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Introduction: Zinc is essential for the growth and differentiation of immune cells. Zinc insufficiency affects immune system
function, thereby increasing infection susceptibility, autoimmunity, and allergies. Here, we aimed to determine the effects of zinc
supplementation on T cell subpopulations, regulatory T (Tregs), T helper 1 (Thl), and T helper 17 (Th17) cells, in mixed lymphocyte
cultures (MLC).

Methods: Allogeneic immune reactions were imitative using mixed lymphocyte cultures, followed by incubation with zinc to further
monitor their effects. Cells were analyzed by flow cytometry. Production of Interferon-gamma (IFNy), Interleukin-17 A (IL17A), and
IL10 were analyzed by enzyme-linked immunosorbent assay. Thl cell-specific Tbet, Th17 cell-specific RORC2, and Tregs-specific
Foxp3 expression levels were determined by quantitative real-time PCR.

Results: Zinc supplementation at a physiological dose significantly increased CD4+ Foxp3+ Tregs and CD25+ Foxp3+ Tregs
numbers and slightly decreased CD4+ RORC2+ and CD25+ RORC2+ Th17 cell numbers. A significant reduction in IFNy production
was observed in both restimulated T cells with autologous peripheral blood mononuclear cell (PBMC) and allogeneic PBMC
compared to that in untreated T cells. Zinc significantly reduced IL17 expression, but the increase in IL10 expression was insignificant.
In zinc-supplemented MLC, a non-significant decrease in Thl or Th17 cell-specific transcription factors expression was observed,
whereas there was a significant increase in Tregs-specific transcription factor expression.

Conclusion: Zinc can stabilize Tregs participating in adverse immune reactions or in an in vitro transplantation model.
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Introduction

Nutrition critically affects the immune system function, and malnutrition has been reported to cause immunodeficiency
worldwide.' For instance, zinc is essential for the development and differentiation of highly proliferating systems such as
the immune system. Therefore, zinc deficiency influences the functioning of the immune system by increasing the
person’s susceptibility to infectious diseases, autoimmunity, and allergies.> Zinc (Zn) is critical for T-cell development
and activation.*> Accordingly, in zinc-deficient patients, zinc level restitution recovers immune function and decreases
the rate of infection in vivo.® In contrast, zinc administration induced concentration-dependent immunomodulatory
effects in individuals with normal zinc levels. While immune function is boosted by a moderate concentration of zinc,
it is also suppressed by high doses of zinc.”* According to these studies, zinc administration has a potential therapeutic
role in graft-versus-host diseases (GVHD) and T cell-mediated autoimmunity.>’

The T helper 17 (Th17) cells are a subtype of CD4 T lymphocytes and are responsible for extracellular pathogen
clearance; however, they also cause several autoimmune diseases.'®!'" Th17 cells are characterized by the expression of
the retinoic acid receptor (RAR)-related orphan receptor (ROR)yt transcription factor, which is encoded by the Rorc
gene.'” Regarding immune tolerance and autoimmune diseases, Th17 cells have an opposing function to that of Treg
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cells. Th17 cells have been linked with several autoimmune and inflammatory diseases.'* In addition, Th17 cells have
been found to have a crucial role in the recruitment of immune cells to the site of inflammation and induce antigen-
presenting cell maturation, which can contribute to acute and chronic allograft rejection.'®

The T helper 1 (Thl) cells are another CD4 subtype that has a fundamental role in cell-mediated immunity and graft
rejection by producing the interferon-gamma (IFNy) cytokines. The IFNy is an inflammatory cytokine that can induce
inflammation and stimulate phagocytes activation, macrophage function, and antigen presentation to T cells.'

Regulatory T cells (Tregs) play an important role in immune suppression and self-tolerance. Tregs express CD4+ and
CD25+ and exclusively express the forkhead/winged helix family transcriptional repressor Foxp3 (Forkhead-Box-Protein P3),
which is necessary for Treg cell function and development.'® In addition, Tregs are recognized from other subpopulations of
CD4 cells by the expression of Foxp3.'® Tregs have many subsets, including natural Tregs (nTregs), that occur throughout
thymus development. Tregs are naturally released from the thymus into other tissues, representing 5—10% of CD4+ cells."”
Another type of Tregs is induced Tregs (iTregs), which can be promoted in vivo or in vitro through T cell receptor
stimulation.'®"” Importantly, iTregs secrete interleukin-10 (IL-10) and transforming growth factor p (TGF-P).?>*' The
IL-10 and TGF-p are anti-inflammatory cytokines that act as immunosuppression agents which suppress the inflammation
and T cell activations by reducing antigen presentation ability of dendritic cells, particularly in autoimmune diseases and
rejection of transplantation.?'*

Previous research has shown that zinc critically modulates the immune response, including its enhancement,
suppression, and regulatory effects.”®> Zinc deficiency leads to impaired T cell homeostasis, which disrupts immune
tolerance and results in adverse immune reactions such as hypersensitivity, autoimmunity, and rejection of
transplantation.> > Several studies have revealed the impact of zinc on T cell subpopulations in allergies, autoimmune
diseases, and transplantation. However, most of them have investigated the influence of zinc supplementation on Treg or
Th1 or both cells in in-vivo and in-vitro models.?®® Research on how zinc supplementation affects Th17-cell function
or all T-cell subtypes in the same environment in transplantation still needs to be conducted. Therefore, this study aimed
to investigate the influence of zinc supplementation on Thl, Th17, and Treg cells in mixed lymphocyte cultures (MLC)
as an in vitro model for allogeneic reactions and transplantation.

Materials and Methods
The Isolation of Human Peripheral Blood Mononuclear Cells and Making Mixed
Lymphocyte Culture

Whole blood samples were obtained from fit youthful donors, for isolation of peripheral blood mononuclear cells
(PBMC) using ficoll-hypaque density centrifugation (Biochrom, Berlin, Germany). These cells were obtained from
interface, washed two times with PBS, and suspended in RPMI 1640 that contains 2 mM L-glutamine, FCS 10%
(inactivated by heating at 56°C for 30 min), 100 U/mL streptomycin sulfate, and 100 U/mL potassium penicillin (all from
Sigma-Aldrich, Darmstadt, Germany). A final concentration of 2x106 cells/mL was adjusted. To prepare two-way MLC,
2x10° PBMC/mL was obtained from two genetically different donors, then incubated with RPMI media or add-ed-on 50
uM zinc sulfate for 15 min (Sigma-Aldrich, Darmstadt, Germany), and next mixed at 1:1 ratio within pyrogen-free 24-
well dishes for the specified time (VWR Scientific Products, Radnor, USA). Each incubation stage was performed in
humidified 5% CO2 incubator at 37°C.%’

Preparing Alloantigen Specific T Cells

To prime T cells, PBMC could be used in a final concentration of 2x10° PBMC/mL. Priming B cells (BJAB cells) were
fixed by the same volume of 3% paraformaldehyde (Sigma-Aldrich, Darmstadt, Germany) for three minutes. The B cells
were then washed thrice with PBS (Sigma-Aldrich, Germany). The cell population of 2x106 PBMC/mL and fixed BJAB
were incubated within or without 50 uM zinc sulfate for 15 min and then mixed within a pyrogen-free 24-well dish at 5:1
ratio for five days. Subsequently, the cell culture media were removed and the cells were adjusted to 5 x 10°/mL in fresh
culture media. Further, Staphylococcus aureus protein A (SPA) 2.5 pg/mL (Pharmacia Inc., New York, USA) was added
to initiate the T cell expansion for two days, and 100 U/mL human IL2 was added for three days. A total of 2 x 10%/mL

6932 s Journal of Inflammation Research 2022:15

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Alrashidi and Alotiby

expanded T cells (responders) were mixed at a ratio of 1:1 with PBMC either autologous or allogeneic (stimulators) for
five days for T cell restimulation. All stages of incubation were performed at 37°C in a humidified 5% CO2
atmosphere.” Then, the supernatant was extracted and used for cytokine analysis.

Flow Cytometry Analysis of Foxp3 and RORC2

Anti-human CD4 (FITC), anti-human CD25 (FITC), and anti-human Foxp3 (PE) antibodies were obtained from BD
Biosciences, Heidelberg, Germany. Also, Anti-human RORC2/RORYT-PE antibodies were obtained from R&D Systems,
USA. The cells (1 x 10° cells) were washed twice with FACS buffer and stained for surface markers by incubation with
the anti-human antibodies for 20 min in the dark at 4°C. For additional intracellular staining, cells were fixed and
permeabilized using a fix/perm kit (BD Biosciences, Heidelberg, Germany) according to the manufacturer’s instructions.
The FACS Calibur from (BD Biosciences, New York, USA) was used to detect fluorescence.

Cytokines Measurement
IFN-y and IL10 levels were detected using ELISA kits (BD Biosciences New York, USA), and IL17A levels were
measured using an ELISA kit (R&D Systems New York, USA) as directed by the manufacturer.

Quantitative Real-Time PCR

The mRNA of 4x106 cells was isolated after performing cell lysis by 1 mL TRIzol. After performing cell lysis by 1 mL Tri reagent
(Thermo Fisher, Waltham, Massachusetts, USA), mRNA of 4x106 cells was isolated. The mRNA was further transcribed to
cDNA using a cDNA Synthesis Kit (Quantabio, USA), as directed by the manufacturer’s protocol. Quantitative real-time PCR
was performed using a Step-One Plus real-time PCR System with Power SYBR Green (Thermo Fisher Scientific, USA). The
following oligonucleotide sequences were used: house-keeping gene PBGD, (forward) 5-"ACGATCCCGAGACTCTGCTTC-3'
and (reverse) 5'- GCACGGC-TACTGG-CACACT-3"; Th1 cell-specific Tbet, (forward) 5S-"AGGGACGGCGGATGTTCCCA-3’
and (reverse) 5-GC TGCCCTCGGCCTTTCCAC-3’; Th17 cell-specific RORC2, (forward) 5-CAGTCATGAGAACAC
AAATTGAAGTG-3' and (reverse) 5'-CAGGTGATAACCCCGTAGTGGAT-3; and Tregs-specific Foxp3, (forward) 5S-CACCT
GGC TGGGAAAATGG-3' and (reverse) 5'-GGAGCCCTTGTCGGATGAT-3'. Each PCR sample was diluted to a final volume
of 20 pL using distilled H20 (6 pL), SYBR Select PCR Master Mix10 pL (Thermo Fisher Scientific, Waltham, Massachusetts,
USA), 1 uL of both forward and reverse primers (4 uM), and 2 pL (50 ng/mL) or a negative control distilled water. PCR was done
as duplicates with cycling parameters as follows: 95°C for 5 min, followed by 40 cycles of 94°C for 20s, and 60°C for 30s. For
quantification, comparative cycle threshold method (AACT) was used to normalize the results to the PBGD housekeeping gene.>’

Statistical Analysis
The statistical significance was calculated by Student’s #-test using the GraphPad Prism software (version 5.01, USA).

Results
Effect of Zinc on Tregs and Th17 Cells in the Mixed Lymphocyte Cultures

Regarding the effect of zinc on the Tregs population and Th17 cells, the cells were adjusted as 2x106 cells, next
incubated with 50 uM zinc for 15 minutes preceding MLC generation and following five days of MLC incubation, Tregs
and Th17 cells% were analyzed by flow cytometry. Zinc supplementation at a physiological dose (50 uM) significantly
increased the number of CD4+ Foxp3+ Tregs and CD25+ Foxp3+ Tregs (p < 0.05) compared with untreated T cells
(Figure 1A and B). In contrast, zinc treatment insignificantly decreased the number of CD4+ RORC2+ and CD25+
RORC2+ Th17 cells (Figure 1C and D).

Effect of Zinc Supplementation on Cytokines
Regarding cytokine measurement by ELISA, zinc supplementation significantly reduced IFNy production in both
restimulated T cells with autologous PBMC (p < 0.05) (Figure 2A) and allogeneic PBMC (p < 0.01) (Figure 2B)

Journal of Inflammation Research 2022:15 hetps: 6933

Dove:


https://www.dovepress.com
https://www.dovepress.com

Alrashidi and Alotiby Dove

16

%
2 * 14
1.8
4 1.6 4 12
5
S 14 = 10
+
+ 1.2 0
a g s
5 s : :
;.: 0.8 L + 6
X 0.6 a . .
C 04 “
0.2 2
B 0
Untreated cells Zn Untreated cells Zn
A B
6 3.5
e 3
l: 5 I . 1
25 .
23 :
= & 1.5
3 a
81 o 1
&)
0 0.5
Untreated cells Zn 0
Untreated cells Zn
C D

Figure | Effect of zinc on Tregs and Th17 cells in MLC. The cells were adjusted as 2x 106 cells, next incubated with 50 uM zinc for |5 minutes preceding MLC generation,
and following five days of MLC incubation, Tregs and Th17 cells% were analyzed by flow cytometry. Untreated cells (white bars) and cells incubated with 50 uM zinc (black
bars) are represented in the graphs. (A) CD4+Foxp3+ T cells, p = 0.031 (B) CD25+Foxp3+ T cells, (p = 0.043) (C) CD4+RORC2+ T cells, (p = 0.083) (D) CD25+RORC2+
T cells, (p = 0.097). Results are presented as mean values + SEM. *Significance (p < 0.05).

compared with untreated T cells. Zinc also significantly reduced IL17 (p < 0.05) (Figure 2C and D), but the IL10 increase
was insignificant (Figure 2E and F).

The mRNA Expression of Tbet for Thl, RORC2 for Th17 and Foxp3+ for Treg Cells
Analysis of Thl cell-specific Tbet expression, Th17 cell-specific RORC2 expression, and Tregs-specific Foxp3 expres-

sion by real-time PCR showed an insignificant decrease in Thl or Thl7 cell-specific transcription factor mRNA
expression in zinc-supplemented MLC (Figure 3A and B), while a significant increase in Tregs-specific transcription
factor mRNA expression (p < 0.05) was observed in zinc-supplemented MLC (Figure 3C). Untreated control MLC was
used to normalize the results.

Discussion

Apart from protecting the body from various pathogens, paradoxically, immune cells also contribute to different health
issues, such as autoimmune diseases and graft rejection; therefore, the involvement of these cells and their interactions
should be of prime interest. For instance, Tregs and Th17 are essential antagonists for a well-balanced immune reaction;
the former establishes immune tolerance, while the latter triggers a pro-inflammatory immune reaction.”® Various factors
can modulate immune cell differentiation and function, including infection, smoking, and diet.!

Zinc is a micronutrient that affects the integrity of the immune system. T-cell stimulation and development are zinc-
dependent process, and Zn deficiency leads to thymus atrophy with lymphopenia.” As zinc is critical for T cell function,
this study aimed to determine the influence of zinc supplementation on T cell subpopulations: Tregs, Thl, and Th17 cells
in mixed lymphocyte cultures in an in vitro transplantation model.
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Figure 2 Effect of zinc supplementation on IFNy, ILI7 & IL10 production as measured by ELISA. Untreated restimulated T cells (white bars) and treated cells with 50pm zinc
(black bars) are represented in the graphs. For each cytokine, (A, C, E) restimulated T cells with autologous PBMC & (B, D, F) Restimulated T cells with allogeneic PBMC.
(A) p =0.044. (B) p = 0.001. (C) p = 0.023. (D) p = 0.041. (E) p = 0.073. (F) p = 0.084. Results are presented as mean values * SEM. *Significance (p < 0.05), **significance

(p < 0.01).

The effect of zinc on the population of Tregs and Th17 cells was studied using flow cytometry, and our findings are
based on the fact that RORC2+ and Foxp3+ T cells are two non-dependent and mutually exclusive cell subpopulations. It
was found that zinc supplementation at a physiological dose significantly increased the number of CD4+ Foxp3+ Tregs
and CD25+ Foxp3+ Tregs (p < 0.05). In contrast, zinc treatment decreased the number of CD4+ RORC2+ and CD25+
RORC2+ Thl7 cells, but this decrease was insignificant. Some previous studies have obtained similar results; they
revealed that physiological doses of zinc enhanced the number of Tregs without suppressing the immune system and
slightly affecting the Th17 number. Also, it has been found that zinc can induce IFNy expression, while IL2 and IL10 did
not affect it >>>%°

Graft versus host disease is a major challenge, and cytokine levels, such as IFN-y, are sensitive indicators of graft
rejection in MLC, hence correlating with the severity of acute GVHD.?'® For that reason, zinc can suppress allogeneic
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Figure 3 The mRNA expression of (A) Tbet for Thl cell, p = 0.068 (B) RORC2 for Th17 cell, p = 0.075 and (C) Foxp3” for Tregs, p = 0.018 were measured by real-time
PCR. Untreated MLC (white bars) and treated cells with 50um zinc (black bars) are represented in the graphs. *Significance of p < 0.05.

immune responses because of its ability to stabilize induced Tregs.”* In our study, pro-inflammatory cytokine IFNy
production was significantly reduced in both zinc-treated restimulated T cells with autologous PBMC (p < 0.05) and
allogeneic PBMC (p < 0.01) compared with untreated T cells. Faber et al confirmed that zinc reduces IFNy in allogeneic
reactions.>® Other researchers found beneficial effects of zinc supplementation in transplantation, as zinc in a dose-

3536 and maintained

dependent way reduced allograft rejection in allogeneic rodent cardiac transplantation models
functional grafts in intraportal-islets in rat recipients,’’ suggesting either reduced production of pro-inflammatory
cytokines or inhibited allograft-cell apoptosis as a possible reason. Zinc can inhibit Thl cell proliferation and, conse-
quently, inhibit pro-inflammatory IFNy expression in Thl-motivated allogeneic immune reactions. Another explanation
for the inhibition of IFNy expression is a novel molecular mechanism by which zinc can induce KLF-10 (Kriippel-like

factor-10) and stabilize Foxp3 transcription factors that positively correlate with iTregs stabilization and negatively
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correlates with IRF-1 (interferon regulatory factor-1), consequently inhibiting IFNy production.'® Subsequently, zinc not
only stabilizes iTregs in MLC but also diminishes IFNy pro-inflammatory cytokine production and consequently
suppresses allogeneic immune reactions.

IL17 is another pro-inflammatory cytokine that is produced by Th 17 cells. It plays a role in the clearance of different
pathogens, rejection of solid organ allografts, and several autoimmune and inflammatory disorders.*® In our study, we
found that zinc also significantly reduces IL17 (p < 0.05) in both, restimulated T cells with autologous PBMC and
allogeneic PBMC compared with untreated T cells. Similarly, zinc was found to interfere with Th17 cell activation and,
consequently, IL17 expression in vitro.*® Significantly, zinc suppresses IL17 due to its inhibitory effect on the IL6/STAT3
(signal transducer and activator of transcription) signaling pathway, which is an important step in the Thl17 cell
development.*® Moreover, a study found that zinc deficiency can promote Th17 cell polarization and Treg cell
dysfunction, which makes zinc a promising therapeutic approach to reducing autoimmune diseases associated with
Th17 cells.*!

Tregs can also produce immunosuppressive cytokines such as IL10, which play a role in inflammation resolution,
synthesis of Th1 inflammatory cytokines, and inhibition of macrophages and dendritic cells.** In this study, it was found
that zinc slightly increases IL10 in both restimulated T cells with autologous PBMC and allogeneic PBMC compared
with untreated T cells. In agreement with this finding, Rosenkranz et al reported similar result.”* Increasing IL10 level is
beneficial as it negatively affects GVHD development and protects against acute constant rejection.”** At the molecular
level, we observed a non-significant decrease in Thl or Th17 cells-specific transcription factors mRNA expression (Tbet
and RORC2, respectively), while a significant increase in Tregs (Foxp3)-specific transcription factor mRNA expression
(p < 0.05) was observed in zinc-supplemented MLC. Parallel results were observed by Maywald et al, who concluded
that zinc addition selectively has a positive effect on the Tregs population in MLC through stimulating FoxP3 activity
and damping the suppressed impact of Interferon Regulatory Factor 1 (IRF-1) on FoxP3.** Additionally, other
researchers observed that zinc significantly suppressed pre-activated human Thl and Thl7 cell proliferation and
cytokine (IFNy and IL17) production in vitro.'> Comparable research examined the suppressed impact of zinc on
Th17, they found that zinc can inhibit IL-6 and IL-1B-mediated signaling pathways which negatively impacts Th17
differentiation.”’

Conclusions

In conclusion, zinc could induce and stabilize Tregs, which play a basic role in adverse immunological reactions or
in vitro transplantation models. Therefore, zinc might be considered a promising candidate for clinical treatment of
T cell-induced disorders, such as allergy, autoimmune disease, and transplantation. However, this finding should be
confirmed in in vivo studies.
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