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T helper (Th) cells provide immunity to pathogens but also contribute to detrimental immune
responses during allergy and autoimmunity. Th2 cells mediate asthmatic airway inflammation and
Th1 cells are involved in the pathogenesis of multiple sclerosis. T cell activation involves complex
transcriptional networks and metabolic reprogramming, which enable proliferation and differentiation
into Thl and Th2 cells. The essential trace element zinc has reported immunomodulatory capacity

and high zinc concentrations interfere with T cell function. However, how high doses of zinc affect

T cell gene networks and metabolism remained so far elusive. Herein, we demonstrate by means of
transcriptomic analysis that zinc aspartate (UNIZINK), a registered pharmaceutical infusion solution
with high bioavailability, negatively regulates gene networks controlling DNA replication and the
energy metabolism of murine CD3/CD28-activated CD4* T cells. Specifically, in the presence of zinc,
CD4* T cells show impaired expression of cell cycle, glycolytic and tricarboxylic acid cycle genes,
which functionally cumulates in reduced glycolysis, oxidative phosphorylation, metabolic fitness

and viability. Moreover, high zinc concentrations impaired nuclear expression of the metabolic
transcription factor MYC, prevented Th1l and Th2 differentiation in vitro and reduced Th1 autoimmune
central nervous system (CNS) inflammation and Th2 asthmatic airway inflammation induced by house
dust mites in vivo. Together, we find that higher zinc doses impair the metabolic fitness of CD4* T cells
and prevent Thl CNS autoimmunity and Th2 allergy.

T cell proliferation and differentiation into T helper (Th) cells is crucial for immunity against pathogens. While
Th1 cells mediate immunity to viruses and intracellular bacteria, Th2 cells provide immunity against parasites
such as helminths. However, Th1 and Th2 cells are also involved in autoimmune diseases and in the develop-
ment of allergies, respectively. Here, Th1 cells (besides Th17 cells) contribute to autoimmune diseases, like e.g.
multiple sclerosis (MS), and Th2 cells mediate allergic asthma’, which is frequently evoked by house dust mites?.
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It is of note that allergic asthma and autoimmune diseases show an increasing incidence especially in western
civilizations*™. This necessitates the development of novel and more efficient therapeutics with no or only little
side effects besides currently existing treatment regimens for these diseases.

The bivalent cation zinc is an essential trace element and was shown to affect innate and adaptive immune
responses®’. Zinc administration to humans was reported to be safe with no significant side effects observed
so far!%1, High dose zinc supplementation impairs CD4" T cell activation, proliferation and viability, and zinc
is discussed as treatment option for autoimmune diseases and allergy'®>-**. However, it is yet unknown in which
way high zinc concentrations modulate transcriptional gene networks in CD4* T cells and how this is related
to its immunosuppressive effect on these cells. In addition, it was not yet investigated whether and how higher
zinc concentrations interfere with the metabolism of CD4* T cells, although metabolic reprogramming is an
important prerequisite for T cell activation, proliferation, and their differentiation into distinct Th populations
such as Th1 and Th2 cells*!-**,

Results

High dose zinc negatively regulates cell cycle genes in CD4* T cells.  Zinc has immunomodulatory
capacity through its action on innate and adaptive immune cells including T cells. Especially high doses of zinc
impair CD4" T cell activation and proliferation®!>'%2*?>_In this context, zinc is discussed as additional therapy
regimen for autoimmune diseases and allergies including asthma'’~°. It is however unclear how higher zinc
concentrations change transcriptional networks and the metabolic state of T cells after activation.

In order to investigate this question, we set out to determine the effect of high zinc concentrations on the
transcriptome of activated T cells in vitro. To this end, we stimulated CD4* OT-II T cell receptor (TCR) trans-
genic (tg) T cells with CD3/CD28 in the absence or presence of 100 uM or 150 pM zinc aspartate (UNIZINK) for
24 h followed by bulk RNA sequencing. We decided to use 100 uM and 150 uM zinc aspartate, because at these
concentrations T cells start to be functionally compromised as indicated by reduced activation and impaired
proliferation in own pilot experiments and based on published studies?. Principal component analysis (PCA)
revealed that activated CD4+ T cells in the presence of either 100 uM or 150 uM zinc aspartate separated from
activated T cells that have not been treated (Fig. 1A, Suppl. Fig. SIA). CD4"* T cells incubated with 150 uM zinc
aspartate discriminated the most from the other two conditions in terms of their transcriptome and differentially
expressed genes (DEGs). T cells treated with 150 uM zinc aspartate showed both significantly up- and down-
regulated genes (Fig. 1B). To analyze which gene networks are mostly affected by the addition of exogenous high
zinc doses we performed an unbiased pathway analysis of CD4" T cells in the presence of 150 uM zinc aspartate
using Gene Ontology (GO) and KEGG. Our analysis revealed especially pathways related to cell cycle as well as
DNA replication in CD4* T cells to be most significantly regulated by 150 uM zinc aspartate (Fig. 1C,D). Path-
ways related to an acute heavy metal stress responses were not detected. Within the top three KEGG pathways
‘DNA replication, ‘Mismatch repair’ and ‘Cell cycle’ we, however, detected several genes encoding for cell cycle
regulators to be significantly downregulated in activated CD4" T cells upon 150 uM zinc including Mcm2, Mcms5,
Mcmé6, Cdk2, E2f1, E2f3, and E2f6 (Fig. 1E). Of note, all of these genes have been directly linked to cell cycle
entry, progression or regulation (Suppl. Fig. S1B)*-%.

High concentrations of zinc inhibit blast formation, activation, proliferation and the meta-
bolic fitness of CD4* T cells. In line with our transcriptome analysis, CD4* OT-II TCR tg T cells stimu-
lated with CD3/CD28 were inhibited in blast formation (Fig. 2A), activation as reflected by reduced CD44 and
CD25 expression (Fig. 2B) and proliferation (Fig. 2C) in the presence of 100 pM and 150 uM (as well as 200 uM)
zinc aspartate. Pathway analysis had demonstrated that zinc negatively regulates several genes related to cell
cycle control and DNA replication in CD4* T cells. Cell cycle entry depends on the generation of sufficient build-
ing blocks for consecutive proliferation, which is guaranteed through metabolic reprogramming in T cells®.
Metabolic reprogramming is characterized through an upregulation of genes encoding for enzymes of glycolysis
to feed various metabolic pathways such as the tricarboxylic acid (TCA) cycle with metabolic intermediates®. In
this context, KEGG pathway analysis also identified the pathways ‘Glycolysis/Gluconeogenesis’ and ‘Citrate cycle
(TCA cycle)’ to be among the most significantly affected pathways following activation in the presence of zinc
(pl. see Fig. 1). Of note, within these pathways we detected several glycolysis and TCA cycle genes (Fig. 2D) to be
significantly downregulated in CD4" T cells in the presence of 150 uM zinc aspartate, including Pfkp and Idh3a
(Fig. 2E), which encode for key and rate-limiting enzymes of these metabolic pathways, respectively. Of note, in
the presence of high zinc aspartate concentrations gene expression of metabolic genes and regulators including
Myc were already impaired 6 h after stimulation (Suppl. Fig. S1C) at time points, at which cells had not under-
gone early apoptosis as determined by AnnexinV staining (Suppl. Fig. S1D) and as reported earlier®. In line with
the latter, 100 uM zinc had reduced the absolute numbers of viable cells at 24 h to only 94+ 12% and 150 pM zinc
to only 93 +28% compared to stimulated but untreated cells (0 uM zinc). Following 48 h of stimulation, 100 M
zinc had reduced the absolute numbers of viable cells to 91+17% and 150 uM zinc to 77 £ 38%. At 48 h, CD4*
T cells showed reduced viability at higher zinc concentrations (Suppl. Fig. S1E) confirming previous findings®.
To test whether the decrease in metabolic gene expression of glycolysis and TCA cycle genes upon zinc would
also have functional consequences, we measured extracellular acidification rate (ECAR) and oxygen consump-
tion rate (OCR) to determine glycolysis and oxidative phosphorylation (OXPHOS) of CD4* OT-II TCR tg T
cells after CD3/CD28 stimulation in the absence and presence of zinc. Seahorse analysis showed that CD4* T
cells in the presence of 100 uM and 150 uM zinc aspartate were significantly inhibited in conducting glycolysis
(Fig. 3A) and OXPHOS (Fig. 3B). In line with reduced glycolysis also glucose uptake of CD4* OT-II TCR tg T
cells stimulated by CD3/CD28 was inhibited by high zinc concentrations (Fig. 3C). In contrast, mitochondrial
reactive oxygen species (ROS) production appeared significantly increased at these concentrations (Fig. 3D).
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Figure 1. High dose zinc aspartate negatively regulates genes controlling cell cycle entry and progression in
CD4* T cells. (A) Principal component analysis (PCA) of the individual biological samples used for bulk RNA
sequencing. (B) Unsupervised clustering heatmap showing differentially expressed genes (DEG) between
individual biological samples. (C) TOP Gene ontology (GO) Biology Function pathways based on p-value.
Shown is the -log,, of the p-values of the individual pathways. (D) TOP KEGG pathways based on p-value.
Shown is the —log,, of the p-values of the individual pathways. (E) Normalized gene expression of Mcm2,
Mcm5, Mcm6, Cdk2, E2f1, E2f3, and E2f6 determined by RNA sequencing. Statistical analysis in (E) by unpaired
student’s t test. Dots represent individual mice used to isolate OT-II TCR tg CD4"* T cells. RNA sequencing data
was generated in biological triplicates from 3 mice. KEGG was used for pathway analysis®®. p* <0.05, **p<0.01,
P <0.001.

Zinc inhibits MYC as a transcriptional regulator of metabolic gene expression in CD4* T
cells. In order to identify the key upstream transcription factors of the metabolic and cell cycle genes regu-
lated by zinc we performed epigenetic Landscape In Silico deletion Analysis (Lisa)*! and used Ingenuity Pathway
Analysis (IPA). Using Lisa, we detected several transcription factors important for T cell function in general such
as BATE, MEF2, MAE, JUNB, IRF4, STAT3 and STATS5 to be regulated by high zinc concentrations (Fig. 4A),
which was in line with reduced activation of CD4" T cells in the presence of 100 uM and 150 uM zinc aspartate.
Interestingly, we also identified the transcription factor MYC, a key regulator of metabolic and cell cycle gene
transcription, to be among the top upstream regulators of the genes regulated by high doses zinc aspartate
(Fig. 4A-C). Of note, the transcription factor FOXO1 was recently shown to be a negative regulator of glycolysis
and T cell fitness*** and appeared upregulated upon zinc (Fig. 4B). MYC, in contrast, is a critical transcription
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Figure 2. High concentrations of zinc inhibit blast formation, activation, proliferation and the metabolic
fitness of CD4" T cells. (A) Blast formation of OT-II TCR tg CD4" T cells in the absence and presence of

100 uM, 150 puM, and 200 uM zinc aspartate analyzed by determining the FSC using FACS after 24 h. (B) MFI
of CD44 and CD25 expression of OT-II TCR tg CD4* T cell activation after 48 h. (C) CFSE dilution of OT-II
TCR tg CD4" T cells in the absence and presence of 100 uM, 150 pM, and 200 uM zinc aspartate after 72 h of
stimulation. (D) Heatmap showing significant genes out of the KEGG pathways ‘Glycolysis/Gluconeogenesis’
and ‘Citrate cycle (TCA cycle)’ identified in Fig. 1D. (E) Normalized gene expression of Pfkp and Idh3a
determined by RNA sequencing. Statistical analysis in (A-C) by one-way ANOVA followed by Tukey’s honestly
significant difference (HSD) post hoc test for multiple comparisons. Data in (A-C) are from 3 experiments
and dots represent individual mice used to isolate OT-II TCR tg CD4" T cells. Data in (C) are from 8 mice per
group. RNA sequencing data in (D,E) was generated in biological triplicates from 3 mice. KEGG was used for
pathway analysis®®. *p <0.05, **p <0.01, **p <0.001.

factor and positive regulator involved in the upregulation of cell cycle and glycolysis genes during metabolic
reprogramming following initial T cell activation®*** and appeared to be the top upstream regulator significantly
downregulated in the presence of both 100 uM and 150 uM zinc (Fig. 4C). To validate these findings on the
protein level we measured nuclear MYC protein expression in CD4* OT-II TCR tg T cells stimulated with CD3/
CD28 in the absence or presence of increasing concentrations of zinc aspartate (UNIZINK) after 12 and 24 h.
MYC protein expression appeared significantly inhibited by increasing zinc aspartate concentrations (Fig. 4D).
Taken together our results indicated that high dose zinc negatively regulates metabolic reprogramming, glycoly-
sis, cell cycle entry and metabolic fitness through controlling gene networks including metabolic genes regulated
by MYC in CD4" T cells.

Zinc aspartate prevents Thl CNS autoimmunity and Th2 asthmatic airway inflammation
induced by house dust mites. Transcriptomics of in vitro CD3/CD28 activated CD4* OT-II TCR tg T
cells had shown that zinc regulates several genes related to cell cycle regulation and energy metabolism. These
genes were part of several KEGG pathways including ‘DNA replication; ‘Oxidative phosphorylation, ‘Fatty acid
elongation, ‘mTOR signaling pathway, AMPK signaling pathway, or ‘PPAR signaling pathway’ (Suppl. Fig. SIF).
Many of these pathways appeared interconnected in the KEGG network indicating that they indeed share to a
significant degree the same genes regulated by zinc. These results were furthermore in line with impaired gly-
colysis and OXPHOS cumulating in reduced activation and proliferation upon zinc. In KEGG network analysis
we also detected the pathways “Th1 and Th2 cell differentiation’ and ‘Cytokine-cytokine receptor interaction.
Among the most downregulated genes in the “Th1l and Th2 cell differentiation’ KEGG pathway were several
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Figure 3. Zinc aspartate reduces glycolysis and OXPHOS in CD4" T cells. (A) Extracellular acidification rate
(ECAR) of OT-II TCR tg CD4"* T cells in the absence and presence of 100 and 150 uM zinc aspartate after

24 h of stimulation and adding glucose, oligomycin, and 2-DG. Bar graphs show glycolysis, glycolysis capacity,
and glycolysis reserve. (B) Oxygen consumption rate (OCR) of OT-II TCR tg CD4" T cells in the absence

and presence of 100 and 150 uM zinc aspartate after 24 h of stimulation and adding oligomycin, FCCP, and
rotenone/antimycin. Bar graphs show basal respiration, maximal respiration and ATP production. (C) Glucose
uptake determined using 2-NBDG and measured by FACS for the indicated groups. (D) Mitochondrial ROS
production determined using Mitosox and measured by FACS for the indicated groups. Statistical analysis in
(A-D) by one-way ANOVA followed by Tukey’s honestly significant difference (HSD) post hoc test for multiple
comparisons. Data in (A-D) are from 3 experiments. Dots represent individual mice used to isolate OT-II TCR
tg CD4* T cells. *p < 0.05, *p<0.01, **p <0.001.

genes important for Thl differentiation and function such as Tbx21, Ifng, 112, II2ra, and II2rb (Fig. 5A). In line
with this, in vitro differentiation of CD4" OT-II TCR tg T cells into Thl cells in the presence of high zinc
aspartate concentrations was significantly impaired indicated by reduced expression of the Thl transcription
factor Tbet (Fig. 5B) and the Th1 signature cytokine IFN-y (Fig. 5C) as well as of the cytokines IL-2 and TNF-a
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Figure 4. High zinc concentrations inhibit MYC as a transcriptional regulator of metabolic gene expression
in CD4* T cells. (A) Upstream regulator anaylsis using Landscape in silico analysis (Lisa; http://lisa.cistrome.
org/)*! of the RNA sequencing data from OT-II TCR tg CD4* T cells in the presence of 100 uM or 150 puM zinc
aspartate 24 h after activation. (B) Upstream regulators specific to OT-II TCR tg CD4" T cells in the presence
of 150 uM zinc aspartate identified by IPA. (C) Shared upstream regulators between OT-II TCR tg CD4" T
cells in the presence of 100 uM and 150 uM zinc aspartate identified by Ingenuity Pathway Analysis (IPA). (D)
Histograms show nuclear MYC expression in OT-II CD4* T cells activated for 24 h in the absence or presence
of the indicated zinc concentrations. Graphs show cumulated data from 4 mice. RNA sequencing data (A-C)
was generated in biological triplicates from 3 mice. Statistical analysis in (D) by one-way ANOVA followed by
Tukey’s honestly significant difference (HSD) post hoc test for multiple comparisons. Data in (D) are from 4

mice. *p<0.05, *p<0.01, **p<0.001.

(Fig. 5D). Th1 cells are main effector cells involved in the pathogenesis of MS. To test whether zinc aspartate
would also affect Th1 autoimmunity in vivo, we induced experimental autoimmune encephalitis (EAE), a mouse
model for MS, by stimulating 2D2 TCR tg CD4* T cells with MOG;5_s; peptide in vitro, differentiating them into
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Th1 cells and transferring them into C57BL/6 recipient mice (Fig. 5E). In vitro-activated MOG-specific CD4* T
cells showed a high expression of CD69 and low expression of CD62L indicative of effective activation before T
cell transfer (Suppl. Fig. S1G). After transfer of the 2D2 TCR tg donor CD4" T cells into C57BL/6 mice part of
the recipient mice were i.p. treated with zinc aspartate from day 8 after transfer with appearance of clinical EAE
signs until day 15. Importantly, mice that received zinc aspartate showed a significantly impaired disease score
compared to recipient mice, which only received PBS as control (Fig. 5F).

Among the most significantly downregulated genes in the “Th1 and Th2 cell differentiation’ KEGG pathway we
also detected transcription factors and signature cytokines of Th2 differentiation and function including Gata3,
1113, Il13ral and Il4ra (Fig. 6A). In line with this, in vitro differentiation of CD4* OT-II TCR tg T cells into Th2
cells in the presence of zinc aspartate was inhibited as reflected by significantly reduced expression of the master
Th2 transcription factor GATA3 (Fig. 6B) and the Th2 cytokines IL-4 and IL-13 (Fig. 6C) in the presence of high
zinc concentrations. To test whether zinc affects Th2 allergy in vivo, we applied a mouse model of allergic asthma,
in which C57BL/6 mice underwent intranasal (i.n.) sensitizations and rechallenges with house dust mite (HDM)
extract that induces strong and robust Th2 asthmatic airway inflammation (Fig. 6D). Part of the C57BL/6 mice
received i.p. injections with zinc aspartate. FACS analysis at day 14 of the model revealed that mice receiving i.p.
zinc injections showed significantly lower frequencies of IL-13 producing CD4* T cells in their lungs (Fig. 6E).
Furthermore, GATA3 expression was significantly impaired in lung CD4* T cells isolated from mice that were
injected with zinc (Fig. 6F). Zinc administration to C57BL/6 mice also prevented from peribronchial asthmatic
airway inflammation (Fig. 6G) and was accompanied by reduced total IgE serum levels (Fig. 6H), both hallmarks
of asthmatic airway inflammation in mice and humans.

To test whether our findings would also have implications for human asthma and/or MS patients, we reana-
lyzed published data from genome-wide association studies (GWAS). Of note, at least two studies performing
GWAS found single-nucleotide polymorphisms (SNPs) in the MYC locus to be associated with the risk to develop
allergic asthma and MS***" (https://doi.org/10.1101/195933) (Supplemental Table S1). One study specifically
found a SNP within the human MYC locus to be associated with a susceptibility to develop allergic asthma already
in childhood®. Thus, high doses zinc aspartate control MYC-regulated metabolic gene expression and fitness of
CD4* T cells and prevent from Th1 central autoimmune inflammation and Th2 asthmatic airway inflammation.
In addition, MYC might proof useful as a genetic risk marker for MS and/or asthma.

Discussion

Autoimmune and allergic diseases including asthma show an increasing incidence?™. The treatment of auto-
immune and allergic diseases necessitates a fine balance in inhibiting detrimental immune responses without
compromising immunity to pathogens. Despite the development and approval of novel pharmaceuticals includ-
ing monoclonal antibodies that block signature cytokines of both disease entities, there is still a demand for the
identification of safe concomitant treatment regimens.

Here, we set out to systematically investigate the influence of zinc aspartate (UNIZINK), a registered pharma-
ceutical infusion solution with excellent bioavailability, on murine CD4* T cell gene expression and metabolism.
In the studies conducted so far, zinc showed a good safety profile when applied to patients'*-!4.

We found that zinc aspartate dose-dependently (200 > 150 > 100 uM) inhibits the activation, proliferation and
Th1 and Th2 differentiation of murine CD4" T cells. Our results and especially the concentrations at which zinc
altered CD4" T cell function are in line with previously published reports®!>1¢20:2> However, for the first time,
we here extend on these studies as we systematically study how higher zinc concentrations affect gene expression
and the metabolism of CD3/CD28-activated CD4" T cells. In the presence of zinc several genes important for cell
cycle entry and/or progression appeared to be significantly downregulated in CD4* T cells. As a possible reason
for this cell cycle arrest, we found genes that encode for glycolytic and TCA cycle enzymes to be significantly
downregulated in the presence of zinc. Functionally, this cumulated in an impaired ability to perform glycolysis
and OXPHOS. In line with this, higher zinc concentrations impaired glucose uptake and increased mitochondrial
ROS production. In this context, several studies have reported that high zinc concentrations induce apoptosis
in human and murine T cells'>**. We here confirm that higher zinc concentrations reduce the viability of CD4*
T cells especially at later time points. Based on our data, we, however, postulate that zinc at first inhibits gene
expression of important metabolic enzymes/regulators that are crucial to generate sufficient building blocks for
proliferation, a process known as metabolic reprogramming®*’, and that cell cycle arrest and apoptosis of CD4*
T cells is a secondarily consequence of impaired metabolic reprogramming. Of note, this scenario is supported
by data that T cells in the presence of zinc showed reduced gene expression but not increased apoptosis in the
first hours following stimulation®. On the other hand, we cannot fully rule out that beginning apoptosis at early
time points contribute to the here detected transcriptional changes and to impaired glycolysis and OXPHOS at
higher zinc concentrations.

The detailed molecular mechanism how high zinc concentrations regulate metabolic gene expression are yet
unknown. Zing, in physiological concentrations, is a trace element that affects several biological and cellular
processes®”?. Supraphysiological zinc levels were shown to inhibit cell proliferation, which was demonstrated
to correlate with impaired phosphorylation of ERK and ZAP70 and the induction of p38 phosphorylation®**.
These defects in signaling events is in line with our finding of reduced CD44 and CD25 expression in CD4* T
cells at higher zinc concentrations.

Recently, the transcription factor FOXO1 was reported to be a negative regulator of T cell metabolism, pro-
liferation and effector function®**, while MYC is a well-known transcriptional regulator of glycolytic genes in
T cells, which is in part controlled by FOXO1%*#*. In our upstream regulator analysis of the DEG controlled by
zinc, we detected FOXO1 to be among the most significant upregulated and, inversely, MYC as most significant
downregulated transcriptional regulator. Furthermore, upon high zinc concentrations we found significantly
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Figure 5. Zinc aspartate prevents Th1 CNS autoimmunity. (A) Heatmap showing Th1 genes of OT-II TCR tg
CD4" T cells in the absence and presence of 150 uM zinc aspartate. (B) MFI of Tbet measured by FACS of OT-II
TCR tg CD4" T cells differentiated into Th1 and Th2 cells in the absence and presence of 100 uM zinc aspartate.
(C) Frequencies of CD4IFN-y* cells measured by FACS after Th1 and Th2 differentiation in the absence and
presence of 100 uM zinc aspartate. (D) Frequencies of CD4*IL-2* and CD4"TNF-a* cells measured by FACS
after Th1 and Th2 differentiation in the absence and presence of 100 uM zinc aspartate. (E) Splenic T cells of
2D2 mice were stimulated in vitro with MOGg;; 55 in the presence of IL-2 and IL-7 and were reactivated with
plate bound anti-CD3 and anti-CD28 in the presence of IL-12 and IL-18. Fully activated transgenic 2D2 T cells
were adoptively transferred into C57BL/6 recipients. Zinc aspartate was administered daily i.p. (15 ug/animal)
starting at day 8 after the appearance of first clinical signs. Zinc treatment was continued for 7 days. The control
group received PBS. (F) The clinical score of passive EAE was assessed for 35 days after transfer. Data are shown
as mean + SEM. RNA sequencing data in (A) was generated in biological triplicates from 3 mice. Statistical
analysis in (B-D) by unpaired student’s t test and in (F) by non-parametric Wilcoxon matched pairs test. Dots
represent individual mice used to isolate OT-II TCR tg CD4" T cells for Th differentiation. Data in (B-D) are
from 3 experiments. Data in (F) are from 8 mice per group. *p <0.05, **p <0.01, ***p <0.001.

reduced nuclear MYC protein expression in T cells. Our data could thus indicate that high zinc concentrations
stabilize FOXO1 expression within the nucleus, which secondarily impairs MYC expression and metabolic gene
transcription. A possible mechanism for this scenario was recently reported in that the nuclear zinc finger protein
ZFAT was demonstrated to maintain FOXO1 protein levels in peripheral T cells*.
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Figure 6. Zinc impairs Th2 house dust mite-induced asthmatic airway inflammation. (A) Heatmap showing
Th2 genes of OT-II TCR tg CD4" T cells in the absence and presence of 150 uM zinc. (B) MFI of GATA3
measured by FACS of OT-II TCR tg CD4* T cells differentiated into Th1 and Th2 cells in the absence and
presence of 100 uM zinc aspartate. (C) Frequencies of CD4*IL-13* and CD4*IL-4*cells measured by FACS after
Th1 and Th2 differentiation in the absence and presence of 100 pM zinc aspartate. (D) Mouse model of Th2
asthmatic airway inflammation induced by house dust mite (HDM) extract. (E) Frequencies of lung CD4*IL-13*
and CD4'IL-4*cells measured by FACS in the mouse model shown in Fig. 3D at day 14. (F) MFI of GATA3

in lung CD4" T cells measured by FACS in the mouse model shown in Fig. 3D at day 14. (G) Peribronchial
inflammation in the lungs from mice of the HDM asthma model shown in Fig. 3D ad day 14. (H) Total IgE
serum levels of mice from the HDM asthma model shown in Fig. 3D ad day 14. RNA sequencing data in (A)
was generated in biological triplicates from 3 mice. Statistical analysis in in (B) and (C) and (E-H) by unpaired
students t test. Dots represent individual mice. Data are from 3 (B,C) and 2 (E-H) experiments. *p <0.05,
**p<0.01, **p<0.001.

In our current study, we demonstrate that zinc aspartate prevents Th1 EAE and Th2 asthmatic airway inflam-
mation. It needs to be mentioned that in our in vivo experiments we first activated T cells by a specific antigen
(MOG peptide or HDM extract) before zinc was administered to mice during the development of EAE or the
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rechallenge phase within the HDM asthma model. We decided for this experimental approach as this reflects the
treatment situation in the clinical course of MS and asthma patients better as those patients already have devel-
oped signs of autoimmunity and asthma symptoms when treatment is initiated. Treating CD4" T cells already
in the initial priming phase would have likely evoked similar (or even more significant) protection from EAE
and/or asthmatic airway inflammation. It should be further mentioned that zinc administration was shown to
promote the formation of inducible regulatory T cells'”*! and that this can have contributed to the prevention of
EAE and asthmatic airway inflammation in our experiments. In the same vein, zinc was also shown to suppress
Th17 cell development*?. As Th17 cells, besides Th1 cells, are involved in the pathogenesis of MS and EAE, it is
likely that impaired Th17 cells, which we have not assed in our experiments, can have contributed to protection
from EAE in our study. Besides cells of the adaptive immune system, zinc was shown to affect innate immune
cells including macrophages®, which are also involved in the pathogenesis of MS and asthma. In the here used
mouse models of asthmatic airway inflammation and EAE zinc will also have affected innate immune cells, and
this can also have contributed to protection from the diseases.

Material and methods

Mice. OT-II TCR transgenic (tg) mice (JAX stock No: 004194) and C57BL/6]Rj wild-type (WT) were housed
under specific pathogen free (SPF) conditions. For all experiments, mice of both sexes at the age of 8-14 weeks
were used.

Reagents. Zinc aspartate (UNIZINK), a registered pharmaceutical infusion solution with good bioavail-
ability, was purchased from Kohler Pharma GmbH (Alsbach-Héhnlein, Germany).

Murine CD4* T cell isolation and culture. CD4* T cells were isolated from spleen and cervical, sub-
mandibular, brachial, axillar, inguinal, and mesenterial lymph nodes of OT2 TCR tg mice by negative enrich-
ment using the MagniSort mouse CD4" T-cell enrichment kit (Invitrogen, # 8804-6821-74). Cultures plates
were coated with rabbit-anti-hamster IgG (MP Biomedicals, # SKU 0855398) for 2 h at 37 °C. CD4" T cells were
stimulated cultured in RPMI medium supplemented with 10% FCS, 2 mM GlutaMAX (ThermoScientific, #
35050038), 50 M B-mercaptoethanol (ThermoScientific, # 31350010), 2% penicillin/streptavidin (ThermoSci-
entific, # 15070063) and stimulated with 1 pg/ml anti-CD3e and 1 pg/ml and anti-CD28 antibodies (BioLegend,
# 100340 and 102116).

Measuring CD4* T cell activation and apoptosis. CD4" T cells were stimulated with 1 pg/ml anti-
CD3¢ and 1 pg/ml and anti-CD28 antibodies (BioLegend, # 100340 and 102116) in the absence or presence of
100 pM, 150 uM, 200 uM zinc aspartate for 48 h. To evaluate the activation T cells thereafter were stained for
CD4, CD25, CD44 and CD62L and analyzed using an LSR Fortessa flow cytometer (BD Biosciences) and FlowJo
v10.7.1 software (BD Biosciences). Early apoptosis was measured after 6 h stimulation in the absence or presence
of 50, 100, 150 and 200 puM zinc using AnnexinV staining and flow cytometry. Late apoptosis was determined
after 48 h stimulation in the absence or presence of 100, 150 and 200 uM zinc using the APC Annexin V Apop-
tosis Detection Kit with 7-AAD (BioLegend, # 640930).

Measuring CD4* T cell proliferation. CD4" T cells were incubated with 5 pM CFSE (Invitrogen, #
C34554) for 5 min at room temperature in the dark followed by two washing steps. Thereafter, CD4* T cells were
stimulated with 1 pg/ml anti-CD3e and 1 ug/ml and anti-CD28 antibodies (BioLegend, # 100340 and 102116) in
the absence or presence of 100 uM, 150 uM, 200 uM zinc aspartate. At 48 h and 72 h, CD4" T cells were analyzed
for their CFSE dilution by FACS.

In vitro Thl and Th2 cell differentiation. For Th1 and Th2 differentiation OT-II TCR tg CD4* T cells
were cultured in IgG-coated 12 well plates for 3 days under Th1 or Th2 conditions. For Th1 skewing, cells were
cultured in the presence of anti-CD3 (1 ug/ml), anti-CD28 (1 ug/ml), hIL-2 (30 units/ml), anti-IL-4 (2 pg/
ml) and IL-12 (10 ng/ml). For Th2 differentiation, cells were cultured in the presence of anti-CD3 (1 pg/ml),
anti-CD28 (1 pg/ml), hIL-2 (30 units/ml), anti-IFN-y (10 pug/ml), anti-Il-12 (10 pg/ml), IL-4 (100 ng/ml). After
3 days, cells were stained for differentiation markers using anti-GATA3-APC, anti-Tbet-PE, anti-IL-4-PE, anti-
IFN-y-APC, anti-TNF-a-APC, anti-IL-2-APC, anti-IL-13-Alexa Flour (488) and either anti-CD4-FITC or anti-
CD4-APC antibodies (pl. see Supplemental Table S2). For intracellular staining of cytokines cells were fixed and
permeabilized using the eBioscience Intracellular Fixation & Permeabilization Buffer Set (Thermo Scientific
#88-8824-00). Transcription factors (TBET, GATA3, MYC) were stained using the eBioscience Foxp3/Transcrip-
tion Factor Staining Buffer Set (Miltenyi, #130-093-142). Cells were fixed for 45 min at room temperature, cen-
trifuged and resuspended in permeabilization buffer supplemented with the corresponding staining antibodies.

Seahorse assays. For metabolic seahorse assays, OT-1I TCR tg CD4" T cells were stimulated with 1 pg/ml
anti-CD3e and 1 pg/ml and anti-CD28 antibodies (BioLegend, # 100340 and 102116) in the absence or presence
of 100 and 150 pM zinc aspartate for 24 h. CD4* T cell metabolism was analyzed using an XFe96 Extracellular
Flux Analyzer (Seahorse Bioscience). 24 h after activation, 2 x 10> CD4* T cells/well were plated in XFe96 cell
culture plates coated with Cell-Tak (Fisher Scientific, # 10317081). Seahorse XF DMEM medium was supple-
mented with 10 mM glucose, 2 mM glutamine and 1 mM pyruvate (MitoStress assay medium, pH adjusted to
7.4) or 2 mM glutamine and 1 mM pyruvate (GlycoStress assay medium, pH adjusted to 7.4). According to the
manufacturer’s instruction, OCR was measured in response to 2.5 uM oligomycin, 1.5 uM fluorocarbonyl cya-
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nide phenylhydrazone (FCCP) and 0.5 pM rotenone plus antimycin A (MitoStress Test Kit, Agilent, # 103015-
100) and ECAR in response to 10 mM glucose, 2.5 uM oligomycin and 50 mM 2-deoxy-glucose (2-DG) (Gly-
coStress Test Kit, Agilent, # 103020-100). Each sample was analyzed in technical triplicates and later averaged
for independent experiments. Non-mitochondrial oxygen consumption, basal respiration, maximal respiration,
proton leak and ATP were determined by monitoring OCR. From ECAR measurements, non-glycolytic acidifi-
cation, glycolysis, glycolytic capacity, and glycolytic reserve were calculated.

Glucose uptake and measurement of mitochondrial ROS production. Glucose uptake was meas-
ured using 2-NBDG (ThermoFisher Scientific, # N13195). Unstimulated and for 18 h with 1 pg/ml anti-CD3e
and 1 pug/ml and anti-CD28 antibodies stimulated OT-II TCR tg CD4" T cells were incubated in glucose-free
RPMI medium containing 2-NBDG (100 pM) for 90 min in the dark. The amount of 2-NBDG utilized by the
cells was determined by FACS. For the measurement of mitochondrial ROS production by FACS, OT-II TCR
tg CD4* T cells were incubated with 5 pM MitoSOX™ Red Mitochondrial Superoxide Indicator (ThermoFisher
Scientific, # M36008) for 10 min in the dark.

RNA sequencing and qRT-PCR of CD4* T cells. For bulk RNA sequencing, OT-II TCR tg CD4* T
cells were stimulated with 1 pg/ml anti-CD3e and 1 pg/ml and anti-CD28 antibodies (BioLegend, #100340 and
#102116) in the absence or presence of 100 and 150 uM zinc aspartate for 24 h. RNA was isolated using the
Rneasy Plus Mini Kit (QIAGEN, #74136).

Quality and integrity of total RNA was controlled on Agilent Technologies 2100 Bioanalyzer (Agilent Tech-
nologies; Waldbronn, Germany). PolyA + RNA were purified from 1 pg total RNA using Dynabeads mRNA
DIRECT Micro Kit (ThermoFisher). The RNA Sequencing library was prepared with NEBNext Ultra™ IT Direc-
tional RNA Library Prep Kit for ILLUMINA (New England Biolabs). The libraries were sequenced on ILLUMINA
NovaSeq 6000 using NovaSeq 6000 S1 Reagent Kit (100 cycles, paired end run 2 x 50 bp) with an average of
5x 107 reads per RNA sample. Each FASTQ file got a quality report generated by FASTQC tool. Before alignment
to the reference genome each sequence in the raw FASTQ files was trimmed on base call quality and sequencing
adapter contamination using Trim Galore! wrapper tool. Reads shorter than 20 bp were removed from FASTQ
file. Trimmed reads were aligned to the reference genome using open source short read aligner STAR (https://
code.google.com/p/rna-star/) with settings according to log file. Feature counts were determined using R pack-
age “Rsubread”. Only genes showing counts greater 5 at least two times across all samples were considered for
further analysis (data cleansing). Gene annotation was done by R package “bioMaRt. Before starting the statistical
analysis steps, expression data were log2 transformed and normalized according to 50th percentile (quartile nor-
malization using edgeR). Differential gene expression was calculated by R package “edgeR”. Functional analysis
was performed by R package “clusterProfiler” and by using Ingenuity Pathway Analysis (IPA) software (http://
www.ingenuity.com/). The lists of DEG containing ENSEMBLE ID and corresponding fold-change values and p/
FDR (False Discovery Rate) values, were used as an input for IPA analysis. The curated canonical pathways from
Ingenuity Knowledge base were enriched in the DEG dataset. The enrichment p-value with a threshold 0.05 was
calculated based on the probability of a pathway being randomly selected from all of the curated pathways. The
IPA ‘Diseases and Functions Analysis’ was performed to predict effected biology (cellular process, biological
functions) and directional change on that effect. The upstream regulators were predicted based on the expected
causal effects between upstream regulators and DEG targets by IPA analysis. Based on the calculation of an
overlap p-value and an activation z-score, the analysis gives a prediction of the directional state of the upstream
regulator. Lisa analysis (http://lisa.cistrome.org/) was performed to increase confidence in the prediction of
the transcriptional regulators of the DEG dataset. For the Heatmap in Fig. 1B, two comparisons were analyzed
(100 uM versus 0 uM zinc, 150 uM versus 0 uM zinc) and p-values and false discovery rate (FDR) calculated.
Thereafter, genes with the 500 best FDR values were selected and illustrated. The 100 uM condition is not show
in the heatmap. KEGG network was created based on the comparison 150 uM versus 0 (M zinc and the resulting
gene list when applying a log2FC>1 or < — 1 with FDR <0.05.

For qRT-PCR to determine Myc gene expression (Fwd: AGTGCTGCATGAGGAGACAGC; Rev: GGTTTGCCT
CTTCTCCACAG), RNA was isolated using the Rneasy Plus Mini Kit (QIAGEN, #74136) and normalizing to
the house keeping gene Gapdh (Fwd: TTGATGGCAACAATCTCCAC; Rev: CGTCCCGTAGACAAAATGGT).

Experimental autoimmune encephalitis. Animals were bred under specific pathogen-free conditions
in the central animal facility of the Medical faculty of the Otto-von-Guericke University Magdeburg. All proce-
dures were approved by local government agencies (Landesverwaltungsamt Sachsen-Anbhalt, 42502-2-1273 Uni
MD, 17.11.2014). Passive induction of EAE by adoptive transfer of polarized MOG-specific T cells (TCR Va3.2
VPB11) was performed as previously described (Engelmann et al., 2013*!). Briefly, splenocytes from 2D2 mice
were cultured and stimulated with MOGg;;5.s5 (20 ng/ml) in the presence of 10 ng/ml IL 2 and IL-7 (Miltenyi
Biotech, 130-120-662; 130-094-066) for 2 days. At the end of this incubation period, cells were expanded with
IL-2 and IL-7 for another 4 days. Subsequently, cells were reactivated for 24 h with plate-bound anti-CD3 and
anti-CD28 antibodies (1 pg/mL) in the presence of 20 ng/ml IL-12 and IL-18 (Bio-techne Ltd., 419-ML-010;
9139-1L-010). Activated T cells were collected, washed and 4-5 x 10° cells in PBS were i.p. transferred into recipi-
ent mice. Successful activation and polarization was monitored via flow cytometric analysis of CD62L shedding
and CD69 upregulation on TCR Va3.2* VB11* CD4* T cells. Zinc aspartate was administered daily i.p. (15 pg/
animal) starting at day 8 after the appearance of first clinical signs. Zinc treatment was continued for 7 days. The
control group received PBS. Mice were examined daily for signs of disease and graded on a scale of increasing
severity from 0 to 5 as follows: 0, no signs; 0.5, partial tail weakness; 1, limp tail or slight slowing of righting from
supine position; 1.5, limp tail and slight slowing of righting; 2, partial hind limb weakness or marked slowing of
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righting; 2.5, dragging of hind limb(s) without complete paralysis; 3, complete paralysis of at least one hind limb;
3.5, hind limb paralysis and slight weakness of forelimbs; 4, severe forelimb weakness; 5, moribund or dead*®.
For reasons of animal welfare, mice were killed when reaching a score of 3 or above. Mean clinical scores were
calculated by adding disease scores of individual mice divided by the number of mice in each group.

House dust mite induced allergic airway inflammation. C57BL/6JR]j wild-type (WT) mice were
anesthetized with isoflurane and intranasally (i.n.) sensitized with 10 pg house dust mite extract (HDM) (Citeq
Biologics, 02.01.85, Batch 18G08) for three consecutive days (days 0, 1, and 2). Rechallenges with 10 ug HDM
extract were performed for four days (days 10, 11, 12, and 13). On days 10, 11, 12 and 13, part of the mice
received intraperitoneally (i.p.) 30 ug UNIZINK (Kohler Pharma GmbH), while control mice received PBS. On
day 14, mice of both groups were euthanized and blood was collected, which was later analyzed for total IgE lev-
els using an IgE ELISA kit (Thermo Scientific, # 88-50460-86). In addition, parts of the lungs were fixed with 4%
formaldehyde and later analyzed for peribronchial airway inflammation by HE staining. Remaining lung tissue
was weighted and thereafter enzymatically digested with tissue Liberase TL (Roche, # 05 401 020 001) in RPMI
10% FCS, 2 mM GlutaMAX, 50 uM B-mercaptoethanol, 2% penicillin/streptomycin at 37 °C for 45 min. After-
wards single cell suspensions from lungs and mediastinal lymph nodes were filtered using a 70 pum cell strainer.
Part of the cells of lungs and mediastinal lymph nodes were stained for CD45 and CD4 and then permeabilized
using the Foxp3 / Transcription factor staining buffer set (Miltenyi, #130-093-142) followed by intracellular
GATA-3 staining and FACS analysis. Another part of the single cell suspensions of the lungs and mediastinal
lymph nodes were restimulated with 1 pM ionomycin (ThermoFisher Scientific, # A1049201) and 20 nM PMA
(Sigma-Aldrich, #P1585-1MG) in the presence of 5 uM Brefeldin A (Biolegend, # 420601) in RPMI1640 sup-
plemented with 10% FCS, 2 mM GlutaMAX, 50 pM B-mercaptoethanol, 2% penicillin/streptomycin for 6 h at
37 °C. Restimulated cell suspensions were stained for CD45 and CD4, fixed and permeabilized using the eBiosci-
ence™ Intracellular Fixation & Permeabilization Buffer Set (ThermoScientific, # 88-8823-88) and intracellularly
stained for IL-4, IL-13 and TNFa before FACS analysis. To account for reported sex differences in the murine
HDM asthmatic airway inflammation model female mice were used in both groups***’. All procedures were
approved by local government agencies (Landesverwaltungsamt Sachsen-Anhalt, 42502-2-1633 UniMD).

Scoring of the HE stained lungs and IgE ELISA.  Lung tissues were fixed in 4% buffered formaldehyde
for at least 24 h. Paraffin-embedded lung sections of 2 pm were stained with haematoxylin and eosin (HE). Rep-
resentative sections (2 per animal) were chosen and the amount of bronchiole-surrounding, inflammatory cells
was analyzed. The peribronchial cellular infiltration was finally calculated as semi-quantitative score (0—0%
surrounding cells, 1—<10% surrounding cells, 2—10-25% surrounding cells, 3—25-50% surrounding cells,
4—>50% surrounding cells)*®*. Serum was collected from whole blood samples after incubation for 30 min at
room temperature (RT) and subsequent centrifugation at 300xg for 10 min. Serum total IgE levels were analyzed
with IgE Mouse Uncoated ELISA Kit (ThermoFisher Scientific, # 88-50460). Serum samples were pre-diluted
25-fold in Assay Buffer A and processed according to manufacturer’s protocol.

Ethics declaration. All procedures were approved by local government agencies to S.K. for the HDM model
(Landesverwaltungsamt Sachsen-Anhalt, 42502-2-1633 UniMD) and to A.R. for the EAE model (Landesverwal-
tungsamt Sachsen-Anhalt, 42502-2-1273 Uni MD, 17.11.2014), respectively. All methods were carried out in
accordance with relevant guidelines and regulations and are reported in accordance with ARRIVE guidelines
(www.arriveguidlines.org).

Statistical analysis. All data were analyzed using GraphPad Prism 8.0 (GraphPad software, Inc.) and are
presented as mean + SEM, if not indicated otherwise. Comparisons across multiple groups were performed by
ordinary one-way ANOVA. Experiments with two groups were analyzed with Student’s t-test. Statistical compar-
ison of the mean EAE score between two different groups of animals was accomplished by performing non-par-
ametric Wilcoxon matched pairs test using GraphPad Prism software (GraphPad software, Inc.). P values <0.05
were considered as statistically significant; different levels of significance were indicated as follows: *P <0.05;
**P<0.01; **P <0.001.

Received: 8 October 2021; Accepted: 24 December 2021
Published online: 04 February 2022

References

1. Ruterbusch, M. et al. In vivo CD4(+) T cell differentiation and function: Revisiting the Th1/Th2 paradigm. Annu. Rev. Immunol.
38, 705-725 (2020).

2. Hammad, H. & Lambrecht, B. N. The basic immunology of asthma. Cell 184(9), 2521-2522 (2021).

3. Mattiuzzi, C. & Lippi, G. Worldwide asthma epidemiology: insights from the global health data exchange database. Int. Forum
Allergy Rhinol. 10(1), 75-80 (2020).

4. Willame, C. et al. Incidence rates of autoimmune diseases in European Healthcare Databases: a contribution of the advance project.
Drug Saf. 44(3), 383-395 (2021).

5. Anzilotti, C. et al. An essential role for the Zn2+ transporter ZIP7 in B cell development. Nat. Immunol. 20(3), 350-361 (2019).

6. Gammoh, N. Z. & Rink, L. Zinc in infection and inflammation. Nutrients 9(6), 624 (2017).

7. Haase, H. & Schomburg, L. Youd Better Zinc-Trace Element Homeostasis in Infection and Inflammation. Nutrients 11(9), 2078
(2019).

Scientific Reports |

(2022) 12:1943 | https://doi.org/10.1038/s41598-022-04827-6 nature portfolio


http://www.arriveguidlines.org

www.nature.com/scientificreports/

11.
12.

13.

14.

15.

16.
17.

18.
19.

20.

28.

29.

30.
31.

32.
33.
34.
35.

36.
37.

38.

39.

40.

41.

42.
43.

44.
45.
46.
47.
48.

49.

. Hojyo, S. et al. Zinc transporter SLC39A10/ZIP10 controls humoral immunity by modulating B-cell receptor signal strength. Proc.

Natl. Acad. Sci. USA 111(32), 11786-11791 (2014).

. Kim, B. & Lee, W. W. Regulatory role of zinc in immune cell signaling. Mol. Cells 44(5), 335-341 (2021).
. Brooks, W. A. et al. Zinc for severe pneumonia in very young children: Double-blind placebo-controlled trial. Lancet 363(9422),

1683-1688 (2004).

Chasapis, C. T. et al. Recent aspects of the effects of zinc on human health. Arch Toxicol 94(5), 1443-1460 (2020).

Cvijanovich, N. Z. et al. Safety and dose escalation study of intravenous zinc supplementation in pediatric critical illness. JPEN J.
Parenter. Enteral. Nutr. 40(6), 860-868 (2016).

Perera, M. et al. Randomised controlled trial for high-dose intravenous zinc as adjunctive therapy in SARS-CoV-2 (COVID-19)
positive critically ill patients: Trial protocol. BMJ Open 10(12), 580 (2020).

Wessels, L., Rolles, B. & Rink, L. The Potential impact of zinc supplementation on COVID-19 pathogenesis. Front. Immunol. 11,
1712 (2020).

Guttek, K. et al. Zinc aspartate suppresses proliferation and Th1/Th2/Th17 cytokine production of pre-activated human T cells
in vitro. J. Trace Elem. Med. Biol. 49, 86-90 (2018).

Maywald, M., Wessels, I. & Rink, L. Zinc signals and immunity. Int. J. Mol. Sci. 18(10), 1 (2017).

Rosenkranz, E. et al. Zinc enhances the number of regulatory T cells in allergen-stimulated cells from atopic subjects. Eur. J. Nutr.
56(2), 557-567 (2017).

Sanna, A. et al. Zinc status and autoimmunity: A systematic review and meta-analysis. Nutrients 10(1), 68 (2018).

Seo, H. M. et al. Serum zinc status and its association with allergic sensitization: The Fifth Korea national health and nutrition
examination survey. Sci. Rep. 7(1), 12637 (2017).

Stoye, D. et al. Zinc aspartate suppresses T cell activation in vitro and relapsing experimental autoimmune encephalomyelitis in
SJL/] mice. Biometals 25(3), 529-539 (2012).

. Almeida, L. et al. Metabolic pathways in T cell activation and lineage differentiation. Semin. Immunol. 28(5), 514-524 (2016).

. Buck, M. D,, O’Sullivan, D. & Pearce, E. L. T cell metabolism drives immunity. J. Exp. Med. 212(9), 1345-1360 (2015).

. Slack, M., Wang, T. & Wang, R. T cell metabolic reprogramming and plasticity. Mol. Immunol. 68, 507-512 (2015).

. Vaeth, M. et al. Store-operated Ca(2+) entry controls clonal expansion of T cells through metabolic reprogramming. Immunity

47(4), 664-679 (2017).

. Reinhold, D. et al. Zinc aspartate induces IL-16 secretion and apoptosis in human T cells. Biomedicines 9(3), 1 (2021).
. Kanehisa, M. & Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28(1), 27-30 (2000).
. Dimova, D. K. & Dyson, N. J. The E2F transcriptional network: Old acquaintances with new faces. Oncogene 24(17), 2810-2826

(2005).

Lei, M. The MCM complex: Its role in DNA replication and implications for cancer therapy. Curr. Cancer Drug Targets 5(5), 365-380
(2005).

Satyanarayana, A. & Kaldis, P. Mammalian cell-cycle regulation: Several Cdks, numerous cyclins and diverse compensatory
mechanisms. Oncogene 28(33), 2925-2939 (2009).

Buck, M. D. et al. Metabolic instruction of immunity. Cell 169(4), 570-586 (2017).

Qin, Q. et al. Lisa: inferring transcriptional regulators through integrative modeling of public chromatin accessibility and ChIP-seq
data. Genome Biol. 21(1), 32 (2020).

Delpoux, A. et al. FOXO1 constrains activation and regulates senescence in CD8 T cells. Cell Rep. 34(4), 8674 (2021).

Newton, R. H. et al. Maintenance of CD4 T cell fitness through regulation of Foxol. Nat. Immunol. 19(8), 838-848 (2018).
Marchingo, J. M. et al. Quantitative analysis of how Myc controls T cell proteomes and metabolic pathways during T cell activation.
Elife 9, 1 (2020).

Wang, R. et al. The transcription factor Myc controls metabolic reprogramming upon T lymphocyte activation. Immunity 35(6),
871-882 (2011).

Gourraud, P. A. et al. The genetics of multiple sclerosis: An up-to-date review. Immunol. Rev. 248(1), 87-103 (2012).

Pividori, M. et al. Shared and distinct genetic risk factors for childhood-onset and adult-onset asthma: Genome-wide and tran-
scriptome-wide studies. Lancet Respir. Med. 7(6), 509-522 (2019).

Honscheid, A., Dubben, S., Rink, L. & Haase, H. Zinc differentially regulates mitogen-activated protein kinases in human T cells.
J. Nutr. Biochem. 23(1), 18-26 (2012).

Wong, P. F. & Abubakar, S. High intracellular Zn2+ ions modulate the VHR, ZAP-70 and ERK activities of LNCaP prostate cancer
cells. Cell Mol. Biol. Lett. 13(3), p375-p390 (2008).

Ishikura, S. et al. The nuclear zinc finger protein Zfat maintains FoxO1 protein levels in peripheral T cells by regulating the activi-
ties of autophagy and the Akt signaling pathway. J. Biol. Chem. 291(29), 15282-15291 (2016).

Rosenkranz, E. et al. Induction of regulatory T cells in Th1-/Th17-driven experimental autoimmune encephalomyelitis by zinc
administration. J. Nutr. Biochem. 29, 116-123 (2016).

Kitabayashi, C. et al. Zinc suppresses Th17 development via inhibition of STAT3 activation. Int. Immunol. 22(5), 375-386 (2010).
Gao, H., Dai, W,, Zhao, L., Min, J. & Wang, E. The role of zinc and zinc homeostasis in macrophage function. J. Immunol. Res.
6(2018), 6872621 (2018).

Engelmann, S. et al. T cell-independent modulation of experimental autoimmune encephalomyelitis in ADAP-deficient mice. J.
Immunol. 191(10), 4950-4959 (2013).

Miller, S. D. & Karpus, W. J. Experimental autoimmune encephalomyelitis in the mouse. Curr. Protoc. Immunol. 15, 1 (2007).
Laffont, S. et al. Androgen signaling negatively controls group 2 innate lymphoid cells. J. Exp. Med. 214(6), 1581-1592 (2017).
Melgert, B. N. et al. Female mice are more susceptible to the development of allergic airway inflammation than male mice. Clin.
Exp. Allergy 35(11), 1496-1503 (2005).

Kim, D. L, Song, M. K. & Lee, K. Comparison of asthma phenotypes in OVA-induced mice challenged via inhaled and intranasal
routes. BMC Pulm. Med. 19(1), 241 (2019).

Kujur, W. et al. Caerulomycin A inhibits Th2 cell activity: A possible role in the management of asthma. Sci. Rep. 5, 15396 (2015).

Acknowledgements

We are grateful to K. Herrmanns for preparing the HE stainings of the lungs. A.J.M. received funding by the
European Research Council (ERC) under the European Union’s Horizon 2020 research and innovation program
(StG ImmProDynamics, grant agreement 714233 to A.J.M.) and the federal state of Saxony-Anhalt and the Euro-
pean Social Fund (ESF) (Project “NeutrEat” to A.J.M.). This study was funded by the Deutsche Forschungsge-
meinschaft (DFG, German Research Foundation)—Project-ID 97850925—SFB854 to S.K. and by the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation)—361210922/GRK2408—(Project 12 RTG2408)
to S.K.

Scientific Reports |

(2022) 12:1943 | https://doi.org/10.1038/s41598-022-04827-6 nature portfolio



www.nature.com/scientificreports/

Author contributions

Design of the study: S.K. and A.K; drafting of the paper: A.K; writing of the paper; S.K. and A.K.; performing
experiments: A.K., S.S., ] K,, L.B., AN, J.N,, TE, AR; analyzing data: AK, YFE,S.S.,J.K, LB, AN,JN., TE,
AS., R.G, AR, S.K critical reagents and infrastructure: S.S.-K., A.S., C.G., B.S., D.R;; critical academic input,
discussion and interpretation of the data: C.T., S.S.-K., ].S., C.G., R.G., B.S., D.R,, A.D., AR, A.JM,, S.K. All
authors reviewed the manuscript.

Funding

Open Access funding enabled and organized by Projekt DEAL. This article was funded by Deutsche Forschun-
gsgemeinschaft (Grant no. Project-ID 97850925-SFB854 and 361210922/GRK2408—Project 12 RTG2408 to
S.K).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-04827-6.

Correspondence and requests for materials should be addressed to S.K.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:1943 | https://doi.org/10.1038/s41598-022-04827-6 nature portfolio


https://doi.org/10.1038/s41598-022-04827-6
https://doi.org/10.1038/s41598-022-04827-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Ionic mitigation of CD4+ T cell metabolic fitness, Th1 central nervous system autoimmunity and Th2 asthmatic airway inflammation by therapeutic zinc
	Results
	High dose zinc negatively regulates cell cycle genes in CD4+ T cells. 
	High concentrations of zinc inhibit blast formation, activation, proliferation and the metabolic fitness of CD4+ T cells. 
	Zinc inhibits MYC as a transcriptional regulator of metabolic gene expression in CD4+ T cells. 
	Zinc aspartate prevents Th1 CNS autoimmunity and Th2 asthmatic airway inflammation induced by house dust mites. 

	Discussion
	Material and methods
	Mice. 
	Reagents. 
	Murine CD4+ T cell isolation and culture. 
	Measuring CD4+ T cell activation and apoptosis. 
	Measuring CD4+ T cell proliferation. 
	In vitro Th1 and Th2 cell differentiation. 
	Seahorse assays. 
	Glucose uptake and measurement of mitochondrial ROS production. 
	RNA sequencing and qRT-PCR of CD4+ T cells. 
	Experimental autoimmune encephalitis. 
	House dust mite induced allergic airway inflammation. 
	Scoring of the HE stained lungs and IgE ELISA. 
	Ethics declaration. 
	Statistical analysis. 

	References
	Acknowledgements


