Manuscript Click here to view linked References *

Revision Number: YCLNU-D-20-01565

Zinc deficiency leads to reduced interleukin-2 production by active gene silencing due to

enhanced CREMa expression in T cells
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Abstract

Background & Aims:

The micronutrient zinc is essential for proper immune function. Consequently, zinc deficiency
leads to impaired immune function, as seen in decreased secretion of interleukin (IL)-2 by T cells.
Although this association has been known since the late 1980s, the underlying molecular
mechanisms are still unknown. Zinc deficiency and reduced IL-2 levels are especially found in the
elderly, which in turn are prone to chronic diseases. Here, we describe a new molecular link

between zinc deficiency and reduced IL-2 expression in T cells.

Methods:

The effects of zinc deficiency were first investigated in vitro in the human T cell lines Jurkat and
Hut-78 and complemented by in vivo data from zinc-supplemented pigs. A short- and long-term
model for zinc deficiency was established. Zinc levels were detected by flow cytometry and

expression profiles were investigated on the mRNA and protein level.

Results:

The expression of the transcription factor cAMP-responsive-element modulator oo (CREMa) is
increased during zinc deficiency in vitro, due to increased protein phosphatase 2A (PP2A) activity,
resulting in decreased IL-2 production. Additionally, zinc supplementation in vivo reduced
CREMu levels causing increased IL-2 expression. On epigenetic levels increased CREMa binding
to the IL-2 promoter is mediated by histone deacetylase 1 (HDACI1). The HDACI activity is
inhibited by zinc. Moreover, deacetylation of the activating histone mark H3K9 was increased

under zinc deficiency, resulting in reduced IL-2 expression.
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Conclusions:

With the transcription factor CREMa a molecular link was uncovered, connecting zinc deficiency

with reduced IL-2 production due to enhanced PP2A and HDACI activity.
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Introduction

Interleukin (IL)-2 is a cytokine produced by activated T cells and is essential for their proliferation
and survival. Furthermore, IL-2 contributes to the activity of cytolytic natural killer cells and is
important for the generation and function of regulatory T cells, thus ensuring proper immune
functions !. IL-2-induced pathways influence gene expression by regulating apoptosis, cellular
growth and immune functions 2. Various transcription factors are involved in the regulation of IL-
2 transcription, such as nuclear factor k-light-chain-enhancer of activated B cells (NF-xB) and
CREMa . By alternative splicing several CREM isoforms originate, encoding for activators on
the one hand, such as CREMT, and encoding for repressors on the other hand, such as CREMa. °.
Impaired IL-2 expression is associated with immunological dysfunctions, as seen in systemic lupus
erythematosus (SLE) and is moreover associated to increased CREMa. expression in T cells of
SLE patients *. Those patients have lower serum zinc levels compared to healthy control subjects
57, CREMa binds to the -180 cAMP responsive element (CRE) site within the IL-2 promoter,
thereby inhibiting IL-2 transcription and increasing the patients’ susceptibility to infections 5.
This CRE site is localized within a minimal enhancer region upstream of the transcription initiation
site of the /L2 gene which comprises approx. 300 bp. Apart from that CRE site, the enhancer region
harbors binding sites for other regulatory elements, as for example binding sites for activator
protein-1 or NF-kB !. The expression of the transcription factor CREMu itself is further regulated
by the transcription factor “specificity protein 1 (SP-1). The protein phosphatase 2A (PP2A)
activates SP-1 causing the transcription of CREMa, which among others represses the expression
of IL-2 '°.

Nutritional deficiencies, such as zinc deficiency, negatively influence the immune system, as seen
in reduced IL-2 production by T cells, which is reported since the late 1980s ''"'*. Furthermore,

mild zinc deficiency is associated with decreased thymulin activity and a reduced CD4"/CD8"
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T cell ratio !*. The essential trace element zinc is needed for growth and development of all
organisms. It is important for the function of more than 300 enzymes, covering all enzyme classes.
The need of zinc in proliferation processes, DNA and RNA synthesis, and apoptosis-related
pathways emphasizes moreover its importance in biological processes '°. The total zinc amount
within the human body comprises 2-4 g. However, the plasma zinc concentration is low with only
12-16 uM zinc, which highlights the importance of steady state zinc intake. Otherwise, zinc
deficiency could develop since there is no zinc storage system within the human body '.
Regulation of zinc homeostasis is thus very important and needs to be ensured, as for example by
zinc transporters. Two families of zinc transporters exist, comprising the Zip (Zrt-, Irt-like
protein)/SLC39A (solute carrier family 39) and ZnT (zinc transporter)/SLC30A families with 14
importers and 10 exporters, respectively '°. Additionally, the metal-response element-binding
transcription factor (MTF)-1 is a cellular zinc ion sensor which regulates the transcription of genes
containing metal-response elements (MRE) in their promotor 7.

Several studies reported already an association of zinc with altered IL-2 expression. /n vitro zinc
resupplementation of zinc-deficient murine EL-4 6.1 T cells, beneficially increased IL-1B-induced
IL-2 expression '8, Besides, zinc supplementation of zinc-deficient elderly increased the amount
of IL-2 mRNA produced by isolated mononuclear cells, going along with decreased incidence of

infections '°

. However, not only elderly showed an improved immune status after zinc
supplementation, but also in zinc-deficient patients suffering from sickle cell disease, zinc
supplementation improved the IL-2 expression by stimulated peripheral blood mononuclear cells
(PBMC), being accompanied by reduced incidence of infections, as well 2°.

However, the molecular mechanisms studied so far, do not completely explain the altered IL-2

production under zinc-deficient conditions. Therefore, the analysis of zinc effects on epigenetic

mechanisms, influencing IL-2 expression in T cells, might be an interesting new approach. The



O J oy U W

AU UIUITUITUITOTOTOTOTOTE DB DD DD DD DWWWWWWWWWWNNNNONNONNONNNONRNNN R R R e
R WNRPOOVWO®JOTEWNRPOW®OWJANURWNRFROWOW®OW-JdJNOEWNRFROWOW®O-JAUO®WNROW®WIOU D WNR O W

aim of this study was to elucidate new molecular targets which are affected by zinc, thus leading

to decreased IL-2 expression.

Materials and Methods

Study Design

The aim of this study was to elucidate new molecular targets which cause a decreased IL-2
expression in zinc-deficient conditions. For this purpose, a short- and long-term model for zinc
deficiency was established. The effects of zinc deficiency were firstly investigated in vitro in
human T cell lines and complemented by animal in vivo data. Flow cytometry, ELISA, qPCR, and
Western blotting were used for analysis. Experiments were conducted in at least three independent
replicates. Cell viability was monitored by propidium iodide staining whereby replicates with more

than 26 % dead cells in total were excluded from the study.

Ethics statement

Research on porcine serum and PBMC was conducted according to license obtained from the
Danish Animal Experiments Inspectorate, Ministry of Food, Agriculture and Fisheries, Danish
Veterinary and Food Administration. The corresponding protocols were approved on June 3, 2013
and made public in anonymized form. This study was in compliance with the guidelines
concerning animal experiments and care of animals under study, according to the Danish Ministry
of Justice, Act. 726 of September 9, 1993, and as amended in Act. 1306 of November 23, 2007,

which complies with the EU Directive 2010/63/EU for animal experiments.

Animals and diets

This study included 18 pigs (3 litters of 6 pigs each). The pigs were crossbred (Duroc x Danish

Landrace x Yorkshire) females and castrated males and were housed individually in pens with ad

6



O J oy U W

AU UIUITUITUITOTOTOTOTOTE DB DD DD DD DWWWWWWWWWWNNNNONNONNONNNONRNNN R R R e
R WNRPOOVWO®JOTEWNRPOW®OWJANURWNRFROWOW®OW-JdJNOEWNRFROWOW®O-JAUO®WNROW®WIOU D WNR O W

libitum access to food and water until the time of euthanasia. One batch of basal diet was prepared
according to Danish recommendations for all nutrients for pigs between 6 and 9 kg except for zinc?!.

The pigs were given a basal diet for 1-2 weeks, supplemented with either 0 ppm, 100 ppm or
2500 ppm zinc from ZnO (Zn0, Zn100 and Zn2500, respectively). Without zinc supplementation
the basal diet contained 59 ppm zinc due to the ingredients. The composition of the diet and the

zinc treatment were previously described®.
Isolation of PBMC

Porcine PBMC were isolated from sodium-heparinized whole blood samples (BD Vacutainer,
Denmark). Blood was diluted in a ratio of 1:3 with PBS (Sigma-Aldrich, Germany). After density
centrifugation over Biocoll separating solution with a density of 1.077 g/mL (Biochrom,
Germany), cells were collected from the interface and washed with PBS. Subsequently,
erythrocytes were lysed with water and remaining PBMC were washed again with PBS. Cells were
resuspended in RPMI 1640 medium (Sigma-Aldrich, Germany) supplemented with 10 % heat-
inactivated fetal calf serum (FCS) (PAA, Germany), 2 mM L-glutamine, 100 U/mL potassium
penicillin and 100 U/mL streptomycin sulfate (all from Sigma-Aldrich, Germany). Viable cells
were counted with trypan blue staining (Sigma-Aldrich, Germany) and adjusted to the

concentration needed for the specific assays.
Inductively coupled plasma-mass spectrometry (ICP-MS)

Serum zinc levels were analyzed in blood collected from the jugular vein of the pigs (BD
Vactuainer, Denmark) using ICP-MS. Zinc concentrations were analyzed on a X series II ICP-MS
equipped with a conventional Meinhard nebulizer and a Peltier cooled quartz impact bead spray
chamber operated at 3°C (Thermo Electron Corporation, Germany) set with a CETAC autosampler

model ASX-520 (Thermo Fisher Scientific, USA). Data were collected using the Plasmalab

7
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version 2.5.9.30 (Thermo Electron Corporation, Germany). The instrument settings comprised
1400 W forward power, 13 L/min plasma gas (Ar), 0.9 L/min nebulizer gas (Ar) and 0.7 L/min
auxiliary gas. The sample uptake comprised approx. 0.4 mL/min and **Sc, 'Ga and '®*Rh were

used as internal standards with interpolation.
Cell culture and zinc deficiency models

The human T cell lines HuT-78 and Jurkat were cultivated at 37°C in a humidified 5 % CO>
atmosphere. Cells were seeded in RPMI 1640, containing 10 % heat-inactivated FCS, 2 mM L-
glutamine, 100 U/mL potassium penicillin and 100 U/mL streptomycin sulfate for culture of HuT-
78 T cells and additionally supplemented with 1 % 100x non-essential amino acids and 100 mM
sodium pyruvate (all Sigma-Aldrich, Germany) for cultivation of Jurkat T cells.

To induce short-term zinc deficiency, HuT-78 and Jurkat T cells were cultured in medium
containing the zinc chelator N,N,N’,N’-tetrakis-(2-pyridyl-methyl)-ethylenediamine (TPEN)
(Sigma-Aldrich, Germany) with a final concentration of 3 uM for three days. The TPEN
concentration of 3 uM showed no toxic effects on HuT-78 (Fig. S1 A) and Jurkat T cells (Fig.
S1 B), which was determined by cell viability measurements using propidium iodide (PI, Sigma-
Aldrich, Germany).

To induce long-term zinc deficiency in Jurkat T cells for three weeks, culture medium was treated
with the divalent cation chelating resin Chelex 100 (Sigma-Aldrich, Germany), which removes
zinc from the medium. The chelated medium was reconstituted with 500 uM CaCl2,
400 pM MgCI2 2*2* and 50 pg/L (0.174 pM) ZnSOs, i.e. 25 % of the normal concentration in the
medium (all from Merck, Germany). Additionally, the pH was adjusted to 7.4, resembling the pH
value of the control medium. Replicates with more than 26 % dead cells in total were excluded

from the study. Gated, structurally normal cells cultured in Chelex-treated medium showed no
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significantly more dead cells than cells in control medium, which was determined by PI

measurements (Fig. S1 C).
Flow cytometric measurement of intracellular free Zn?* with FluoZin-3 AM and Zinpyr-1

HuT-78 and Jurkat T cells were incubated as described before in either control or zinc-deficient
culture medium for short-term (HuT-78 and Jurkat) and long-term (Jurkat) analyses. 1x10° cells
per sample were loaded with 1 mL measurement buffer 2> for 30 min either with 1 pM FluoZin-
3 AM (Thermo Fisher, Germany) or 10 uM Zinpyr-1 (Neurobiotex, USA), gently shaken at 37°C
in the dark. Afterwards, cells were washed and resuspended in measurement buffer and samples
were incubated for further 10 min at 37°C with either TPEN (50 uM) to obtain minimal
fluorescence, with ZnSOg/pyrithione (100 uM/50 uM) (all Sigma-Aldrich, Germany) to obtain
maximal fluorescence, or were left untreated. Subsequent flow cytometry measurements were
performed using FACSCalibur (BD, Germany) and gated, structurally normal cells were selected
for analyses. Calculation of intracellular labile zinc was performed as described before 2 using the
dissociation constant Kp of 8.9 nM for the FluoZin-3/Zn2+ complex >’ and KD of 0.7 nM for the

Zinpyr-1/Zn2+ complex 23,
Flame atomic absorption spectrophotometry (AAS)

Zinc adequate control medium and Chelex-treated zinc-deficient medium for Jurkat T cells were
analyzed by AAS (Analyst 800, Perkin Elmer, Germany). Measurement of total cell zinc
concentrations was as well performed by AAS. 2x10° cells were washed with wash buffer (0.9 %
sodium chloride [NaCl, AppliChem, Germany], 10 mM ethylenediaminetetraacetic acid [EDTA,
Sigma-Aldrich, Germany] and 10 mM N-[2-Hydroxyethyl]piperazine-N'-[2-ethanesulfonic acid]
[HEPES, AppliChem, Germany]) and the pellet was afterwards resuspended in water. Cells were

hydrolyzed in 200 uL. HNO;s for 2 h at 80°C followed by subsequent zinc measurements with AAS.
9
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IL-2 quantification

Supernatants for IL-2 determination in vitro and in vivo were harvested from 1x10° cells/mL. After
induction of zinc deficiency for either three days or three weeks or after isolation of porcine
PBMC, cells were stimulated for 24 h with 0.1 uM Cal/A23187 (Sigma-Aldrich, Germany) in
combination with 10 ng/mL phorbol-12-myristate-13-acetate (PMA, Sigma-Aldrich, Germany) to
induce T cell activation via direct protein kinase C activation. Additionally, samples were
stimulated with 2.5 ug/mL phytohemagglutinin (PHA, Biochrom, Germany) for an alternative T
cell activation via surface receptors, determining IL-2 in the supernatants of long-term and siRNA-
transfected samples. Furthermore, these two stimulants were shown to behave differently

regarding zinc signals »

. Subsequently, supernatants were stored at -20°C. IL-2 protein
concentrations in supernatants of HuT-78 and Jurkat T cells were determined by OptEIA ELISA
assay (BD, Germany) according to the manufacturer’s instructions with a detection limit of
7.8 pg/mL. Only the incubation steps were adjusted to 2 h incubation of standard and samples, 2 h
incubation with the IL-2 detection antibody, 20 min incubation with streptavidin-horse radish
peroxidase (HRP) conjugate and subsequent substrate solution incubation. IL-2 concentration in
supernatants of porcine PBMC was determined by Swine IL-2 CytoSet ELISA (Invitrogen, USA)
according to the manufacturer’s instructions with a detection limit of 8.9 pg/mL. Here, the

incubation steps were as well adjusted as described for the human IL-2 ELISA. Samples were

measured by using Sunrise or Spark microplate reader (Tecan, Germany).

Quantitative real-time polymerase chain reaction (qPCR)

After short-term zinc deficiency, cells were left unstimulated as control or were stimulated with
1 uM Cal combined with 10 ng/mL PMA for 6 h to analyze CREMo expression. To analyze the
CREMu and IL-2 expression after long-term zinc deficiency, cells were either left unstimulated,

10
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stimulated with 2.5 pg/mL PHA or were stimulated with 0.1 uM Cal combined with 10 ng/mL
PMA for 6 h and 24 h. RNA isolation and cDNA synthesis were performed, according to the
manufacturer’s instructions, using the NucleoSpin RNA II kit (Macherey-Nagel, Germany) and
the qScript cDNA synthesis kit (VWR/QuantaBioscience, Germany), respectively. Quantitative
analysis was performed using the fluorescent SYBR green reagent on a StepOnePlus Real-Time
PCR System (Applied Biosystems, Germany) at 95°C for 10 min, followed by 40 cycles at 95°C
for 15 sec and the indicated annealing temperature for 30 sec. The following primers were used:
IL-2 ?° (58°C); CREMa '°, MTF-1 3%, porphobilinogen deaminase (PBGD) 3!, Zipl (forward
primer: GCC TGA CTA CCT GGC TGC CAT AGA, reverse primer: CGG CCC TGA CTG CTC
CTT GTA A), Zip2 (forward primer: GTG CAG AAC AGA TCA GCA AGT GA, reverse primer:
CAA TGC CAG CGA CTC CAA A), Zip3 32, Zip4-Zip12 33, Zip14 3, ZnT1-ZnT9 ** (all 60°C);
HDAC1 % (61°C); Zip13 ** (62°C); ZnT10 (forward primer: CAC CCA GAA TGA GCC AGA
AGA C, reverse primer: GAT AAG CGG GAA GGC AGA TGA C) (65°C).

Target gene expression was normalized to expression of the housekeeping gene PBGD. All
samples were run in duplicates. Gene expression was quantified by use of the AACr-method as

described before 3.

siRNA transfection

Knockdown of MTF-1 was performed using “Stealth siRNA MTF-1" and “Silencer Select
negative control No. 1” siRNA was used as a negative control (both from Thermo Fisher,
Germany), according to the manufacturer’s instructions. Cells were seeded with 3x10° cells/mL
one day before transfection to ensure exponential cell growth. The next day, cells were harvested
and resuspended in the above mentioned RPMI 1640 Jurkat medium, containing 20 % FCS and

lacking antibiotics. Subsequently, 2.5x10° cells per sample were transfected by electroporation

11
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with 100 nM of the respective siRNA with a BioRad Gene Pulser II (Biorad, Germany) and
100 U/mL potassium penicillin and 100 U/mL streptomycin sulfate were added 4-6 h after
electroporation. 24 h post-transfection, cells were stimulated for another 24 h with either
2.5 pg/mL PHA, 10 ng/mL PMA in combination with 0.1 uM Cal or left untreated as control.
After stimulation, RNA isolation and cDNA synthesis were performed as described before to
confirm MTF-1 silencing. Supernatants were collected for IL-2 quantification by OptEIA ELISA

assay as described before.
DNA isolation and methylation analysis

DNA of 3x10° Jurkat T cells was isolated after three weeks of incubation in either normal or
Chelex-treated zinc-deficient medium by use of the QIAamp DNA Mini Kit, according to the
manufacturer’s instructions (Qiagen, Germany). Subsequent analysis of the DNA methylation
pattern was performed on an EPIC BeadChip Microarray as costumized support by Life & Brain

Center, Bonn.
Western Blot

Analysis of the following antibodies: phospho-Ser/Thr PKA substrate (RRXS"/T"), B-actin, c-Fos
(9F6), acetyl-histone H3 (K9), acetyl-histone H3 (K18), phospho-histone H3 (S10), histone H3,
phospho-NF-kappaBp65 (S276), phospho-p44/42 MAPK (T202/Y204), p44/42 MAPK (Erk1/2)
(all from Cell Signaling Technology, Germany) and CREM C-2 (Santa Cruz Biotechnology,
Germany).

1x10° Jurkat T cells, previously cultivated for three weeks in either control or Chelex-treated zinc-
deficient medium, were either immediately prepared for Western Blot analysis or were seeded in
a 24 well plate and stimulated with PMA/Cal (10 ng/mL/0.1 uM) for 6 h and 24 h or left untreated

as control. Afterwards, cells were collected, centrifuged and resuspended in 100 uL sampling
12
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buffer (65 mM Tris-HCI [pH 6.8], 2 % [w/v] SDS, 1 mM sodium orthovanadate, 26 % [v/V]
glycerol, 1 % [v/v] B-mercaptoethanol and 0.01 % [w/v] bromphenol blue). For porcine CREMa
detection, 2x10° porcine PBMC were resuspended in sampling buffer. Cells were lysed by
sonication using a Vibra Cell sonicator (Sonics & Materials, USA) and heated for 5 min at 95°C.
An equivalent of 2x10° cells or 4x10° porcine PBMC per lane was separated at 170 V on 10 %
polyacrylamide gels for the analysis of all used antibodies, except for analyses with acetyl-histone
H3 (K9), acetyl-histone H3 (K18), phospho-histone H3 (S10), histone H3 and CREM C-2
antibodies, which were run on 15 % polyacrylamide gels. Samples run on 10 % gels and samples
run on 15 % gels were blotted onto nitrocellulose membranes with 0.45 uM pore size or with
0.2 uM pore size (GE Healthcare Life Sciences, Germany), respectively. Uniform loading of gels
was confirmed by Ponceau S (AppliChem, Germany) staining. Membranes were blocked for 1 h
with TBS-T (20 mM Tris [pH 7.6], 137 mM NaCl and 0.1 % [v/v] Tween 20), containing 5 % fat-
free dry milk for 0.45 uM membrane incubation and containing 3 % bovine serum albumin (BSA,
AppliChem, Germany) for incubation with 0.2 uM membranes, which were washed three times
with TBS-T afterwards. Incubation with primary antibodies was performed overnight at 4°C at
1/1000 dilution in TBS-T, containing 5 % BSA, except C-2, which was incubated in a dilution of
1/500 in TBS-T, containing 5 % fat-free dry milk. Finally, membranes were washed three times
with TBS-T and incubated with either an anti-mouse-HRP secondary antibody for CREM C-2 or
an anti-rabbit-HRP secondary antibody for the other primary antibodies (both from Cell Signalling
Technology, USA) diluted 1/2000 in TBS-T, containing 5 % fat-free dry milk. After washing three
times with TBS-T, immunodetection was performed with LumiGlo Reagent (Cell Signalling
Technology, USA) using LAS-3000 (Fujifilm Lifescience, Germany). Band density was

determined with ImagelJ software (NIH, USA).

Measurement of zinc buffer capacity

13
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ZnSO4 (0 uM, 0.1 uM, 1 uM, 2 uM, 3 uM, 4 uM, 5 uM, 10 uM, 20 uM and 50 uM) and 1 uM
Fluozin-3 tetrapotassium salt (ThermoFisher, Germany) were supplemented to HDAC1 buffer and
100 pL per well were distributed on a 96 well plate as triplicates. To determine minimal and
maximal fluorescence as described before, 50 uM TPEN and 100 uM ZnSO4 were pipetted to the
HDACI buffer as triplicates, as well (Fig. S3). Subsequently, samples were incubated for 30 min
at 37°C in the dark, followed by fluorescence measurement at the fluorescence plate reader Ultra
384 (Tecan, Germany). To determine the maximal fluorescence within the PP2A buffer, 3 uM
ZnS0O4 were added. Due to the concentration optimum of FluoZin-3, the free zinc concentration
for higher zinc concentrations was calculated with the respective formula afterwards. Free zinc
concentrations in a higher range could not be reliably determined within the PP2A buffer. Fig. S3
A represents the free zinc in the reaction buffer with the experimental conditions wherein a 1/50
dilution of the PP2A preparation was used with a standard peptide as substrate whereas Fig. S3 B
shows free zinc concentrations in the reaction buffer wherein a 1/20 dilution of the PP2A

preparation was tested with a more physiological Rb peptide as substrate.

HDACT activity assay

The fluoregenic HDACI1 assay kit (BPS Bioscience, USA) was used according to the
manufacturer’s instructions. Enzyme activity was determined after supplementing 0 uM, 0.1 uM,

1 uM, 5 uM, 10 uM or 50 uM ZnSOs4 to the assay.

Preparation of active PP2A-B55a trimers

Ten 10 cm plates of HEK293T cells (ATCC) were each transfected with 5 ug of an N-terminally
GFP-tagged human B55a expression vector, harboring a TEV protease cleavage site-encoding

sequence in between the GFP and B55a coding sequences. 48 h after transfection, cells were lysed

in NET lysis buffer (50 mM Tris-HCI [pH 7.4], 150 mM NaCl, 15 mM EDTA and 1 % Nonidet
14
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P-40), complemented with protease inhibitor cocktail (Roche Applied Science, Germany) and
centrifuged for 15 min at 13,000 g. The supernatants (lysates) were pooled and incubated with
25 uL of GFP-Trap® beads (ChromoTek, Germany) on a rotating wheel at 4°C for 1 h. Beads were
washed four times with 1 mL NENT150 buffer (20 mM Tris-HCI [pH 7.4], 1 mM EDTA, 0.1 %
Nonidet P-40, 25 % glycerol and 150 mM NacCl), and once in 1 mL assay buffer (50 mM Tris-HCI
[pH 8.0] and 1 mM DTT). 20 uL of recombinant TEV-protease (2 pg/uL) was added to the beads
in a volume of 80 uL assay buffer and incubated on a rotating wheel overnight at 4°C. After
cleavage, the supernatant was removed and an equal volume of 100 % glycerol was added before
long-term storage at -20°C. The presence of PP2A B55a, A and C subunits was verified by
immunoblotting. The activity of each prep was pre-determined in a phosphatase assay, using a
dilution series of the prep, different assay time points and different phospho-peptide substrates,

allowing to precisely determine the linear range conditions.
PP2A activity assays

Activities were measured on two different phospho-peptides: R-K-T(p)-I-R-R (standard peptide)
and [-N-G-S-P-R-T(p)-P-R-R-G-Q-N-R (Rb peptide); 2 mM stock solution of each (Synpeptide,
China). The assay mixes were as follows: 10 uL of standard peptide, 25 pL of 50 mM Tris-HCI
[pH 8.0] and 20 uL of diluted (1/50) PP2A-B55a phosphatase; or: 10 uL of Rb peptide, 25 pL of
50 mM Tris-HCI [pH 8.0] and 20 uL of diluted (1/20) PP2A-B55a phosphatase. After 10 min,
resp. 20 min of incubation at 30°C, 25 uLL were removed from these assay mixes and added to
50 L Biomol®Green (Enzo Life Sciences, Germany) in a 96-well plate. After 30 min of
incubation at RT, absorbance at 620 nm was measured in a microplate reader (Thermo Scientific
MultiSkan, Germany). To test the effects of Zn>" ions on PP2A-B55a activity, 5 uL of 50 mM

Tris-HCI [pH 8.0] was replaced in the assay mixes by 5 uL of ZnSO4 (resp. of 1/182, 1/910,
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1/1820, 1/9100 and 1/91,000 dilutions of a stock solution of 100 mM ZnSOj4 in water). In all cases,
the phospho-peptide was added to the assay mix as the last reagent, thereby allowing a short pre-
incubation of PP2A-B55a and ZnSO4 on ice before the reactions were effectively started at 30°C.
The influence of TPEN with a final concentration of 50 uM on PP2A activity was comparably

determined after 10 and 20 min.
Phosphatase activity assay in Jurkat cell lysates

To measure the alkaline phosphatase activity, 1x107 cells/mL were resuspended in Hepes-reaction
buffer (20 mM Hepes and 20 mM MgCls). Lysates were sonificated for 20 sec on ice using a Vibra
Cell sonicator and were centrifuged for 3 min at 16,000 g. Supernatants were diluted 1:4 with
reaction buffer and distributed with 100 pL/well on a 96 well plate. Subsequently, 1 pL p-
nitrophenyl phosphate was added per well and incubated for 1 h at 37°C. Reaction was stopped
with 100 pL NaOH and absorbance was measured using the Spark microplate reader (Tecan,

Germany) at 405 nm and 492 nm as reference wavelength.
Statistical analysis

All experiments were performed in at least three independent replicates. Statistical significance of
experimental results was calculated by Student’s t-test using Excel and GraphPad software.
Analyses of the porcine experiments were performed by using the unpaired t-test. Moderated t-
statistics were calculated with the eBayes function from the limma package 7. P-values of <0.05

were considered significant.
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Results

Intracellular zinc levels are decreased after short-term and long-term zinc deficiency

To study the effect of zinc deficiency on reduced IL-2 production in T cells in vitro, one short-
term and one long-term model was established. Thereby, zinc deficiency was induced either by
the use of the zinc chelator TPEN for short-term zinc deficiency (three days) in HuT-78 and Jurkat
Tcells (Fig. 1 A, B) or by the use of Chelex-treated medium supplemented with 50 pg/L
(0.174 nM) zinc sulfate (ZnSOs4), studying the effect of long-term zinc deficiency in Jurkat T cells
after three weeks (Fig. 1 C-F). The TPEN concentration of 3 uM showed no toxic effects on HuT-
78 (Fig. S1 A) and Jurkat T cells (Fig. S1 B), which was determined by cell viability measurements
using propidium iodide (PI). Additionally, gated, structurally normal cells cultured in Chelex-
treated medium showed no significantly more dead cells than cells in control medium, which was
determined by PI measurements, as well (Fig. S1 C).

To confirm whether zinc levels were reduced in zinc-deficient samples, the intracellular zinc
content was measured using the fluorescence probes FluoZin-3 AM (Fig. 1 A, B, E) and Zinpyr-1
(Fig. 1 F). The intracellular zinc level in HuT-78 T cells (Fig. 1 A) and in Jurkat T cells (Fig. 1 B,
E, F) was significantly reduced in zinc deficiency in the short- and long-term model. Apart from
fluorescence probes, flame atomic absorption spectrometry (AAS) analyses were used to
determine the zinc content in the media used for cell cultivation in the long-term model, showing
decreased zinc levels in the Chelex-treated medium compared to control medium (Fig. 1 C).
Moreover, zinc concentrations were reduced within Jurkat T cells determined by AAS, as well
(Fig. 1 D). Altogether, zinc levels were significantly reduced in samples after short-term as well

as after long-term zinc deficiency compared to T cells cultivated in zinc adequate medium.
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Thereby, the fluorescent probes only detect free zinc whereas AAS measurements give

information about the total zinc content.

Zinc deficiency leads to decreased IL-2 expression

In a next step, the influence of zinc on IL-2 production in T cells was determined. After inducing
short-term or long-term zinc deficiency, HuT-78 (Fig. 1 G) and Jurkat T cells (Fig. 1 H-K) were
stimulated with phorbol-12-myristate-13-acetate (PMA) in combination with Calcimycin (Cal) for
24 h. To analyze the IL-2 production of long-term zinc-deficient Jurkat T cells, cells were
moreover stimulated with phytohemagglutinin (PHA) (Fig. 1 1-K). Both stimulations revealed
significantly reduced IL-2 levels in the supernatants of zinc-deficient T cells compared to control
cells (Fig. 1 G-I). Apart from that, reduced IL-2 expression on RNA levels could be observed in
unstimulated zinc-deficient cells (Fig. 1 J) and after 6 h and 24 h PMA/Cal stimulation in long-
term zinc-deficient Jurkat T cells compared to control cells (Fig. 1 J, K).

To sum up, previously reported reduction of IL-2 expression by zinc-deficient T cells is confirmed

in this study.

Long-term zinc deficiency alters zinc transporter expression

Zinc homeostasis needs to be tightly regulated and is ensured, for example, by zinc transporters.
Since reduced intracellular zinc levels were observed within zinc-deficient T cells (Fig. 1), zinc
transporter expression was analyzed on RNA level in the long-term zinc deficiency model (Fig. 2).
All Zip importers were expressed by Jurkat T cells, except Zip12 (Fig. 2 A). Expression of the Zip
transporters was increased in zinc-deficient T cells compared to control cells, showing
significantly increased Zipl0 expression (Fig. 2 A). In contrast, ZnT exporter expression was
reduced, being significant for ZnT1, ZnT3 and ZnT8 after long-term zinc deficiency compared to

control cells (Fig. 2 B). All ZnT transporters were expressed by Jurkat T cells except ZnT2 and
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ZnT10. Zip as well as ZnT transporters are differentially expressed by T cells after long-term zinc
deficiency compared to control cells, highlighting their important role in zinc homeostasis

regulation.
CREMua expression of T cells is influenced by zinc

So far, it is not completely elucidated which molecular mechanisms cause the reduced IL-2
expression in zinc-deficient T cells. In T cells of SLE patients CREMa expression was increased,
leading to inhibited IL-2 transcription *. Therefore, this transcription factor seems to be an
interesting target molecule for the study of possible zinc effects. Indeed, CREMa expression is
increased on RNA levels after short-term zinc deficiency in unstimulated and PMA/Cal-stimulated
(6 h) HuT-78 (Fig. 3 A) and Jurkat T cells (Fig. 3 B). Furthermore, CREMa analysis in long-term
zinc-deficient Jurkat T cells showed significantly increased CREMa expression after stimulation
with PMA/Cal (6 h and 24 h) and PHA (24 h) on RNA levels (Fig. 3 C, D). However, not only on
RNA, but also on protein levels, the amount of CREMa was increased in unstimulated long-term
zinc-deficient T cells compared to control cells (Fig. 3 E, F).

Apart from in vitro studies, CREMa was analyzed in PBMC isolated from whole blood of zinc-
supplemented pigs (Sus scrofa domesticus) in vivo, as well. The studied pigs received diets
supplemented with either O ppm, 100 ppm or 2500 ppm zinc (Zn0, Zn100 or Zn2500) from zinc
oxide (ZnO) for 1-2 weeks. Serum zinc was determined by inductively coupled plasma-mass
spectrometry (ICP-MS), showing increased serum zinc levels in Zn2500 pigs compared to Zn0
and Znl100 pigs (Table S1). In addition, IL-2 production of porcine PBMC was analyzed in
unstimulated and PMA/Cal-stimulated samples after 24 h (Table S2). Thereby, increased 1L-2

production could be observed after supplementation with 2500 ppm zinc compared to Zn0O and
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Zn100 pigs. Consistent with the previous findings, analysis of CREMa showed decreased CREMa
levels after 2500 ppm zinc supplementation on protein levels (Fig. 3 G, H).

In summary, CREMa expression is increased in T cells on RNA levels after short-term (HuT-78
and Jurkat) and long-term (Jurkat) zinc deficiency, which is additionally confirmed on protein
levels in the long-term model. Results obtained in vitro could be confirmed in vivo, as well. Here,
we did not investigate the induction of an experimental zinc deficiency, but unsupplemented pigs,
fed with the normal chow with a low zinc content, showed zinc serum levels of 52.42 + 5.19 pg/dL
(Table S1). Thus, they were zinc deficient in comparison to 2500 ppm supplemented pigs and to

normal porcine serum values of 75.19 — 160.18 pg/dL 3.
Increased phosphatase activity after long-term zinc deficiency

As described in the previous section, zinc deficiency seems to be related to increased CREMa
transcription factor expression. The transcription factor “specificity protein 1 (SP-1) is activated
by protein phosphatase 2A (PP2A) and is able to bind the CREM promoter, thereby increasing
CREM expression '°. In the present study, phosphatase activity was measured in lysates of Jurkat
T cells, which were cultivated for three weeks in either control or zinc-deficient medium.
Complete phosphatase activity was slightly increased in zinc-deficient T cells compared to control
T cells, however missing significance (Fig. 4 A). Therefore, the influence of zinc on the activity
of purified PP2A enzyme was directly measured with the help of an enzyme assay. Thereby, a
zinc-dependent inhibition of PP2A could be observed and the half maximal inhibitory
concentration (ICso) could be determined (Fig. 4 B, C). On the one hand, a standard peptide was
used as substrate to determine the PP2A activity after zinc incubation, revealing an ICso of
91.33 nM (Fig. 4 B). On the other hand, a more physiological peptide (Rb peptide) was used,

showing a more zinc specific effect on PP2A activity with an ICso of 20.53 nM (Fig. 4 C). The
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ICso was assessed by activity assay measurements normalized to free zinc in the reaction buffer
using the standard peptide buffer (Fig. S3 A) and more physiological peptide buffer (Fig. S3 B).
Additionally, the influence of zinc deficiency on PP2A activity was studied by the use of TPEN.
Hereby, increased enzyme activity could be observed during time compared to control samples
(Fig. 4 D). Thus, zinc deficiency promotes the activity of PP2A, likely resulting in increased SP-1

binding to the CREM promoter and thereby ensuring increased gene transcription.
Possible zinc targets in the upstream IL-2 and CREMa signaling pathways

Analysis of phosphorylated protein kinase A (PKA) substrate (Fig. 5 A, B), c-Fos (Fig. 5 C, D),
S276 phosphorylation of the NF-kB subunit p65 (Fig. 5 E, F) and phosphorylation of T202/Y204
of the extracellular signal-regulated kinase (ERK) (Fig. 5 G, H) showed no significant differences
in zinc-deficient compared to control cells. Moreover, analysis of H3S10 phosphorylation (Fig. 5
I, J) and H3K18 acetylation (Fig. 5 K, L) showed no significant differences in zinc-deficient
compared to control cells. Therefore, CREMa transcription seems to be the primary response to

zinc deficiency.
Metal-responsive transcription factor (MTF)-1 silencing does not alter IL-2 production.

MTFEF-1 senses zinc by stabilization of two of its six zinc fingers. Subsequently, MTF-1 is able to
bind to the MRE site in target genes with the TGCRCNC sequence *’. We analyzed the upstream
region of the transcription start site (TSS) of the /L2 gene (NG _016779) and identified an MRE
sequence with TGCACTG at position 4085, approx. 1 kb upstream of the TSS. Interestingly, the
CRE target sequence for CREMa with its 5’TGAC half-site shows similarities to the MRE
sequence, being found within the IL-2 promoter at position -180 of the TSS *. To analyze a
possible association between MTF-1 activity and IL-2 production, gene silencing was performed

by use of small interfering (si)RNA. After transfection of Jurkat T cells with either negative control
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siRNA or MTF-1 siRNA by electroporation, MTF-1 silencing was confirmed on RNA levels in
the respective samples (Fig. 6 A). This was seen in decreased MTF-1 expression in MTF-1 siRNA-
transfected unstimulated and stimulated cells compared to T cells transfected with negative control
siRNA. However, analysis of the IL-2 production showed no differences in IL-2 levels in the
supernatants of siRNA-transfected samples after stimulation (Fig. 6 B). Thereby, IL-2 regulation

by MTF-1 via the MRE site within the IL-2 promoter can be excluded.

Zinc supplementation decreases HDAC1 activity while H3K9 acetylation is decreased in

zinc-deficient T cells

Histone deacetylation of lysine residues by HDAC leads to repression of gene transcription *°.
Therefore, this enzyme class represents another interesting target to analyze the effect of zinc in
the context of altered IL-2 production. In the current study, increased HDAC1 expression on RNA
levels was observed in zinc-deficient Jurkat T cells compared to zinc adequate control cells (Fig. 7
A). Zinc not only affected the expression on RNA levels, but also the enzyme activity of HDAC1
(Fig. 7 B, C). In detail, zinc supplementation significantly decreased HDACT activity, resulting in
almost complete inhibition of the enzyme after addition of 50 uM ZnSOs (Fig. 7 B), which
resembles a concentration of 102.02 nM free zinc within the buffer. Furthermore, the ICs of zinc
on HDACI activity was determined, revealing an ICso of 0.26 nM free zinc (Fig. 7 C). Again, the
ICso was assessed by activity assay measurements normalized to free zinc in the HDAC] reaction
buffer (Fig. S4). Additionally, H3K9 was significantly deacetylated in Jurkat T cells after long-
term zinc deficiency compared to control cells (Fig. 7 D, E).

Apart from acetylation, the methylation pattern of Jurkat T cell DNA was analyzed, possibly
representing another zinc-affected epigenetic regulatory mechanism, which might lead to impaired

IL-2 expression. However, methylation analysis of the Jurkat T cell genome did not show any
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significant differences between DNA of zinc-deficient and control T cells in the /L2 gene (adjusted
p-value = 0.86, Table S3).

In summary, HDACI expression was increased on RNA levels in zinc-deficient compared to
control T cells. Zinc supplementation caused inhibition of HDAC1 enzyme activity and an ICso
could be determined with a physiological value of 0.26 nM zinc. Accordingly, increased H3K9

deacetylation leading to increased CREMa binding could be observed in zinc-deficient T cells.
Discussion

Zinc deficiency negatively affects IL-2 expression in T cells, leading to impaired immune
functions *'*2, However, the responsible underlying mechanisms are not elucidated so far.
Therefore, it was our aim to investigate molecular targets, linking zinc deficiency to reduced IL-2
expression.

Initially, zinc deficiency after incubation with TPEN- or Chelex-treated medium was confirmed
in HuT-78 and Jurkat T cells. We directly detected either intracellular free zinc by a fluorescence
marker or determined the total zinc concentration by AAS. Additionally, the expression of
metallothionine was probably also reduced under zinc deficiency, as this has already been shown
in Jurkat T cells after TPEN treatment **. For clinical use, the direct detection of zinc is also the
recommended method **. Apart from reduced intracellular zinc levels, altered zinc transporter
expression was observed in zinc-deficient compared to control T cells, assuming adaptation of the
cell to the zinc-starving conditions. The exporter ZnT1 is ubiquitously expressed within plasma
membranes, especially in leukocytes but also in erythrocytes and other cell types *°, ensuring zinc
export into the extracellular space **. ZnT3 transporter expression was found in leukocytes as well
and also in the brain, testis and pancreas. Its cellular localization is particularly described to

synaptic vesicles of neurons ***°. Thus, ZnT3 might be localized to vesicles in T cells, too. To
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date, zincosomes are described in CD4" T cells which might harbor ZnT3 and ZnT8 transporters
4. The third altered ZnT exporter ZnT8 is found within membranes of secretory vesicles in
leukocytes and other tissues. This transporter is involved in the formation of zinc/insulin crystals,
in the maturation and storage of insulin and represents the major autoantigen in the development
of type I diabetes ***°. In contrast, expression of the Zip10 importer was significantly increased.
Zip10 is localized to the plasma membrane of leukocytes and was so far especially found in human
B and murine T cells '®%’. Other zinc transporters are also important for T cell activation *® but
were not significantly affected by zinc deficiency and are therefore not further discussed.

We identified one MRE binding site in the upstream sequence of the IL-2 TSS, which is localized
in proximity to the CRE site. The MRE sequence is usually targeted by MTF-1 and MTF-1
silencing resulting in its reduced transcription, as confirmed on RNA levels. However, IL-2
production was not affected, excluding an association of altered IL-2 transcription by differential
MTEF-1 binding to the IL-2 promoter.

Aside from the CRE and MRE sites, the IL-2 promoter harbors several transcription factor binding
sites, being important for /L2 gene transcription, as for example one NF-kB binding site. In zinc-
deficient HuT-78 T cells, NF-«B activation is decreased which might lead to subsequent decreased
IL-2 expression. On the molecular level, zinc affects phosphorylation of the inhibitor of kappa B
and IxB kinase, NF-xB translocation to the nucleus and NF-kB DNA binding *. In contrast, zinc
supplementation of zinc-deficient murine T cells increased phosphorylation of the mitogen-
associated protein kinase p38 and the NF-kB subunit p65, going along with increased IL-2
production '8. However, only slight decreases in p65 phosphorylation were observed in the present
study, missing significance and therefore not completely explaining zinc-affected IL-2 expression.
Furthermore, changes of IL-2 mRNA levels seem rather to be the result of altered cytokine gene

expression than to be the result of zinc-affected RNA stability. This was confirmed by analyses
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performed on the transcriptional level by using the mRNA synthesis inhibitor actinomycin D °.
This hypothesis can be supported by our finding of zinc-affected CREMa levels, indicating gene
expression regulation on epigenetic levels (Fig. 8). High CREMa levels ensure increased binding
to the -180 CRE site within the IL-2 promoter, thereby reducing IL-2 transcription 3°. In the
present study, CREMa levels were not only increased in zinc-deficient T cells in vitro. In vivo, the
amount of CREMa was reduced, being paralleled by increased IL-2 production in pigs fed a diet
supplemented with 2500 ppm zinc compared to pigs fed either a diet left unsupplemented or
supplemented with 100 ppm zinc. Comparison of the porcine, human and murine genomes
indicates a closer relationship between the porcine and human genomes than between the murine
and human genomes. These similarities comprise especially immunologically associated genes,
showing 80 % similarities between humans and pigs, as seen in the frequency of orthology
preservation °!. Thus, the use of a pig model seems to represent an improved model in the study
of human immunological questions, allowing adaptation of obtained results to the human system.
The serum zinc level measured in Zn2500 pigs resembles the physiological serum zinc levels

observed in humans (83-102 pg/dL zinc) 7777

SLE patients have reduced serum zinc
concentrations compared to healthy controls >, indicating an interesting association of zinc with
altered CREMa and IL-2 levels.

Protein phosphatases are inhibited by zinc and therefore increased activity can be expected in zinc-
deficient samples *?. Thus, stronger PP2A activity might cause higher S59 dephosphorylation of
SP-1, resulting in increased SP-1 binding to the CREM promoter. This in turn, enhances CREM
transcription, which was previously described in SLE T cells !>°°. Direct inhibitory effects of zinc
(100 uM) on purified full-length PP2A enzyme activity was already shown by ¢. However, this

group did not determine an ICso value and did not normalize their result to the intracellular free

zinc levels. In the present study we were able to detect zinc-dependent inhibition of PP2A,
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revealing an ICso of 20.53 nM free zinc by using the more physiological Rb peptide as substrate
compared to an ICso of 91.33 nM by the use of a standard peptide. Measurement of the zinc buffer
capacity was hindered due to the presence of dithiothreitol (DTT) in the reaction buffer,
influencing the intracellular zinc content. Additionally, DTT might interfere with the probe. This
might explain the higher zinc concentration obtained for the ICso value compared to the
intracellular zinc amount measured within the cells. Moreover, depending on the zinc
accumulation and PP2A localization within the cell, zinc concentrations might actually be higher
as measured by FluoZin-3 AM and Zinpyr-1.

In addition to this observed zinc-dependent inhibition, we were able to detect increased PP2A
activity upon zinc deficiency. Nevertheless, this could not be observed in Jurkat cell lysates, likely
due to saturation of the enzyme with zinc within the cell. This saturation might prevent any
measurable effect, apart from the unspecificity of this assay due to the measurement of the
phosphatase activity in general, instead of specific PP2A measurement. These results indicate that
PP2A activity is higher under zinc-deficient conditions and interestingly, increased CREMa. levels
were already observed in unstimulated cells. By this, CREMa might bind to the IL-2 promoter in
zinc-deficient unstimulated cells and cell stimulation results in lower maximal IL-2 levels
compared to zinc adequate control cells. Binding of CREMa to immune response gene promoters,
such as the IL-2 promoter, led to active HDACI recruitment, enhanced deacetylation of histones
and subsequent transcriptional repression /.

CREMa transported HDACI to the -180 CRE site within the IL-2 promoter, causing increased
H3K18 deacetylation followed by inhibited IL-2 transcription >*. HDAC1 belongs to the class I
enzymes, being zinc-dependent and is moreover essential for efficient generation of thymocytes
and peripheral T cells in mice >, This study demonstrates the zinc-induced inhibition of HDAC1

activity, conversely resulting in increased activity under zinc deficiency. 50 % HDACI inhibition
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(ICs0) was obtained in the presence of 0.26 nM free Zn?". The intracellular zinc content measured
with FluoZin-3 AM in zinc adequate control Jurkat T cells showed 0.22 nM + 0.02 nM Zn*",
indicating inhibitory properties on HDACI. In contrast, the intracellular free zinc concentration
within zinc-deficient T cells comprised only 0.10 nM + 0.05 nM Zn?", resulting in higher HDAC1
activity. This in turn might cause the observed increases in H3K9 deacetylation, leading to a more
condensed chromatin structure, thus reducing IL-2 transcription.

Recently, HDACI1 was related to experimental autoimmune encephalomyelitis (EAE), which
represents an animal model for the study of multiple sclerosis. T cell specific HDAC1 deletion
protected EAE development, representing an interesting target enzyme in the treatment of MS.
However, CD4" T cells lacking HDAC1 were still able to differentiate into T helper (Th)17
cells ®!. Furthermore, zinc supplementation positively affected disease development of EAE by
decreasing Th17 cells and increasing inducible regulatory T cells ®. With these two different
studies our observation of zinc-inhibited HDACT activity highlights once again the importance of
an adequate zinc status in relation to autoimmune diseases. Histone deacetylase inhibitors possess
beneficial effects on various diseases, as seen in an allergic rhinitis mouse model. By use of an
HDACT inhibitor, H3K9 acetylation was increased in the nasal mucosa paralleled by increased
IL-2 levels in the murine serum ®. Apart from that, zinc supplementation of broiler chickens was
associated with increased H3K9 acetylation in their progeny . Those studies support the influence
of zinc on HDACI1 enzyme activity.

Besides acetylation, chromatin remodeling of the IL-2 promoter region paralleled by differentiated
methylation was related to IL-2 transcription regulation in former studies *>~%7. However, analysis
of the methylation pattern of the /L2 gene performed in the present study showed no significant
alterations between control and zinc-deficient T cells, thus excluding differential methylation as a

cause of reduced IL-2 transcription under zinc-deficient conditions.
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Especially the elderly appears to be more prone to infections, likely due to malnutrition. Immune
responses are assumed to decline with age which in turn increases the incidence of cancer,
infections, autoimmune diseases and others %. Almost 60 % of the elderly in the United States of
America are estimated to be zinc-deficient ®. Furthermore, cytokine production and T cell subsets
were found to be influenced by zinc in this population . In mildly zinc-deficient elderly,
decreased IL-2 activity of Th cells was observed and also a higher incidence of T cell anergy "'
Additionally, Thl cells of human subjects, who were brought experimentally to mild zinc
deficiency, produced less IL-2 as well, going along with impaired Th1 functions !!. Several studies
describe increased HDACI activity in the livers of old mice and decreased H3K9 acetylation in
the livers of old rats ">73. One possible explanation of reduced IL-2 expression in zinc-deficient
elderly might therefore be increased CREMa levels, which recruits more active HDAC1 enzyme
to the IL-2 promoter region, consequently leading to decreased IL-2 transcription. IL-2 is
especially important for the maintenance of Tregs and the elimination of self-reactive T cells
mediated by activation-induced cell death. Thus, a decrease in bioavailable IL-2 decreases the
activation of T cells and natural killer cells and can disturb peripheral tolerance and immune
regulation. Even the very comparable IL-15 does not cover these functions 7.

Zinc supplementation of elderly might therefore be beneficial. Beneficial effects of zinc
supplementation of elderly were already shown, which were related to decreased spontaneous
cytokine release with great impact on reduced IL-6 levels and restored production of Th1 cytokines
75

In conclusion, we were able to identify a molecular link between zinc and impaired IL-2
production in T cells using one zinc-deficient short-term and one long-term model in vitro and,
additionally, using zinc-deficient pigs supplemented with zinc in vivo. This link is represented by

the transcription factor CREMa, being increased after zinc deficiency, due to enhanced PP2A
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activity (ICs0=20.53 nM), and decreased after zinc supplementation, leading to altered IL-2
expression (Fig. 8). Thereby, regulation of IL-2 expression on epigenetic levels is highlighted.
Under zinc-deficient conditions, Zip10 importer expression is increased, in contrast to decreased
ZnT1, ZnT3 and ZnT8 exporter expression. Moreover, HDACI activity is higher in zinc-deficient
T cells, as seen by increased H3K9 deacetylation, making the DNA inaccessible for transcription.
Inhibitory effects of zinc on HDACI activity were observed as well, revealing an ICso in the
presence of 0.26 nM free Zn?".

However, a limitation of this study is, that the effect of zinc on SP-1 phosphorylation can only be
assumed due to the altered PP2A activity. The use of an adequate antibody '° is one possibility to
directly investigate the impact on SP-1 phosphorylation in future studies, however, this antibody
is no longer available from this group. Furthermore, the results may not completely represent the
effects in humans, as we have studied the mechanism in human T cell lines and PBMC and in vivo
in pigs. Additionally, Zipl and ZnT1 expression upon zinc treatment vary a lot across studies °.
Therefore, results on zinc transporter expression obtained in the two T cell lines might not be
consistent in other cell types or primary cells.

To our knowledge, expression of CREMa is so far especially analyzed in SLE suffering patients.
On basis of the herein obtained results, it might be interesting to extend the analysis of CREMa
expression to populations which are prone to zinc deficiency, such as the elderly or vegetarians.
With knowledge of this zinc-affected molecular link it might be possible to beneficially influence

impaired IL-2 expression to ensure proper immunological functions.
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Figure Captions

Fig. 1. Zinc levels and IL-2 expression are decreased in zinc-deficient (ZnD) conditions.

(A and B) Intracellular zinc levels in HuT-78 (A) and Jurkat (B) T cells after three days in control
or zinc-deficient conditions (short-term model) determined by flow cytometry using FluoZin-
3 AM (n =4 for each cell line).

(C and D) Zinc concentrations in the used control and Chelex-treated media (C, n = 14) and in
Jurkat T cells after three weeks in zinc deficiency (D, n = 4) measured by flame atomic absorption
spectrometry (AAS).

(E and F) Intracellular zinc levels in the long-term Jurkat T cell model measured after three weeks
either with FluoZin-3 AM (E, n = 18) or Zinpyr-1 (F, n = 17) by flow cytometry.

(G, H and I) IL-2 was analyzed by ELISA in the supernatants of HuT-78 (G, n = 3) and Jurkat
(H, n = 6) T cells stimulated for 24 h with a combination of phorbol-12-myristate-13-acetate
(PMA, 10 ng/mL) and calcimycin (Cal, 0.1 uM) in the short-term model and in Jurkat T cells after
long-term zinc deficiency and PMA/Cal or phytohemagglutinin (PHA, 2.5 pg/mL) stimulation (I,
n=19).

(J and K) IL-2 expression in Jurkat T cells after long-term zinc deficiency stimulated for 6 h (J, n
=12)or 24 h (K, n=12) with PMA/Cal (10 ng/mL/0.1 uM) or PHA (2.5 pg/mL). IL-2 expression
was determined on RNA level by qPCR using PBGD as housekeeping gene. Expression levels
were normalized to untreated Jurkat control cells.

Data information: Data are shown as mean + SEM from independent experiments. *P<0.05,

**P<0.01, ***P<0.001 (Student’s t-test).

37



O J oy U W

AU UIUITUITUITOTOTOTOTOTE DB DD DD DD DWWWWWWWWWWNNNNONNONNONNNONRNNN R R R e
R WNRPOOVWO®JOTEWNRPOW®OWJANURWNRFROWOW®OW-JdJNOEWNRFROWOW®O-JAUO®WNROW®WIOU D WNR O W

Fig. 2. Zinc transporter expression is altered by zinc deficiency (ZnD).

Zip importer (A) and ZnT exporter (B) expression were analyzed in Jurkat T cells by qPCR after
three weeks of zinc deficiency compared to control cells. All Zip importers were expressed except
Zipl2 and all ZnT exporters were expressed except ZnT2 and ZnT10. PBGD was used as
housekeeping gene and expression levels were normalized to untreated Jurkat control cells. Data
information: Data are shown as mean + SEM from n = 9 independent experiments. ***P<(0.001

(Student’s t-test).
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Fig. 3. CREMua expression is increased in zinc-deficient (ZnD) T cells and decreased after
zinc supplementation in porcine PBMC.

(A and B) Analysis of CREMa expression in HuT-78 (A) and Jurkat (B) T cells on RNA levels
in unstimulated and PMA/Cal (10 ng/mL/1 pM)-stimulated cells after 6 h in the short-term model
(n=11). CREMa was normalized to the housekeeping gene PBGD.

(C and D) Analysis of CREMa expression on RNA levels in the long-term zinc deficiency model
in Jurkat T cells after stimulation with PMA/Cal and PHA (2.5 pg/mL) for 6 h (C) and 24 h (D) in
unstimulated cells (n = 12). CREMa was normalized to the housekeeping gene PBGD.

(E and F) Densitometric quantification of CREMa levels, normalized against -actin (E, n = 5)
and one representative Western Blot using CREMa and $-actin antibodies (F).

(G and H) CREMa protein levels were determined in PBMC isolated from whole blood of pigs
supplemented with either 0 ppm, 100 ppm or 2500 ppm zinc from zinc oxide (ZnO). Densitometric
quantification of CREMa levels of different pigs (n = 5) per group, normalized to [-actin
expression (G) and one representative Western Blot using CREMa, and B-actin antibodies (H).
Data information: Data are shown as mean + SEM of independent experiments. *P<0.05,

**P<0.01 (Student’s t-test (A, B, C, D) or unpaired t-test (G)).
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Fig. 4. Increased PP2A activity after long-term zinc deficiency

(A) After three weeks of zinc deficiency (ZnD), activity of the alkaline protein phosphatase was
measured within Jurkat T cell lysates compared to control cells with p-nitrophenyl phosphate as
substrate (n = 5).

(B and C) The ICso was assessed by activity measurements of PP2A after zinc supplementation
(0O uM, 0.1 uM, 1 uM, 5 uM, 10 uM and 50 uM ZnSO4) normalized to free zinc measured within
the reaction buffer by using FluoZin-3. Enzyme assays were performed with purified PP2A using
either a standard peptide as substrate (B) or a more physiological Rb peptide (C, n = 3).

(D) After TPEN supplementation to the PP2A assay for 10 and 20 min, enzyme activity was
measured compared to a control (n = 3).

Data information: Data are presented as mean + SEM from independent experiments. *P<0.05

(Student’s t-test).

40



O J oy U W

AU UIUITUITUITOTOTOTOTOTE DB DD DD DD DWWWWWWWWWWNNNNONNONNONNNONRNNN R R R e
R WNRPOOVWO®JOTEWNRPOW®OWJANURWNRFROWOW®OW-JdJNOEWNRFROWOW®O-JAUO®WNROW®WIOU D WNR O W

Fig. 5. Possible zinc targets in the upstream IL-2 and CREMaua signaling pathways

Jurkat T cells were incubated for three weeks in zinc deficiency (ZnD) and then either stimulated
with PMA/Cal (10 ng/mL/0.1 uM) for 6 h or 24 h or left unstimulated and analyzed by Western
Blot.

(A) Densitometric quantification of phosphorylated (p-)PKA substrate normalized to B-actin
expression (n =4) and (B) a corresponding representative Western Blot.

(C) Densitometric quantification of c-Fos normalized to B-actin expression (n=3) and (D) a
corresponding representative Western Blot.

(E) Densitometric quantification of p-NF-kBp65(S276) normalized to B-actin expression (n = 3)
and (F) a corresponding representative Western Blot.

(G) Densitometric quantification of p-ERK normalized to ERK expression (n=3) and (H) a
corresponding representative Western Blot.

(I) Densitometric quantification of p-H3S10 normalized to H3 expression (n=6) and (J) a
corresponding representative Western Blot.

(K) Densitometric quantification of acetylated H3K 18 normalized to H3 expression (n =4) and
(L) a corresponding representative Western Blot.

Data information: Data are presented as mean + SEM from independent experiments.
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Fig. 6. MTF-1 silencing does not alter IL-2 production.

(A) MTFI gene silencing was performed with MTF-1 Stealth siRNA and Silencer Select negative
control No.1 siRNA as negative control, which were introduced in Jurkat T cells by
electroporation. Success of gene silencing was tested by qPCR after stimulation of cells with PHA
(2.5 pg/mL) or PMA/Cal (10 ng/mL/0.1 uM) for 24 h post-transfection or cells were left
unstimulated as control (n = 5).

(B) IL-2 levels in the supernatants of siRNA-treated cells were determined by ELISA (n=5). Data

are presented as mean + SEM. **P<(0.01, ***P<(0.001 (Student’s t-test).
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Fig. 7. Zinc supplementation decreases HDACI1 activity while H3K9 acetylation is decreased
in zinc-deficient T cells

(A) After three weeks of zinc deficiency (ZnD), HDACI1 expression is increased on RNA levels.
mRNA expression was analyzed by qPCR in zinc-deficient Jurkat T cells compared to control
cells. PBGD was used as housekeeping gene and expression levels were normalized to untreated
Jurkat control cells (n = 6).

(B) HDACIT activity was measured after either adding H,O as control or 50 uM of zinc sulfate
(ZnSOy4) (n =3).

(C) The ICso was assessed by activity measurements of HDACI after zinc supplementation (0 uM,
0.1 uM, 1 uM, 5 uM, 10 uM and 50 uM ZnSO4) normalized to free zinc measured in the reaction
buffer by using FluoZin-3 (n = 3).

(D) Densitometric quantification of H3K9 acetylation was analyzed after three weeks of zinc
deficiency in Jurkat T cells compared to control cells using Western Blot and referred to H3 protein
expression (n = 3) and (E) one representative Western Blot using the indicated acetyl-H3K9 and
H3 antibodies.

Data information: Data are presented as mean + SEM from independent experiments. * P<0.05.

*#P<0.01 (Student’s t-test).
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Fig. 8. Overview of zinc-affected molecules involved in the upstream IL-2 signaling pathway.
Zinc targets identified in T cells in the present study, which are associated to impaired IL-2
expression, are presented. Increased CREMa levels under zinc-deficient conditions are ensured by
increased PP2A activity. In detail, higher dephosporylation of SP-1 by PP2A can be assumed,
likely leading to enhanced SP-1 binding to the CREM promoter. Subsequently, due to the
increased CREMa expression, IL-2 transcription is reduced by binding to and recruiting HDACI1
to the IL-2 promoter. HDACI activity is increased under zinc-deficient conditions, causing
increased deacetylation of H3K9. Regulation of zinc homeostasis in zinc-deficient T cells is

accompanied by Zip10 upregulation and downregulation of ZnT1, ZnT3 and ZnTS.
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Fig. S1. No toxic effect of TPEN incubation and long-term zinc deficiency.

PI measurements of HuT-78 (A) and Jurkat (B) T cells after three days incubation with 3 uM
TPEN compared to cells, which were incubated without TPEN (n = 4). (C) PI measurement of
Jurkat T cells after three weeks incubation in Chelex-treated and pH-adjusted (7.4) medium
supplemented with minimal amounts of ZnSO4 (0.174 uM) (n = 19). Measurements were
performed by flow cytometry. Data are shown as mean + SEM from independent experiments. No

significant differences were determined by using Student’s t-test.
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Fig. S2. Determination of the amount of free zinc within the PP2A buffer.

After supplementing ZnSO4 (0 pM, 0.1 uM, 1 uM and 2 pM) to the PP2A buffer, the free zinc
concentration within the buffer was measured by Fluozin-3 tetrapotassium salt at the
fluorescence plate reader Spark. (A) One 1/50 dilution of PP2A preparation was used within the
assay on a standard peptide. Due to the concentration optimum of FluoZin-3, measurement of
free zinc at higher supplemented zinc concentrations was not possible. Assuming linear
dependency, the formula y = 87.626x - 14.002 is generated, which can be used for calculation of
free zinc at higher supplemented zinc concentrations. (B) One 1/20 dilution of PP2A preparation
was used within the assay on the more physiological Rb peptide. Assuming linear dependency,
the formula y =45.181x - 7.7311 is generated, which can be used for calculation of free zinc at
higher supplemented zinc concentrations. Data are shown as mean = SEM from n=3 independent

experiments.
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Fig. S3. Determination of the amount of free zinc within the HDAC1 buffer.

After supplementing ZnSO4 (0 uM, 0.1 uM, 1 uM, 2 uM, 3 uM, 4 uM, 5 uM, 10 uM, 20 uM and
50 uM) to the HDACI buffer, the free zinc concentration within the buffer was measured by
Fluozin-3 tetrapotassium salt at the fluorescence plate reader Ultra 384. Data are shown as

mean + SEM from n=3 independent experiments.
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Table S1. Porcine serum zinc is increased after zinc supplementation.

Shown are means and standard error of the mean (SEM) for each zinc-supplemented pig group (0

ppm, 100 ppm and 2500 ppm) with n=5-6. Significant changes are indicated (** p<0.01; unpaired

t-test).
zinc group zinc [pg/dl]
0 mean 52.42
m
pp SEM  5.19
mean 55.09
100 ppm
SEM 2.32
mean  107.11°
2500 ppm
SEM 14.76

T significant compared to 0 ppm (**) and 100 ppm (**) zinc-supplemented pigs
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Table S2. Zinc supplementation increases IL-2 production of porcine PBMC.
Isolated PBMC were either left unstimulated as control or were stimulated with a combination of
PMA (10 ng/ml) and Calcimycin (Cal, 0.1 uM) to induce IL-2 production. Means and SEM from

n=5 pigs are shown. Significant changes are indicated (** p<0.01, *** p<0.001; unpaired t-test).

zinc group control [pg/ml] PMA/Cal [pg/ml]
mean 26.04 2638.72
0 ppm
SEM 3.49 371.87
mean 24.53 2299.78
100 ppm
SEM 2.46 180.13
mean 32.06 4653.56 1
2500 ppm
SEM 3.53 191.29

T significant compared to 0 ppm (¥*) and 100 ppm (***) zinc-supplemented pig
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Table S3. Extract of the data set obtained after methylation pattern analysis.

Shown are the raw data obtained after methylation analysis using an EPIC BeadChip Microarray.

DNA methylation was analyzed in Jurkat T cells either cultured for three weeks in control medium

(control) or in zinc-deficient medium (ZnD) with n=6. Moderated t-statistics were calculated with

the eBayes function from the limma package.

CpG _loci_identifier cg17850932
ProbelD A 4763177
ProbelD B 4763177
control .n1. AVG_Beta 0,7137833
control .n2. AVG_ Beta 0,6063769
control .n3. AVG_Beta 0,6290151
control .n4. AVG_Beta 0,5873181
control .n5. AVG_Beta 0,6391251
control .n6. AVG_Beta 0,6517482
ZnD .nl. AVG_Beta 0,6413481
ZnD_.n2. AVG_Beta 0,5687808
ZnD .n3. AVG_Beta 0,6304657
ZnD .n4. AVG_Beta 0,6135375
ZnD_.n5. AVG_Beta 0,5441108
ZnD .n6. AVG_Beta 0,6248515
Chromosome 4
MAPINFO 123377900
logFC't -0,0340454
AveExpr # 0,62087176
Moderated t-Statistic -1,5882464
P-Value 0,13667216
Adjusted P-Value 0,86217449
BS -5,8558272

T estimate of the log2-fold-change between the two conditions

* average log2-expression for the probe over all arrays and channels

§ log-odds that the gene is differentially expressed
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