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Abstract

Zn is an essential metal for development and maintenance of both the innate and adaptive
compartments of the immune system. Zn homeostasis impacts maturation of dendritic cells (DCs)
that are important in shaping T cell responses. The mechanism by which Zn regulates the
tolerogenic phenotype of DCs remains largely unknown. In this study, we investigated the effect of
Zn on DC phenotype and the generation of forkhead box P3 (FoxP3*) regulatory T cells (Tregs)
using a model of Histoplasma capsulatum fungal infection. Exposure of bone marrow derived DCs
to Zn in vitroinduced a tolerogenic phenotype by diminishing surface major histocompatibility
complex (MHC)II and promoting the tolerogenic markers, programmed death-ligand (PD-L)1,
PD-L2 and the tryptophan degrading enzyme, indoleamine 2,3 dioxygenase (IDO). Zn triggered
tryptophan degradation by IDO and kynurenine production by DCs and strongly suppressed the
proinflammatory response to stimulation by toll like receptor (TLR) ligands. /n vivo, Zn
supplementation and subsequent H. capsulatum infection supressed MHCII on DCs, enhanced PD-
L1 and PD-L2 expression on MHCII'® DCs and skewed the Treg - Th17 balance in favour of
FoxP3* Tregs while decreasing Th17 cells. Thus, Zn shapes the tolerogenic potential of DCs in
vitroand /n vivo and promotes Tregs during fungal infection.
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Introduction

Dendritic cells (DCs) play an important role in bridging innate and adaptive immune
responses. DCs constitute a heterogenous population that exert diverse functions in immune
regulation and are distinguished by various surface and intracellular markers (1). They
recognize and respond to environmental cues such as pathogens, and phagocytose and
present antigens to drive effector T cell responses (1). More recently, DCs have been
demonstrated to control inflammation by promoting tolerance. This subset, referred to as
tolerogenic DCs, mediates inflammation control and shapes the regulatory phenotype of T
cells. (2).

Zn plays a crucial role in homeostasis and optimal function of the innate and adaptive
compartments of the immune system (3). The metal acts as an intracellular signaling
molecule and regulates the functions of several myeloid and lymphoid populations (4). Both
Zn deficiency and supplementation have profound effects on the development and function
of T cells, B cells, natural killer (NK) cells, monocytes and macrophages. For example, Zn
deficiency inhibits NK cell lytic activity, T helper 1 (Th1) cytokine production and B cell
responses (4, 5). Conversely, Zn supplementation can regulate immune responses during
infection by limiting excessive production of proinflammatory cytokines and uncontrolled
inflammation (6). Regulation of Zn homeostasis also affects DC maturation (7). Upon
activation in response to infectious agents or other proinflammatory stimuli, DCs mature and
elevate MHCII to subsequently drive T cell proliferation and differentiation (8). In response
to TLR4 stimulation by lipopolysaccharide (LPS), DCs decrease their intracellular free Zn
pool to elevate surface MHCII expression. Conversely, exogenous Zn supplementation
decreases MHCII on the surface of DCs possibly through endocytosis and decreased
vesicular transport of the protein (9).

Proinflammatory or regulatory response of DCs is accompanied by the expression of
activation or tolerogenic markers respectively (8). In order to control excessive
inflammation, tolerance mechanisms are important especially at sites of infection. DCs
inhibit T cell effector responses through mechanisms that include production of anti-
inflammatory factors such as transforming growth factor g (TGF) and interleukin (IL)-10.
These cytokines supress effector T cell function and induce Tregs that mitigate
inflammation, maintain tolerance to self-antigens and control autoimmunity (10). The
inhibition of effector T cell responses is mediated by tolerogenic DCs that express the co-
inhibitory molecules, PD-L1 and PD-L2 which engage the PD-1 receptor on T cells to
induce a regulatory phenotype (10, 11). The tryptophan degrading enzyme, IDO produced
by tolerogenic DCs suppresses inflammation via effector T cell apoptosis and promotes Treg
development (10, 12). Thus, an adequate balance of effector T cells and Treg function is
necessary to maintain tissue homeostasis under pathological conditions. However, the
factors that induce inhibitory markers on DCs to mediate a tolerogenic phenotype remain
obscure.

The fungal pathogen, Histoplasma capsulatum causes pulmonary infection in healthy
individuals and disseminated infection in immunocompromised patients (13). DCs recognize
H. capsulatum via the fibronectin receptor, very late antigen-5 (VLA-5) or alpha 5 beta 1
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integrin and present antigens to trigger a Th1 response (14). Unlike resting macrophages,
DCs phagocytose yeasts, inhibit fungal growth and activate Th1 immunity to mediate
clearance of the pathogen. In this context, the role of metal ions in mitigating excessive
inflammation and uncontrolled production of proinflammatory mediators by DCs during
infection has not been determined.

In this study, we investigated the role of Zn in shaping the DC phenotype and its impact on T
cell differentiation using H. capsulatum as a prototypic fungal pathogen. We reveal that Zn
programs the tolerogenic potential of DCs /n vitro and in vivo by suppressing MHCII and
promoting the expression of tolerogenic markers. /n7 vivo, upon pulmonary fungal challenge,
Zn supplementation skewed the Treg-Th17 balance towards Tregs while concomitantly
decreasing Th17 cells. Lastly, we uncover that Zn severely impairs the ability of DCs to
mount a proinflammatory response to fungal infection and stimulation by TLR ligands.
Thus, Zn shapes the tolerogenic phenotype of DCs and promotes the generation of Tregs.

Materials and Methods

Mice

C57BL/6 and FoxP3CGFP mice were obtained from Jackson laboratory. /rf87~and /fnar1™!~
mice were kindly provided by Dr. Harinder Singh and Dr. Edith Jannsen at Cincinnati
Children’s Hospital Medical Center (CCHMC), respectively. Animals were maintained by
the Department of Laboratory Animal Medicine, University of Cincinnati, accredited by the
American Association for Accreditation of Laboratory Animal Care (Frederick, MD). All
animal experiments were in accordance with Animal Welfare Act guidelines of National
Institutes of Health.

In vitro DC preparation and H. capsulatum infection

Cell viability

Bone marrow from femurs and tibias of ~8-12 week old mice were cultured in RPMI
(BioWhittaker, MD) with 10% fetal bovine serum (HyClone Laboratories, Utah), 0.005% 2-
mercaptoethanol,10 mg/L gentamicin (MP Biomedicals, LLC) and 10 ng/ml GM-CSF
(Peprotech) for 6 days at 37°C and 5% CO,. DCs were isolated from floating cells using
CD11c magnetic bead isolation (Miltenyi Biotec) and treated with 100 uM ZnSO, (Sigma-
Aldrich) and infected with H. capsulatum (217B) at a multiplicity of infection (MOI) of 0.5
yeasts per DC for 24 h at 37°C. Cells were harvested after 24 h for gene expression analysis
or flow cytometry.

DCs were isolated from floating cells using CD11c magnetic bead isolation (Miltenyi
Biotec) and treated with 100 uM ZnSQ4 (Sigma-Aldrich) and infected with an MOI of 0.5
yeasts for 24 h at 37°C. Cells were washed with 0.5% bovine serum albumin in PBS (pH
7.4) and stained with 5 ul 7AAD stain/10° cells for 5 mins at 4°C and analyzed by flow
cytometry (Accuri C6). Data were analyzed using FCS Express 4, De Novo Software (CA).
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Gene expression

Genomic DNA was removed using gDNA eliminator mini spin columns and RNA was
extracted using RNeasy micro kit (Qiagen). cDNA was prepared using Reverse
Transcription Systems kit (Promega, WI). gRT-PCR was performed in ABI Prism 7500,
using Tagman assay with primer and probe sets from Applied Biosystems, CA.
Hypoxanthine guanine phosphoribosyl transferase (Hprf) was used as internal standard and
target gene expression was normalized to control untreated and uninfected bone marrow
derived DCs.

Flow cytometry

DC sorting

CD11c fluorescein isothiocyanate (FITC)-, CD11c allophycocyanin- (APC), la-le
phycoerythrin (PE), IA-b APC, CD103 PE, TLR4 PE, F4/80 APC, CD11b PE, CD8 PE and
CD4 APC were purchased from BD Biosciences and Biotin-conjugated PDL1*, PD-L2* and
APC-conjugated Streptavidin were from BioLegend. For surface staining, cells were washed
with 0.5% bovine serum albumin in PBS (pH 7.4) and stained at 4°C for 15 min. in the
presence of CD16/32 blocking antibodies. To characterize Thl, Th2 and Th17 cells, lung
leukocytes were stimulated with 50 ng/ml of phorbol 12-myristate 13-acetate (PMA), 500
ng/ml ionomycin and 10 pg/ml brefeldin A (BFA) for 6 h in vitro and stained for surface
markers as above followed by fixation and permeabilization with Cytofix/Cytoperm (BD
Biosciences) for 20 mins at 4°C, washed in permeabilization buffer (BD Biosciences), and
stained for 1 hour with IFN+y, IL-4 and IL-17A PE antibodies (BD Biosciences). Cells were
characterized using flow cytometry (Accuri C6). Data were analyzed in FCS Express 4
Software, De Novo (CA).

DCs were purified using CD11c magnetic beads (Miltenyi biotec) and identified by gating
on the CD11c* MHCII* population. DCs were sorted into MHCII high (MHCI11M) and
MHCII low (MHCI1'®) on a MoFlo sorter (Dako) at Cincinnati Children’s Hospital Medical
Center. The sorted MHCIIM and MHC1' cells were plated with 100 pM ZnSO,4 and
infected with an MOI of 0.5 H. capsulatum yeasts per DC for 24 h at 37°C. Cells were
harvested for gene expression and tryptophan degradation assay.

Tryptophan degradation assay

2x106 CD11c* DCs were treated with 100 uM ZnSO4 and infected for 24 h following which
the cells were collected and incubated in 500 pl of 100 uM L-tryptophan (Sigma-Aldrich) in
sterile DDI H,0 (pH 7.5) or 100 uM/ml 1-Methyl L-Tryptophan (1-MT, Sigma-Aldrich)
prepared in 2% acetic acid (pH 7.5) at 37°C overnight on a rocker. Next day, the mixture
was incubated at 55°C for 30 min. Samples were spun down at 13,000 x gto remove cell
debri and immediately stored at —80°C prior to high performance liquid chromatography
(HPLC) analysis.

HPLC analysis of tryptophan and kynurenine was performed on an 1100 Agilent liquid
chromatographer equipped with a vacuum membrane degasser, a binary pump, a
thermostated autosampler an oven column compartment, a UV-Vis Diode array detector and
a diode array fluorescence detector. All modules were connected by 0.17 mm ID PEEK
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tubing and controlled with ChemStation software. A Zorbax Extend C-18 column, 4.6 x 250
mm, 5 um particle size was used with a C-18 pre-column cartridge. The method was adapted
from Winder et al (15). In brief, proteins were precipitated from the samples in amber vials
by adding trichloroacetic acid a final concentration of 5 mM. After centrifugation at 13,000
x g for 10 min. the supernatant was diluted 1:1 with mobile phase, filtered through 0.45 um
spin filter at 10,000 x g for 5 min. and injected into the HPLC system. The mobile phase
consisted of potassium phosphate 15 mM at pH 6.4. Kynurenine was detected by UV-Vis at
360 nm, while the tryptophan was detected by a fluorescence detector with the excitation
wavelength of 285 nm and the emission wavelength of 365 nm. Calibration standards were
used in the range of 0.5 uM to 100 uM to quantify the two species.

TLR stimulation

CD11c* DCs were treated with 100 uM ZnSO4 and infected with 0.5 H. capsulatum per DC
for 24 h. Cells were then treated with 100 ng/ml lipopolysaccarride (LPS) (Sigma-Aldrich)
for 4 h and 6 h or 10 ug/ml polyinosinic:polycytidylic acid (Poly I:C) (InvivoGen) for 4 h or
10 ug/ml peptidoglycan from Staphylococcus aureus (PGN-SA) (InvivoGen) for 4 h. After
TLR stimulation, culture supernatants were centrifuged at 1600 rpm for 5 min. Cell free
supernatant was collected for cytokine studies and cells were processed for gene expression
analysis. Supernatants were analyzed for cytokines by Milliplex multiplex assay using
Luminex (Millipore).

In vivo Zn supplementation and infection

Eight to twelve week-old FoxP3¢FP mice were injected intraperitoneally (/.0.) with double
distilled water (DDI H»0) or 100 ug ZnSO, (Sigma-Aldrich) dissolved in DDI H,0 daily
for 7 days and then infected with a sub lethal dose of 2 x 108 H. capsulatum (217B) yeasts
intranasally (7.n.). ZnSO,4 and DDI H,0 treatment continued daily during the period of
infection for 7 days, 14 days or 21 days. At these time points, mice were sacrificed and the
lungs, spleens and mediastinal lymph nodes were harvested for leukocyte isolation and
assessment of fungal burden. Lung homogenates were also collected for measuring
cytokines by Milliplex multiplex assay using Luminex (Millipore) or by ELISA. For
analysis of lung pathology, mouse lungs were harvested 14 days p.1., fixed, embedded in
paraffin blocks, sectioned and stained with H&E for analysis.

Isolation of leukocytes

Mediastinal lymph nodes and spleens were homogenized using frosted glass slides in HBSS.
Lungs were homogenized in 5 ml HBSS using a gentleMACS Dissociator (Miltenyi Biotec),
collagenase treated (0.01 g/lung) for 30 mins on a rocker, filtered through 70 um nylon mesh
(Fisher Scientific) and leukocytes were isolated by density gradient separation using
Lympholyte M (Cedarlane Laboratories). Cells were stained for analysis by flow cytometry
or lysed for RNA isolation and gene expression analysis.

Organ cultures for fungal burden

Mice were sacrificed on days 7, 14 or 21 post infection (p.7.) and lungs and spleens were
homogenized as above. Organ homogenates were plated on Mycosel agar plates (Becton
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Dickenson Company, Sparks, MD) supplemented with agarose (8 g/L), dextrose (10 g/L),
cysteine (100 pg/L) and defibrinated sheep blood (50 ml/L). Plates were incubated at 37°C
for 7 days and fungal colonies were enumerated.

Treg differentiation

CD4*CD62L* naive T cells were isolated from spleens and lymph nodes of 8-15 weeks old
FoxP3CFP mice using magnetic beads (Miltenyi Biotec) and co-cultured with the DCs with
or without IL-2 and TGFp and ZnSO4. After 5 days, cells were harvested and stained for
CD4 using the above mentioned staining protocol and analyzed by FACS for FoxP3 GFP
expression.

Statistical analysis

Results

p values for multiple comparisons were calculated using one-way ANOVA or three-way
ANOVA and adjusted with Holm Sidak or Bonferroni’s correction. For comparison of two
groups, non-paired Student’s t test was used; * p< 0.05; ™™ p< 0.01; *** p< 0.001; and NS,
not significant.

Zn suppresses surface MHCII expression on DCs

Stimulation of pathogen recognition receptors on DCs induces an increase in MHCII and
promotes DC maturation. Stimulation of DCs with the TLR4 ligand, LPS, decreases the
intracellular Zn pool leading to elevated MHCII surface expression (9). To understand how
Zn regulated the maturation status of DCs, we sought to study the effect of Zn on DCs in the
resting state and upon infection with A. capsulatum. CD11c* bone marrow derived DCs
were exposed to Zn and left uninfected or simultaneously infected with yeasts for 24 h to
determine changes in surface MHCII. Zn exposure decreased the proportion of MHCIIM
DCs and increased MHCII'® DCs in the resting state. This observation is consistent with the
report that Zn inhibits MHCII expression on DCs (9). Upon infection, untreated DCs
exhibited an increase in MHCI1M and a corresponding decrease in MHCI1'® population. Zn
treatment however, abrogated the shift in MHCII expression leading to a larger proportion of
MHCII'© DCs and a decrease in the mean fluorescence intensity (MFI) of MHCII upon
infection (Figs. 1A and 1B). We queried whether Zn supplementation affected DC viability.
H. capsulatum infected DCs treated with Zn exhibited similar viability after 24 h compared
to their respective controls (Supplemental Fig. 1A).

Zn induces generation of a tolerogenic DC phenotype

We hypothesized that a decrease in MHCII surface expression alters the maturation state of
DCs that in turn promotes their tolerogenic potential. Thus, we investigated whether Zn
modulated the tolerogenic potential of DCs by assessing PD-L1 and PD-L2 on MHCII" and
MHCII'® DCs. Zn did not alter the percentage of PD-L1* DCs in these compartments and
the MFI of PD-L1 in MHCI1'® DCs was only marginally increased by Zn upon infection
(Fig. 2A, 2D and 3A). Next, we investigated whether Zn modulated PD-L2 expression.
There was a significant elevation in the percentage of PD-L2* MHCII' in uninfected
(p<0.001) and infected (p<0.01) DCs exposed to Zn, and a corresponding reduction in the
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proportion of PD-L2* MHCIIN DCs (Fig. 2B and 2D). Zn significantly augmented the MFI
of PD-L2 in MHCII'® uninfected (p<0.001) and infected DCs (p<0.01) and diminished the
expression of this marker in MHCII" DCs (Fig. 3B).

CD103* DCs in the lung, pancreas and liver induce T cell migration with tropism for these
specific sites (16). This subset of DCs promotes FoxP3* Tregs in a retinoic acid and TGFB
dependent manner in the gut (17). We therefore sought to probe the expression of CD103 on
DCs in response to Zn. Although the proportions of CD103* MHCI1M and CD103* MHCI1'0
DCs were not changed (Fig. 2C and 2D), Zn induced a significant increase (p<0.01) in
CD103 MFI specifically in uninfected MHCII'® DCs (Fig. 3C). We asked whether Zn
modulated the expression of Notch ligand genes, Jag1, Jag2and delta like ligand 4 (DIl4) in
DCs as these molecules mediate the induction of Tregs or Th2 cells through the Notch
signaling pathway under specific conditions (18). The expression of Jag1, Jag2 and DIl4 on
DCs was not modified by Zn (Supplementary Fig. 1B). These data indicate that Zn
suppresses MHCII expression and induces tolerogenic markers on DCs.

Zn triggers tryptophan degradation by DCs

IDO is the first and rate-limiting enzyme driving tryptophan catabolism through the
kynurenine pathway. IDO produced by tolerogenic DCs depletes tryptophan to limit
microbial growth and T cell survival (10). Kynurenine metabolites produced as a result of
tryptophan degradation by IDO induce Tregs and TGF expression in DCs (19). To probe
whether Zn regulated this tolerogenic marker in DCs, we analyzed /do1 expression and
function in DCs exposed to the metal. /doZ mMRNA was elevated as early as 6 h post Zn
treatment. At 24 h, Zn significantly induced a 3.5 fold elevation in /doI expression in
uninfected (p<0.001) and infected DCs (p<0.05) (Fig. 4A). We asked if /doZ expression
depended on the Zn concentration. The expression of /doZ was unaltered by 0.1 pM and 10
UM of ZnSQy, but increased upon treatment with 100 uM ZnSO4 (Supplementary Fig. 2A).
To determine if Zn specifically induced IDO in MHCII'® DCs, we sorted MHCI1M and
MHCII'® DCs and stimulated them with Zn for 24 h. The induction of /doZ transcription by
Zn in MHCIIM and MHCII'® DCs was comparable (Supplementary Fig. 2B). To determine if
the IDO response was specific to Zn, we exposed DCs to iron sulfate (FeSQy4). This divalent
cation failed to trigger /dol expression in DCs indicating that this tolerogenic marker was
specifically induced by Zn (Supplementary Fig. 2C).

To investigate the functional importance of IDO induction we incubated Zn-treated DCs
with L-tryptophan and assessed amino acid degradation and concomitant kynurenine
production. Consistent with an elevation in /doZ expression, Zn-treated DCs augmented
degradation of tryptophan into the downstream metabolite, kynurenine (Fig. 4B, 4D). We
exposed DCs to 1-methyl L-tryptophan (1-MT), a competitive inhibitor of IDO activity. 1-
MT completely blocked tryptophan degradation and conversion to kynurenine by Zn-treated
DCs (Fig. 4B). Moreover, MHCI1'® DCs degraded tryptophan comparably to unsorted DCs
(Fig. 4C, 4D). These data substantiate the role of Zn in promoting IDO function in DCs and
reveal the emergence of a tolerogenic phenotype.

We investigated the molecular signals that regulate IDO induction by Zn. /do1 expression is
driven by the interferon regulatory factor 8 (IRF8) transcription factor in DCs (20). To
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determine if IRF8 was involved, we treated wild type (WT) and /78~ DCs with Zn. IRF8
deficiency completely abrogated the increase in /doZ transcription by Zn compared to WT
DCs (Fig. 5A). Type | interferons like IFNa and IFNP also induce IDO in DCs and
macrophages (21, 22). To examine their role, we treated DCs from IFN receptor 1 knockout
(/fnar1™~) mice with Zn and infected them for 24 h. /doZ expression was attenuated in
uninfected and infected /fnar~ DCs at baseline as well as in response to Zn (Fig. 5B). To
test if Zn induced /fnb, WT DCs were treated with Zn and infected for 24 h. /fnb expression
was upregulated only upon infection and not as a result of Zn treatment (Fig. 5C). These
data indicate that Zn regulates IDO via IRF8 and IFNAR signaling pathways in DCs.

Zn suppresses proinflammatory phenotype of DCs

Our data suggested that the Zn-induced tolerogenic phenotype in DCs would result in a
blunted proinflammatory response. Thus, we asked whether this metal affected the ability of
DCs to respond to proinflammatory stimuli. Zn treated and infected DCs were stimulated
with LPS, peptidoglycan derived from Staphylococcus aureus (PGN-SA) or
polyinosinic:polycytidylic acid (Poly I:C) to target TLR 4, 2 or 3 respectively. Zn impaired
the TLR4 response to LPS in uninfected DCs leading to diminished expression of //-1b, 116,
nitric oxide synthase 2 (Nos2), 1112a and 1112b. Thfa expression was also marginally reduced
upon Zn treatment. H. capsulatum infected DCs potently induced transcription of
proinflammatory cytokine genes, but Zn exposure resulted in a markedly poor
proinflammatory response to infection with decreased expression of //1b6, 116, Tnfa, Nos2,
/l12aand /L12b. The expression of //10remained unaltered (Fig. 6A). In contrast, arginase 1
(Arg1) expression was enhanced in Zn-treated uninfected and infected DCs, an effect that
was dampened by TLR4 stimulation (Fig. 6A). Exposure to Zn diminished IL-6 production.
(Fig. 6B). The reduction in LPS mediated proinflammatory response by Zn was not a result
of altered TLR4 surface expression (Fig. 6C).

TLR2 and TLR4 receptors signal in a MyD88 and TIR-domain-containing adapter-inducing
interferon-p (TRIF) dependent manner, while TLR3 signals via a MyD88 independent
pathway (23). To understand whether Zn inhibited MyD88 or TRIF signaling, or both, we
queried whether Zn suppressed the proinflammatory response of DCs to TLR2 and TLR3
ligands. //1b, 116, Tnfa, Nos2, I/12aand //10 genes were robustly induced by TLR2 and
TLR3 ligands especially in infected DCs, but severely impaired by Zn treatment (Fig. 7A
and 7C). Stimulation with these ligands partially suppressed the Zn-induced ArgZ response
(Fig. 7A and 7C). We detected a decrement in IL-1p and IL-6 proteins released in
supernatant by Zn treated DCs upon TLR2 and TLR3 stimulation (Fig. 7B and 7D). These
data indicate that Zn not only inhibits responsiveness to bacterial and viral antigens, but also
impairs proinflammatory responses of DCs to fungal challenge.

Zn impairs DC maturation and skews Treg-Th17 balance in vivo

We asked whether Zn induced a tolerogenic phenotype in DCs /in vivo. Zn supplementation
studies in mice have used doses ranging from 100-300 mg/kg (24, 25). For our in vivo
studies, through preliminary analysis we determined that 100 pg ZnSO4/mouse/day was
optimal for assessing changes in DCs and T cells without impacting animal body weight or
survival. FoxP3GFP mice were treated with 100 ug ZnSO, or DDI H,0 followed by infection
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with H. capsulatum yeasts. We analyzed leukocytes from lung and mediastinal lymph nodes
for macrophages, DCs, CD4" and CD8* cells on days 7, 14 and 21 post infection (p.7.)
(Schematic, Fig. 8A). /n vivo, Zn decreased the proportion of MHCIIM DCs while
correspondingly elevating the percentage of MHCII'® DCs in lungs on day 14 p.i. (Fig. 8B).
Consistent with our /n vitro finding, Zn supplementation /n vivo significantly decreased
MHCII MFI on CD11c* DCs on day 7 and day 14 (p<0.01) post H. capsulatum infection
(Fig. 8C). The percentage of macrophages, DCs, CD4 and CD8 cells in lungs were unaltered
by Zn treatment (Fig. 8D). As Zn induced PD-L1 and PD-L2 in MHCII'® DCs in vitro, we
assessed changes in these markers /n vivo. The total percent of PD-L1* and PD-L2* DCs in
the lungs were similar between DDI H,0 and ZnSO, treated mice (Supplementary Fig. 3A).
In agreement with our /n vitro finding, Zn supplementation elevated the proportion of PD-L1
and PD-L2 expressing MHCII'® DCs, while decreasing PD-L1 and PD-L2 expressing
MHCIIM DCs in vivoat day 14 p.i. (Supplementary Fig. 3B)

We asked whether Zn supplementation affected growth of H. capsulatum in vivo and found
no changes in fungal burden in the lungs and spleens of mice on day 7 or 14 p./.
(Supplementary Fig. 3C). Pathological analysis of infected lungs revealed subtle differences
in the ratio of lymphocytes to macrophages in the lesions, but no marked differences in the
histologic features of the inflammatory response were observed upon Zn supplementation
(data not shown).

We found that Zn supplementation significantly enhanced the proportion of CD4*FoxP3*
Tregs on day 14 p./. in the lungs (p<0.05) (Fig. 9A). Thus, we queried if Zn exposure
skewed the Treg-Th17 balance during fungal infection. The increase in FoxP3* Tregs was
accompanied by a significant decrease in IL-17 producing CD4" T cells (p<0.01) in H.
capsulatum infected mouse lungs (Fig. 9B). Zn supplementation did not alter IFNy
producing Thl or IL-4 producing Th2 cells in lungs (Fig. 9C). Moreover, the increase in
Tregs was specific to the site of infection as the proportion of Tregs was comparable in
mediastinal lymph nodes (MLNSs) of DDI H,0 and Zn treated mice on day 14 p./.
(Supplementary Fig. 3D). To examine the possibility that Zn supplementation directly
impacted T cell differentiation to increase Tregs, we isolated naive T cells from FoxP3GFP
mice and differentiated them into Tregs /n vitro in the presence or absence of Zn. We found
that Zn did not enhance the FoxP3SFP signal in naive T cells or in cells differentiated in the
presence of the Treg inducing cytokines, IL-2 and TGFp, suggesting that the metal did not
directly influence Treg differentiation /n vitro (Supplementary Fig. 3E). These data indicate
that Zn supplementation suppressed DC maturation and skewed the Treg-Th17 balance /n
vivo upon pulmonary fungal infection.

As exposure to Zn heightened IDO expression and function /n vitro, we hypothesized that
exogenous Zn supplementation would induce /do1 in vivo. There was a significant 4-fold
upregulation (p<0.05) in /do1 expression in lung leukocytes of Zn treated mice compared to
DDI H,0 treated mice infected with H. capsulatum (Fig. 9D). The Raldh1 gene encodes
retinal dehydrogenase enzyme that converts vitamin A to its biologically active metabolite
all-frans retinoic acid (RA). RA production by DCs and alveolar macrophages along with
TGFB promotes the differentiation of naive T cells into Tregs (17, 26). We observed an
increase in Raldhl1 expression in the lung leukocytes of Zn treated mice infected with H.
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capsulatum (Fig. 9D). Moreover, in line with the skewed Treg-Th17 balance, leukocytes
from Zn treated mice exhibited significantly diminished (p<0.01) //17aexpression and //17f
was comparable between DDI H,0 and Zn treated mice (Fig. 9E). /fng, Ifnb, 114, 116, 1110
and Tgfbtranscripts were not affected, but //2was significantly reduced (p<0.001) by Zn
supplementation (Fig. 9 and 9F). The production of IL-6, IL-12 (p40), IL-10 and TGFp
proteins remained unaltered in whole lung homogenates of Zn treated mice compared to
DDI H,0 treated mice (Supplementary Fig. 3F).

H. capsulatum infection subsides after 14 days and yeasts are cleared within 21 days. We
therefore extended our analysis to this time point. MHCII expression on DCs, proportions of
Tregs and fungal burden in the lungs were similar between DDI H,O and ZnSO, treated
mice 21 days p./ (Supplementary Fig. 4A—E). Thus, Zn supplementation modulated the
inflammatory response during the onset and peak of infection (days 7 and 14 respectively).
This effect subsided with clearance of the pathogen. Collectively, these findings reveal that
Zn programs the tolerogenic phenotype of DCs while suppressing their inflammatory
capacity and skews the Treg-Th17 balance during fungal infection.

Discussion

The factors that control the tolerogenic phenotype of DCs and its impact on T cell
differentiation are unclear. In this study, we elucidated the effect of Zn on regulating DC
phenotype. Zn triggered tolerogenicity in DCs by inducing PD-L2, CD103 and IDO and
skewed the Treg-Th17 balance /n vivoin favor of Tregs in H. capsulatum infected mice. We
reveal that the induction of tolerogenic DCs by Zn was associated with a decrease in
proinflammatory cytokines upon fungal challenge and stimulation with TLR ligands. Thus,
Zn programs the phenotype and function of DCs to exert tolerogenicity.

DC activation with proinflammatory stimuli escalates surface MHCII by depletion of
intracellular free Zn, highlighting a role for Zn in regulating DC maturation (9). Our data is
in agreement with this finding, and demonstrates that exogenous Zn suppresses surface
MHCII on DCs /n vitro and in vivo. Importantly, Zn induces co-inhibitory markers in DCs to
promote the development of a tolerogenic phenotype. The suppression of DC activation
caused by reduced MHCII points to a role for Zn in “locking” DCs in the immature state,
thereby limiting their ability to present antigens to T cells and drive effector T cell

responses.

Tolerogenic DCs express PD-L1, PD-L2 and immunosuppressive mediators such as 1DO,
TGFp and IL-10 (10). T cell activation and tolerance are regulated by these co-inhibitory
molecules and immunosuppressive factors. Zn induced a shift in the expression of MHCII
from MHCIIM to MHCI1'° and preferentially triggered PD-L2 in MHCII'® DCs /i vitro.
Likewise, Zn dampened MHCII expression on DCs /n vivo and elevated PD-L1 and PD-L2
specifically in the MHCII'® DC population. PD ligands on DCs engage PD-1 receptor on T
cells to promote Treg differentiation and T cell exhaustion (27, 28). In this context, elevated
IDO and PD-L2 in DCs exposed to Zn, in combination with diminished MHCII may
contribute to inhibitory signals that subsequently elevate Treg differentiation in vivo. The
engagement of PD-L1 and PD-L2 expressing tolerogenic DCs with T cells may constrict
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proinflammatory DC — T cell interactions to limit a sustained effector T cell response. PD-
L1 and PD-L2 regulate immune responses to infectious agents. PD-1 blockade increases
survival of mice lethally infected with H. capsulatum suggesting that a functional PD1-PDL
pathway is required for fungal persistence and dissemination (29). Engagement of the PD-
L/PD1 pathway results in weak antimicrobial responses, but plays a critical role in
immunosuppression (30). Our findings reveal that regulation of the DC phenotype by Zn
may modulate the PD-L2 — PD-1 axis that has important implications in inflammation
control.

IDO produced by DCs suppresses effector T cells and induces Tregs by a dual mechanism.
The enzyme renders tryptophan unavailable for T cell proliferation and survival and
generates toxic kynurenine to drive effector T cell apoptosis (31). Kynurenine metabolites
exert cytotoxicity on effector T, B and NK cells without affecting DCs (31). We uncovered a
role for Zn in tryptophan starvation by IDO-producing DCs suggesting that this metal could
alter the metabolic milieu during T cell differentiation. Although, tolerogenic markers were
increased in response to Zn in the MHCII'® population, Zn comparably induced IDO in
MHCIIN and MHCII'® DCs. Exposure of MHCIIN DCs to Zn possibly decreased MHCII
expression, leading to an 1DO response similar to that of MHCII'® DCs. Nonetheless, total
DCs and MHCII'® DCs comparably degraded tryptophan and produced kynurenines in
response to Zn. Moreover, IDO induction was specific to Zn, as another divalent cation, iron,
failed to trigger IDO in DCs.

A number of signaling pathways govern IDO regulation (27, 28). IRF8 and IFNAR were
necessary for /dol expression in response to Zn and H. capsulatum infection. IRF8
transcriptionally induces /do1 and its regulation by Zn can be explained by two possibilities
(20). First, Zn may directly induce IDO upregulation via IRF8. Second, IRF8 activates the
IFN a/B promoter that in turn mediates autocrine signaling via IFNAR to drive IDO (32).
However, /fnbwas elevated only upon infection with H. capsulatum and not upon Zn
treatment. Nonetheless, our data indicate that IRF8 and IFNAR signaling regulate Zn driven
expression of IDO, but the molecular cues involved need to be determined.

Tolerogenic DCs manifest subdued antigen presentation and proinflammatory responses to
TLR ligands. (10). This prompted us to investigate the response of Zn-treated DCs upon
TLR challenge. DCs recognize microbial pathogen associated molecular patterns (PAMPS)
via TLRs to recruit adaptor proteins resulting in nuclear factor NF-xB activation to initiate
proinflammatory responses. Zn differentially modulates MyD88 and TRIF, where an early
Zn signal facilitates MyD88, but limits TRIF signaling (33). The MyD88 pathway is
common to all TLRs except TLR3 that engages TRIF (23, 34, 35). Our data demonstrate that
Zn curtails proinflammatory responses induced by TLRs that signal via both MyD88
dependent and independent pathways and also upon fungal infection. This finding
demonstrates that Zn induces DC tolerogenicity broadly in response to bacterial, fungal and
viral antigens to suppress inflammation. Zn inhibits 1«B kinase (IKK) and NF-xB
downstream of MyD88 that could potentially attenuate a TLR4 response by
dephosphorylation of these phosphate dependent kinases. This mechanism may explain
downregulation of NF-kB targets in DCs in the presence of Zn (36). Zn did not alter the
TLR4 surface expression on DCs providing evidence that the metal inhibits targets
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downstream of the receptor. These findings may be extended to understanding the
significance of Zn in controlling inflammation in conditions such as sepsis (37).

Unrestrained infection leads to hyperinflammation. For example, transient plasma Zn
deficiency in sepsis aggravates inflammatory cytokine production and mortality, while Zn
supplementation partially restores protection (38, 39). The cytokines produced by DCs
initiate autocrine feedback mechanisms that maintain DC activation (40). Our finding that
Zn modulates the proinflammatory response and phenotype of DCs upon fungal infection or
TLR challenge, suggests that manipulation of the cytokine environment by this metal may
impact autocrine feedback mechanisms leading to control of the DC activation state. Thus,
Zn supplementation may serve as a potential therapeutic to dampen proinflammatory
responses by DCs.

In agreement with /n vitrofindings, Zn increased /dol expression in lung leukocytes, but the
contributing populations are currently unknown. Nonetheless, MHCII suppression on DCs,
elevated /do1 and Raldh1 expression in the lungs of Zn treated mice indicate the
development of a tolerogenic phenotype specific to the site of infection. IDO induction by
Zn may shape an environment favouring Treg differentiation /7 vivo. Retinoic acid acts on
DCs to induce arginase 1. These DCs exhibit tolerogenicity and promote Foxp3* Treg
differentiation (41, 42). Our data reveal that Zn has a similar effect on ArgZ, supporting a
role for Zn in shaping the suppressor phenotype of DCs. Thus, in addition to /doI and
Raldh1i, the expression of ArgI triggered by Zn may contribute to the skewed Treg-Th17
balance observed /n vivo.

Zn inhibits STAT3 activation that attenuates Th17 differentiation and promotes Tregs by
inhibiting the Sirt-1 deacetylase, an enzyme that maintains FoxP3 stability (43-45). Zn
supplementation skewed the Treg-Th17 balance /n vivo without affecting Thl or Th2
responses. The shift in Th17-Treg proportions may have resulted from direct action of Zn on
T cells or an indirect effect through the emergence of tolerogenic DCs. Our data support the
latter, as Zn did not directly induce FoxP3 expression in naive T cells or in the presence of
Treg inducing cytokines. However, the direct impact of Zn on T cells cannot be ruled out in
vivo and warrants further investigation. Importantly, the effects of Zn on Tregs became
evident during later stages of Zn supplementation and acute infection. These changes were
not observed during the resolution phase suggesting that the effects of exogenous Zn
administration were most profound during the course of disease progression.

Th17 cells promote immunity against fungal pathogens (46, 47). Despite an altered Treg-
Th17 balance, Zn supplementation did not impair resistance to H. capsulatum. This fungal
pathogen elicits a Th1 dominant response that facilitates clearance of infection (48).
However, when Thl immunity is compromised, Th17 responses play a crucial role in
elimination of the pathogen (49, 50). H. capsulatum infected mice exposed to Zn specifically
modulated the proportions of Th17 cells and Tregs, but maintained an intact Th1 response.
The data indicate that Zn specifically shapes the Th17:Treg balance without altering Thl
immunity to H. capsulatum and provides a possible explanation to comparable fungal
clearance in Zn supplemented mice. It is also possible that Zn supplementation prompted
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sequestration of the metal by Zn binding proteins such as metallothioneins that contribute to
antifungal immunity. (51, 52).

In summary, our data reveal that Zn programmed a tolerogenic phenotype in DCs. Zn
decreased MHCII surface expression to enhance the proportion of MHCII'® DCs and
promoted tolerogenic markers in this population. Modulation of the DC phenotype by Zn
resulted in failure to mount a proinflammatory response to fungal infection and bacterial as
well as viral antigens. Our data establish the physiological relevance of Zn supplementation
on inducing a tolerogenic DC phenotype and skewing the Treg-Th17 balance /7 vivo upon
infection with an intracellular fungal pathogen. Of note, the suppressive potential of CD8a*
DCs and plasmacytoid DCs has been described (10). Whether Zn influences the tolerogenic
mechanisms of these DC subpopulations and its impact on Treg mediated suppression needs
to be explored. Nonetheless, our findings suggest that the emergence of tolerogenic DCs and
Tregs by Zn supplementation can be favourably employed in immunosuppression and
treatment of autoimmune diseases. Thus, manipulating physiological Zn homeostasis could
serve as an attractive therapeutic strategy to alter specific functions of immune cells and
promote tolerance or suppressive immunity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 2. Zn shapes tolerogenic DC phenotype )
A-C) Dot plots represent PD-L1*, PD-L2* and CD103* DCs in MHCI1" and MHCI1'

gates, numbers in plots are percent values; D) Graphical representation of percent PD-L1* (4
independent experiments), PDL2* (6 independent experiments) and CD103* DCs (3
independent experiments) in MHCI1M and MHCII'© gates; Data presented as mean + SEM,
p<0.05; ** p< 0.01; *** p< 0.001; NS, not significant by two way ANOVA.
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Fig. 3. Zn escalates the expression of tolerogenic markers '
A-C) Histograms representing PD-L1, PD-L2 and CD103 MFI in MHCII" and MHCI1'°

DCs, graphs are relative MFI in MHCI1M and MHCI1'° gates normalized to DC control
group, 4-6 independent experiments. Data presented as mean + SEM, ™ p< 0.05; ** p< 0.01;
*** n< 0.001; NS, not significant by two way ANOVA.
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Fig. 4. Zn triggers IDO activity in DCs
ldo1 expression in A) control and ZnSOy treated DCs in uninfected and infected states for 6

h and 24 h, 12 independent experiments; and B—C) Chromatographs representing tryptophan
degradation and kynurenine production in unsorted DCs (2 independent experiments) and
sorted MHCI1'® DCs (1 experiment). D) Tryptophan degradation and kynurenine production
in unsorted DCs, left (2 independent experiments) and MHC11'° DCs, right (1 experiment).
Solid line with triangles represents tryptophan concentration and dotted line with black
circles represents kynurenine concentration in the samples. ™ p< 0.05; ** p< 0.01; *** p<
0.001; NS, not significant by two way ANOVA.
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Fig. 5. IRF8 and IFNAR signaling regulate IDO expression
A) /do1 expression 24 h post ZnSQO, treatment in /78"~ DCs normalized to WT DCs (1

experiment); and B) /doZ expression in WT and /fnar =~ DCs (1 experiment) 24 h post
ZnSOy4 treatment and infection normalized to WT DCs C) Fold change in /fnb expression in
control and ZnSQy4 treated DCs in uninfected and infected states for 24 h, normalized to DC
control group. 3 independent experiments; Data presented as mean + SEM.
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Fig. 6. Zn suppresses the DC response to LPS and fungal challenge
DCs were treated with 100 uM ZnSO, and infected with 0.5 yeasts per DC for 24 h,

followed by stimulation with 100 ng/ml LPS for 0, 4 and 6 h.
A) Gene expression at 4 and 6 h post TLR4 stimulation normalized to untreated DCs at 0 h,
3 independent experiments; B) Cytokine release at 0, 4 and 6 h post TLR4 stimulation in
culture supernatants. 3 independent experiments. Statistical analysis presented for 0 h and 4
h time points; and C) Histogram of TLR4 expression in DCs. ™ p< 0.05; ** p< 0.01; *** p<
0.001; NS, not significant by two way ANOVA.
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Fig. 7. Zn inhibits responsiveness to TLR2 and TLR3 stimulation in DCs
DCs were treated with 100 pM ZnSQO,4 and infected with 0.5 yeasts per DC for 24 h followed

by stimulation with 10 pug/ml of the TLR2 ligand, peptidoglycan from Staphylococcus
aureus (PGN-SA) or 10 ug/ml of polyinosinic:polycytidylic acid (Poly I:C) for 0 h and 4 h.
A) Cytokine expression at 4 h post TLR2 stimulation normalized to untreated DCs at 0 h, 2
independent experiments; B) Cytokine release in culture supernatants at 0 h and 4 h post
TLR2 stimulation normalized to untreated DCs at 0 h, 2 independent experiments; C)
Cytokine expression at 4 h post TLR3 stimulation normalized to untreated DCs at O h, 2
independent experiments; and D) Cytokine release in culture supernatants at 0 h and 4 h post
TLR3 stimulation normalized to untreated DCs at 0 h, 2 independent experiments. Data
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presented as mean + SEM. * p< 0.05; ** p< 0.01; *** p< 0.001; NS, not significant by two
way ANOVA.
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Fig. 8. Zn suppresses MHCI I expression on DCs in vivo
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A) Schematic representation of Zn supplementation and infection, mice treated
intraperitoneally (7.p.) with DDI H,O control or 100 pg ZnSOg4/day for 7 days followed by
intranasal infection (7.7.) with 2 x 10% Hc for 7, 14 or 21 days. Zn or DDI H,0 treatment
was continued throughout the period of infection; B) Dot plots of CD11c* MHCII* DCs
gated on lung leukocytes obtained at days 7 and 14 post infection (p.7,) (left), MHCIIM and
MHCI1'® populations gated on DCs (right), numbers in plots are percent values, bar graphs
represent percent CD11c* DCs in MHCIM and MHCII'® gates in DDI H,0 and ZnSO,4
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treated mice; C) Histograms of MHCII expression gated on DCs, relative MHCII MFI of Zn
treated mice normalized to DDI H,O control mice; and D) Percent populations in lung
leukocytes in DDI H,0 and ZnSO,4 treated mice at days 7 and 14 p./.. Data expressed as
mean + SEM, n = 6-8/group, 2 independent experiments, * p< 0.05; ** p< 0.01; *** p<
0.001; NS, not significant by student’s t test.
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Fig. 9. Zn skews Treg-Th17 balance during fungal infection in vivo
A) Dot plots and bar graph of percent FoxP3* Tregs gated on CD4* lung leukocytes in DDI

H,0 and ZnSO4 treated mice on days 7 and 14 p./, 2 independent experiments.; B) Dot
plots and bar graph of percent Th17 cells gated on CD4* lung leukocytes in DDI H,0 and
ZnS0Oy4 treated mice on days 7 and 14 p.i, n = 4 mice/group for day 7 p.i., n = 8 mice/group
for day 14 p.1., 2 independent experiments; C) Dot plots of IFN-y producing Th1l cells and
IL-4 producing Th2 cells gated on CD4* lung leukocytes in DDI H,O and ZnSOy treated
mice on day 14 p./, bar graphs are quantification of IFNy* Thl and IL-4* Th2 cells gated
on CD4* lung leukocytes, n = 4 mice/group; and D-F) Gene expression of /do1 and Raldhl
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in whole lung leukocytes of Zn treated mice normalized to DDI H,O treated mice on day 14
p.1., (4 mice/group), 2 independent experiments, Data expressed as mean + SEM * p< 0.05;
** p< 0.01; *** p< 0.001; NS, not significant by student’s t test.
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