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Enhanced interleukin-4 production in CD4" T cells and elevated immunoglobulin
E levels in antigen-primed mice by bisphenol A and nonylphenol, endocrine
disruptors: involvement of nuclear factor-AT and Ca*"
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SUMMARY

Bisphenol A (BPA) and p-nonylphenol (NP) are representative endocrine disruptors (EDs) that may
have adverse effects on human health. The influence of these compounds on allergic immune
responses remains unclear. In this study, we have examined the effects of BPA and NP on
production of interleukin-4 (IL-4), a pro-inflammatory cytokine closely associated with allergic
immune responses. Both BPA and NP significantly enhanced IL-4 production in keyhole limpet
haemocyanin (KLH)-primed CD4" T cells in a concentration-dependent manner. Treatment with
BPA or NP in vivo resulted in significant increase of IL-4 production in CD4" T cells and of
antigen-specific immunoglobulin E (IgE) levels in the sera of KLH-primed mice. Furthermore, BPA
and NP enhanced the activation of IL-4 gene promoter in EL4 T cells transiently transfected with
IL-4 promoter/reporter constructs, and the enhancing effect mapped to a region in the IL-4 promoter
containing binding sites for nuclear factor (NF)-AT. Activation of T lymphocytes by phorbol 12-
myristate 13-acetate/ionomycin resulted in markedly enhanced binding activities to the NF-AT site,
which significantly increased upon addition of BPA or NP, as demonstrated by the electrophoretic
mobility shift assay, indicating that the transcription factor NF-AT was involved in the enhancing
effect of BPA and NP on IL-4 production. The enhancement of IL-4 production by BPA or NP was
significantly reduced by nitrendipine, a blocker of Ca*" influx, and by FK506, a calcineurin
inhibitor. FK506 inhibited the NF-AT-DNA binding activity and IL-4 gene promoter activity
enhanced by BPA or NP. These results represent the first report describing possible enhancement of
allergic response by EDs through increasing IL-4 production in CD4™ T cells and antigen-specific
IgE levels in the sera via the stimulation of Ca**/calcineurin-dependent NF-AT activation.

INTRODUCTION

Exogenous substances that can elicit sex steroid-like activities
are commonly referred to as endocrine disruptors (EDs). They
have been defined as any exogenous agent, either synthetic or
natural, that interferes with the production, release, transport,
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metabolism, binding, biologic action, or elimination of natural
ligands in the body that are responsible for the maintenance of
homeostasis and the regulation of developmental processes. In
many cases, EDs share no apparent structural similarities to
traditional steroids. The potential exposure and economic sig-
nificance of several of these substances have made endocrine-
disrupting chemicals a contentious health concern and environ-
mental issue."? In humans, the consequences of prenatal expo-
sure to diethylstilbesterol on the reproductive tract of both
females and males are well known. Developmentally neurolo-
gical defects have been identified in children exposed to EDs.>*
In addition, a decline of sperm production in humans over the
last four decades has been noted. Increases in the incidence of
certain types of cancers (breast, prostate, testicular) that may
have an endocrine-related basis have led to speculation that they
may be caused by agents in the environment.’ Environmental
exposures to EDs are also suspected to play a role in alterations
of sexual development in wildlife species.
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The effect of EDs on cytokine production or the function of
the immune system has not been investigated. They may have an
adverse effect. We chose two widely used EDs for our study:
bisphenol A (BPA), which is found in the content of canned
food, dental sealants, and composites; and nonylphenol (NP),
alkylphenols used as antioxidants in the plastic industry.®” BPA
is used in the manufacture of epoxy, polycarbonate and unsa-
turated polyester resins. It is also used in the manufacture of
epoxy di(meth)acrylates and vinyl ester resins, and has been
used as an antioxidant, fungicide, and antimicrobial in cos-
metics.® Diglycidyl ether of BPA epoxy resins belong to the
most common causes of occupational allergic contact dermatitis
and, on rare occasions, has caused occupational asthma.’ Also,
the non-ionic emulsifier nonylphenol ethoxylate (nonoxynol-6)
found in an industrial waterless hand cleanser induced allergic
contact dermatitis.'® However, the mechanism by which EDs
causes these allergic responses is unknown. In this study, we
determined if allergic responses induced by EDs were asso-
ciated with an increase in interleukin-4 (IL-4) production by T
cells and/or an increase in serum immunoglobulin E (IgE) level.

Allergic disorders affect at least 20% of the population in
developed countries. They include hay fever, asthma, atopic
dermatitis and food allergies. These signs are associated with
high levels of serum IgE and allergen-specific IgE and eosino-
philia.”’12 They are dependent upon IL-4 and IL-5 released
from allergen-specific CD4 T cells expressing the T helper type
2 (Th2) cytokine profile.'*'* IL-4 is a pleiotropic cytokine that
modulates the differentiation and the biological activities of
virtually all cells of haematopoietic origin.' It plays a central
role in Th2-type immune responses, such as IgE production and
immediate allergic inflammation. It may be involved in the
exacerbation of allergic diseases.'®

The objective of this study was to determine the effect of
EDs on IL-4 production in antigen-primed lymph node cells. We
found that BPA and NP, two widely used EDs, up-regulated
keyhole limpet haemocyanin (KLH)-induced IL-4 production in
lymph node cells of antigen-primed mice, and that this effect
was mediated in part by nuclear factor (NF)-AT sites in the
murine IL-4 promoter. Because the Ca>" signalling system was
involved in IL-4 production, we investigated the role of these
intracellular signalling systems and found that the enhancing
effect of BPA and NP on IL-4 production was antagonized by
interruption of intracellular Ca®" signalling with 1,2-bis(o-
amionophenoxy)ethane-N,N,N',N'-tetraacetic acid tetra(acetox-
ymethyl)ester (BAPTA-AM), thapsigargin, nitrendipine and
FK506.

MATERIALS AND METHODS

Materials, cell culture and mice

BPA and NP were from Aldrich Chemical Co. (Milwaukee, WI)
and Tokyo Kasei Kogyo Co. (Tokyo, Japan), respectively.
Phorbol 12-myristate 13-acetate (PMA), ionomycin, and
antagonists of the Ca?" signalling systems were from Sigma
Chemical Co. (St. Louis, MO). KLH was from Calbiochem Co.
(San Diego, CA). Anti-CD8 monoclonal antibody (mAb; Lyt-
2.2, hybridoma 3.155) and anti-CD4 mAb (L3T4, hybridoma
GK1.5) were purified from ascitic fluids by ammonium sulphate
precipitation. Hybridoma 3.155 cells, hybridoma GK1.5 cells
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and EL4 cells were from the American Type Culture Collection
(ATCC, Rockville, MD). Anti-mIL-4 (BVD4 and BVD6), anti-
mouse-interferon-y (IFN-y) (R46A2 and XMG1.2), anti-mouse
IgE, purified mouse IgE, biotinylated anti-mouse IgE, recom-
binant murine IL-4 and IFN-y were from PharMingen Co. (San
Diego, CA). Cultures of lymph node cells from BALB/c mice
were maintained in RPMI-1640 medium (Gibco BRL, Grand
Island, NY) supplemented with 10% fetal bovine serum (FBS;
Hyclone Laboratories, Logan, UT) and 1% penicillin—strepto-
myecin at 37° in a 5% CO, humidified air atmosphere. Six to 8-
week-old-female BALB/c mice were obtained from Daehan
Animal Inc. (Seoul, Korea), and maintained in pathogen-limited
conditions. The mice were treated according to the National
Institutes of Health Guidelines for the Care and Use of Labora-
tory Animals.

In vitro stimulation of lymph node cells

Draining axillary, popliteal, and inguinal lymph nodes were
removed from mice 7 days after priming with 100 pg KLH
absorbed to aluminium hydroxide (alum) adjuvant in the foot-
pads as previously described.!” Single-cell suspensions of
lymph nodes were prepared and cultured in vitro with KLH
(1 or 50 pg/ml) in the absence or presence of either BPA or NP.
At the indicated times as described in the figure legends, the
levels of IL-4 and IFN-vy in the cell supernatants were deter-
mined by a sandwich enzyme-linked immunosorbent assay
(ELISA) and mRNA levels of 1L-4, IL-6 and IL-10 in the cells
were assayed by reverse transcription—polymerase chain reac-
tion (RT-PCR).

In vitro depletion of T-cell subsets

For in vitro depletion of either CD8" T cells or CD4™" T cells,
mAbs for the relevant T-cell subset were used as previously
described.'® In brief, lymph node cells from immunized mice
were incubated with anti-CD4 (L3T4) or anti-CD8 (Lyt-2.2)
mAbs on ice for 30 min, followed by addition of low-toxicity
rabbit complement (Pel-Freez, Rogers, AR) at 37° for 45 min.
The antibodies were titred such that the concentrations used
were five times the minimum amount required to saturate the
specific binding sites of lymph node cells from naive BALB/c
mice, as determined by cytofluorometric analysis of serially
diluted antibodies. After depletion of the specific cell-types, the
remaining cells were washed with serum-free RPMI-1640
medium, and incubated for 4 days with KLH (50 pg/ml) in
the presence of BPA (10 or 50 uM) or NP (1 or 5 um).
Immunofluorescent analysis of lymph node cells after mAb
treatment indicated that there were >95% depletion of specific
T-cell subsets with no decrease in the frequency of the other
subsets.

Immunizations, in vVivo treatments, and in vitro culture

Mice (five mice/group) were injected into the footpad with KLH
(100 pg) in alum, followed by intraperitoneal (i.p) injection
every other day for 1 week with BPA (25 mg/kg), NP (5 mg/kg)
or saline. Unimmunized, control mice were footpad injected
with saline, followed by i.p. injection with saline. One week
after the second injection with KLH, lymph nodes and blood
samples were collected. Serum samples were rapidly frozen at
—80° for the subsequent determination of KLH-specific IgE
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levels. The lymph node cells were stimulated in vitro with KLH
(0-100 pg/ml) for 4 days and the levels of IL-4 and IFN-v in the
culture supernatants were determined by a sandwich ELISA.

Cytokine assays

The quantities of IL-4 and IFN-vy in culture supernatants were
determined by a sandwich ELISA using mAbs specific for each
cytokine, as previously described.'® The mAbs for coating the
plates and the biotinylated second mAbs were as follows: for IL-
4, BVD4-1D11 and BVDG6; for IFN-y, HB170 and XMG1.2.
Standard curves were generated using recombinant cytokines.
The lower limit of detection was 3 pg/ml for IL-4, and 125 pg/
ml for IFN-y.

IgE assay

Mice were bled 1 week after immunization and KLH-specific
IgE levels in the sera were determined by ELISA, using rat anti-
mouse IgE (1 pg/ml) to coat the plates. After the samples were
applied, the plates were washed and biotinylated KLH (1 pg/
ml) was added. The plates were washed and developed with
streptavidin-peroxidase in phosphate-buffered saline (PBS).

RT-PCR

Total RNA was prepared from the cells and reverse-transcribed
into ¢cDNA, and then PCR amplification of the cDNA was
preformed as previously described.? Total cellular RNA was
isolated by the single-step method using the TRI reagent
(Sigma). The sequences of PCR primers were as follows: mouse
IL-4 (sense, 5’ATGGGTCTCAACCCCCAGCTAGT?'; anti-
sense, 5GCTCTTTACGCTTTCCAGGAAGTC3'), IL-6 (sense,
5S'TGAACAACGATGATGCACTT?'; antisense, 5'CGTAGA-
GAACAACATAAGTC3'), IL-10 (sense, 5’ ATGCAGGACTTT-
AAGGGTTACTTGGGT?'; antisense, 5 ATTTCGGAGAGA-
GGTACAAACGAGGTTT3’), and B-actin (sense, 5 TGGAA-
TCCTGTGGCATCCATGAAAC3?'; antisense, 5'TAAAACG-
CAGCTCAGTAACAGTCCG3’). The PCR reactions were
run for 36 cycles for 94° (30 s), 58° (45 s), 72° (30 s) using
a PCR Thermal Cycler (MJ Research, Watertown, MA). After
the amplification, the RT-PCR products were separated in 1-5%
(w/v) agarose gels and stained with ethidium bromide.

IL-4 promoter constructs, transient transfection and
luciferase assay

The 741/+56 fragment of murine IL-4 promoter was generated
by polymerase chain reaction (PCR) from genomic DNA of
DBA/2 mice. The PCR products were cloned into the BamHI/
EcoRlI sites of the plasmid pGEM-7Z and then subcloned into
the Sacl/Xhol sites of the pGL3-basic luciferase vector (Pro-
mega Co., Madison, WI). All the deletion mutants were gen-
erated by PCR using an upstream primer containing BamHI site.
For transfections, EL4, a murine thymoma cell line, was
cultured in RPMI-1640 medium and transfected with indicated
plasmid in the presence of Superfectam according to the
manufacturer’s protocol (Qiagen, Germany). The cells were
stimulated with ionomycin (100 nM) and PMA (1 ng/ml) in the
absence or presence of varying concentrations of either BPA or
NP. The cells were harvested 24 hr later, and the luciferase
activity was assayed. The results were normalized to LacZ
expression and expressed as a relative fold induction.

Preparation of nuclear extracts and electrophoretic mobility
shift assay (EMSA)

EL4 cells were stimulated by the addition of PMA (1 ng/ml)
plus ionomycin (100 nM), and incubated for 24 hr with BPA or
NP at the indicated amounts. Nuclear extracts were prepared
from the cells as previously described,?’ and aliquots were
frozen at —80°. The protein concentration for each extract was
determined with a Micro BCA protein assay reagent (Pierce,
Rockford, IL). For binding assays, 10 pg of total nuclear extract
was incubated with *?P-labelled oligonucleotide in the presence
of a reaction mixture containing 20 mM dithiothreitol, poly(dI-
dC), 10x gel retardation assay buffer (GRAB) for 30 min at
room temperature. The oligonucleotides used in binding and
competition assays were as follows: NF-AT, 5-GAGCCC-
TAAACTCATTTTCCCTTGAAA-3'; AP-1, 5'-GATCTGCAT-
GAGTCAGACACACA-3'; NF-kB, 5'-CCGGTTAACAGAGG-
GGGCTTTCCGAG-3'; CRE, 5-GATCCGAGCCCGTGACG-
TTTACACTCATTCT-3'. For the competition assay, a 50-fold
excess amount of the appropriate unlabelled oligonucleotide
was added to the binding reaction mixture. The binding reac-
tions were loaded onto a 4% polyacrylamide gel in 0-5x Tris—
borate—ethylenediaminetetra-acetic acid buffer and subjected to
electrophoresis at 200-250 V for 1 hr. Dried gels were exposed
to an X-ray film at —80°.

Statistical analyses
Student’s #-test and one-way analysis of variance (ANOVA) were
used to determine the statistical differences between values for
various experimental and control groups.

P-values < 0-01 were considered statistically significant.

RESULTS

BPA and NP enhanced IL-4 production by KLH-primed
lymph node cells and PMA-stimulated EL4 T cells

To determine whether BPA and NP affected the production of
IL-4 by lymph node cells primed with KLH, BALB/c mice were
first injected into the footpad with KLH (100 pg) in alum.
Seven days later, lymph node cells from the immunized mice
were stimulated for 4 days in vitro with KLH in the presence of
BPA or NP, and IL-4 production by KLH-specific cells was
determined. As shown in Fig. 1, BPA and NP significantly
increased IL-4 production in a concentration-dependent man-
ner, with the highest levels of IL-4 at 50 and 5 uM, respectively.
BPA and NP also stimulated IL-4 production in PMA-activated
EL4 T-cell line. BPA or NP itself did not induce IL-4 production
by unstimulated lymph node cells or EL4 T cells. In contrast,
BPA did not affect the production of IFN-vy, a Thl cytokine, in
KLH-stimulated lymph node cells.

IL-4 mRNA levels were analysed in KLH-primed lymph
node cells in the presence of BPA or NP, to determine if changes
in IL-4 production were accompanied by changes in the expres-
sion of IL-4 mRNA. As shown in Fig. 2, BPA and NP sig-
nificantly enhanced IL-4 mRNA levels in both KLH-primed
lymph node cells and PMA-activated EL4 T cells, indicating
that the changes in IL-4 production with BPA or NP were
present at the transcriptional level. The enhancing effect of BPA
and NP on IL-4 mRNA expression was approximately maximal
at 10 and 1 pMm, respectively, and decreased at higher concen-
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Figure 1. Chemical structures of BPA and NP, and their effects on IL-4 production in KLH-primed lymph node cells and PMA-
activated EL4 cells. (a) Chemical structures of test chemicals: bisphenol A and 4-nonylphenol. (b, ¢) Mice were injected into the
footpad with KLH (100 pg) in alum. Seven days later, the lymph node cells were collected and stimulated in vitro for 4 days with KLH
(50 pg/ml) in the presence of varying amounts of BPA or NP. (d) EL4 thymoma cells were treated with PMA (1 ng/ml), and then
exposed to varying amounts of BPA or NP for 2 days. The cell culture supernatants were harvested and assayed for IL-4 or IFN-y by
ELISA. The values represent the mean = SEM (n = 4). *P < 0-001 and **P < 0-005 relative to KLH-treated and PMA-treated

group, respectively.

trations. Treatment with BPA or NP did not affect the expression
of IL-6, IL-10 and B-actin mRNA by PMA-activated EL4 T
cells, suggesting that the enhancing effect of IL-4 by BPA or NP
was not the result of generalized activation of these cells.

CD4" T cells were the major cell-type activated for
IL-4 by BPA or NP

IL-4 is produced predominantly by CD4" Th2 cells and CD8* T
cells.* To determine the IL-4-producing cell type affected by
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treatment with BPA or NP, CD4" or CD8" T cells in KLH-
primed lymph node cells were depleted with anti-CD4 or anti-
CD8 mADbs plus complement. The depleted cell cultures were
then stimulated in vitro with KLH in the presence of BPA or NP.
Afterwards, IL-4 levels in the depleted cell cultures were
compared with those of nondepleted cell cultures after in vitro
stimulation with KLH. As shown in Fig. 3, in vitro re-stimula-
tion of KLH-primed lymph node cells with KLH induced
significant levels of IL-4 production, which was reduced to
background levels by CD4 ™ T-cell depletion. In contrast, CD8™
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Figure 2. Effect of BPA or NP on IL-4 mRNA expression by KLH-stimulated lymph node cells and PMA-activated EL4 cells (a)
Lymph node cells from KLH-primed mice, as described in the legend to Fig. 1(b), were re-stimulated for 6 hr with KLH (1 pg/ml) in
the presence of varying amounts of BPA or NP. (b) EL4 cells were stimulated with PMA (1 ng/ml), and then exposed to BPA (10 um) or
NP (1 puMm) for 6 hr. Cellular RNA from each treatment was extracted and mRNA expression for IL-4, IL-6, IL-10 and B-actin was

analysed by RT-PCR.

T-cell depletion did not affect the level of IL-4 in cultures of
KLH-primed lymph node cells in the presence of BPA or NP.
Thus, CD4" T cells were the major producer of IL-4 in cultures
of KLH-activated lymph node cells.

As described, BPA or NP significantly increased IL-4 pro-
duction by KLH-primed lymph node cells. The enhanced levels
of IL-4 production by BPA or NP were also completely sup-
pressed by CD4 " T-cell depletion. IL-4 levels in CD4" T-cell
depleted lymph node cells in the presence of KLH and BPA or
NP were approximately the same as background (unstimulated
control cell culture), indicating that CD4" T cells were the
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major cell-type responsible for IL-4 production in KLH-primed
lymph node cells, and for the enhanced production of IL-4 by
treatment with BPA or NP.

BPA and NP increased allergic responses in vivo,
characterized by enhanced IL-4 production in CD4" T cells
and elevated antigen-specific IgE in sera

To determine whether BPA or NP up-regulated IL-4 levels
in vivo, BPA or NP was injected i.p (25 and 5 mg/kg every
other day, respectively, during the KLH immunization) into
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Figure 3. CD4" T cells are the major cell-type responsive to BPA or NP for IL-4 production. Mice were injected in the footpad with
KLH in alum. Seven days later, draining lymph node cells were incubated in vitro on ice for 30 min with anti-CD8 or anti-CD4 mAbs,
followed by incubation for 45 min at 37° with complement. After washing, cells from each treatment group were stimulated for 4 days
with KLH (50 pg/ml) in the presence of the indicated doses of BPA (a) or NP (b) and IL-4 levels in the culture supernatants were
assayed by ELISA. The data represent the mean = SEM (n = 3). *P < 0-0005 relative to a group treated with complement only.

© 2003 Blackwell Publishing Ltd, Immunology, 109, 76-86



Increased IL-4 and IgE levels by endocrine disruptors

(a}) 60O (b) 500
= Sciline e - Soiline s
500 1 == KLH == KIH
mmm KLH [/ BPA 400 KL NP *
E 400 g __E_
E E 300
- 300 —
T T
2, 200 =)
100 100
0 T r . ' 0 - - -
o 25 50 100 0 25 50 100

[ KLH ] (ng/ml) used for in vitro stimulation ( KLH ) (ug/mi) used for in vifro stimulation

Figure 4. 1L-4 production by lymph node cells in KLH-primed mice treated in vivo with BPA or NP.Mice (5 per group) were injected
in the footpad with 100 pg KLH in alum. The mice were injected i.p. with BPA (25 mg/kg) (a), NP (5 mg/kg) (b) or saline every other
day for 1 week. Control mice received saline alone. One week after the second immunization with KLH, lymph node cells were re-
stimulated in vitro with KLH (0-100 pg/ml) for 4 days. IL-4 levels in the culture supernatants were analyzed by ELISA. The data

81

represent the mean £ SEM (n = 3). *P < 0-01 relative to groups without BPA or NP treatment.

KLH-primed BALB/c mice. One week after the KLH injection,
lymph node cells were collected and stimulated in vitro with
KLH, and the level of IL-4 in the culture supernatants was
determined. As shown in Fig. 4, treatment with BPA or NP
significantly increased IL-4 production in lymph node cells of
KLH-primed mice after in vitro stimulation with KLH. The
levels of IL-4 production in KLH/BPA- or KLH/NP-treated
mice were significantly higher than those in mice injected with
KLH alone.

To further characterize allergic responses induced with BPA
or NP, serum levels of KLH-specific IgE in KLH-primed mice
treated with BPA or NP were determined. As shown in Fig. 5,
the levels of KLH-specific IgE in BPA- or NP-treated mice were
significantly higher than those in mice injected with KLLH alone.
The results suggest that BPA or NP may enhance allergic
immune responses in antigen-primed mice by increasing IL-4
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Figure 5. Effect of BPA or NP on KLH-specific IgE levels in the sera of
KLH-primed mice. Mice (five per group) were treated with the same
protocol as described in the legend of Fig. 4. One week after the second
immunization with KLH, KLH-specific IgE levels in the sera were
determined by ELISA. The experiment was repeated twice with similar
results. ¥*P < 0-01 relative to a group treated with KLH alone.
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production in CD4™" T cells and the level of antigen-specific IgE
in the serum.

BPA and NP enhanced the activation of the IL-4 gene
promoter by PMA/ionomycin

To determine if BPA or NP affected the activity of the IL-4 gene
promoter, luciferase reporter constructs were generated that
contained the IL-4 promoter sequences from positions —741,
—251, and —46 to +56, relative to the transcription initiation
site (Fig. 6). EL4 T cells were transfected with each of the 1L-4
gene promoter constructs and stimulated with PMA/ionomycin
in the presence of varying concentrations of BPA or NP. After-
ward, the luciferase activity was determined. As shown in
Fig. 6, each construct showed significant stimulation with
PMA/ionomycin in the absence of BPA or NP. Both BPA
and NP significantly enhanced PMA/ionomycin-mediated
activation of the IL-4 gene promoter. Of special interest,
deleting sequences to —46 (IL-4/—46) removed the enhancing
effects of BPA or NP on the activation of the IL-4 promoter,
suggesting that the target site of BPA or NP may residue at
the region carrying four NF-AT sites (Pu-bp, Pu-bc, Pu-bg and
Pu-b,). BPA or NP alone did not stimulate the IL-4 gene
promoter.

To further examine the involvement of NF-AT in the
enhancement of IL-4 production by BPA or NP, we analysed
the NF-AT-binding activity present in nuclear extracts derived
from PMA/ionomycin-stimulated EL4 T cells in the presence of
BPA or NP. As expected, nuclear extracts from PMA/ionomy-
cin-stimulated EL4 cells exhibited strong NF-AT-binding
activity as determined by electrophoretic mobility shift assays
using radiolabelled oligonucleotides encompassing the NF-AT
site (Fig. 7a). The binding was specific since it was competed
by an unlabelled, identical oligonucleotide, but not with an
unrelated non-specific oligonucleotide. It was absent in nuclear
extracts from non-stimulated cells. Nuclear extracts from
EL4 cells stimulated by PMA/ionomycin in the presence of



82 M. H. Lee et al.
(a) P4PRE-1) P3 P2 P1 PO
=741 +56
MARE
~46 —{ }— 456
(b)
25 a4
_— FAedium
=3 BPA 10} ; :I-!‘-:In 1
> ;r:::wu,qu 20 | - P
2 =i § =L
'g 15 §
E i
10
2 2
5 1
0 . L
IL-4.F-741 IL-4/-251 IL-4/-46 L4 /=741 L4 /=251 - =45

Pramoter constructs

Promoter constructs

Figure 6. Effect of BPA or NP on IL-4 gene promoter activity stimulated by PMA/ionomycin. (a) Schematic representation of murine
IL-4 promoter constructs containing PO-P4 NF-AT elements. (b) EL4 cells were transiently transfected with the IL-4 promoter
constructs, followed by stimulation for 24 hr with PMA/ionomycin in the presence of BPA or NP. Afterward, the cells were lysed and
reporter gene expression was analysed by luminometry. The results are represented as induction fold over the value obtained with the
unstimulated EL4 cells transfected with each of promoter constructs, given as an arbitrary value of 1. The data are representative of

three independent experiments.

BPA or NP showed strong NF-AT-binding activities, in a
dose-dependent manner. In contrast, BPA or NP failed to
enhance the AP-1 binding activity induced by PMA/ionomycin
(Fig. 7b).
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Involvement of Ca®" in the BPA- or NP-stimulated
production of IL-4

We assessed the contribution of intracellular calcium-mediated
signalling to BPA- or NP-enhanced IL-4 production by pre-
treating lymph node cells from the immunized mice with
various inhibitors known to interfere with calcium homeostasis.
Both BPA and NP increase intracellular [Ca®"] levels by
inhibiting intracellular Ca®>" pumps.”® As shown in Fig. 8 (a
and b), the enhancement of IL-4 production by BPA or NP was
significantly reduced by nitrendipine, which blocks Ca>" influx,
or BAPTA-AM, a chelator of intracellular Ca>*. In agreement
with the data on chelation of intracellular calcium by BAPTA-
AM (Fig. 8b), thapsigargin, which used to inhibit calcium-
dependent ATPases located in the sarco/endoplasmic reticulum,
which release calcium from intracellular stores, completely
suppressed IL-4 production enhanced by BPA or NP (Fig. 8c).
We further determined whether Ca®*/calmodulin downstream
enzyme was involved in IL-4 production stimulated by BPA
or NP. As shown in Fig. 8(d), when KLH-primed lymph
node cells were pretreated with FK506, a calcineurin inhibitor,

Figure 7. BPA or NP enhances the PMA/ionomycin-induced binding
of nuclear proteins to the NF-AT site, but not the AP-1 site. Nuclear
extracts were prepared from resting and PMA/ionomycin-activated EL4
cells treated for 24 hr with varying concentrations of BPA or NP, and
then analysed by EMSA using a radiolabelled oligonucleotide encom-
passing the NF-AT (a) or AP-1 (b), respectively. S and NS indicate the
presence of an unlabelled, specific oligonucleotide (NF-AT or AP-1) and
non-specific oligonucleotide (CRE or NF-«xB), respectively. The spe-
cific NF-AT or AP-1 complexes are indicated. Similar results were
obtained in two additional experiments.
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Figure 8. The role of Ca®*/calcineurin-dependent intracellular signalling systems in the enhanced IL-4 production by BPA or NP.
Mice were injected in the footpad with KLH in alum. Seven days later, lymph node cells were incubated with nitrendipine (a), BAPTA-
AM, (b), thapsigargin (c) and FK506 (d) 30 min prior to KLH and/or BPA or NP stimulation. After 4 days, the cell culture supernatants
were harvested and assayed for IL-4 by ELISA. The values represent the mean + SD of triplicate determinations. The experiment was

repeated twice with similar results.

the enhancement of IL-4 production by BPA or NP was
completely abolished. Furthermore, FK506 inhibited the NF-
AT-DNA binding activity and IL-4 gene promoter activity
enhanced by BPA or NP, in a concentration-dependent manner
(Fig. 9).

DISCUSSION

In this report, we demonstrated for the first time that BPA and
NP, two representative EDs, significantly enhanced IL-4 pro-
duction by antigen-primed CD4 " T cells. In agreement with the
increased IL-4 production observed in vitro, mice treated with
BPA or NP during sensitization produced higher levels of IgE in
vivo, and lymph node cells derived from these mice secreted
enhanced amounts of IL-4 following antigen stimulation in
vitro. Furthermore, we found that the enhancement of IL-4
by BPA or NP was mediated by a Ca®'/calcineurin/NF-AT
signalling pathway. These results suggested that BPA and NP
may, at least in part, increase allergic responses via the enhance-
ment of IL-4 production by CD4™ T cells.

Allergic diseases are hypersensitivity disorders associated
with the production of specific IgE to environmental allergens.”*
Higher than normal serum IgE is often found in patients with
allergic diseases, including allergic asthma. Reduction of IgE
production is one strategy used in the treatment of asthma.>>=°
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IL-4, produced primarily by CD4% Th2 cells, is an important
stimulus for the switch of the antibody isotype to IgE in both
mice and humans.?”*® In this study, the increased levels of IgE
in sera of BPA- or NP-treated mice may have resulted from an
enhancement in the production of IL-4 by CD4™ T cells exposed
to BPA or NP, leading to the enhancement of the allergic
response.

BPA and NP were found to significantly enhance IL-4
mRNA levels in a concentration- and time-dependent manner
(Fig. 2). It also enhanced the activation of the IL-4 gene
promoter by PMA/ionomycin (Fig. 6), indicating that the
enhancement of IL-4 production by BPA or NP occurred at
the transcriptional level. Furthermore, BPA or NP enhanced
signals originating from the T-cell receptor, leading to a higher
expression of IL-4 during antigen stimulation. BPA and NP may
also directly interact with signal pathways or transcription
factors regulating the IL-4 gene promoter, resulting in an
increase in the expression of IL-4. In our study, the enhancing
effect of BPA or NP on the PMA/ionomycin-activated IL-4 gene
promoter disappeared if the transcription factor NF-AT sites
were deleted in the promoter (Fig. 6), suggesting that the
enhancing effect of BPA or NP on IL-4 production may be
mediated through NF-AT. Furthermore, activation of T cells by
PMA/ionomycin resulted in a marked enhanced binding activity
at NF-AT sites, which significantly increased upon addition of
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Figure 9. Effect of FK506, a calcineurin inhibitor, on the NF-AT binding activity and IL-4 gene promoter activity. (a) EL4 cells were
pretreated for 30 min with FK506 (10, 100, 1000 nM) and then exposed for 24 hr to PMA/ionomycin (P/I) in the presence of BPA
(10 puM) or NP (1 pum). In EMSA a *?P-end-labelled DNA probe that included the NE-AT binding domain of the murine IL-4 promoter
was incubated with nuclear extracts (10 pg/lane). Specificity of binding was determined by the use of a 50-fold excess of specific or
unrelated oligonucleotide (CRE). (b) EL4 cells were transiently transfected with the IL-4/—741/Luc construct. Eighteen hr later, the
cells were pretreated for 30 min with FK506 (10, 100, 1000 nM). The results are the averages of three independent transfection

experiments.

BPA or NP. The transcription factor NF-AT is well known to
play an essential role in the inducible transcription of the IL-4
gene during T-cell activation, as human and murine IL-4 gene
promoters contain at least four NF-AT sites, which control their
induction in T cells.?**® AP-1 is required for the activity of NF-
AT DNA binding to the NF-AT sites.>' However, our study
showed that the AP-1 DNA binding activity was not modulated
by the treatment with BPA or NP, indicating that AP-1 may not
be involved in the enhancing effects of BPA or NP on IL-4
production by CD4" T cells.

NF-AT-dependent enhancement of IL-4 production by BPA
and NP might occur through the Ca®"/calcineurin signalling
pathway. The enhancement of IL-4 production by BPA or NP
was completely reduced by nitrendipine, a blocker of Ca*"
influx, or BAPTA-AM, a chelator of intracellular Ca>* (Fig. 8).
Furthermore, enhancement of IL-4 production by BPA or NP
was completely abolished by FK506, a calcineurin inhibitor.
Treatment with FK506 inhibited the NF-AT-DNA binding
activity and IL-4 gene promoter activity enhanced by BPA or
NP, in a dose-dependent manner (Fig. 9), suggesting that BPA
and NP enhanced IL-4 production via a Ca”*/calcineurin

signalling pathway, resulting in the elevated activation of
NF-AT-DNA binding activity. The role of calcium influx in
cytokine generation has long been recognized, and mounting
evidence linked the cytosolic increases of Ca>" to intracellular
signals involving the activation of calcineurin A (a serine-
threonine phosphatase) and its effect on the NF-AT family of
transcription factors.>>*> The transmission of signals derived
from T-cell stimulation leads to the activation of the Ca®'/
calcineurin pathway, which in turn triggers the translocation of
NF-AT to the nucleus. Proteins belonging to the NF-AT family
of transcription factors control the transcription of many genes
involved in allergy and eosinophil function.** NF-AT proteins
are expressed in T cells, B cells, mast cells, and natural killer
cells, where they are activated by stimulation of calcium-
mobilizing antigen and Fc receptors. They regulate the expres-
sion of appropriate inducible genes.*>*® Upon calcium signal-
ling, the Ca®"/calmodulin-dependent protein phosphatase
calcineurin dephosphorylates NF-AT proteins lead to the
unmasking of the nuclear localization sequences and the trans-
location of NF-ATs to the nucleus. NF-ATs remain in the
nucleus while Ca>" is elevated and are rapidly phosphorylated
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and exported to the cytoplasm upon termination of calcium
signalling or by calcineurin inhibition with cyclosporin A or
FK506.%7%

The amounts of BPA or NP used in this study (25 mg/kg
BPA and 5 mg/kg NP) seem high, especially in the in vivo
experiments. However, many previous reports have used similar
amounts of BPA (0-1-150 mg/kg body weight) to investigate
the effect of BPA on gene expression and bioavailability
because the obtained serum concentration following BPA
administration was low and the systemic clearance was high
and the elimination half-life was short. For example, the lowest
BPA dose that had a significant effect on vascular endothelial
growth factor expression was 37-5 mg/kg after i.p. administra-
tion.*® Upon oral administration of BPA (10 mg/kg), the max-
imum serum concentration and the time to reach the maximum
concentration were 14-7 ng/ml and 0-2 hr, respectively.*’ The
relative bioavailability and metabolism were also dependent
upon the route of administration.*!

Epidemiological studies indicated an increase in the pre-
valence of allergic diseases in environmentally polluted areas,
suggesting that environmental factors may be one of the causes
of the disease.* Recently, several environmental pollutants
have been reported to increase allergic responses. Pyrene,
one of the polyaromatic hydrocarbons in diesel exhaust, induced
transcription of IL-4 mRNA and expression of IL-4 protein in
primary human T cells.** Polyphenol-containing compounds
preferentially activated IL-4-secreting Th2 cells, thereby
favouring IgE pI’OdUCtiOIl.44 In this report, we add BPA and
NP to the list of environmental components that increase
allergic responses, as characterized by increased levels of IL-
4 production in CD4" T cells and higher levels of antigen-
specific IgE in sera.

Our study demonstrated that BPA or NP, two widely used
types of EDs, can stimulate a Ca>*/calcineurin/NE-AT signal-
ling pathway, leading to the enhancement of IL-4 production in
CD4" T cells. These results suggest a possible enhancing
mechanism of EDs such as BPA and NP on allergic responses.
Because the ratio of Th1 and Th2 cells is closely correlated with
the outcome of many diseases,**® controlling exposure to
major sources of BPA and NP may protect patients from
developing diseases caused by undesired Th2-dominated
responses.
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