced,
whereas, CD8+ population was not affected. In contrast to conventional CD4+ T cells, Foxp3+ regulatory
T cells (Tregs) were increased in both the thymus and peripheral lymphoid organs of Pb-exposed rats. In line
with the increase of Tregs, the DTH response of Pb-exposed rats was markedly suppressed. Depletion of Tregs
reversed the suppression of DTH response by Pb-exposed CD4+ T cells in an adoptive transfer model, suggesting
a critical role of the increased Tregs in suppressing the DTH response. Collectively, this study revealed that
Pb-exposure may upregulate Tregs, thereby leading to immunosuppression.

© 2012 Elsevier Inc. All rights reserved.
Introduction

Pb is awidespread environmental pollutant and its toxic effects have
been recognized for centuries. Because Pb is so widely utilized in every-
day life, contamination of the environment by Pb is one of the most
common medical and political problems. Over the past decade, it has
become increasingly evident that contact with Pb, even at very low
levels, will produce serious adverse health effects, especially in children
(Landrigan et al., 2000; Rosen, 1995). It has been documented that blood
Pb levels as low as 10 μg per deciliter of whole blood (i.e., ~0.5 μM) are
potentially neurotoxic; however, Pb virtually affects every system in the
body. The subclinical effects of Pb intoxication on other organ systems
have received increasing attention.

Animal and human studies indicate that the immune systemmay be
a target organ for Pb toxicity. The interaction of Pb with the immune
system leading to immunosuppression or immunodysregulation may
owenj@fmmu.edu.cn (W. Luo).
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consequently cause allergy or autoimmunity. Previous studies showed
that CD4+ helper T cell function is particularly sensitive to the
immunotoxic effects of Pb (Fischbein et al., 1993; Heo et al., 1996,
1997, 1998; McCabe and Lawrence, 1991; Neilan et al., 1980; Sata et
al., 1998; Warner and Lawrence, 1986). Based on cytokine expression,
CD4+ helper T cells can be divided into distinct subsets, including
Th1, Th2, Th17 and Tregs, that control different immune effector func-
tions. Pb has been shown to enhance Th2 cell proliferation and/or regu-
latory activities and affect Th1 cell proliferation in vitro (Heo et al.,
1996; McCabe and Lawrence, 1991). In vivo studies indicate that Pb
preferentially enhances the development of Th2 cells (Heo et al., 1997,
1998) and that Pb affects Th1-mediated immune effector functions.
T cell-mediated delayed type hypersensitivity (DTH or Type IV hyper-
sensitivity) is modulated by Pb-exposure (Faith et al., 1979; McCabe
et al., 1999; Miller et al., 1998; Muller et al., 1977). However, it remains
largely unknown how Pb exposure affects these T-cell reactivities.

Regulatory T cells (Tregs) are one of the T cell subsets which have
strong immune-suppressive activity. Tregs were originally identified
as CD4+CD25+ T cells (Sakaguchi et al., 1995). Later on, the fork head
box p3 (FOXP3) genewas identified as themaster transcriptional factor
of Tregs (Hori et al., 2003; Sakaguchi et al., 2008). Here, we showed that
oral administration of Pb via the drinking water caused a significant re-
duction of CD4+ T cells in the thymus and peripheral lymphoid organs.
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In contrast, Foxp3+ Tregs were markedly increased in Pb-exposed
rats. The increased Tregs played a critical role in mediating
Pb-exposure-caused suppression of DTH reactivity.

Materials and methods

Animal protocol and Pb2+ exposure. Male Sprague–Dawley rats (litter-
mates, FourthMilitaryMedical University, Xi'an, China) aged 20–22 days
weighing 30–50 g upon arrival, were assigned to two groups (n=20)
such that the group mean body weights were comparable. The animals
were quarantined in our specified pathogen-free animal facility, and
housed in stainless-steel cages in a temperature-controlled, 12/12
light/dark room, and given food ad libitum. On the third day (age of
22–24 days) after arrival, the animals started to receive Pb in drinking
water. A stock solution of 50,000 ppm (250 mM) Pb-acetate (ACS Re-
agent Grade, Sigma, St. Louis, MO) was dissolved in deionized-distilled
H2O. Groups of rats were exposed to 0 or 300 ppm (1.5 mM)
Pb-acetate solution via the drinking water for six weeks. Pb concentra-
tion (300 ppm Pb) in drinking water was chosen because intoxication
with Pb could impair the generation of a robust DTH response at high
doses (McCabe et al., 1999). The solutions were changed twice a week
during the exposure period, and rats in each treatment groupweremon-
itored daily for food and water consumption. All procedures involving
animals were carried out in strict accordance with the international
standards of animal care guidelines (guide for the care and use of labo-
ratory animals) and were approved by the institutional animal care
and use committee of Fourth Military Medical University (Permit
Number:12004).

Collection of blood. At the end of the study, eight animals from each
group were decapitated. Blood samples were collected into heparin-
ized syringes and aliquots were taken for the determination of blood
Pb concentration by graphite furnace atomic absorption spectroscopy.

Flow cytometric analysis (FACS). Thymic, splenic, and lymph node
cells were depleted of erythrocytes by hypotonic lysis, and were
stained using predetermined optimal concentrations of different
fluorochrome-labeled antibodies for 30 min at 4 °C. Cell phenotypes
were determined using the following antibodies: anti-rat CD4-PE,
anti-rat CD8α-FITC, and anti-rat CD25-APC. All antibodies were pur-
chased from eBioscience (San Diego, CA). Intracellular Foxp3 staining
was carried-out with kit from eBiosciences.

All samples were acquired and analyzed with a FACSAria flow
cytometer (Becton Dickinson, San Jose, CA), and data were analyzed
with the FCS Express 4 software (De Novo software).

Induction of DTH response. Delayed type hypersensitivity assays were
induced using 2,4-dinitrofluorobenzene (DNFB) as described previously
(Garrigues and Nicaud, 1994). Briefly, 300 μL of 0.5% DNFB diluted with
acetone/olive oil was painted onto the shaved abdomen of the rats and
another 30 μL was applied to each footpad on days 0 and 1. On day 5,
the rats were repainted with 100 μL of 0.3% DNFB on both sides of the
right ear. As a control, the left ear was painted with 100 μL of acetone/
olive oil only. Ear thickness is recorded prior to and 24 h after antigen
challenge. The control right ear was less than 0.4 mm for each treatment
group.

Cytokine ELISA. IL-10 and IFN-γ concentrations in rat serum were
determined using a sandwich ELISA kit from R&D systems following
the manufacturer's instructions.

T cell purification. For adoptive transfer and in vitro suppression as-
says, CD4+CD25+ and CD4+CD25− T cells were isolated from rats by
using the MagCellect Rat CD4+CD25+ Regulatory T Cell Isolation Kit
(R&D systems, Minneapolis, MN) according to the manufacturer's
instructions. Cells were checked for purity by flow cytometry.
Approximately 82% of CD4+CD25+ T cells stained positive for Foxp3,
whereas purified CD4+CD25− cells contained b1% Foxp3+ cells.

Treg cell suppression assay. CD4+CD25+ regulatory T cells were
isolated from spleens as described above. CD4+CD25− cells isolated
from untreated rats were labeled by incubation with 5 μM CFSE
(Molecular Probes, Eugene, OR) for 20 min at 37 °C, and used as re-
sponder T (Tresp) cells. Tresp cells were co-culturedwith Tregs at ratios
as indicated on a 96-well plate in the presence of 1 μg/mL anti-CD3 and
5×105 irradiated splenocytes from untreated rats. Proliferation of
CD4+CD25− cells was assessed after 72 h by CFSE dilution.

Adoptive T cell transfers. Purified populations of CD4+ and CD4+

CD25− T cells were prepared as described using magnetic sorting.
For the analysis of the effects of Tregs in DTH experiments, 2×107

splenic CD4+ and CD4+CD25− T cells from the control and Pb-
exposed rats were adoptively transferred into recipient rats via the
tail vein 6 days before induction of DTH.

Histological analysis. Ears were fixed with 10% formalin buffered
with 0.01 M phosphate buffer (pH 7.2) and embedded in paraffin.
The fixed ears were sliced into 3 μm sections and stained with hema-
toxylin and eosin for histological examination.

Statistical analysis. All values are expressed as means±S.D. The
data were analyzed by ANOVA followed by Dunnett's t-test with sta-
tistical significance set at pb0.05.

Results

Blood Pb level was increased following Pb exposure

Blood Pb concentrations were increased in proportion to the expo-
sure level of Pb in the drinking water, and the variance in the blood
Pb concentrationwithin an exposure groupwas found to be remarkably
low. Chronic exposure of rats to Pb in drinking water under the current
dose regimen resulted in a 4.2-fold increase in blood Pb (BPb) as com-
pared to those in the control rats (pb0.05) (Fig. 1A). Intoxication with
these concentrations of Pb did not produce overt signs of toxicity, in
that, Pb-exposed rats did not show different body weight gain as com-
pared to the controls (Fig. 1B).

Pb exposure impaired CD4+ thymic T cell development

Pb was reported to affect various populations of immune cells. To
further study the potential effect of Pb exposure on T cell development,
we examined the thymic cellularity post Pb-exposure. The rats devel-
oped normally and thymus sizes were normal following Pb exposure
(data not shown). Total thymocyte numbers were normal, and there
was no difference in the number of total thymic cells between control
and Pb-exposed groups (Fig. 2B). Cell numbers of CD4−CD8− (DN)
and CD4+CD8+ (DP) thymocytes remained unchanged as well. But Pb
exposure resulted in 25% reduction of thymic CD4+CD8− cells in com-
parison to those in the controls. In contrast, thymic CD4−CD8+ cells
were slightly increased in Pb-exposed rats (Figs. 2A and B).

Peripheral T lymphocytes were reduced following Pb exposure

Next, we determined the effect of Pb exposure on peripheral T lym-
phocytes. The cellular composition of secondary lymphoid organs
(spleen and lymph nodes) was quantified, and we found significant
shifts in T cell numbers between the control group and Pb-exposed
group. The absolute number of CD3+ cells was reduced by 23% in spleen
and by 29% in lymph nodes (Fig. 3A). Then we analyzed the change of
different subsets of T lymphocytes in Pb-exposed rats. As shown in
Figs. 3B and C, the absolute number and percentage of CD4+ T cells



Fig. 1. Pb concentrations in the blood (A) and body weight (B) following Pb exposure.
Weanling male Sprague–Dawley rats were exposed to Pb as Pb acetate in drinking water
(300 ppm) daily for 6 weeks. Data represent mean±SD (n=8) from three experiments
performed, *: pb0.05 compared to controls.

Fig. 2. The effect of Pb exposure on thymocyte development. (A). CD4 versus CD8 flow
cytometric analysis of Pb-exposed rat thymocytes and the controls. Numbers indicate
the percentages of the corresponding T cell populations. (B). The absolute cell numbers
of DN, DP, SP (CD4+CD8− and CD4−CD8+) thymocytes. Data represent mean±SD
(n=8) from three experiments performed, *: pb0.05 compared to controls.
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were significantly reduced in the Pb-exposed rats as compared to
the controls, while the number and percentage of CD8+ cells in Pb-
exposed rats were unchanged.

Pb exposure increases thymic and peripheral Treg cells in rats

Treg is a T cell subset essential for keeping T cell in tolerance. To ex-
amine the potential effect of Pb-exposure on Tregs, we determined
Tregs in Pb-exposed rats. As shown in Fig. 4A, the frequency and
number of thymic and peripheral Tregs were increased. The number
of thymic Tregs in Pb-exposed rats was approximately 1.59-fold of
those in the controls. Splenic and lymph node Tregs were increased
by 1.42 and 1.47-fold, respectively (Fig. 4B).

Increased Tregs played a critical role in Pb-exposure-induced immune
suppression

Pb-exposure leads to immune suppression in vivo. Given the strong
immune-suppressive activity of Tregs, we reasoned that the increased
Tregs may cause the immune suppression in Pb-exposed rats. To test
this hypothesis, we used the DTH, a T cell-mediated response model.
DTH responsiveness was determined by measuring the thickness of
swollen ears before and 24 h after DNFB challenge. Consistent to previ-
ous studies, Pb exposure caused a significant reduction of DTH response.
The ear thickness of rats intoxicated with 300 ppm Pb was increased
0.22 mm (55% increase), while the ear thickness of the controls was in-
creased 0.62 mm (157% increase) (Fig. 5B). The attenuation of the im-
mune response against DNFB was confirmed by histological analysis.
Dermal edema, infiltration of mononuclear cells, and vascular enlarge-
ment were observed in samples from control rats, while these charac-
teristic features, including infiltration of mononuclear cells into the
lesion, were attenuated in samples of Pb-exposed rats (Fig. 5A).
To examine the potential role of the increased Tregs in Pb-exposure-
induced immune suppression of DTH response, we used a T cell transfer
model. Total CD4+ T cells or CD25+ Tregs-depleted CD4+ T cells were
isolated from Pb-treated and control rats by using the MagCellect Rat
CD4+CD25+ Regulatory T Cell Isolation Kit, and then adoptively trans-
ferred into unexposed recipient rats. The recipient rats were challenged
with DNFB to induce DTH response. Consistently, rats receiving total
CD4+ T cells isolated from Pb-exposed rats showed a lower DTH re-
sponse as compared to those receiving total CD4+ T cells from control
rats (Figs. 6A and B). The transferable suppression of Pb-exposed CD4+

T cells was diminished after depletion of CD25+ Tregs, suggesting that
the increased Tregs played a critical role in Pb exposure-induced im-
mune suppression.

In addition to the amount of Tregs, Pb-exposure may also affect
suppressive function of Tregs. We examined this possibility by using
an in vitro Treg suppression assay. CD4+CD25+ T cells were isolated
from the control and Pb-exposed rats, and then co-cultured with
CFSE-labeled CD4+CD25− responder T cells isolated from untreated
rats. As shown in Fig. 6C, Pb-exposure did not affect the suppressive
function of Tregs. These data suggest that Pb-exposure increased the
quantity but not the quality of Tregs that leads to the immune
suppression.
Discussion

Pb is a common environmental pollutant which has been reported
to affect many organ systems, including the central nervous system, he-
matological system, and reproductive system. The immune system is
also recognized as a target of Pb (Mishra, 2009). Many studies have
addressed that Pb can affect various populations of immune cells (Heo
et al., 1998; Lawrence, 1981; McCabe and Lawrence, 1990; Queiroz et
al., 1993; Yucesoy et al., 1997).

image of Fig.�2


Fig. 3. Pb exposure reduces peripheral CD4+ T cells in rats. (A). The absolute cell numbers of peripheral T cells in the Pb-exposed rats and the controls. (B). CD4 versus CD8 flow
cytometric analysis of Pb-exposed splenic, lymph node cells and the controls. (C). The absolute cell numbers of peripheral CD4+ and CD8+ T cells. Data represent mean±SD (n=8)
from three experiments performed, *: pb0.05 compared to controls.
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T cells are believed to be critical functional targets of Pb
immunotoxicity (Fischbein et al., 1993; McCabe et al., 2001; McCabe
and Lawrence, 1991; Mishra et. al.,; Neilan et al., 1980; Sata et al.,
1998), and it is of importance to ascertain the biological effect of Pb
on the T cells. A functional diverse T cell repertoire is generated in
the thymus and maintained in the periphery. In this study, we
found that exposure to Pb in drinking water impaired thymocyte de-
velopment. The percentage of CD4+ single positive (SP) thymocytes
was significantly lower in the Pb-exposed rats as compared to that
in the controls, while there was no notable difference in the cell num-
bers of total thymocytes. In periphery, CD4+ but not CD8+ T cells
were significantly reduced in Pb-exposed rats. These data suggest
that CD4+ SP thymocytes and CD4+ T cells in the periphery may be
targets of Pb toxicity. Interestingly, Pb exposure was previously
reported to enhance T cell proliferation in mixed lymphocyte culture
experiments. But nonetheless, Pb exposure did not affect T cell prolif-
eration induced by mitogens or superantigen (Fischbein et al., 1993;
McCabe et al., 2001; McCabe and Lawrence, 1991; Mishra et. al.,;
Fig. 4. The effect of Pb exposure on Tregs in rats. (A). Foxp3 expression in CD4+ T cells of the
Tregs was shown. Data represent mean±SD (n=8) from three experiments performed, *:
Neilan et al., 1980; Sata et al., 1998). It is unclear whether the reduc-
tion of CD4+ T cells in Pb-exposed rats is due to a decrease of cell
proliferation.

The concentration of Pb in drinking water used for this study
is 300 ppm. Similar high dose of Pb has been shown to induce
immunotoxicity in previous studies (McCabe et al., 1999; Miller et al.,
1998). Notably, control rats in this study had blood Pb (BPb) just
under 5 μg/dL, and this would be considered as a level of concern for
neurodevelopmental endpoints for children in the United States
(Jusko et al., 2008). The low-level blood Pb (BPb) in control animals
may be due to the contamination of rat chow or metal cages. For future
experiments, purified diet and high quality stainless-steel cages should
be used to reduce the unintended source of Pb exposure to control
animals.

The DTH reaction, a T cell mediated immune response, has been
shown to negatively correlate with Pb exposure. Müller et al. reported
a dose-dependent, negative correlation between blood Pb levels and
DTH reactivity to SRBC challenge in BALB/c mice (Muller et al., 1977).
thymus, spleen and lymph nodes was determined by FACS. (B). The number of Foxp3+

pb0.05 compared to controls.
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Fig. 5. Intoxication with Pb impairs the generation of a robust DTH response. (A). Histopathological characteristics of the swollen ears. At 24 h after painting with DNFB. Sections of
the swollen ears were stained with hematoxylin and eosin (magnification: ×200). The characteristic features of inflammation, such as infiltration of mononuclear cells, dermal
edema and vascular enlargement, were observed in the sections of control rats, whereas these features were markedly attenuated in samples from Pb-exposed rats. (B). Ear swelling
in Pb-exposed and control rats. The rats were sensitized by DNFB on day 0, 1 and challenged on day 5. Data are displayed as scatter plots of the ear thickness difference of 8 indi-
vidual control and 8 individual Pb-exposed rats prior to and 24 h after challenged with DNFB from three experiments performed. *: pb0.05 compared to controls.
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In another study, Faith et al. reported that exposure to Pb resulted in a
significant reduction in DTH reactivity to purified protein derivative
(PPD) of tuberculin in the offspring of Pb-exposed dams (Faith et al.,
1979). A recent study has been reported that a persistent decrease in
the DTH reactivity of the offspring from Pb-exposed damswas observed
(Miller et al., 1998). McCabe et al. have reported that Pb intoxication
suppresses DTH reactivity when antigen sensitization occurs via an in-
travenous route of antigen administration (McCabe et al., 1999). The
cellular mechanism of Pb exposure-impaired DTH response has not
been well established, and there are few advanced studies in this field
in recent years. Potential mechanisms include: (1) direct inhibition of
antigen-specific T cell activation through the Pb-induced elevation of
cAMP-dependent signaling pathway (Heo et al., 1998), (2) inability of
activated T cells to activate macrophages (Lawrence, 1995), and (3) in-
direct inhibition of helper T cells mediated by an impairment of antigen
presenting cells (McCabe et al., 1999).

Tregs are one of the T cell subsets that have strong immune-
suppressive activity. Recently, it has been reported that the Treg-
mediated immunosuppression plays very important roles in DTH
(Gorbachev and Fairchild, 2001; Honda et al.,). It has long been
established that Pb enhances rather than inhibits suppressor cell activity
(Cohen et al., 1989). McCabe et al. also found no effect of Pb exposure on
the generation of suppressor activity (McCabe et al., 1999). In this study,
we observed that thymic and peripheral Tregs were increased in
Pb-exposed rats, although conventional CD4+ T cells were decreased.
Tregs can be naturally generated in the thymus as a functionally mature
subpopulation of T cells (nTreg) and be induced from naive T cells in the
periphery (iTreg). Currently, it remains unclear how Pb exposure in-
creases Treg number. It will be an interesting topic for future study.

Tregs could modify DTH at multiple levels. There is a model of
Treg-mediated suppression: (1) upon antigenic stimulation, antigen-
specific Tregs are swiftly recruited via chemokines to dendritic cells
presenting the antigen and out-compete antigen-specific naive T cells
in aggregating around the dendritic cells; (2) antigen-activated Tregs
contacting dendritic cells then downmodulate dendritic cell function,
thereby hindering the activation of other T cells that are recruited to
the dendritic cells; and (3) Tregs may then further differentiate to
secrete some immunosupressive cytokines (such as IL-10) (Sakaguchi
et al., 2008). In this study, we found that Pb-exposure increased Treg
cell number and frequency in the thymus and peripheral lymphoid
organs. However, we did not find any changes of Treg-derived
immunosupressive cytokines (such as IL-10) in the Pb-exposed rat
blood (data not shown). The in vitro suppressive function assay indicat-
ed that Pb exposure did not affect the function of regulatory T cells. In
our view, the most rational possibility would be the increased Tregs
suppress effector T cells in the lymph nodes (LN) and inhibit leukocyte
influx into the periphery. In addition, Pb has been reported to impair
DTH through its effect on Th1- and Th2-derived cytokines (Mihara et
al., 1991). DTH is characterized as a local inflammatory reaction as a re-
sult of a large influx of non-specific inflammatory cells in response to
T-cell-derived cytokines. It is also possible that Pb suppresses the local
inflammatory response and monocytic infiltration characteristics of
the afferent phase of the DTH response through inhibiting IFN-γ pro-
duction. In our study, we observed similar reduction of interferon-γ in

image of Fig.�5


Fig. 6. The effect of increased Treg cell number on suppression of DTH in Pb-exposed rats. (A). Histopathological characteristics of the swollen ears. (B). Ear swelling in unexposed
recipient rats adoptively transferred with total CD4+ T cells (Treg+) or with CD4+CD25+ Tregs-depleted CD4+ T cells (Treg−) from the control and Pb-exposed rats. Data are
displayed as scatter plots calculated by comparing the thickness of the challenged ear at 24 and 0 h. (C). CD4+CD25+ Tregs from spleens were isolated from the control and
Pb-exposed rats. CD4+CD25− T cells from untreated rats were labeled with CFSE, and used as responding T cells (Tresp). Cell division was assessed by CFSE dilution. The percent-
ages of undivided Tresp cells (Y axis) and the ratios of cell numbers between Treg and Tresp cells (X axis) were plotted. These are representative of three independent experiments.
*: pb0.05 compared to controls.
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Pb-exposed rats (data not shown). However, our transfer experiment
showed that Pb-induced DTH suppression can be transferred by adop-
tive transfer of T cells isolated from Pb-exposed rats into suitable recip-
ients, and the transferred suppression was eliminated after removal of
Tregs. These results strongly suggest that increased Tregs play an essen-
tial role in mediating Pb exposure-induced DTH suppression.

In conclusion, we show that Pb exposure could increase Tregs,
which preceded suppression of the DTH response. These findings sup-
port the hypothesis that Treg may play a role in the immunomodula-
tory role of toxic heavy metal Pb. It should be noted that this study
examined only the relationship between Tregs and suppression of
the DTH response. Further studies are required to elucidate the un-
derlying molecular mechanisms associated with Pb immunotoxicity.
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