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Zinc is an essential micronutrient with crucial roles in multiple
facets of biological processes. Dysregulated zinc homeostasis
impairs overall immune function and resultantly increases
susceptibility to infection. Clinically, zinc supplementation
is practiced for treatment of several infectious diseases,
such as diarrhea and malaria. Recent focus on zinc as a
beneficial element for immune system support has resulted
in investigation of the immunomodulatory roles of zinc in a
variety of immune cells, Besides its classical role as a cofactor
that regulates the structural function of thousands of
proteins, accumulating evidence suggests that zinc also acts,
in a manner similar to calcium, as an ionic regulator of immune
responses via participation as an intracellular messenger
in signaling pathways. In this review, we focus on the role
of zinc as a signaling molecule in major pathways such as
those downstream of Toll-like receptors-, T cell receptor-,
and cytokine-mediated signal transduction that regulate the
activity and function of monocytes/macrophages and T cells,
principal players in the innate and adaptive immune systems,
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INTRODUCTION

Zinc, the second most abundant dietary trace metal in or-
ganisms after iron, plays an essential role in multiple cellular

processes (\Wapnir, 1990). Zinc dyshomeostasis, such as zinc
deficiency, impacts every organ of the body and has been
implicated in clinical problems including growth retardation,
neurological disorders, and immune dysfunction (Haase and
Rink, 2009b; Prasad, 2013; Szewczyk, 2013). Therefore,
intracellular zinc homeostasis is securely controlled by spatio-
temporal and intricate regulation of zinc-specific transport-
ers, zinc sensors, and zinc-binding proteins. There are two
families of zinc-specific transporters; the solute-linked carrier
39 (SLC39A or Zip) family of zinc importers and solute-linked
carrier 30 family (SLC30A or ZnT) of zinc exporters, which
are expressed in a cell- or tissue-specific manner (Huang and
Tepaamorndech, 2013; Jeong and Eide, 2013; Kambe et al,,
2014). Metallothionein (MT) is a zinc-binding protein that
functions as a reservoir of intracellular zinc with the ability to
bind up to seven zinc ions per MT molecule. MT plays coor-
dinated roles in the distribution, transport, and maintenance
of intracellular zinc. Further, the induction of MT expression
is dependent on the increase of intracellular zinc (Davis and
Cousins, 2000). Human MT proteins consist of 11 functional
isoforms, divided into four classes, with transcription directly
induced by the zinc sensor, metal response element-binding
transcription factor-1 (MTF-1), which is a zinc finger tran-
scription factor (Kimura and Kambe, 2016). The total intra-
cellular zinc concentration is in the micro-molar range (10-
100 uM), but because zinc binds to several proteins in the
cytoplasm the actual concentration of cytosolic, labile zinc
jons is estimated to range between pico-molar and nano-mo-
lar (Hara et al., 2017). The intracellular zinc concentration is
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rapidly and markedly increased in immune cells upon stimu-
lation, and this increase is enough to regulate the activity of
signaling molecules during immune responses.

Although zinc is essential for major metabolic pathways in
virtually every cellular system, accumulating evidence under-
scores the profound influence of zinc on the immune system
(Wessels et al., 2017). Clinically, zinc deficiency caused by
malnutrition, such as reduced dietary intake, inadequate
absorption or dyshomeostasis, deteriorates overall immune
functions contributing to increased host susceptibility to
many viral and bacterial infections. Thus, zinc supplementa-
tion is considered beneficial for restoring immune function
in infectious diseases. Besides its traditional role as a cata-
lytic and structural cofactor, zinc has been known to play a
cardinal role, similar to that of calcium, as a transducer of
signals in immune responses (Haase and Rink, 2014; Hirano
et al., 2008; Hojyo and Fukada, 2016; Maywald et al., 2017).
Mechanistically, cytoplasmic zinc ions are recognized as in-
hibitors of protein tyrosine phosphatases (PTPs) and serine/
threonine phosphatases that conserve phosphorylation of
signaling proteins and generally sustain signaling activity
(Bellomo et al., 2014; Haase and Maret, 2003), which mostly
prolongs immune cell signaling and enhances immune re-
sponses (Anzilotti et al., 2019; Aydemir et al., 2009; Yu et al.,
2011). However, mechanisms underlying zinc-mediated inhi-
bition of phosphatases are still poorly understood. Although
PTPs are generally not recognized as metalloenzymes (Singh
and Maret, 2017), Bellomo et al. (2014) recently proposed
that protein tyrosine phosphatase 1B (PTP1B) has Zn** bind-
ing sites. Of note, Zn?* binding may occur when PTP1Bis in a
closed or phospho-intermediate form in which the zinc ion is
in a coordination sphere surrounded by relevant amino acids
(Bellomo et al., 2014).

The immune system provides two layers of defense against
pathogens, innate and adaptive immunity. The frontline of
host defense, innate immunity involves the recognition of
pathogen-associated molecular patterns (PAMPs), conserved
structures of invading pathogens, and the immediate initi-
ation of immune responses. On the other hand, adaptive
immunity is largely mediated by T and B cells, which allow for
a robust antigen-specific immune response as well as immu-
nological memory. Successful immune responses are guar-
anteed by coordinated and elaborate crosstalk between the
adaptive and innate immune systems (Chaplin, 2010).

The role of zinc as a catalytic and structural cofactor has
been extensively reviewed elsewhere (Auld, 2001; Vallee and
Falchuk, 1993). Therefore, this review will focus on the ef-
fects of zinc on immune responses, and especially its function
as an ionic signaling molecule, as well as recent advances in
the understanding of the immunomodulatory role of zinc in
monocytes/macrophages and T cells, major arms of the in-
nate and adaptive immune system, respectively.

ZINC SIGNALS IN MONOCYTES AND MACROPHAGES

Innate immunity involves several different cell types includ-
ing granulocytes, natural killer (NK) cells, and mononuclear
phagocytes (monocytes, macrophages, and dendritic cells).
Among these, mononuclear phagocytes are particularly im-
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portant as a link between innate and adaptive immunity as
they are directly or indirectly involved in the orchestration
of immune responses. Zinc deficiency in the innate immune
system is characterized by reduced chemotaxis of polymor-
phonuclear cells (PMNs) and phagocytosis of macrophages,
with a resultant diminishment in production of patho-
gen-neutralizing reactive oxygen species (ROS) (Bonaventura
et al., 2015). Moreover, the production of proinflammatory
cytokines by monocytes is apparently impaired under zinc
deficiency (Rink and Kirchner, 2000), suggesting an essential
role of zinc in regulating, and potentially restoring, innate
immune responses (Gao et al., 2018; Haase and Rink, 2007;
Sapkota and Knoell, 2018).

Mononuclear phagocytes rapidly recognize invading patho-
gens via sensing of PAMPs by pattern-recognition receptors
(PRR), including Toll-like receptors (TLRs). Upon PAMP en-
gagement, individual TLRs differentially recruit adaptor mol-
ecules, such as MyD88, TRIF, TIRAP, or TRAM (Kawasaki and
Kawai, 2014). This leads to activation of several major sig-
naling pathways, including MyD88/TIRAP-dependent NF-«B,
MAPK, PI3K, and the TRIF/TRAM-dependent IRF3 pathway,
and elicits a variety of monocyte and macrophage effector
functions (Fig. 1) (Guha and Mackman, 2001).

TRIF/TRAM-dependent pathway

Lipopolysaccharide (LPS) binding to TLR4 leads to rapid zinc
influx into the cytoplasm of monocytes and macrophages,
which triggers zinc-mediated regulation of major signaling
pathways (Brieger et al., 2013; Feske et al., 2015). In fact,
this finding is not limited to TLR4, as stimulation with tumor
necrosis factor o (TNF-a,) or various ligands for other TLRs
(except TLR3) was also found to result in an increase in in-
tracellular zinc concentrations (Brieger et al., 2013; Haase et
al., 2008). Brieger et al. (2013) reported that increased labile
zinc acts as a negative regulator of TRIF/TRAM-dependent
signaling by attenuating IRF3 activation in murine macro-
phages. Pre-existing zinc deficiency increases levels of TLR4 or
TLR7-induced nitrite, decreases production of NO, and aug-
ments LPS-induced interferon (IFN)-B, as well as CD80 and
CD86, expression in murine macrophages. Mechanistically,
zinc regulates TRIF signaling upstream of IRF3 and affects
nuclear accumulation of phospho-IRF3. The IRF3-dependent
enhanced production of IFN-B is responsible for NO release
(Brieger et al., 2013). However, the potential molecular tar-
get(s) involved in zinc-medicated regulation of IRF3 activity
have not yet been identified.

MyD88/TIRAP-dependent NF-kB pathway

The NF-xB transcription factor is a central regulator of
proinflammatory gene induction and functions in a variety
of immune responses. Thus, the impact of zinc on NF-«xB
signaling pathways has been investigated in detail. Zinc has
multifaceted effects on immune responses in monocytes and
macrophages, reflecting the complexity of the NF-xB path-
way (Haase and Rink, 2014). Early studies demonstrated that
zinc is indispensable for activation of the NF-xB pathway, as
cytoplasmic zinc depletion with TPEN, a zinc-specific chelator,
was found to reduce LPS-induced phosphorylation of IKKa/p
in human monocytes (Haase et al., 2008) and also to inhibit
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Fig. 1. Roles of zinc in monocytes/macrophages signaling. Black lines, signal transduction; red lines, the effect of zinc; arrows, activation;
T bar, inhibition. TLRs, Toll-like receptors; TIRAP, TIR domain containing adaptor protein; MyD88, myeloid differentiation primary response
88; TRIF, TIR-domain-containing adaptor protein inducing interferon-p; TRAM, TRIF-related adaptor molecule; IRAK, interleukin-1
receptor-associated kinase; TRAF, tumor necrosis factor receptor-associated factor; TAK1, transforming growth factor-g-activated kinase 1;
MAPKs, mitogen-activated protein kinase; AP1, activator protein 1; IKK, IkB kinase; NF-xB, nuclear factor kappa-light-chain-enhancer of
activated B cells; DUSP, dual-specificity phosphatase; IRF3, IFN regulatory factor 3; TNFR, tumor necrosis factor receptor; Zip8, Zrt- and Irt-

like protein 8 (SLC39A8).

NF-xB DNA binding activity in Mono Mac1 cells, a human
monocyte line. On the other hand, a number of studies re-
vealed an inhibitory effect of zinc on NF-xB signaling (Haase
and Rink, 2009a; Prasad et al., 2011; von Bulow et al., 2007).
Liu et al. (2013) recently reported that Zip8 (SLC39A8) is a
direct transcriptional target of NF-«xB and its expression is
markedly induced by LPS or TNF-¢ stimulation of monocytes
and macrophages. The Zip8-mediated increase of intracellu-
lar zinc negatively regulates proinflammatory responses via
zinc-induced downmodulation of kB kinase (IKK) activity by
its direct binding to IKKB. In vivo models of LPS and cecal liga-
tion and puncture (CLP) challenge showed amplified inflam-
matory responses in mice fed a zinc-deficient diet compared
to those fed a normal diet, along with increased proinflam-
matory cytokine levels and phosphorylated IkBa, (Bao et al.,
2010; Liu et al., 2013). In addition, another proposed mecha-
nism for the inhibitory role of zinc in human monocytes is the
repression of phosphodiesterase (PDE) activity, which leads
to changes in intracellular cyclic nucleotides, particularly an
increase of cGMP (Cyclic Guanosine monophosphate) levels.
This in turn results in inhibition of the Raf-1/IKKB/NF-kB path-
way and downregulation of TNF-a. (von Bulow et al., 2005).
Thus, zinc has versatile, and occasionally diametrical, effects
on TLR-mediated responses in monocytes and macrophages
depending on the concentration of zinc and type of stimula-
tion. Therefore, zinc appears to be involved in fine-tuning of
signaling pathways for regulation of innate immunity.

MyD88/TIRAP-dependent MAPK pathway
Activation-induced rapid influx of zinc into the cytoplasm is
involved in activation of MAPKs by TLR4, and zinc chelation
by TPEN was shown to completely abate p38, MEK1/2, and
ERK1/2 activation in response to LPS and to reduce release
of pro-inflammatory cytokines, especially TNF-o. (Haase et
al., 2008; Wan et al., 2014). Moreover, the effect of zinc on
MAPK activity is likely attributable to its inhibitory effect on
MAP-kinase phosphatases, such as dual-specificity phospha-
tases (DUSPs). Another related mechanism is the zinc-medi-
ated degradation of IRAK, which regulates NF-xB and MAPK
pathways. TLR4 activation by LPS induces phosphorylation
and degradation of IRAK1 in a MyD88-dependent manner.
Degradation of IRAK1 occurs independently of the protea-
some, but is dependent on zinc concentration. However, the
exact mechanism and molecular target underlying zinc-de-
pendent IRAK1 degradation remains unclear (Wan et al,,
2014).

ZINC SIGNALS IN T CELLS

Adaptive immunity is mainly mediated by two types of lym-
phocytes, T and B cells, which have the ability to establish
antigen specificity and immunological memory. Antigen-spe-
cific recognition is conferred by enormously diverse adaptive
immune receptors expressed on the surface of T and B cells.
Upon their recognition of specific antigens processed and
presented by antigen-presenting cells (APCs), T cells undergo
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an intensive clonal expansion of cells expressing specific re-
ceptors for cognate antigens, which differentiate into mem-
ory and effector T cells. Thus, the adaptive immune system
responds more slowly, but more robustly and precisely, than
the innate immune system.

A large body of evidence suggests that zinc contributes to
the regulation of a broad spectrum of adaptive immune cel-
lular functions including their development, differentiation,
proliferation, survival, and cytokine production (Gruber et al.,
2013; Hirano et al., 2008; King et al., 2005; Prasad, 2000).
Here, we discuss recent understanding of the effect of zinc
on the signaling pathways initiated upon T cell receptor (TCR)
or cytokine stimulation and the resultant effects on the alter-
ation of immune function (Fig. 2).

TCR activation-meditated signaling pathway

The TCR complex is comprised of one TCRap heterodimer
with an antigen-binding site and three CD3 subunits (CD3¢¢,
CD38¢, and CD3ye) containing cytoplasmic signaling do-
mains. Ligation of TCRaf by cognate peptide presented by
major histocompatibility (MHC) molecules on APCs induces
phosphorylation of tyrosine residues in immunoreceptor tyro-
sine-based activation motifs (ITAMs) of the CD3 subunits by
the Src-family kinase Lck. Phosphotyrosines of the CD3¢ chain
provide docking sites for the tandem SH2 domains of ZAP-
70 kinase, which is then phosphorylated by Lck. Recruitment
of ZAP-70 to the activated TCR complex is an essential step
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for cooperative assembly of the immunological synapse (IS).
Formation of the IS allows recruitment of additional adaptor
proteins through phosphorylation or activation, and ultimate-
ly leads to activation of multiple downstream signaling cas-
cades such as Ras/Rac/MAPK and PLC-y pathways (Hwang et
al., 2020).

Zinc has been shown to play a critical role in regulation
of Lck activity. Lck associates with the cytoplasmic tail of the
CD4 and CD8 coreceptors and upon TCR stimulation they
bind to invariant regions of MHC molecules stabilizing the
interaction between TCR and MHC-peptide. As a result, Lck
is recruited into close proximity with the ITAMs of CD3. Early
studies demonstrated that zinc facilitates the binding of Lck
to CD4 and CD8a by acting as a molecular adhesive to bridge
the two proteins (Lin et al., 1998), which is important for the
initiation of TCR signaling required for T-cell development
and activation (Huse et al., 1998; Kim et al., 2003; Lin et al.,
1998; Romir et al., 2007). In addition to its structural role,
zinc also influences the regulation of Lck activity by regu-
lating the balance between phosphorylation of inhibitory
tyrosine Y505, regulated by the PTP CD45 and the kinase
Csk, and activating tyrosine Y394, which is dephosphorylated
by PTPN22. While Csk activity depends on magnesium, it is
inhibited by nanomolar quantities of zinc (Sun and Budde,
1999). Given that PTPs are particularly sensitive to the inhib-
itory action of zinc ions (Haase and Maret, 2003), PTPN22
activity may also be influenced by zinc. Inhibition of Csk and
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Fig. 2. A vital role of zinc in T-cell signaling. Schematic overview of major T cell signaling pathways, inculding TCR- (T cell receptor), IL-
1R- (interleukin-1-receptor), IL-2R- and IL-6R-mediated pathways. Explanations are illustrated in the text. Black lines, signal transduction;
red lines, the effect of zinc; arrows, activation; T bars, inhibition. LCK, lymphocyte-specific protein tyrosine kinase; ZAP70, zeta-chain-
associated protein kinase 70; SHP-1, Src homology region 2 domain-containing phosphatase-1; Csk, C-terminal Src kinase; LAT, linker for
activation of T cells; PIP2, phosphatidylinositol 4,5-bisphosphate; CREB, cCAMP response element-binding protein; PI3K, phosphoinositide
3-kinase; AKT, protein kinase B; mTORC1, mammalian target of rapamycin complex 1; ERK, extracellular-signal-regulated kinase; STAT,
signal transducer and activator of transcription; JAK, Janus kinase; MyD88, myeloid differentiation primary response 88; Zip, Zrt- and Irt-

like protein.
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PTPN22 could contribute to retention of the active status of
Lck thereby sustaining its signaling activity.

Although many zinc-specific transporters exist, certain
transporters, such as Zip6 and Zip8, are highly expressed in
T cells and are directly involved in T-cell activation via zinc
influx (Aydemir et al., 2009; Lee et al., 2008; Yu et al., 2011).
Previous reports by our group and others have revealed that
Zip6, which is mainly expressed on the plasma membrane
of T cells, contributes to activation-induced zinc influx from
extracellular sources. Zip6-mediated zinc influx occurs very
rapidly (~1 min) after TCR triggering. Of note, the accumula-
tion of cytoplasmic zinc ions is not diffuse throughout T cells.
Rather, zinc is compartmentalized in the subsynaptic area of
the IS, which serves as a platform for TCR signaling transduc-
tion (Yu et al., 2011). Zinc influx into the subsynaptic area
inhibits the recruitment of phosphatase SHP-1 to Lck and
consequently enhances ZAP70 phosphorylation due to its
hindrance of SHP-1-mediated dephosphorylation of Y394 of
Lck (Chiang and Sefton, 2001; Stefanova et al., 2003). Zip6
is constitutively expressed in human and murine T cells and is
further upregulated following TCR stimulation. Recently the
CRISPR/Cas9 system was used to construct a Zip6 knockout
(KO) human T-cell line, and studies in these cells suggest that
Zip6 is a critical component of the T cell activation machinery.
Reduced zinc influx in Zip6 KO T cells leads to decreased ex-
pression of T cell activation markers such as CD25 and CD69
as well as IL-2 production (Colomar-Carando et al., 2019).

A regulatory role of Zip8 has been suggested in many
type of cells including T cells, monocytes/macrophages, and
chondrocytes (Aydemir et al., 2009; Kim et al., 2014, Liu
et al., 2013). Unlike Zip6, which is mainly expressed on the
surface of cells, Zip8 is predominantly localized to lysosomes
and its expression is upregulated following TCR stimulation.
Activation-induced upregulation of Zip8 is responsible for the
translocation of lysosomal labile zinc ions into the cytoplasm,
resulting in increased intracellular zinc levels. Cytoplasmic
labile zinc serves as a signaling molecule that regulates the
phosphorylation of CREB (cAMP response element-binding
protein), a transcription factor for IFN-y production, via inhibi-
tion of calcineurin phosphatase activity. Sustained phosphor-
ylation of CREB leads to production of IFN-y and perforin,
major soluble factors produced by T cells for host defense.
This finding was confirmed by treatment with zinc supple-
ments, calcineurin inhibitor FK506, and overexpression of
Zip8, suggesting a potent role of Zip8 in T-cell activation and
function (Aydemir et al., 2009).

Cytokine-mediated signaling pathway

Cytokines have a fundamental role in activation, proliferation,
and differentiation of target cells, including immune cells, via
induction of intracellular signaling cascades downstream of
their specific receptors. Zinc has also been shown to modu-
late many signaling pathways following cytokine stimulation.
Interleukin-2 (IL-2), a key T-cell growth factor produced by
activated CD4" and CD8" T cells, elicits its effect by binding
the IL-2 receptor complex mainly expressed on T cells and
NK cells. IL-2 signal leads to three different intracellular signal
transduction pathways, JAK1/3-STAT5, ERK1/2, and PI3K/
Akt. Cytoplasmic zinc released from lysosomes is essential
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for ERK and PI3K/Akt activation, but not activation of STATS
(Kaltenberg et al., 2010; Plum et al., 2014, Tanaka et al.,
1990). Upon IL-2 stimulation, murine and human T-cell lines
supplemented with zinc exhibit intensified phosphorylation
of ERK1/2 and MEK1/2 downstream of Raf-1. This is likely
due to inhibition of a phosphatase, possibly PP2A, and re-
sults in increased cell proliferation (Kaltenberg et al., 2010;
Tanaka et al., 1990). Phosphorylation of Akt is also triggered
by zinc and markedly abrogated by zinc depletion with TPEN
in IL-2-stimulated T cells. Cell cycle progression is mediated
through several signaling pathways, including PI3K/Akt, and
IL-2-driven cell cycle entry into the S and G2/M phases is
strictly dependent on zinc. Mechanistically, zinc inhibits the
activity of a PI3K-antagonizing lipid phosphatase, PTEN, a
phosphatase that negatively controls Akt activity. This occurs
presumably through binding of zinc ions to cysteine thiols,
which are essential for the catalytic activity of PTEN (Plum et
al., 2014).

IL-6 and IL-1B are major proinflammatory cytokines
abundantly secreted by activated innate immune cells such
as monocytes and macrophages. Both cytokines critically
contribute to differentiation of Th17 cells, a key player in
the pathogenesis of many autoimmune diseases. Recently,
studies have shown that zinc plays a negative role in Th17
responses by inhibiting IL-6 and IL-1B-mediated signaling
pathways. In a murine model, attenuation of IL-6-mediated
STAT3 activation by zinc was found to negatively regulate
Th17 development in vivo and in vitro (Kitabayashi et al,
2010). Zinc enhances the IL-6-induced activation of JAK pro-
teins and ERK1/2, whereas IL-6-induced binding of STAT3
to target DNA is restrained by zinc. This study demonstrates
that zinc binding leads to an alteration of the a-helical sec-
ondary structure of STAT3, blocking the association of STAT3
with JAK2 kinase and with a phospho-peptide containing a
STAT3-binding motif from gp130, a critical transducer of the
IL-6 signal (Kitabayashi et al., 2010). We recently reported
that increased cytoplasmic zinc in T cells suppresses IL-18
signaling via repression of IL-1 receptor-associated kinase 4
(IRAK4) phosphorylation. Thus, this has an inhibitory effect
on Th17 responses facilitated by monocyte-derived IL-1B in
humans (Lee et al., 2015).

CONCLUSION AND PERSPECTIVES

It is well established that zinc is a catalytic and structural co-
factor for a number of proteins. However, the regulatory role
of zinc in signaling transduction has only been demonstrated
relatively recently, and the importance of this micronutrient
has attracted attention in various research fields, including
immunology. Upon activation with subset-specific stimuli,
immune cells undergo a change of zinc homeostasis in the
cytoplasm through zinc transporters. Cytoplasmic, bioavail-
able zinc actively participates in signaling pathways, mainly
by inhibiting different phosphatases, to help direct robust
and appropriate immune responses. However, there are still
many questions to be answered. Despite their importance
for regulating cytoplasmic zinc homeostasis in immune cells,
the mechanism by which zinc transporters facilitate the
movement of zinc ions across the cell membrane is still poorly
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understood. Recent studies have suggested that zinc influx is
attributable to activation-induced upregulation of Zip expres-
sion in a cell-specific manner and to regulation of Zip activity
through its protein phosphorylation by signaling molecules
(Colomar-Carando et al., 2019; Liu et al., 2013). There is also
a growing body of evidence suggesting that signaling net-
works mediate metabolic reprogramming in order to meet
the demands of participating in immune responses. Howev-
er, the effect of zinc on metabolic reprogramming in activat-
ed immune cells remains unclear. Clinically, zinc deficiency
is known to be common in children in developing countries,
and reports of a correlation between zinc levels and the in-
cidence of several infectious diseases suggest zinc plays an
important role for function of both the innate and adaptive
immune systems. In addition, immune function declines with
age and elderly people are at increased risk for zinc deficiency
(Haase et al., 2006). Therefore, further research is needed to
determine how zinc modulates the molecular mechanisms
leading to an effective immune response in order to improve
immune function and for development of potential thera-
peutics.
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