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Abstract

Zinc (Zn) is an essential trace metal required by many enzymes and transcription factors for their
activity or the maintenance of their structure. Zn has a variety of effects in the immune responses and
inflammation, although it has not been well known how Zn affects these reactions on the molecular
basis. We here showed that Zn suppresses Th17-mediated autoimmune diseases at lest in part by
inhibiting the development of Th17 cells via attenuating STAT3 activation. In mice injected with type II
collagen to induce arthritis, Zn treatment inhibited Th17 cell development. IL-6-mediated activation of
STAT3 and in vitro Th17 cell development were all suppressed by Zn. Importantly, Zn binding changed
the a-helical secondary structure of STAT3, disrupting the association of STAT3 with JAK2 kinase
and with a phospho-peptide that included a STAT3-binding motif from the IL-6 signal transducer
gp130. Thus, we conclude that Zn suppresses STAT3 activation, which is a critical step for Th17
development.
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Introduction

Zn, one of the essential trace elements (1–4), is required by
many enzymes and transcription factors for their activity or
the maintenance of their structure. Zn has a variety of effects
in the immune system (3, 5, 6). It was reported that mature
CD4+ and CD8+ T cells are quite resistant to Zn deficiency
and survived well in the otherwise atrophying thymus (7).
Interestingly, Zn deficiency in an experimental mouse model
causes an imbalance between Th1 and Th2 functions in
periphery. Production of IFN-gamma and IL-2 (products of
Th1) is decreased, whereas production of IL-4, IL-6 and
IL-10 (products of Th2) is not affected even during Zn defi-
ciency (8). The relationships between Zn and autoimmune

diseases have been described previously (9, 10). Such inter-
actions include altered serum Zn concentrations in many
chronic autoimmune diseases and inhibition of several ani-
mal models of these diseases by Zn supplementation. For
example, it is reported that the dextran sulfate sodium-
induced colitis and diabetes induced by multiple low does
of streptozotocin are suppressed by Zn administration
(11–13). However, a molecular mechanism how Zn sup-
presses the diseases has not been demonstrated yet.

Because cytokines and Toll-like receptor (TLR) stimulation
affect the expression profiles of Zn transporters (14–16), we
hypothesized that proteins involved in inflammation and
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autoimmune diseases, such as STAT3, may be targets of Zn
signaling. We were particularly interested in how Zn affects
Th17 cells, because Th17 cell development is controlled by
IL-6-induced STAT3 activation (17–21), although it is well
known that STAT3 plays a role in a lot of biological reactions
and its activation state is sophisticatedly regulated (22, 23).
Moreover, although classification of CD4+ T cells into Th1
and Th2 cells has provided a framework for understanding
the roles of various CD4+ T-cell subtypes in the development
of autoimmune diseases (24–26), recent studies have identi-
fied Th17 cells as a previously unknown arm of the CD4+

T-cell effector response. These cells secrete several pro-
inflammatory cytokines, including IL-17A (18, 21, 27–29),
deficiency of which in mice results in resistance to such au-
toimmune diseases as collagen-induced arthritis (CIA), ex-
perimental autoimmune encephalomyelitis (EAE) and the
arthritis disorders that develop in F759, SKG and IL-1 recep-
tor antagonist-deficient mice (18, 30–33), although the rela-
tionship between Zn and Th17 development has not been
investigated yet.

Our group and others showed that Zn functions as an in-
tracellular signaling molecule by demonstrating that a variety
of extracellular stimuli affect the intracellular levels of free Zn
(34–36). For example, LPS stimulation of TLRs decreases
intracellular-free Zn levels in a manner that is dependent on
altered Zn transporter expression in dendritic cells (15),
whereas Fc epsilon receptor-1 (FceR-1) stimulation rapidly
induces Zn release from perinuclear regions of mast cells,
a process referred to as the ‘Zn wave’ (37). Interestingly,
FceR-1-induced translocation of protein kinase C to the
plasma membrane and the subsequent nuclear factor
jB-mediated cytokine expression in mast cells involves the
Zn transporter Znt5/Slc30a5 (38). In addition, the expression
of the Zn transporter Zip6/Slc39a6/Liv1 is dependent on
STAT3 and is required for the nuclear localization of the
Zn-finger transcription factor Snail (14). Another Zn trans-
porter, Zip13/Slc39a13, is required for transforming growth
factor (TGF)-b/BMP signaling, an effect that is mediated by
Smad nuclear localization (39). In Caenorhabditis elegans,
the Zn transporter CDF1, a nematode ZnT1 ortholog, posi-
tively regulates Ras–Raf–Mek–extracellular signal-regulated
kinase (ERK) signal transduction by promoting Zn efflux and
reducing the cytosolic Zn concentration (40). These studies
raise the possibility that Zn may directly regulate the struc-
tures of target proteins to affect their biological activities, an
effect that has not yet been demonstrated.

The present study shows that Zn directly suppresses
STAT3 activation, which is a critical step in Th17 cell devel-
opment, and suggested that STAT3 might be a target of Zn
signaling in T cells.

Methods

Mice

C57BL/6 mice were purchased from CLEA Japan or Japan
SLC (Tokyo, Japan). All mice were maintained under specific
pathogen-free conditions according to the protocols of the
Osaka University Medical School and RIKEN Research
Center for Allergy and Immunology (RCAI). All animal experi-
ments were performed following the guidelines of the Institu-

tional Animal Care and Use Committees of the Graduate
School of Frontier Bioscience (Graduate School of Medicine,
Osaka University) and the RIKEN RCAI.

CIA development

CIA was induced in C57BL/6 mice (Japan SLC) essentially
as previously described (41). Mice were injected intra-
dermally in their back with 200 lg of chicken type II collagen
plus 250 lg of Mycobacterium bovis Bacillus Calmette-
Guérin cell wall skeleton (BCG-CWS) emulsified in CFA.
Three weeks after the initial injection, a booster injection
containing 200 lg of chicken type II collagen plus 250 lg of
BCG-CWS emulsified in CFA was given intra-dermally in the
base of the tail. Clinical arthritis activity was evaluated every
3 days after the second immunization for 21 days. Arthritis
severity in the metacarpophalangeal, wrist, metatarsopha-
langeal and ankle joints was scored using the following
scale: 0 = no arthritis, 1 = small degree of arthritis, 2 = mild
swelling, 3 = moderate swelling, and 4 = severe swelling
and non-weight bearing. The arthritic score was the sum of
the scores from all the involved joints.

Induction of EAE. EAE was induced and scored as described
previously (42).

Cell culture

The RAW246.7 mouse myeloid leukemia cell line, human
Jurkat T-cell line, human fibroblast cell line and 293T-G133
cells (43), which produce granulocyte colony-stimulating fac-
tor (CSF) receptor–gp130 receptor protein chimeras, were
cultured in RPMI-1640 medium supplemented with 10% fetal
bovine serum (FBS). Mouse ProB Baf/B03 cells were main-
tained in RPMI-1640 medium supplemented with 10% FBS
and 10% conditioned medium from WEHI3B cells as a
source of IL-3.

Transfection

Cells were transfected using Lipofectamine 2000 (Invitro-
gen), according to the supplier’s protocol. Typically, 10 lg
of expression plasmid, pEFBOS or pEFBOS encoding
HA-tagged JAK1 was used. Cells were incubated with
DNA–lipid complexes for 24 h and subjected to other bio-
chemical analyses.

Immunoblotting

Cells were serum starved for 12 h, stimulated with LPS or
the indicated cytokines (50 ng ml�1) for the indicated period
of time and suspended in 1 ml of 1% NP-40 buffer [1%
NP-40, 20 mM Tris–HCl (pH 7.4), 150 mM NaCl, 5 lg ml�1

aprotinin, 0.1 mM phenylmethylsulfonyl fluoride and 1 mM
Na3VO4). In some experiments, cells were treated with the
indicated final concentrations of ZnSO4 and pyrithione at
37�C for the indicated period of time before cytokine stimu-
lation. A NativePAGE Novex Bis-Tris Gel System (Invitrogen)
was used according to the supplier’s manual. Proteins on
the blotted membrane were probed with the indicated anti-
bodies and detected using enhanced chemiluminescence
(PerkinElmer Life Science). Anti-ERK1/2, anti-phospho-
ERK1/2 and anti-JAK1 antibodies were obtained from BD
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Transduction Laboratories. Tyrosine-phosphorylated proteins
were detected with 4G10 antibodies (Upstate). Antibodies
specific for phospho-Tyr1022/1023-JAK1, JAK2, phospho-
Tyr1007/1008-JAK2, STAT3 and phospho-Tyr705-STAT3 were
purchased from Cell Signaling Technology.

Immunoprecipitation

Cell lysates were suspended in 1 ml of 1% NP-40 buffer
and mixed with 20 ll of protein A–Sepharose or protein
G–Sepharose (Pharmacia) and 1 lg of each antibody, fol-
lowed by incubation for 6 h at 4�C. The immunoprecipitates
were eluted with SDS–PAGE loading buffer, separated by
SDS–PAGE and transferred to a PVDF membrane.

In vitro binding assay

The peptide-binding assay was performed using biotinylated
peptides representing gp130 (VVHSG-pY767RHQVPS and
VVHSGY767RHQVPS), which were purchased from Toray
Research Center. The peptides (5 lg) were incubated with
30 ll of streptavidin–Sepharose (Pharmacia) for 2 h at 4�C.
The beads were washed three times with 20 mM Tris–HCl
(pH 7.4) and then incubated with 0.1 lg of recombinant
recombinant STAT3 (rSTAT3) (Active Motif) for 3 h at 4�C.
rSTAT3 was treated with ZnSO4 for 2 h at 4�C. The com-
plexes were separated using SDS–PAGE and blotted with
anti-STAT3 antibodies. GST-JAK2 (Active Motif) was used to
assess the JAK2–STAT3 interaction. GST-JAK2 (0.1 lg)
was incubated with 30 ll of glutathione–Sepharose 4B (Phar-
macia) at 4�C for 2 h, and the JAK2-bound beads were
incubated with rSTAT3 for 3 h at 4�C.

Precipitation assay using Zn immobilized on beads

Immobilized metal affinity chromatography (IMAC)-select
affinity beads were obtained from Sigma. Zn was immobi-
lized on the IMAC-select affinity beads by rotating equal vol-
umes of IMAC-select affinity beads with ZnSO4 (50 mM) for
1 h at 4�C. The beads were then washed five times with 1%
NP-40 buffer and used to precipitate rSTAT3 from solution or
RAW246.7 cell lysates, as indicated. The beads (30 ll) were
added to either rSTAT3 solution or whole-cell lysates and
rotated for 2 h at 4�C. They were then washed four times
with 1% NP-40 lysis buffer and precipitated. The pellet was
re-suspended in SDS–PAGE loading buffer for further
immunoblotting.

DNA pull-down assay

DNA pull-down assays were performed as described previ-
ously (44). Biotinylated double-stranded DNA probes for the
mouse Socs3/STAT-binding element (SBE), derived from the
mouse Socs3 promoter (45), were as follows: mSocs3/SBE-F,
biotin 3#-CAGTTCCAGGAATCGGGGGGC-5# and mSOCS3/
SBE-R, biotin 3#-GCCCCCCGATTCCTGGAACTG-5#.

In vitro kinase assay

The 293T-G133 cells were transfected with either pEFBOS-
HA-JAK1 or empty pEFBOS expression plasmid, followed
by stimulation with G-CSF to activate JAK1. Cells were sus-
pended in 1 ml of lysis buffer [0.5% NP-40, 50 mM Tris–HCl
(pH 7.4), 250 mM NaCl, 1 mM sodium vanadate and prote-

ase inhibitors]. Lysates were cleared by centrifugation, and
500 lg of each lysate was mixed with 4 ll of anti-HA anti-
body solution (clone 3F10, Roche) and 30 ll of protein
G–Sepharose (Pharmacia). After a 4-h incubation at 4�C,
the beads were washed three times with 0.5 ml of lysis
buffer in the absence of protease inhibitors and three times
with 0.5 ml of kinase buffer [60 mM HEPES–NaOH (pH 7.5),
3 mM MgCl2 and 3 mM MnCl2]. GST-JAK2 was used as
JAK2 in these experiments. rSTAT3 or poly-AEKY (Sigma)
was used as the substrate for the JAK kinases. The kinase
reaction was performed by incubating the JAK proteins in
50 ll of the kinase buffer containing 1 mM ATP, 1.2 mM
dithiothreitol and 50 ng of rSTAT3 or 1 lg of poly-AEKY for
30 min at 30�C. The reactions were stopped by the addition
of Laemmli’s SDS loading buffer, and the reaction products
were subjected to SDS–PAGE, followed by immunoblotting
with antibodies specific for individual tyrosyl-phosphorylated
proteins, as indicated.

Real-time PCR

SYBR Green PCR Master Mix (Applied Biosystems) and
a GeneAmp 7000 Sequence Detection System (Applied
Biosystems) were used for quantitative PCRs as described
previously (15). Transcript levels were normalized to those of
the gene encoding glyceraldehyde-3-phosphate dehydroge-
nase (Gapdh). Primer sequences were as follows: mouse
Socs3—CCCAAGGCCGGAGATTTC and GGAGCCAGCGTG-
GATCTG, mouse Egr1—TAGCAGCAGCAGCACCAG and
GGCTGGGATAACTCGTCTCC and mouse Gapdh—AGCT-
GAACGGGAAGCTCACT and TGAAGTCGCAGGAGACAACC.

Circular dichroism spectroscopy

CD measurements of STAT3 under different solvent condi-
tions were performed using a Jasco J-820 CD spectropo-
larimeter equipped with a Peltier temperature control unit.
All CD spectra were recorded in a cuvette with a path length
of 1 mm and a protein concentration of 1 lM. The CD spec-
trum was taken as the average of three successive spectra.
Recombinant Flag-tagged mouse STAT3 was prepared
using a silkworm–baculovirus protein expression system
(Katakura Industries Co., Saitama, Japan).

Enzyme-linked immunosorbent assay

IFN-c, IL-4 and IL-17A levels in serum or cell culture super-
natant were determined using ELISA Kits (BD Biosciences
or eBiosciences).

Intracellular staining

In vitro assay. The recommended amount of GolgiPlug (BD
Biosciences) was added to the culture, which is stimulated
with PMA (500 ng ml�1) and ionomycine (500 ng ml�1) for
6 h. Cells were stained with PE-Cy7-conjugated anti-CD4
antibodies and biotin-conjugated anti-CD19, anti-NK1.1
and anti-MHC class II antibodies (eBiosciences), followed
by streptavidin–Pacific Blue treatment. Next, the cells were
fixed and permeabilized according to the manufacturer’s
directions (BD Biosciences) and stained with FITC-
conjugated anti-Foxp3 and PE-conjugated anti-IL-17A (eBio-
sciences) antibodies (eBiosciences). Data were acquired on
a CyAn flow cytometer and analyzed with FlowJo software.

Zinc suppresses Th17 development 377

D
ow

nloaded from
 https://academ

ic.oup.com
/intim

m
/article/22/5/375/730670 by guest on 21 O

ctober 2022



In vivo assay. T cells from lymph nodes were stimulated in
plates coated with anti-CD3 antibodies (20 lg ml�1) and
anti-CD28 antibodies (10 lg ml�1) for 6 h. The recommended
amount of GolgiPlug was added to the culture at the begin-
ning of the incubation. The resulting cells were stained with
allophycoerthrin (APC)-conjugated anti-CD44 (eBiosciences),
PE-Cy7-conjugated anti-CD4 and biotin-conjugated anti-CD19,
anti-NK1.1 and anti-MHC class II antibodies followed by
streptavidin–Pacific Blue treatment. The cells were then fixed
and permeabilized with a Cytofix/Cytoperm Plus Fixation/
Permeabilization Kit (BD Biosciences) and stained with PE-
conjugated anti-IL-17A (eBiosciences) and FITC-conjugated
Foxp3 antibodies (eBiosciences). Data were acquired on a
CyAn flow cytometer and analyzed with Summit software.

Detection of phospho-STAT3

In vitro assay. The lymph nodes and spleens from wild-type
mice were harvested and the T-cell population was enriched
using an nylon wool column. Incubations were performed
with 2 3 106 cells in 100 lM ZnSO4 for 30 min and 10 ng
ml�1 IL-6 for 5 min. The cells were fixed immediately with
Lyse/Fix buffer (BD Biosciences), permeabilized with Perm
Buffer III (BD Biosciences) and stained with FITC-conjugated
anti-CD19 and anti-MHC class II, PE-Cy5-conjugated anti-
CD4, APC-conjugated anti-CD8 and PE-conjugated anti-
Stat3(pY705) antibodies (BD Biosciences). Data were
acquired on an FACSCalibur system (BD Biosciences) and
analyzed with FlowJo software.

In vivo assay. Zn-treated and control mice were injected
intravenously with 20 ng of IL-6. After 15 min, mice were
sacrificed and the spleens were harvested. Single-cell sus-
pensions from the spleen samples were fixed immediately
with Lyse/Fix buffer, permeabilized with Perm Buffer III and
stained with FITC-conjugated anti-CD19 and anti-MHC class
II, PE-Cy5-conjugated anti-CD4, APC-conjugated CD8 and
PE-conjugated anti-Stat3(pY705) antibodies. Data were ac-
quired on an FACSCalibur system and analyzed with FlowJo
software.

Induction of Th1 and Th17 cells

Lymph nodes and spleens from wild-type mice were har-
vested and CD25�CD44lo naive CD4+ T cells were sorted
using a Moflo cell sorter (Beckman Coulter). The purity of
the T-cell samples was consistently >99%. The cells were
co-cultured for 4 days with bone marrow-derived dendritic
cells plus anti-CD3 antibodies (1 lg ml�1) in the presence
of rmIL-12 (5 ng ml�1; PeproTech) for Th1 cells or in the
presence of IL-6 (500 ng ml�1) and rhTGF-b (5 ng ml�1;
PeproTech) for Th17 cells.

Statistical analysis

Student’s t-tests (two tailed) were used for statistical compar-
isons of two groups.

Results

Zn inhibits the development of CIA and Th17 cell development
in vivo

To induce Th17 cell development in vivo, we employed the
mouse model of Th17 cell-mediated collagen induced arthritis

(CIA), which is known to be dependent on both IL-6 and IL-
17A (Supplementary Figure S1 is available at International
Immunology Online) (41,46). As expected, CIA development
was suppressed significantly when 3000 p.p.m. Zn was
added to the animals’ drinking water (Fig. 1A). We also
showed that another Th17 cell-mediated autoimmune
disease, experimental autoimmune encephalomyelitis (EAE),
was inhibited by the same Zn treatment (Fig. 1B).
There were several reports using drinking water containing
2000–4000 p.p.m. Zn for the in vivo experiments (47–49).
We confirmed that administering 3000 p.p.m. Zn for 2 months
did not alter the sizes of various lymph node and spleen im-
mune cell populations, including those of CD4+ T cells,
CD8+ T cells, B cells, NK cells, CD11c+ cells and CD11b+

cells (Supplementary Figure S2 is available at International
Immunology Online). Additionally, body weight of the mice
having 3000 p.p.m. Zn was not changed comparing to that
of control animals (data not shown). In fact, sera from mice
that received drinking water containing 3000 p.p.m. Zn con-
tained ;29 lM Zn, whereas the concentration in sera from
control mice was ;15 lM (Supplementary Figure S3 is avail-
able at International Immunology Online). Zn (29 lM) is
much lower than a toxic range. These data strongly sug-
gested that mice having a drinking water with 3000 p.p.m.
of Zn should have the normal immune responses. To confirm
this idea, pathogenic Th17 cells were transferred to mice that
received drinking water supplemented with 3000 p.p.m. Zn
for over 1 month before the experiments. The development
of EAE was similar in Zn-treated and control mice (Fig. 1C).
These results demonstrated that mice that were given drink-
ing water supplemented with 3000 p.p.m. Zn showed normal
Th17 cell-mediated immune responses including activation
of Th17 cells and induction of inflammations, when the path-
ogenic Th17 cells were existed. These results strongly sug-
gested that Zn does not affect the immune responses after
the processes of pathogenic T-cell development but inhibits
Th17-cell development from naive CD4+ T cells. Therefore,
we hypothesized that Zn suppresses Th17-cell development
during the induction of CIA, which is dependent on the
IL-6–STAT3-signaling pathway. To test this possibility, we ex-
amined the serum concentrations of T cell-derived cytokines,
including IFN-c, IL-4 and IL-17A, after the first and second
immunizations used to induce CIA. Zn treatment decreased
the serum concentrations of IL-17A, a pro-inflammatory cyto-
kine produced by Th17 cells, whereas IFN-c concentrations
were similar in sera collected from mice supplied either Zn-
containing or control water (Fig. 1D). On the other hand,
IL-4 was not detected after the immunizations (data not
shown). Consistent with these results, ex vivo experiments
showed that Zn treatment suppressed IL-17A but not IFN-c
expression after T-cell activation (Fig. 1E), whereas IL-4 was
not detected (data not shown). Moreover, we showed that
the percentages and absolute numbers of Th17 cells
decreased in regional lymph nodes after Zn supplementa-
tion, whereas those of regulatory T (Treg) cells and Th1 cells
were not markedly affected (Fig. 1F and G). Importantly, Zn
treatment inhibited STAT3 activation in CD4+ T cells after
in vivo IL-6 treatment (Fig. 1H). Taken together, these results
showed that Zn supplementation contributed to the suppres-
sion of Th17-cell development from naive CD4+ T cells
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in vivo. Moreover, the data suggested that Zn suppresses
Th17-cell development by inhibiting the IL-6–STAT3-signaling
axis in naive CD4+ T cells followed by inhibition of CIA
development.

Zn inhibits the development of Th17 cells in vitro

To eliminate the effects of other cell populations after Zn
treatment, we employed an in vitro system in which Th17-cell
development was induced in the presence or absence of Zn.

Because preliminary experiments showed that culture me-
dium containing <100 lM of ZnSO4 did not have a marked
effect on CD4+ T-cell viability (Supplementary Figure S4 is
available at International Immunology Online), we used 50 lM
ZnSO4 for the subsequent in vitro experiments. Zn treat-
ment significantly inhibited Th17-cell development in vitro,
whereas the number of Foxp3-expressing cells increased
(Fig. 2A). Expression levels of Foxp3, however, were signifi-
cantly low compared with those observed in normal Treg

Fig. 1. Zn inhibited the development of CIA and Th17 cells in vivo. DDW, an ultrapure water treated by distillation plus Barnstead ULTROpure.
(A) C57BL/6 mice were given drinking water supplemented with Zn (3000 p.p.m., n = 6) or regular drinking water (n = 6) for at least 30 days. The mice
were then injected subcutaneously with chicken type II collagen plus BCG-CWS with CFA (arrows: Days 0 and 21). CIA development was suppressed
significantly in Zn-treated mice compared with control animals (P = 0.043, 0.011, 0.034, 0.026, 0.031 and 0.028 for Days 33, 35, 37, 39, 41 and 43,
respectively). (B) C57BL/6 mice were given drinking water supplemented with Zn (3000 p.p.m., n = 6) or regular drinking water (n = 5) for at least 30
days. The mice were then injected subcutaneously with MOG (35–55) peptide (synthesized by Sigma) in CFA (Sigma–Aldrich) at the base of the tail
on Day 0 followed by intravenous injection of pertussis toxin (List Biological Laboratories) on Days 0 and 2. EAE development was suppressed
significantly in Zn-treated mice compared with control animals (P = 0.023, 0.0046, 0.0019, and 0.0020 for Days 15, 17, 19, and 21, respectively). (C)
C57BL/6 mice were given drinking water supplemented with Zn (3000 p.p.m., n = 4) or regular drinking water (n = 4) for at least 30 days. The mice
were intravenously injected with Th17 cells from WT mice with EAE. The clinical EAE scores of C57BL/6 mice given drinking water supplemented with
Zn (open circles, n = 4) were determined as described in the Methods and compared with those with regular drinking water (closed circles, n = 4). (D)
C57BL/6 mice were given drinking water supplemented with Zn (IL-17A: n = 10, 10 and 31 for Days 7, 16 and 27, respectively; IFN-c: n = 4, 4 and 16
for Days 7, 16 and 27, respectively) or regular drinking water (IL-17A: n = 9, 10 and 34 for Days 7, 16 and 27, respectively; IFN-c: n = 4, 4 and 24 for
Days 7, 16 and 27, respectively) for at least 30 days. CIA was then induced. Sera were collected on the indicated days after CIA induction and the
IL-17A and IFN-c concentrations were measured using ELISAs. Serum IL-17A concentrations were significantly lower in Zn-treated mice compared
with control mice on Days 7, 16 and 27 (P = 0.013, 0.032 and 0.00071, respectively). Serum IFN-c concentrations were not significantly affected. The
dotted lines denote the thresholds of detection (62.5 pg ml�1 and 31.25 pg ml�1 for IL-17A and IFN-c, respectively). (E) Single-cell suspensions made
from the inguinal lymph nodes of mice 6 days after the second immunization were cultured with the indicated amount of chicken type II collagen. On
Day 27 after the first immunization, IL-17A concentrations were lower in the culture media containing cells from Zn-treated mice compared with control
samples (P = 0.001, 0.0019 and 0.0011 for 0.5, 1 and 2 lg of chicken type II collagen, respectively). The dotted lines denote the threshold of
detection. (F) The percentages and numbers of Th17 cells (CD4+CD44hiIL-17A+) and Treg cells (CD4+CD44hiFoxp3+) were examined in the inguinal
lymph nodes of mice 6 days after the second immunization. The percentage and number of Th17 cells (CD4+CD44hiIL-17A+), but not those of
Treg cells (CD4+CD44hiFoxp3+), decreased in Zn-treated mice compared with control animals (P = 0.019 and 0.044 for the percentage and
number, respectively). (G) The percentages and numbers of Th1 cells (CD4+CD44hiIFN-c+) were examined in the inguinal lymph nodes of mice
6 days after the second immunization. The percentage and number of Th1 cells (CD4+CD44hiIFN-c+) were not markedly affected (P = 0.27 and
0.76 for the percentage and number, respectively). (H) C57BL/6 mice were given drinking water supplemented with Zn (3000 p.p.m., n = 12)
or regular drinking water (n = 9) for at least 30 days. IL-6 (20 ng per mouse) was intravenously injected and 15 min later the spleen of each mouse
was collected. STAT3 phosphorylation in CD4+ T cells—assessed using intracellular staining—was lower in Zn-treated mice compared with control
mice (P = 0.0081). P values were calculated using Student’s t-test (*P < 0.05, **P < 0.01). n.s., not detected.
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cells cultured without IL-6 [average mean fluorescence
intensity; 87 for Th17 plus Zn (n = 3) and 125 for Treg cells
(n = 3), see Fig. 2A]. Consistent with lower Foxp3 expres-
sion levels, Treg cells cultured in the presence of Zn did not
markedly suppress the proliferation of naive CD4+ T cells
comparing to normal Treg cells (Supplementary Figure S5 is
available at International Immunology Online). Thus, the
Foxp3+ cells cultured in the presence of Zn were not func-
tionally mature as Treg cells. Importantly, Zn suppressed
IL-6-mediated STAT3 activation in CD4+ T cells (Fig. 2B).
Conversely, IL-6-mediated JAK phosphorylation did not de-
crease (Supplementary Figure S6 is available at International
Immunology Online). All these results demonstrated that Zn
inhibits the development of Th17 cells by suppressing STAT3
activation.

Zn suppresses IL-6-mediated STAT3 activation

To investigate how Zn inhibits IL-6-mediated STAT3 activa-
tion, we next examined whether Zn affected the activation
states of various proteins in the IL-6-signaling pathway, in-
cluding STAT3. We employed the RAW246.7 mouse leuke-
mia cell line for this mechanistic analysis because this line
is relatively resistant to higher concentrations of intracellular
Zn and induced strong IL-6-signaling pathway compared
with T cells. We treated these cells with 10 lM ZnSO4 plus
pyrithione to allow Zn ions to be efficiently infused into the
cells as metal complexes as described previously (15, 36,

37, 50, 51). Zn treatment enhanced IL-6-induced protein
phosphorylation (Fig. 3A), consistent with previous reports
detailing Zn as an inhibitor of tyrosine phosphatases (52). Zn
also enhanced the IL-6-induced activation of JAK proteins
and ERK1/2 (Fig. 3A), thereby upregulating the expression
of EGR1, an ERK1/2 target gene (Supplementary Figure S7
is available at International Immunology Online). In contrast,
Zn inhibited IL-6-induced tyrosine phosphorylation of STAT3
(Fig. 3A).

The inhibitory effect of Zn on STAT3 activation was also
observed in cells stimulated with either IL-10 or LPS
(Fig. 3B). Additionally, Zn was shown to inhibit STAT3 func-
tionally, as evidenced by the suppression of IL-6-induced
STAT3 nuclear localization in the presence of Zn (Fig. 3C).
Furthermore, Zn inhibited IL-6-induced binding of STAT3 to
target DNA (Fig. 3D) and the expression of the STAT3 target
gene SOCS3 (Fig. 3E). Therefore, we concluded that Zn
inhibits STAT3 activation after IL-6 stimulation without sup-
pressing JAK and ERK activation.

Zn structurally alters STAT3

We then investigated the relationship between Zn and STAT3
using rSTAT3. We found that Zn inhibited STAT3 phosphory-
lation by both JAK1 and JAK2 without affecting autophos-
phorylation of these JAK proteins (Fig. 4A). Importantly,
Zn did not inhibit the JAK-induced tyrosine phosphory-
lation of poly-alanine–glutamic acid–lysine–tyrosine peptides

Fig. 1. Continued
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(poly-AEKY), an artificial substrate for JAK proteins (Fig. 4B).
Moreover, STAT3 from cell lysate and rSTAT3 were recovered
from IMAC-select beads bearing immobilized Zn (Fig. 4C).
These results showed that Zn directly binds STAT3 and
inhibits its activation.

We next investigated the effect of Zn binding on the struc-
ture of STAT3. Fractionation using native PAGE showed that
STAT3 from cells treated with Zn plus pyrithione migrated
faster than STAT3 from untreated cells (Fig. 4D, left), an effect

that was not observed for a-tubulin (Fig. 4D, right). These
results suggested that Zn may change the three-
dimensional structure of STAT3 in cells. To study this
possibility in more detail, we performed CD spectroscopy,
a method used to examine the secondary structures of pro-
teins. The CD spectrum of rSTAT3 showed negative minima
at ;222 and 209 nm, which are characteristic of a-helical
structures. The addition of Zn reduced the spectral intensity
between 200 and 250 nm (Fig. 4E). The Zn chelators EDTA

Fig. 2. Zn inhibited the development of Th17 cells in vitro. (A) MoFlo-sorted naive CD4+CD44lo T cells were stimulated with soluble anti-CD3
antibodies, bone marrow-derived dendritic cells, IL-6 and TGF-b in the presence or absence of ZnSO4 (50 lM). For Treg induction, the naive
CD4+CD44lo T cells were stimulated with soluble anti-CD3 antibodies, bone marrow-derived dendritic cells and TGF-b. Four days later, the cells
were labeled intracellularly after stimulation with PMA and ionomycine. The histograms represent IL-17A or Foxp3 expression in CD4+ T cells: the
upper left panel shows Foxp3 expression in CD4+ T cells cultured to allow Th17-cell development (with IL-6) in the presence or absence of Zn.
Foxp3 expression was induced in the presence of Zn. The lower left panel shows Foxp3 expression in CD4+ T cells cultured to allow Treg cell
development (without IL-6) in the presence or absence of Zn. Foxp3 expression levels under these conditions were higher than those observed in
the presence of IL-6 and Zn. The profile for Treg differentiation in the absence of zinc is shown in the lower left panel. The percentage and number
of Th17 cells were lower among Zn-treated CD4+ T cells than among control CD4+ T cells (P = 0.47 and 0.64 for 10 lM, P = 0.0026 and 0.010 for
25 lM, P = 0.0008 and 0.0035 for 50 lM). The percentage of Treg cells was higher among Zn-treated CD4+ T cells than among control CD4+

T cells (P = 0.04 for 10 lM, P = 0.00013 for 25 lM, P =0.032 for 50 lM). (B) T cells were incubated with 100 lM ZnSO4 for 30 min and
stimulated with IL-6 for 5 min. The histograms represent phospho-STAT3 expression in CD4+ T cells. The mean fluorescence intensity (MFI) of the
pSTAT3+ cells was significantly lower among the Zn-treated CD4+ T cells than among the control CD4+ T cells (P = 0.021). P values were
calculated using Student’s t-test (*P < 0.05, **P < 0.01).
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and TPEN did not restore the intensity in this area of the CD
spectrum (Supplementary Figure S8 is available at Interna-
tional Immunology Online). These results clearly showed
that Zn directly binds to STAT3, which leads to an unfolding
of STAT3.

IL-6 binding to its receptor induces the activation of JAK
proteins, which in turn results in tyrosine phosphorylation
of gp130 (17). STAT3 is then recruited to the tyrosine-
phosphorylated YxxQ motif of gp130 through the SH2 do-
main of STAT3, leading to the tyrosine phosphorylation of
STAT3 by JAK proteins. If Zn alters the three-dimensional
structure of STAT3, it may inhibit the binding of STAT3 to the
tyrosine-phosphorylated YxxQ motif of gp130. Consistent
with this hypothesis, Zn inhibited the interaction between
a phosphorylated YxxQ peptide and rSTAT3 (Fig. 4F), as
well as the in vitro binding of rSTAT3 to JAK2 (Fig. 4G).
These results demonstrated that structural changes in STAT3
induced by Zn blocked the association of STAT3 with JAK

kinase and gp130, both of which are critical for IL-6 signal
transduction.

Discussion

We have shown that Zn suppressed CIA development, de-
creased serum levels of IL-17A but not those of IFN-c and
reduced the numbers of Th17 cells but not those of Th1
cells in regional lymph nodes. Importantly, IL-6-induced
STAT3 phosphorylation in CD4+ T cells was inhibited by Zn
treatment in vivo. Moreover, Zn suppressed Th17 cell devel-
opment and IL-6-induced STAT3 phosphorylation in vitro.
Collectively, these results strongly suggested that Zn sup-
presses Th17-cell development after the induction of CIA.
Mechanistic analysis showed that Zn structurally altered
STAT3 to inhibit its activation after IL-6 stimulation. Thus, we
conclude that Zn directly suppresses STAT3 activation,
which in turn inhibits Th17-cell development.

Fig. 3. Zn directly inhibits IL-6-mediated STAT3 activation. (A) RAW246.7 cells were incubated with 10 lM ZnSO4 plus pyrithione for 5 min (Zn/
Pyr) and stimulated with IL-6 for 15 min. Total cell lysates or immunoprecipitated samples were subjected to SDS–PAGE followed by
immunoblotting with antibodies specific for phospho-tyrosine (pTyr), tyrosyl-phospho (p)-JAK1 (pJAK1), JAK1, pJAK2, JAK2, pERK1/2, ERK1/2,
pSTAT3, STAT3 or a-tubulin. (B) After Zn treatment, RAW246.7 cells were stimulated with either IL-10 or LPS. The STAT3-containing
immunoprecipitate was immunoblotted with anti-pSTAT3 or anti-STAT3 antibodies. (C) RAW246.7 cells were treated with Zn and stimulated with
IL-6 for 15 min. Nuclear (left) and cytosolic (right) fractions were prepared. Each fraction was immunoprecipitated with appropriate anti-STAT3
antibodies and subjected to SDS–PAGE, followed by immunoblotting with anti-pSTAT3, anti-STAT3, anti-histone H1 or anti-a-tubulin antibodies.
(D) Nuclear extracts were prepared from Zn-treated RAW246.7 cells and incubated with biotinylated double-stranded DNA probes and
streptavidin–Sepharose. The protein–DNA complexes were subjected to SDS–PAGE, followed by immunoblotting with either anti-pSTAT3 or anti-
STAT3 antibodies. The probe contained the SBE from the mouse Socs3 gene. (E) Total RNA was isolated from Zn-treated RAW246.7 cells.
Quantitative PCRs were performed with Socs3- and Gapdh-specific primers.
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Zinc is an essential nutrient to maintain normal physiologi-
cal functions in vivo. But excess Zn ions are thought to be
toxic. However, as shown in Supplementary Figure S2 (avail-
able at International Immunology Online), administering 3000
p.p.m. Zn for 2 months did not alter the sizes of various
lymph node and spleen immune cell populations. In fact, se-
rum Zn concentration in mice having a drinking water with
3000 p.p.m. of Zn is ;30 lM, while control mice contained
;15 lM of Zn in serum (Supplementary Figure S3 is avail-
able at International Immunology Online). This concentration

of Zn is much lower than those reported to be toxic and may
not in fact promote T-cell death based on in vitro experiments
(Supplementary Figure S4 is available at International Immu-
nology Online). Importantly, body weight of the mice having
3000 p.p.m. Zn was not changed comparing to that of control
animals (data not shown). Moreover, autoimmune diseases
induced by pathogenic T-cell transfer developed normally in
mice receiving 3000 p.p.m. Zn in drinking water (Fig. 1C).
These results demonstrated that 3000 p.p.m. Zn in drinking
water did not completely disrupt immune responses in mice.

Fig. 4. Zn changes the three-dimensional structure of STAT3. (A) Left: activated JAK1 was used as an rSTAT3 kinase in an in vitro reaction.
Products were separated by SDS–PAGE and blotted with anti-pSTAT3, anti-STAT3, anti-pJAK1 or anti-JAK1 antibodies. Right: GST-JAK2 was
used to phosphorylate rSTAT3 in vitro. Reaction products were subjected to SDS–PAGE, followed by immunoblotting with anti-pSTAT3, anti-
STAT3, anti-pJAK2 or anti-GST antibodies. (B) Poly-AEKY was used as the substrate in an in vitro kinase reaction with either JAK1 (left) or
GST-JAK2 (right). The products were subjected to SDS–PAGE followed by immunoblotting with the indicated antibodies. (C) Zn immobilized on
IMAC-select affinity beads was incubated with 100 lg of RAW246.7 cell lysate (left) or 0.1 lg of rSTAT3 (right). The beads were washed,
subjected to SDS–PAGE and blotted with anti-STAT3 antibodies. (D) RAW246.7 cells were treated with Zn for the indicated periods of time. Cell
lysates were separated by native PAGE and immunoblotted with anti-STAT3 (left) or anti-a-tubulin (right) antibodies. The migration distance (cm)
from the 242-kDa molecular weight marker is given below the bands in the gel images. (E) The graph shows CD spectra of STAT3 in the absence
(black) or presence of Zn (red, 1 lM; yellow, 5 lM; green, 10 lM; blue, 50 lM and magenta, 150 lM). (F) A gp130 peptide-binding assay
performed using rSTAT3 and Zn treatment. (G) A GST-JAK2-binding assay performed with rSTAT3.
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We used 50 lM Zn for the in vitro Th17-cell differentiation
experiments. We wanted to investigate the effects of Zn in
an experimental system that mimicked physiologic condi-
tions. Intracellular Zn concentrations are mainly regulated
in vivo by Zn transporters. For experiments with primary
T cells, we used Zn alone rather than complexes of Zn and
pyrithione because Zn enters cells via transporters under
physiologic conditions, whereas complexes of Zn and
pyrithione enter cells with or without functioning Zn trans-
porters. After 4 days of culture to induce Th17-cell develop-
ment, the primary T cells were viable in culture medium
containing <120 lM Zn, whereas Th17-cells development
was suppressed in medium containing >25 lM Zn (Fig. 2A).
Moreover, we showed that mice having 3000 p.p.m. of Zn in
a drinking water showed ;30 lM Zn in their sera (Supple-
mentary Figure S3 is available at International Immunology
Online). Therefore, we used medium containing 50 lM Zn
for this assay to obtain robust data without markedly affect-
ing cell survival.

On the other hand, for the mechanistic analysis, several
reports have described the effects of Zn on various cell
lines, including biochemical studies of signal transduction
using Zn plus pyrithione (15, 36, 37, 50, 51). The concentra-
tions of Zn and pyrithione in these studies ranged from 4 to
20 lM. An advantage of Zn plus pyrithione treatment is that
complexes of Zn ions and pyrithione enter cells rapidly and
directly through the plasma membrane rather than Zn trans-
porters. Rapid infusion of Zn is important when investigating
molecules in signaling cascades that are rapidly activated,
such as the IL-6-signaling pathway. Thus, we treated the cell
lines with 10 lM ZnSO4 plus pyrithione. Using this method,
we showed that Zn suppressed STAT3 activation in the IL-6-
signaling pathway. These results are consistent with data
obtained using more physiologic Zn infusion methods, which
resulted in decreased numbers of Th17 cells in vivo without
affecting the Treg cell population during the induction of
CIA. Moreover, in vitro experiments similarly demonstrated
a decreased number of Th17 cells, whereas the functional
Treg cell number did not increase after Zn administration.
Importantly, IL-6-mediated STAT3 activation was significantly
inhibited in both cases. Taken together, these results support
the idea that Zn directly suppresses STAT3 activation, a criti-
cal step during Th17-cell development.

Although we showed that Zn suppresses STAT3 activation,
it is unclear whether Zn selectively affects STAT3 but not
other STAT family members. We showed that in vivo Zn treat-
ment reduced the number of Th17 cells without significantly
affecting Th1 cells. Consistent with this result, the Zn-
mediated suppressive effects were more evident in cultures
of developing Th17 cells compared with those of Th1 cells
(Supplementary Figure S9 is available at International Immu-
nology Online). Together with in vivo results shown in Fig. 1,
these results suggested that Zn affects Th17 cells more than
Th1 cells. It should be pointed out, however, that forced infu-
sion of Zn using pyrithione suppressed the phosphorylation
of a variety of STAT molecules, including STAT1, STAT4 and
STAT5 (Supplementary Figure S10 is available at Interna-
tional Immunology Online). One potential explanation for this
discrepancy is that expression profiles of Zn transporters
and/or Zn-binding proteins may differ in Th1 and Th17 cells.

Zn may affect only STAT3 in Th17 cells under physiological
conditions, whereas forced infusion of Zn in vitro suppresses
a broad range of STAT molecules in various cell types. Con-
sistent with this notion, we observed that expression profiles
of some Zn transporters are differ between Th1 and Th17
cells (Supplementary Figure S11 is available at International
Immunology Online). Therefore, zinc-mediated STAT3 regula-
tion might be a nice way to control many inflammatory dis-
eases including autoimmune diseases where STAT3 is
involved in their pathogenesis.

It is important to know whether Zn-mediated suppression
of STAT3 activation is induced in physiological conditions.
We hypothesize that Zn-mediated STAT3 suppression works
as one of intracellular STAT3 regulations. Consistent with
this, mRNA expressions of Zn transporters are changed by
various extrinsic stimulations, some of which are known to in-
duce STAT3 activation in organs and cells, including T cells
(53–56). Of note, a data showed that Th17 cells induced
a decrease in the intensity for fluorescent of Zn indicators,
Newport green, comparing to naive CD4+ T cells (Supple-
mentary Figure S12 is available at International Immunology
Online), suggesting that a lower Zn concentration in Th17
cells might enhance the development of this population.
However, it should be pointed out that CIA developed simi-
larly in B6 mice receiving a Zn-deficient diet (<0.3 mg
100 g�1) or a control normal diet (3 mg 100 g�1) for >1
month (Supplementary Figure S13 is available at Interna-
tional Immunology Online). We showed that the serum Zn
concentration decreased by ;10% in mice receiving the
Zn-deficient diet. Although it has been suggested that a Zn-
deficient diet suppresses T-cell activation (57), the 10% re-
duction in serum Zn levels may not have affected immune
responses in vivo, whereas a 2-fold increase in serum Zn
(29 lM Zn in mice receiving 3000 p.p.m. Zn in their drinking
water) significantly altered the T-cell responses. Diets with
less Zn can only be used under carefully controlled condi-
tions, however. Further studies are needed to examine the
effects of Zn deficiency on in vivo T-cell responses.

Another important question is whether Zn administration
affects more Th17-cell differentiation comparing to other cell
populations including non-T cells because Zn may play roles
for regulating many biological phenomena in a number of
cell populations especially in vivo. Moreover, it might be
possible that the inhibitory effect of Zn on Th17 differentiation
is due to the Foxp3 inducing activity of Zn because Foxp3
expression is inhibitory to Th17 differentiation. Presently,
however, we have hypothesized that the induction of Foxp3
expression by Zn does not contribute to the Zn-mediated
suppression of Th17 cell development because 25 lM Zn
suppressed the differentiation of Th17 cells, but this concen-
tration of Zn did not increase the numbers of Treg cells
(Fig. 2A).

The structure of STAT3 was altered after Zn binding. Struc-
tural changes in rSTAT3 were detected using two methods in
the presence or absence of Zn: native PAGE and CD spec-
troscopy. The Zn-induced changes in STAT3 may block a
primary component of IL-6 signaling, i.e. STAT3 activation.
Consistent with this idea, IL-6-mediated STAT3 nuclear local-
ization and its transcriptional activity were inhibited by Zn
treatment. Moreover, Zn-bound STAT3 did not associate with
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JAK1 or a gp130 fragment bearing a phosphorylated tyro-
sine residue essential for STAT3 binding; each of these bind-
ing events is critical for IL-6-mediated STAT3 activation to
induce the development of Th17 cells. Thus, it is possible
that STAT3 might be a target of Zn signaling in T cells.

In summary, we have shown that Zn directly suppresses
STAT3 activation, which is a critical step in Th17-cell devel-
opment followed by autoimmune disease development.

Supplementary data

Supplementary Figures S1–S13 are available at International
Immunology Online.
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