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Zinc is essential for maintaining normal structure and physiological function of cells. Its deficiency causes growth retardation,
immunodeficiency, and neuronal degeneration. Zinc homeostasis is tightly regulated by zinc transporters and metallothioneins
that control zinc concentration and its distribution in individual cells and contributes to zinc signaling. The intracellular zinc
signaling regulates immune reactions. Although many molecules involved in these processes have zinc-binding motifs, the
molecular mechanisms and the role of zinc in immune responses have not been elucidated. We and others have demonstrated
that zinc signaling plays diverse and specific roles in vivo and in vitro in studies using knockout mice lacking zinc transporter
function and metallothionein function. In this review, we discuss the impact of zinc signaling focusing particularly on mast
cell-, basophil-, and T cell-mediated inflammatory and allergic responses. We also describe zinc signaling dysregulation as a
leading health problem in inflammatory disease and allergy.

1. Introduction

This review discusses our current understanding of the roles
of zinc transporters and zinc in inflammatory diseases and
allergy. The essential trace element zinc [1] functions as a
neurotransmitter [2] and an intracellular signaling molecule
[3-6]. Effects of zinc on the immune and nervous systems
have been demonstrated both in in vivo and in vitro studies,
and zinc concentration is a key factor regulating these effects
[7, 8]. A number of studies have shown that the depletion of
zinc leads to impaired immune function. Decreased natural
killer cell-mediated cytotoxic activity, antibody-mediated
responses, and host defenses against pathogens and tumors
have been observed in zinc-deficient mice [9-11].

Zinc plays an essential role in maintaining the conforma-
tion and the activity of many enzymes, transcription factors,
signaling molecules, and other related factors. On the other
hand, zinc can be toxic at a high concentration and can

induce apoptosis in T and B cells [12, 13]. Intracellular
concentration and distribution of zinc is controlled by zinc
transporters including the SIc39/Zrt- and Irt-like protein
(ZIP) and SIc30/Zn transporter (ZnT) families, which increase
and decrease intracellular zinc levels, respectively [14-17],
and this regulation is mediated by zinc-binding molecules
such as metallothioneins [18, 19]. Zinc also acts as an intracel-
lular signaling molecule. Extracellular stimuli can affect the
intracellular zinc level either by modulating the transcription
of zinc transporter genes and zinc-binding molecules or via
transcription-independent routes such as zinc wave [20-22].
We categorize the former as late zinc signaling and the latter
as early zinc signaling [3, 23]. While many studies have shown
that zinc is important to the immune system and that imbal-
ance in zinc homeostasis leads to various disorders, how zinc
homeostasis and signaling are regulated in immune cells or
whether zinc transporters and metallothioneins are involved
in immune cell function is not fully understood.
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FIGURE 1: Zinc and zinc transporters are involved in FceRI-mediated mast cell activation. Zinc is required in multiple steps of FceRI-induced
mast cell activation, including degranulation and cytokine production. Zinc levels depend on FceRI-induced granule translocation, regulated
by a Fyn/Gab2/RhoA-mediated signaling pathway. Zinc and ZNTS5 are also required for PKC’s translocation to the plasma membrane and
NEF-xB’s subsequent nuclear translocation, leading to the production of cytokines such as IL-6 and TNFa. IgE: immunoglobulin E; FceRI:
high-affinity receptor for IgE; Gab2: Grb2-associated binding 2; Zn: zinc; ZNT5: Zn transporter 5; ER: endoplasmic reticulum; PKC:
protein kinase C; DAG: diacylglycerol; IP;: inositol-1,4,5-triphosphate; IKK: inhibitor of kappa B kinase; IxB: inhibitor of kappa B; NF-«B:

nuclear factor-kappa B.

Here, we describe how zinc and its homeostasis and
signaling affect biological events in inflammatory and allergic
responses.

2. Role of Zinc in Mast Cell Function

Mast cells play important roles in allergic reactions such as
anaphylaxis, asthma, and atopic dermatitis [24-26]. Acti-
vated mast cells secrete two classes of mediators. One class
of mediators are preformed mediators stored in granules
which are rapidly degranulated and secreted upon activa-
tion. The second class of mediators are cytokines and chemo-
kines that are synthesized de novo and gradually secreted.
These secreted molecules play leading roles in allergic
inflammatory responses.

The zinc probe Zinquin has been used to determine the
intracellular zinc level and distribution and to visualize dis-
tinct zinc pools in allergy-related cells. Mast cell granules
intensely fluoresce with Zinquin [27]. Airway epithelial cells
are also rich in zinc [28]. Zinc deficiency increases allergic
eosinophilic inflammation, whereas dietary zinc supple-
mentation alleviates the symptom [29]. Interestingly, zinc
deficiency is a risk factor for the development of asthma
[30, 31]. Also, high SLC39A2/ZIP2 expression levels have
been reported in the leukocytes of asthmatic infants [32].
These reports indicate that zinc is involved in the develop-
ment of allergic diseases. However, the precise roles of zinc

and zinc transporters in allergy-related cells have not been
tully elucidated.

Zinc is required for both degranulation and cytokine
production in mast cells [33] (Figure 1). The zinc chelator
N,N,N',N'-tetrakis(2-pyridylmethyl)ethylenediamine (TPEN)
inhibits the release of histamine, the production of cytokines,
and the secretion of lipid mediators in mast cells, and zinc
supplementation rescues these inhibitory effects. Mast cell
function is not affected by other metal chelators [33]. Sim-
ilarly, zinc depletion caused by TPEN or the clinically used
heavy metal chelator DMPS [34] inhibits the mRNA
expression of chemokines such as eotaxin in human lung
cell lines [35].

Mast cell degranulation begins when the stimulation of
high-affinity receptor for IgE (FceRI) triggers microtubule
polymerization and granules are translocated to the plasma
membrane. Fyn/Gab2/RhoA signaling, but not Lyn/SLP-76,
plays a critical role in this calcium-independent and
microtubule-dependent pathway [36]. However, in the
second step of degranulation, which is calcium-dependent,
the granules fuse with the plasma membrane. TPEN sup-
presses FceRI-induced granule translocation, though it has
little effect on calcium mobilization or other FceRI functions
such as the FceRI-induced tyrosine phosphorylation of
various signaling molecules. Since the translocation of
granules depends on cytoskeletal proteins such as tubulin
and actin [37] and microtubules are critical for both
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granule translocation and vesicle transport [36, 38], it was
hypothesized that TPEN affects the microtubule assembly.
However, as shown by Kabu et al., TPEN does not suppress
FceRI-induced microtubule formation, suggesting that its
target might be zinc-regulated molecules that directly link
microtubules and granules. Kinesin receptors are linker-
cargo proteins essential for microtubule-dependent vesicle
trafficking [39], and therefore, the target(s) of TPEN might
interact indirectly with granules via kinesin.

TPEN suppresses FceRI-mediated cytokine production
as well as interleukin- (IL-) 6 and tumor necrosis factor-
(TNF-) @ mRNA transcription. Its stimulation activates
protein kinase C (PKC), which is involved in cytokine pro-
duction through nuclear factor-kappa B (NF-xB) activation
[40, 41]. Since TPEN inhibits the FceRI-mediated transloca-
tion of PKC to the plasma membrane [33], PKC may be one
of the targets of TPEN that affect cytokine production. In
fact, PKC contains a zinc-binding motif and zinc is essential
to maintain the structure of PKC [42]. Furthermore, its zinc-
binding motif domain is required for the translocation of
PKC to the plasma membrane after FceRI stimulation [43].

ZnT5 is highly expressed in mast cells, and FceRI stimu-
lation enhances its transcription level. ZnT5-KO mice have
defects in mast cell-mediated delayed-type allergic reactions
such as contact hypersensitivity, but not in immediate-type
reactions such as anaphylaxis [44]. Consistent with these
in vivo findings, ZnT5 is required for FceRI-mediated
cytokine production, but not for mast cell degranulation.

Mast cells lacking ZnT5 exhibit reduced levels of FceRI-
induced IL-6 and TNF-a« mRNA, and ZNTS5 is required for
FceRI-induced plasma membrane translocation of PKC and
the nuclear translocation of NF-«B [44]. Therefore, ZnT5 is
selectively required for mast cell-mediated delayed-type
hypersensitivity reactions, and it is considered a novel com-
ponent in PKC/NF-«B signaling (Figure 1). Furthermore, it
was shown in experiments using ZnT5-deficient DT40 cells
that ZNT5 expressed on the ER-Golgi interface is necessary
for the enzymatic activity of zinc-dependent alkaline phos-
phatases (ALPs) that are processed to the holo form between
the ER and the Golgi [45-47]. Thus, ZN'T5 may act to supply
zinc to the zinc finger-like domains in PKC and ALP.

These findings show that zinc and its transporters are
involved in the regulation of degranulation and cytokine pro-
duction in mast cell-mediated allergic responses and that
zinc transporters modulate the PKC/NF-«B signaling path-
way involved in the regulation of cytokine and chemokine
gene expression.

3. Role of Zinc in Basophil-Mediated
Cytokine Production

Basophils represent less than 1% of peripheral blood leuko-
cytes. Like mast cells, they express FceRI on the cell surface
and release cytokines and chemical mediators in response
to FceRI activation [48, 49]. Under physiological conditions,
basophils circulate in the blood while mast cells reside in
peripheral tissues. Infiltration of basophils into peripheral
tissues is often observed in allergic inflammatory diseases
such as atopic dermatitis and bronchial asthma. Basophils

have long been neglected in immunological studies due to
their small numbers and morphological similarity to mast
cells, but they are now recognized as a major source of cyto-
kines such as IL-4 and TSLP that promote Th2-type allergic
responses [50-53]. However, the molecular mechanisms of
IL-4 production and the requirement of zinc in basophils
have not been fully elucidated.

It has been reported that zinc-binding metallothionein
(MT) proteins are required for FceRI-induced IL-4 produc-
tion in human and mouse basophils [54]. Transcription of
Mt-1 and Mt-2 is significantly elevated after FceRI stimula-
tion in primary mouse basophils, while the expression of
Zips, ZnTs, Mt-3, and Mt-4 is not affected. Furthermore,
FceRI-induced IL-4 production in basophils was inhibited
in the absence of Mt-1 and Mt-2. It has also been shown that
MTs are selectively required for FceRI-induced calcineurin
(CN)/nuclear factor of activated T cells (NFAT) signaling
(Figure 2). Finally, Ugajin et al. indicated the requirement
of MTs for IL-4 production by human basophils [55].

What is the role of free zinc in the regulation of IL-4 gene
expression in basophils? CN consists of a catalytic subunit
CN A and a regulatory subunit CN B, which form a heterodi-
mer. The catalytic domain contains a Fe’*-Zn** dinuclear
center, and zinc is thought to act as a catalytic cofactor
[56, 57]. On the other hand, it has been reported that zinc
inhibits the activity of CN in vitro [58-60]. The intracellular
concentration of free zinc was higher in Mt-1/2-deficient
basophils due to the absence of MTs, which play an impor-
tant role in cytosolic zinc storage. Experimentally increased
zinc levels attenuated the CN activity in basophils. These
findings suggest that the regulation of intracellular zinc levels
mediated by MTs plays an important role in the modulation
of CN/NFAT signaling in basophils. Consistent with our
reports, some researchers indicated zinc-dependent inhibi-
tion of cytokine expression in T cells [61-63]. Thus, we and
the other group suggested that intracellular free zinc acts as
a suppressor of cytokine production by the stimulation of
immune cells. In contrast, zinc positively regulates the
expression of cytokines. Zinc supplementation enhances
the cytokine production in immune cells [64-66]. These
conflicting effects may be due to concentration-dependent
effect of zinc on different signaling molecules involved in
cytokine expression.

4. Role of Zinc in T Cell Receptor-
Mediated Signaling

Zinc signaling in T cells has been first described by Yu et al.
(Ref. [67]). They observed an increase in intracellular zinc
concentration within 1 minute after stimulation of the T cell
receptor (TCR) [67]. This increase is dependent on the extra-
cellular zinc concentration, suggesting that TCR stimulation
induces an influx of extracellular zinc into T cells. Moreover,
this influx of zinc is inhibited by silencing ZIP6, a zinc trans-
porter expressed on the cytoplasmic membrane.

Early events in TCR signaling include tyrosine phosphor-
ylation of several signaling molecules. The Src protein kinase
Lck is primarily responsible for the phosphorylation of tyro-
sine residues within the ITAM motifs of CD3{ and ZAP70
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FIGURE 2: Metallothionein control in FceRI-mediated IL-4 production in basophils. FceRI stimulation activates basophils via signaling
pathways that increase IL-4 production. Before stimulation, cytoplasmic free zinc ion inhibits CN. After FceRI stimulation, cytoplasmic
free zinc ion can induce the expression of metallothionein 1/2 and metallothioneins can bind to cytoplasmic free zinc ion. As a result,
CN/NFAT signaling pathway can be activated and leads to increased IL-4 expression. IgE: immunoglobulin E; FceRI: high-affinity
receptor for IgE; ER: endoplasmic reticulum; Zn: zinc; MT-1/2: metallothionein 1/2; Ca: calcium; CN: calcineurin; NFAT: nuclear factor of

activated T cells; IL-4: interleukin-4.

[68]. Extracellular zinc influences the phosphorylation of
ZAP70 and inhibits negative regulatory feedback loops that
at least partially accounts for the increase in ZAP70 phos-
phorylation. SHP-1, which dephosphorylates ZAP70 and
other signaling molecules it is recruited to Lck [69], is a prime
candidate target for ZIP6-mediated zinc signaling. In fact, the
increase in zinc influx decreases the recruitment of SHP-1 to
the TCR activation complex, augments ZAP70 phosphoryla-
tion, and sustains calcium influx. Yu et al. proposed that the
influx of zinc following TCR stimulation leads to a local
increase in cytoplasmic zinc that modifies early TCR signal-
ing events. Thus, it is considered that ZIP6-mediated zinc
signaling is dependent on extracellular zinc concentrations
(Figure 3). In other words, extracellular zinc concentration
controls the signal strength in TCR signaling. It has already
been reported that the induction of IFN-y production by zinc
supplementation links the zinc status to Th1/Th2 polariza-
tion and corresponds to the observation that zinc deficiency
leads to reduced Th1l immune response [70].

5. Role of Zinc in Inflammatory and
Allergic Responses

The relationship between zinc homeostasis and immune
function has been examined in a number of studies. The
impact of single nutrient deficiency on immune response
has been demonstrated by zinc homeostasis studies using

experimental mouse and rat models. In addition, zinc defi-
ciency is a frequent problem in humans and is associated
with many chronic diseases. It is important to note that
chronic diseases such as gastrointestinal disorders, chronic
diarrhea, cirrhosis, renal disease, sickle cell anemia, some
types of cancer, cystic fibrosis, pancreatic insufficiency, and
autoimmune arthritis in humans can lead to a suboptimal zinc
status [71-78]. Interestingly, zinc-containing compounds
such as polaprezinc have been reported to improve the symp-
toms of autoimmune diseases in animal models [79, 80]. It
has been suggested that the amelioration of autoimmune dis-
eases by zinc occurs by inhibiting T cell activation, though
detailed mechanisms involved in this process have not
been elucidated.

Kitabayashi et al. hypothesized that zinc signaling might
target proteins involved in inflammation and autoimmune
diseases [81]. One such target protein is signal transducer
and activator of transcription 3 (STAT3), which is a signaling
molecule for the proinflammatory cytokine IL-6. The authors
were particularly interested in how zinc affects the differ-
entiation of Thl7 cells that was known to be controlled
by IL-6-induced STAT3 activation [82-85].

In addition, they used induced CIA (collagen-induced
arthritis) and EAE (experimental autoimmune encephalo-
myelitis) mouse disease models, since both of these autoim-
mune diseases are mediated by antigen-specific Th17 cells
and the development of these cells is controlled by STAT3
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activation. Development of autoimmune diseases such as
EAE was significantly suppressed by zinc supplementation.
In one experiment, pathogenic Th17 cells were transferred
into the mice and the mice were given zinc-supplemented
drinking water. Development of EAE was similar in zinc-
treated and control hosts, indicating that zinc supplementa-
tion did not alter the Th17 cell-mediated immune responses,
including induced inflammation and Th17 cell activation.
Thus, rather than affecting immune responses after patho-
genic T cell development, zinc inhibits the development of
pathogenic Th17 cells from naive CD4" T cells, a process that
depends on the IL-6-STAT3 signaling pathway. In addition
to this, Kitabayashi et al. demonstrated that zinc directly
binds STAT3 and inhibits its phosphorylation by Janus
kinases (JAK) and does so without affecting the kinase activ-
ity of JAK proteins. Furthermore, the structure of STAT3
itself is altered by the zinc binding [81] (Figure 4).

While zinc supplementation can help restore normal
immune functions as described above, there are cases where
chelating zinc can be beneficial to suppress antigen-
dependent allergic responses. Kabu et al. reported that TPEN
inhibited antigen-induced anaphylaxis response [33]. In this
case, TPEN attenuated the degranulation of mast cells in vivo
and serum histamine level was decreased in TPEN-treated
mice. Fukuyama et al. reported that TPEN suppressed asth-
matic responses in mouse models of ovalbumin- (OVA-)
induced airway hyperresponsiveness and allergic airway
inflammation [86]. TPEN also attenuated the upregulation
of cytokines such as TNFa, IL-13, and IL-4 in bronchoalveolar
lavage fluids and goblet cell hyperplasia after OVA exposure.
These observations suggest that zinc chelators and their deriv-
atives can be potential antiallergic drugs that act differently
from currently available drugs such as histamine antagonists.

Zinc deficiency may enhance some allergic diseases. In
some clinical studies, serum zinc levels were lower in children
with atopic dermatitis (AD) compared to the control group

v o

FIGURE 3: Zn functions as an ionic signaling molecule after T cell activation. Cytoplasmic zinc concentrations increased within 1 min after
TCR triggering as the result of an influx via the zinc transporter Zip6. The increase was most pronounced in the immediate subsynaptic
area and enhanced TCR signaling, at least in part as a result of the inhibition of SHP-1 recruitment. TCR: T cell receptor; Zn: zinc; SHP-1:
Src homology region 2 (SH2) domain-containing phosphatase-1.

[87, 88]. Interestingly, Kim et al. reported a correlation
between AD and hair zinc level and reported that AD
patients with a low hair zinc level showed clinical improve-
ment after oral zinc supplementation [89]. Another case of
zinc deficiency was reported. In this report, serum zinc levels
were significantly lower in atopic asthmatics than nonatopic
asthmatics and healthy controls. In atopic asthmatics, highly
significant correlations were found between zinc levels and
total IgE levels [90]. A small number of studies have been
conducted to evaluate the efficacy of zinc supplementation
to improve clinical symptoms of asthma during nonexacer-
bation [91, 92]. Thus, zinc supplementation might help
patients with a low serum zinc concentration to recover from
allergic diseases, but it must be well adjusted to the actual
requirement. However, if zinc concentration significantly
exceeds the physiological level, zinc may also adversely affect
the immune function. The opposing effects of varying zinc
concentrations on distinct signaling pathways in different
cell types such as mast cells, basophils, and T cells remain
to be investigated.

6. Conclusion and Perspectives

We have briefly reviewed recent findings showing that zinc
contributes to allergy and autoimmune disorders. Zinc chela-
tors effectively inhibit anaphylaxis, and zinc supplements
may effectively suppress rheumatoid arthritis and multiple
sclerosis, as indicated by studies using mouse disease models.
These findings may lead to future therapeutic applications
for suppressing inflammatory or allergic responses.

Using strategic gene targeting, we have demonstrated the
role of zinc transporters and metallothioneins in various sig-
naling pathways. Zinc therefore functions as an intracellular
signaling molecule; its intracellular status is affected by extra-
cellular stimuli regulating changes in zinc transporter and
metallothionein expression. Much about the mechanism of
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FIGURE 4: Zinc suppresses autoimmune diseases by inhibiting STAT3 activation. Zinc directly binds STAT3, altering its structure. The
structurally altered STAT3 molecule cannot effectively transduce the IL-6 signaling pathway; this pathway is critical for autoimmune
diseases involving Th17 cells. Zn: zinc; IL-6: interleukin-6; STAT3: signal transducer and activator of transcription 3; JAK: Janus kinases.

zinc signaling remains to be clarified, including the method
by which zinc transporters transfer zinc to individual target
proteins such as PKC. We can be certain that further research
will advance our understanding of zinc signaling and the
intracellular transport of zinc in the immune system.

Conflicts of Interest

The authors declare no competing financial interests.

Acknowledgments

We thank Dr. M. Kato for critical reading. This work was
supported in part by the JSPS KAKENHI Grant numbers
JP16K15152 (K. N.) and JP18H05299 (K. N.), the Takeda
Science Foundation (K. N.), and SENSHIN Medical Research
Foundation (K. N.). R. U. was supported by the Nagai
Memorial Research Scholarship from the Pharmaceutical
Society of Japan, and Public Interest Incorporated Founda-
tion Tsukushi Scholarship Research Fund.

References

>

[1] A. S. Prasad, “Zinc: an overview,” Nutrition, vol. 11, 1
Supplement, pp. 93-99, 1995.

[2] C.J. Frederickson and A. I. Bush, “Synaptically released zinc:
physiological functions and pathological effects,” Biometals,
vol. 14, no. 3/4, pp. 353-366, 2001.

[3] T.Hirano, M. Murakami, T. Fukada, K. Nishida, S. Yamasaki,
and T. Suzuki, “Roles of zinc and zinc signaling in immunity:
zinc as an intracellular signaling molecule,” Advances in
Immunology, vol. 97, pp. 149-176, 2008.

[4] T. Fukada, S. Yamasaki, K. Nishida, M. Murakami, and
T. Hirano, “Zinc homeostasis and signaling in health and
diseases: zinc signaling,” Journal of Biological Inorganic
Chemistry, vol. 16, no. 7, pp. 1123-1134, 2011.

[5] I. Wessels, M. Maywald, and L. Rink, “Zinc as a gatekeeper of
immune function,” Nutrients, vol. 9, no. 12, article 1286, 2017.

[6] K. Nishida, T. Fukada, S. Yamasaki, M. Murakami, and
T. Hirano, 13. Zinc in Allergy, Autoimmune, and Hard and
Connective Tissue Diseases, I0S Press, 2011.

[7] C.]J.Frederickson,].Y.Koh, and A. L. Bush, “The neurobiology
of zinc in health and disease,” Nature Reviews Neuroscience,
vol. 6, no. 6, pp. 449-462, 2005.

[8] L.Rink, “Zinc and the immune system,” The Proceedings of the
Nutrition Society, vol. 59, no. 4, pp. 541-552, 2000.

[9] G.Fernandes, M. Nair, K. Onoe, T. Tanaka, R. Floyd, and R. A.
Good, “Impairment of cell-mediated immunity functions by
dietary zinc deficiency in mice,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 76,
no. 1, pp. 457-461, 1979.

[10] P.J.Fraker, R. Caruso, and F. Kierszenbaum, “Alteration of the
immune and nutritional status of mice by synergy between
zinc deficiency and infection with Trypanosoma cruzi,” The
Journal of Nutrition, vol. 112, no. 6, pp. 1224-1229, 1982.

[11] C. L. Keen and M. E. Gershwin, “Zinc deficiency and immune
function,” Annual Review of Nutrition, vol. 10, no. 1, pp. 415-
431, 1990.

[12] K. H. Ibs and L. Rink, “Zinc-altered immune function,” The
Journal of Nutrition, vol. 133, no. 5, pp. 14525-1456S, 2003.

[13] W. G. Telford and P. J. Fraker, “Preferential induction of
apoptosis in mouse CD4+CD8+ alpha beta TCRloCD3 epsilon
lo thymocytes by zinc,” Journal of Cellular Physiology, vol. 164,
no. 2, pp. 259-270, 1995.

[14] T. Kambe, Y. Yamaguchi-Iwai, R. Sasaki, and M. Nagao,
“Overview of mammalian zinc transporters,” Cellular and
Molecular Life Sciences, vol. 61, no. 1, pp. 49-68, 2004.

[15] R.]J. Cousins, J. P. Liuzzi, and L. A. Lichten, “Mammalian zinc
transport, trafficking, and signals,” The Journal of Biological
Chemistry, vol. 281, no. 34, pp. 24085-24089, 2006.

[16] T. Fukada and T. Kambe, “Molecular and genetic features of
zinc transporters in physiology and pathogenesis,” Metallo-
mics, vol. 3, no. 7, pp. 662-674, 2011.

[17] T. Kimura and T. Kambe, “The functions of metallothionein
and ZIP and ZnT transporters: an overview and perspective,”
International Journal of Molecular Sciences, vol. 17, no. 3,
p. 336, 2016.



Journal of Immunology Research

(18]

(19]

(20]

[21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

G. K. Andrews, “Cellular zinc sensors: MTF-1 regulation of
gene expression,” Biometals, vol. 14, no. 3/4, pp. 223-237,
2001.

R. D. Palmiter, “Protection against zinc toxicity by metallo-
thionein and zinc transporter 1,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 101,
no. 14, pp. 4918-4923, 2004.

S. Yamasaki, K. Sakata-Sogawa, A. Hasegawa et al., “Zinc is a
novel intracellular second messenger,” The Journal of Cell
Biology, vol. 177, no. 4, pp. 637-645, 2007.

S. Yamasaki, A. Hasegawa, S. Hojyo et al., “A novel role of
the L-type calcium channel «,, subunit as a gatekeeper for
intracellular zinc signaling: zinc wave,” PLoS One, vol. 7,
no. 6, article €39654, 2012.

K. Nishida and S. Yamasaki, Zinc Signals in Cellular Functions
and Disorders, Springer, 2014.

M. Murakami and T. Hirano, “Intracellular zinc homeostasis
and zinc signaling,” Cancer Science, vol. 99, no. 8, pp. 1515-
1522, 2008.

M. Metz, M. A. Grimbaldeston, S. Nakae, A. M. Piliponsky,
M. Tsai, and S. J. Galli, “Mast cells in the promotion and
limitation of chronic inflammation,” Immunological Reviews,
vol. 217, no. 1, pp. 304-328, 2007.

T. Kawakami, T. Ando, M. Kimura, B. S. Wilson, and
Y. Kawakami, “Mast cells in atopic dermatitis,” Current
Opinion in Immunology, vol. 21, no. 6, pp. 666-678, 2009.
S.7J. Galli and M. Tsai, “IgE and mast cells in allergic disease,”
Nature Medicine, vol. 18, no. 5, pp. 693-704, 2012.

L. H. Ho, R. E. Ruffin, C. Murgia, L. Li, S. A. Krilis, and P. D.
Zalewski, “Labile zinc and zinc transporter ZnT4 in mast
cell granules: role in regulation of caspase activation and
NE-kappaB translocation,” Journal of Immunology, vol. 172,
no. 12, pp. 7750-7760, 2004.

A. Q. Truong-Tran, R. E. Ruffin, and P. D. Zalewski, “Visuali-
zation of labile zinc and its role in apoptosis of primary airway
epithelial cells and cell lines,” American Journal of Physiology-
Lung Cellular and Molecular Physiology, vol. 279, no. 6,
pp. L1172-L1183, 2000.

M. Richter, R. Bonneau, M. A. Girard, C. Beaulieu, and
P. Larivée, “Zinc status modulates bronchopulmonary eosino-
phil infiltration in a murine model of allergic inflammation,”
Chest, vol. 123, no. 3, article 446S, 2003Supplement, 2003.

P. D. Zalewski, A. Q. Truong-Tran, D. Grosser, L. Jayaram,
C. Murgia, and R. E. Ruffin, “Zinc metabolism in airway
epithelium and airway inflammation: basic mechanisms and
clinical targets. A review,” Pharmacology & Therapeutics,
vol. 105, no. 2, pp. 127-149, 2005.

G. Riccioni and N. D’Orazio, “The role of selenium, zinc and
antioxidant vitamin supplementation in the treatment of
bronchial asthma: adjuvant therapy or not?,” Expert Opinion
on Investigational Drugs, vol. 14, no. 9, pp. 1145-1155,
2005.

T.F. Xu, X. L. Wang, J. Z. Yang et al,, “Overexpression of Zip-2
mRNA in the leukocytes of asthmatic infants,” Pediatric
Pulmonology, vol. 44, no. 8, pp. 763-767, 2009.

K. Kabu, S. Yamasaki, D. Kamimura et al., “Zinc is required for
FceRI-mediated mast cell activation,” The Journal of Immunol-
ogy, vol. 177, no. 2, pp. 1296-1305, 2006.

O. Torres-Alanis, L. Garza-Ocanas, and A. Pineyro-Lopez,
“Evaluation of urinary mercury excretion after administration
of 2,3-dimercapto-1-propane sulfonic acid to occupationally

(35]

(36]

(37]

(38]

(39]

(40]

[41]

(42]

[43]

(44]

(45]

(46]

(47]

exposed men,” Journal of Toxicology: Clinical Toxicology,
vol. 33, no. 6, pp. 717-720, 1995.

M. Richter, A. M. Cantin, C. Beaulieu, A. Cloutier, and
P. Larivée, “Zinc chelators inhibit eotaxin, RANTES, and
MCP-1 production in stimulated human airway epithelium
and fibroblasts,” American Journal of Physiology. Lung Cellular
and Molecular Physiology, vol. 285, no. 3, pp. L719-L729,
2003.

K. Nishida, S. Yamasaki, Y. Ito et al., “Fc {epsilon}RI-mediated
mast cell degranulation requires calcium-independent
microtubule-dependent translocation of granules to the
plasma membrane,” The Journal of Cell Biology, vol. 170,
no. 1, pp. 115-126, 2005.

B. L. Goode, D. G. Drubin, and G. Barnes, “Functional cooper-
ation between the microtubule and actin cytoskeletons,” Cur-
rent Opinion in Cell Biology, vol. 12, no. 1, pp. 63-71, 2000.

A.J. Smith, J. R. Pfeiffer, J. Zhang, A. M. Martinez, G. M.
Griffiths, and B. S. Wilson, “Microtubule-dependent trans-
port of secretory vesicles in RBL-2H3 cells,” Traffic, vol. 4,
no. 5, pp. 302-312, 2003.

B. J. Schnapp, “Trafficking of signaling modules by kinesin
motors,” Journal of Cell Science, vol. 116, no. 11, pp. 2125-
2135, 2003.

H. Nechushtan, M. Leitges, C. Cohen, G. Kay, and E. Razin,
“Inhibition of degranulation and interleukin-6 production in
mast cells derived from mice deficient in protein kinase
Cbeta,” Blood, vol. 95, no. 5, pp. 1752-1757, 2000.

S. Klemm, J. Gutermuth, L. Hiiltner et al., “The Bcl10-Malt1
complex segregates FceRI-mediated nuclear factor «B activa-
tion and cytokine production from mast cell degranulation,”
The Journal of Experimental Medicine, vol. 203, no. 2,
pp. 337-347, 2006.

S. Corbalan-Garcia and J. C. Gomez-Fernandez, “Protein
kinase C regulatory domains: the art of decoding many differ-
ent signals in membranes,” Biochimica et Biophysica Acta,
vol. 1761, no. 7, pp. 633-654, 2006.

E. Oancea, M. N. Teruel, A. F. G. Quest, and T. Meyer, “Green
fluorescent protein (GFP)-tagged cysteine-rich domains from
protein kinase C as fluorescent indicators for diacylglycerol
signaling in living cells,” The Journal of Cell Biology, vol. 140,
no. 3, pp. 485-498, 1998.

K. Nishida, A. Hasegawa, S. Nakae et al., “Zinc transporter
Znt5/Slc30a5 is required for the mast cell-mediated delayed-
type allergic reaction but not the immediate-type reaction,”
The Journal of Experimental Medicine, vol. 206, no. 6,
pp. 1351-1364, 2009.

T. Suzuki, K. Ishihara, H. Migaki et al, “Zinc trans-
porters, ZnT5 and ZnT7, are required for the activation
of alkaline phosphatases, zinc-requiring enzymes that are
glycosylphosphatidylinositol-anchored to the cytoplasmic
membrane,” Journal of Biological Chemistry, vol. 280, no. 1,
pp. 637-643, 2005.

T. Suzuki, K. Ishihara, H. Migaki et al.,, “Two different zinc
transport complexes of cation diffusion facilitator proteins
localized in the secretory pathway operate to activate alkaline
phosphatases in vertebrate cells,” The Journal of Biological
Chemistry, vol. 280, no. 35, pp. 30956-30962, 2005.

T. Kambe, M. Matsunaga, and T. A. Takeda, “Understanding
the contribution of zinc transporters in the function of the

early secretory pathway,” International Journal of Molecular
Sciences, vol. 18, no. 10, article 2179, 2017.



(48]

[49]

(50]

[51]

(52]

(53]

[54]

(55]

(56]

(57]

(58]

(59]

(60]

[61]

(62]

S. J. Galli, “Mast cells and basophils,” Current Opinion in
Hematology, vol. 7, no. 1, pp. 32-39, 2000.

H. Karasuyama, K. Miyake, S. Yoshikawa, and Y. Yamanishi,
“Multifaceted roles of basophils in health and disease,” Journal
of Allergy and Clinical Immunology, vol. 142, no. 2, pp. 370-
380, 2018.

J. T. Schroeder, D. W. MacGlashan jr., and L. M. Lichtenstein,
“Human basophils: mediator release and cytokine produc-
tion,” Advances in Immunology, vol. 77, pp. 93-122, 2001.

R. A. Seder, W. E. Paul, A. M. Dvorak et al., “Mouse splenic
and bone marrow cell populations that express high-affinity
Fc epsilon receptors and produce interleukin 4 are highly
enriched in basophils,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 88, no. 7,
pp. 2835-2839, 1991.

C. L. Sokol, G. M. Barton, A. G. Farr, and R. Medzhitov, “A
mechanism for the initiation of allergen-induced T helper type
2 responses,” Nature Immunology, vol. 9, no. 3, pp. 310-318,
2008.

D. Voehringer, K. Shinkai, and R. M. Locksley, “Type 2
immunity reflects orchestrated recruitment of cells committed
to IL-4 production,” Immunity, vol. 20, no. 3, pp. 267-277,
2004.

T. Ugajin, K. Nishida, S. Yamasaki et al., “Zinc-binding metal-
lothioneins are key modulators of IL-4 production by baso-
phils,” Molecular Immunology, vol. 66, no. 2, pp. 180-188,
2015.

T. Ugajin, S. Shibama, K. Nishida, and H. Yokozeki, “Metal-
lothioneins are required for human basophil interleukin-4
gene induction via FceRI stimulation,” Allergology Interna-
tional, vol. 65, no. 4, pp. 466-468, 2016.

M. M. King and C. Y. Huang, “The calmodulin-dependent
activation and deactivation of the phosphoprotein phospha-
tase, calcineurin, and the effect of nucleotides, pyrophosphate,
and divalent metal ions. Identification of calcineurin as a Zn
and Fe metalloenzyme,” The Journal of Biological Chemistry,
vol. 259, no. 14, pp. 8847-8856, 1984.

F. Rusnak and P. Mertz, “Calcineurin: form and function,”
Physiological Reviews, vol. 80, no. 4, pp. 1483-1521, 2000.

T. B. Aydemir, J. P. Liuzzi, S. McClellan, and R. J. Cousins,
“Zinc transporter ZIP8 (SLC39A8) and zinc influence
IFN-gamma expression in activated human T cells,” Journal
of Leukocyte Biology, vol. 86, no. 2, pp. 337-348, 2009.

J. Huang, D. Zhang, W. Xing et al., “An approach to assay
calcineurin activity and the inhibitory effect of zinc ion,” Ana-
Iytical Biochemistry, vol. 375, no. 2, pp. 385-387, 2008.

K. Takahashi, E. Akaishi, Y. Abe et al., “Zinc inhibits calcine-
urin activity in vitro by competing with nickel,” Biochemical
and Biophysical Research Communications, vol. 307, no. 1,
Pp. 64-68, 2003.

K. Hayashi, S. Ishizuka, C. Yokoyama, and T. Hatae, “Attenu-
ation of interferon-gamma mRNA expression in activated
Jurkat T cells by exogenous zinc via down-regulation of the
calcium-independent PKC-AP-1 signaling pathway,” Life
Sciences, vol. 83, no. 1-2, pp. 6-11, 2008.

Z.Zhou, L. Wang, Z. Song, J. T. Saari, C. ]. McClain, and Y. J.
Kang, “Abrogation of nuclear factor-kappaB activation is
involved in zinc inhibition of lipopolysaccharide-induced
tumor necrosis factor-alpha production and liver injury,”
The American Journal of Pathology, vol. 164, no. 5, pp. 1547-
1556, 2004.

(63]

(67]

(68]

(70]

(71]

(72]

(73]

(74]

[75]

(76]

(77]

(78]

(79]

Journal of Immunology Research

B. Bao, A. S. Prasad, F. W. J. Beck, and M. Godmere, “Zinc
modulates mRNA levels of cytokines,” American Journal of
Physiology-Endocrinology and Metabolism, vol. 285, no. 5,
pp- E1095-E1102, 2003.

C. Driessen, K. Hirv, N. Wellinghausen, H. Kirchner, and
L. Rink, “Influence of serum on zinc, toxic shock syndrome
toxin-1, and lipopolysaccharide-induced production of IFN-
gamma and IL-1 beta by human mononuclear cells,” Journal
of Leukocyte Biology, vol. 57, no. 6, pp. 904-908, 1995.

L. Rink and H. Kirchner, “Zinc-altered immune function and
cytokine production,” The Journal of Nutrition, vol. 130,
no. 5, pp. 14075-1411S, 2000.

N. Wellinghausen, M. Martin, and L. Rink, “Zinc inhibits
interleukin-1-dependent T cell stimulation,” European Journal
of Immunology, vol. 27, no. 10, pp. 2529-2535, 1997.

M. Yu, W. W. Lee, D. Tomar et al., “Regulation of T cell recep-
tor signaling by activation-induced zinc influx,” The Journal of
Experimental Medicine, vol. 208, no. 4, pp. 775-785, 2011.

E. H. Palacios and A. Weiss, “Function of the Src-family
kinases, Lck and Fyn, in T-cell development and activation,”
Oncogene, vol. 23, no. 48, pp. 7990-8000, 2004.

G. Altan-Bonnet and R. N. Germain, “Modeling T cell antigen
discrimination based on feedback control of digital ERK
responses,” PLoS Biology, vol. 3, no. 11, article €356, 2005.

A. S. Prasad, “Zinc and immunity,” Molecular and Cellular
Biochemistry, vol. 188, no. 1/2, pp. 63-69, 1998.

Z. A. Bhutta, S. M. Bird, R. E. Black et al., “Therapeutic effects
of oral zinc in acute and persistent diarrhea in children in
developing countries: pooled analysis of randomized con-
trolled trials,” The American Journal of Clinical Nutrition,
vol. 72, no. 6, pp- 1516-1522, 2000.

S. K. Dutta, F. Procaccino, and R. Aamodt, “Zinc metabolism
in patients with exocrine pancreatic insufficiency,” Journal of
the American College of Nutrition, vol. 17, no. 6, pp. 556-
563, 1998.

P. J. Fraker, L. E. King, T. Laakko, and T. L. Vollmer, “The
dynamic link between the integrity of the immune system
and zinc status,” The Journal of Nutrition, vol. 130, no. 5,
pp. 1399S-1406S, 2000.

L. E. King, F. Osati-Ashtiani, and P. J. Fraker, “Depletion of
cells of the B lineage in the bone marrow of zinc-deficient
mice,” Immunology, vol. 85, no. 1, pp. 69-73, 1995.

N. F. Krebs, M. Sontag, F. J. Accurso, and K. M. Hambidge,
“Low plasma zinc concentrations in young infants with cystic
fibrosis,” The Journal of Pediatrics, vol. 133, no. 6, pp. 761-
764, 1998.

A. S. Prasad, “Clinical and biochemical manifestation zinc
deficiency in human subjects,” Journal de Pharmacologie,
vol. 16, no. 4, pp. 344-352, 1985.

E. Tapazoglou, A. S. Prasad, G. Hill, G. J. Brewer, and
J. Kaplan, “Decreased natural killer cell activity in patients
with zinc deficiency with sickle cell disease,” The Journal of
Laboratory and Clinical Medicine, vol. 105, no. 1, pp. 19-22,
1985.

B. S. Zemel, D. A. Kawchak, E. B. Fung, K. Ohene-Frempong,
and V. A. Stallings, “Effect of zinc supplementation on growth
and body composition in children with sickle cell disease,” The
American Journal of Clinical Nutrition, vol. 75, no. 2, pp. 300-
307, 2002.

T. Ohkawara, H. Takeda, K. Kato et al, “Polaprezinc
(N-(3-aminopropionyl)-L-histidinato ~ zinc)  ameliorates



Journal of Immunology Research

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

[92]

dextran sulfate sodium-induced colitis in mice,” Scandinavian
Journal of Gastroenterology, vol. 40, no. 11, pp. 1321-1327,
2005.

C.D. Tran, J. M. Ball, S. Sundar, P. Coyle, and G. S. Howarth,
“The role of zinc and metallothionein in the dextran sulfate
sodium-induced colitis mouse model,” Digestive Diseases and
Sciences, vol. 52, no. 9, pp. 2113-2121, 2007.

C. Kitabayashi, T. Fukada, M. Kanamoto et al., “Zinc
suppresses Th17 development via inhibition of STAT3 activa-
tion,” International Immunology, vol. 22, no. 5, pp. 375-386,
2010.

E. Bettelli, M. Oukka, and V. K. Kuchroo, “T(H)-17 cells in the
circle of immunity and autoimmunity,” Nature Immunology,
vol. 8, no. 4, pp. 345-350, 2007.

M. Nishihara, H. Ogura, N. Ueda et al., “IL-6-gp130-STAT3 in
T cells directs the development of IL-17+ Th with a minimum
effect on that of Treg in the steady state,” International Immu-
nology, vol. 19, no. 6, pp. 695-702, 2007.

L. I Ivanov, B. S. McKenzie, L. Zhou et al., “The orphan nuclear
receptor RORyt directs the differentiation program of proin-
flammatory IL-17" T helper cells,” Cell, vol. 126, no. 6,
pp. 1121-1133, 2006.

M. Veldhoen, R. J. Hocking, C. J. Atkins, R. M. Locksley, and
B. Stockinger, “TGFbeta in the context of an inflammatory
cytokine milieu supports de novo differentiation of IL-17-
producing T cells,” Immunity, vol. 24, no. 2, pp. 179-189,
2006.

S. Fukuyama, Y. Matsunaga, W. Zhanghui et al., “A zinc che-
lator TPEN attenuates airway hyperresponsiveness and airway
inflammation in mice in vivo,” Allergology International,
vol. 60, no. 3, pp- 259-266, 2011.

M. Toyran, M. Kaymak, E. Vezir et al., “Trace element levels in
children with atopic dermatitis,” Journal of Investigational
Allergology & Clinical Immunology, vol. 22, no. 5, pp. 341-
344, 2012.

T. J. David, F. E. Wells, T. C. Sharpe, A. C. C. Gibbs, and
J. Devlin, “Serum levels of trace metals in children with atopic
eczema,” British Journal of Dermatology, vol. 122, no. 4,
pp. 485-489, 1990.

J. E. Kim, S. R. Yoo, M. G. Jeong, J. Y. Ko, and Y. S. Ro, “Hair
zinc levels and the efficacy of oral zinc supplementation in
patients with atopic dermatitis,” Acta Dermato-Venereologica,
vol. 94, no. 5, pp. 558-562, 2014.

N. A. Mohamed, M. Rushdy, and A. S. M. Abdel-Rehim, “The
immunomodulatory role of zinc in asthmatic patients,” Cyto-
kine, vol. 110, pp. 301-305, 2018.

J. Ghaffari, A. Khalilian, E. Salehifar, E. Khorasani, and M. S.
Rezaii, “Effect of zinc supplementation in children with
asthma: a randomized, placebo-controlled trial in northern
Islamic Republic of Iran,” Eastern Mediterranean Health
Journal, vol. 20, no. 6, pp. 391-396, 2014.

S. Rerksuppaphol and L. Rerksuppaphol, “Zinc supplementa-

tion in children with asthma exacerbation,” Pediatric Reports,
vol. 8, no. 4, article 6685, 2016.



	Role of Zinc Signaling in the Regulation of Mast Cell-, Basophil-, and T Cell-Mediated Allergic Responses
	1. Introduction
	2. Role of Zinc in Mast Cell Function
	3. Role of Zinc in Basophil-Mediated Cytokine Production
	4. Role of Zinc in T Cell Receptor-Mediated Signaling
	5. Role of Zinc in Inflammatory and Allergic Responses
	6. Conclusion and Perspectives
	Conflicts of Interest
	Acknowledgments

