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25-hydroxyvitamin D3 generates
immunomodulatory plasticity in
human periodontal ligament-
derived mesenchymal stromal
cells that is inflammatory
context-dependent
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Introduction: Human periodontal ligament-derived mesenchymal stromal cells

(hPDL-MSCs) exhibit a tight bi-directional interaction with CD4+ T lymphocytes.

The hPDL-MSCs’ immunomodulatory abilities are drastically enhanced by pro-

inflammatory cytokines via boosting the expression of various immunomediators.

25-hydroxyvitamin D3 (25(OH)D3), the major metabolite of vitamin D3 in the blood,

affects both hPDL-MSCs and CD4+ T lymphocytes, but its influence on their

interaction is unknown.

Methods: Therefore, primary hPDL-MSCs were stimulated in vitro with tumor

necrosis factor (TNF)-a a or interleukin (IL)-1b in the absence and presence of 25

(OH)D3 followed by an indirect co-culture with phytohemagglutinin-activated

CD4+ T lymphocytes. The CD4+ T lymphocyte proliferation, viability, and

cytokine secretion were analyzed. Additionally, the expression of various

immunomediators in hPDL-MSCs was investigated, and their implication was

verified by using pharmacological inhibitors.

Results: 25(OH)D3 significantly counteracted the suppressive effects of IL-1b-
treated hPDL-MSCs on CD4+ T lymphocyte proliferation, whereas no effects were

observed in the presence of TNF-a. Additionally, 25(OH)D3 significantly increased

the percentage of viable CD4+ T lymphocytes via TNF-a- or IL-1b-treated hPDL-

MSCs. It also caused a significant decrease in interferon-g, IL-17A, and transforming

growth factor-b productions, which were triggered by TNF-a-treated hPDL-MSCs.

25(OH)D3 significantly decreased the production of various immunomediators in

hPDL-MSCs. Inhibition of two of them, prostaglandin E2 and indoleamine-2,3-

dioxygenase-1, partially abolished some of the hPDL-MSCs-mediated effects of 25

(OH)D3 on CD4+ T lymphocytes.
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Conclusion: These data indicate that 25(OH)D3 influences the immunomodulatory

activities of hPDL-MSCs. This modulatory potential seems to have high plasticity

depending on the local cytokine conditions and may be involved in regulating

periodontal tissue inflammatory processes.
KEYWORDS

25-hydroxyvitamin D3, mesenchymal stromal cells, periodontal ligament,
immunomodulation, tumor necrosis factor alpha, interleukin-1 beta
1 Introduction

Mesenchymal stromal cells (MSCs) are a non-hematopoietic,

heterogenous cell population that is characterized by the expression

of specific surface markers, self-renewing, and multipotent

differentiation potential in vitro (1–3). MSCs can be isolated from

various tissues throughout the human body, such as the umbilical

cord, bone marrow, and adipose tissue (4, 5). Another source for

MSCs is dental tissues, such as the periodontal ligament (PDL) (6),

which is a highly specialized connective tissue of the periodontium

connecting the teeth’s roots to the alveolar bone (7). Like MSCs from

other sources, human periodontal ligament-derived MSCs (hPDL-

MSCs) are key components to keep up local tissue homeostasis and

regulate tissue regeneration and inflammation (4, 8, 9). Under

homeostatic conditions, hPDL-MSCs are in a quiescent and

undifferentiated state located in the perivascular niche (10, 11).

hPDL-MSCs are activated by periodontal tissue injury or

inflammation and migrate to the injured tissue site through

chemotaxis-driven mechanisms. At the injury site, hPDL-MSCs are

involved in restoring periodontal tissue homeostasis, which is mainly

accomplished by modulating the local immune response (4, 8, 9).

The immunomodulatory activities of hPDL-MSCs are mainly

suppressive against cells of the innate and adaptive immune system.

Multiple studies have already demonstrated that hPDL-MSCs inhibit

the proliferation of CD4+ T lymphocytes and their differentiation to

pro-inflammatory subsets and favor the formation of regulatory

CD4+ T lymphocytes (Tregs) (4, 5). These immunomodulatory

activities of hPDL-MSCs are mediated through the production of

specific immunomediators. Soluble immunomediators, such as

indoleamine-2,3-dioxygenase-1 (IDO-1), prostaglandin E2 (PGE2)

and tumor necrosis factor-inducible gene 6 (TSG-6), and

membrane-bound factors, like programmed cell death 1 ligand 1

(PD-L1) and programmed cell death 1 ligand 2 (PD-L2), enable an

interaction between hPDL-MSCs and immune cells via paracrine and

direct cell-to-cell contact mechanisms, respectively (4, 12). Usually,

these mechanisms are low at homeostatic conditions and are boosted

by various environmental factors, like immune cell-derived cytokines,

such as tumor necrosis factor alpha (TNF-a) or interleukin- (IL-) 1b
(13, 14). This causes a tight bi-directional interplay between hPDL-

MSCs and immune cells (5, 15), and the character of this interplay is

dictated by the cytokine environment (14).

The fat-soluble secosteroid hormone vitamin D3 is another well-

known factor affecting local immune responses, showing anti-
02
inflammatory properties (16, 17). However, data from clinical studies

are inconsistent concerning its beneficial effect on inflammatory

diseases. Although the severity of various inflammatory diseases is

associated with vitamin D3 deficiency (18, 19), dietary supplementation

has no apparent positive impact on different conditions (20, 21).

Regarding periodontitis, which is a highly prevalent, chronic

inflammatory disease of the tooth-supporting tissues causing tooth

loss (22), the clinical data on vitamin D3 are imperfect. Most clinical

studies showed an association between vitamin D3 deficiency and the

incidence and severity of periodontitis (23–25), but one study

demonstrated a positive relationship between increased vitamin D3

serum levels and the incidence and severity of periodontitis (26).

Moreover, the data on the effect of dietary supplementation of

vitamin D3 during periodontitis therapy are also inconsistent (27,

28). These contradictory results indicate that the functions of vitamin

D3 in the periodontium may be complex and versatile and may not be

considered as exclusively anti-inflammatory. Hence it is essential to

take a closer look at the immunomodulating activities of various

vitamin D3 forms. Like the biologically active form of vitamin D3,

1,25-dihydroxyvitamin D3 (1,25(OH)2D3), its metabolic precursor 25-

hydroxyvitamin D3 (25(OH)D3) (29, 30) shows anti-inflammatory

properties (31–35), attenuating experimental periodontitis in various

animal models (36–38). Our previous study also demonstrated that 25

(OH)D3 decreases the production of several pro-inflammatory

cytokines by hPDL-MSCs in response to bacterial stimuli (31).

However, no study exists that investigates the ability of 25(OH)D3 to

influence the immunomodulatory activities of hPDL-MSCs and their

reciprocal interaction with immune cells.

Hence, the main objective of this in vitro study was to investigate a

potential indirect influence of 25(OH)D3 on CD4+ T lymphocytes in

the presence of cytokine-treated hPDL-MSCs using an indirect co-

culture model. In particular, we examined the proliferation, viability,

and secretion of cytokines specific to the various CD4+ T lymphocyte

subsets. Co-cultured hPDL-MSCs were treated with either TNF-a or

IL-1b to figure out the potential different effects of 25(OH)D3

depending on the cytokine milieu. Additionally, we investigated and

directly compared the influence of 25(OH)D3 on the TNF-a- or IL-1b-
induced expression of various immunomediators by hPDL-MSCs and

verified their involvement in the hPDL-MSCs mediated effects of 25

(OH)D3 on CD4+ T lymphocytes using pharmacological inhibitors.

Our data indicate that 25(OH)D3 affects the immunomodulatory

mechanisms of hPDL-MSCs against CD4+ T lymphocytes. This effect

shows high plasticity and is largely determined by the cytokine context.
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2 Material and Methods

2.1 Ethical approval

The study was reviewed and approved by the Ethics Committee of

the Medical University of Vienna (EK Nr.: 1694/2015, extended up to

10/2023). All subsequent experiments were undertaken following the

Declaration of Helsinki and the Good Scientific Practice Guidelines of

the Medical University of Vienna.
2.2 Cell isolation

2.2.1 Primary hPDL-MSCs isolation
Third molars were donated from 10 periodontally healthy

patients, aged between 15 to 27, who underwent tooth extraction

due to orthodontic reasons. All patients got informed before the

surgical procedure and gave their written consent. The mid-third of

the tooth’s root was used to scrap off PDL slices, which were minced

and cultured at 37° Celsius, 5% carbon dioxide, and 95% humidity

using Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich,

St. Louis, USA) supplemented with 10% fetal bovine serum (FBS,

Gibco, Carlsbad, USA), 100U/ml penicillin and 50µg/ml streptomycin

(Gibco, Carlsbad, USA). After the cells had grown out from the tissue

explants, hPDL-MSCs were subcultured under the same conditions

described above. When reaching 80% confluency, passages three to

seven of hPDL-MSCs were used for all conducted experiments. Since

it is well known that primary MSCs show high inter-donor variations

(39, 40), hPDL-MSCs from different patients were used to consider

this variability.

All used hPDL-MSCs conformed to the minimal criteria for

MSCs specified by the International Society for Cell and Gene

Therapy (3). The expression of mesenchymal stem/stromal (CD29,
Frontiers in Immunology 03
CD90, CD105, CD146) and hematopoietic (CD14, CD31, CD34,

CD45) surface markers was verified as previously described (14, 41).

2.2.2 Human CD4+ T lymphocyte isolation
Whole blood was collected from the median cubital or cephalic

vein using the heparin- and lithium-containing VACUETTE® blood

collection system (Greiner Bio-one, Kremsmünster, Austria). Blood

was taken only from one volunteer throughout the whole study to

exclude potential CD4+ T lymphocyte donor-to-donor variability.

This allows focusing only on the hPDL-MSCs-based inter-individual

variations since this study aimed to evaluate hPDL-MSCs-mediated

effects of 25(OH)D3. From the collected blood peripheral blood

mononuclear cells (PBMCs) were isolated. In brief, donated blood

was mixed 1:1 with Hank’s Balanced Salt Solution (HBSS, Life

Technologies, Carlsbad, USA) followed by Ficoll-Paque (GE

Healthcare, Chicago, USA) density gradient centrifugation. After

harvesting and washing the PBMCs, the MagniSort™ Human

CD4+ T cell enrichment kit (Invitrogen, Carlsbad, USA) was used

for the immunomagnetic negative selection of CD4+ T lymphocytes

using 1x phosphate buffered saline (1xPBS). The purity of enriched

CD4+ T lymphocytes (93%) was verified in our previous study by

CD4 immunostaining followed by flow cytometry analysis (42).
2.3 Cell treatment

2.3.1 hPDL-MSCs/CD4+ T lymphocyte indirect
co-culture

2.5x105 primary hPDL-MSCs were cultured per well in 6-well

plates using 3ml DMEM supplemented with 10% FBS, 100U/ml

penicillin, and 50µg/ml streptomycin (Figure 1). After 24 hours of

incubation, hPDL-MSCs were pre-stimulated with 10ng/ml TNF-a
(43) or 5ng/ml IL-1b (44) (both from In vivogen, San Diego, USA) in
FIGURE 1

Graphical presentation and timeline of the indirect co-culture experimental setup. Created with BioRender.
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combination with 100nM 25(OH)D3 (Cayman Chemical, Ann Arbor,

USA). Untreated, as well as cytokines solely treated hPDL-MSCs,

served as control. This pre-stimulation procedure was performed

under FBS-free conditions. After 48 hours of incubation, hPDL-MSCs

were re-stimulated, as described above, with cytokines and 25(OH)D3

using RPMI medium (Sigma-Aldrich, St. Louis, USA), supplemented

with 10% FBS, 100U/ml penicillin, and 50µg/ml streptomycin. Per

group, 1x106 freshly isolated, allogeneic CD4+ T lymphocytes were

indirectly added to hPDL-MSCs using Transwell (TC) inserts with

0.4µm pore size (Sarstedt, Nürnbrecht, Germany), and stimulated

with phytohemagglutinin-L (PHA-L, 10µg/ml, eBioscience, San

Diego, USA) to induce their proliferation. PHA-L stimulated CD4+

T lymphocytes in the absence of hPDL-MSCs, but in the presence of

various cytokines and 25(OH)D3, served as a reference. After five days

of incubation, the proliferation and the percentage of non-viable

CD4+ T lymphocytes were determined by carboxyfluorescein

succinimidyl ester (CFSE) and propidium iodide (PI, both from

Thermo Fisher Scientific, Waltham, USA) staining, respectively,

followed by flow cytometry analysis. Additionally, interferon (IFN)-

g, IL-17A, IL-4, IL-10, and transforming growth factor (TGF)-b levels

were determined in conditioned media using appropriate enzyme-

linked immunosorbent assays.

In one run of experiments, either 1µM PTGS-2 inhibitor

(Celecoxib) (45) or 50µM IDO-1 inhibitor (PF-06840003) (14) were

added to hPDL-MSCs during the pre-stimulation and co-culture

(both from Selleck Chemicals, Houston, USA) period. Analysis was

performed as described above.

2.3.2 hPDL-MSCs treatment for immunomediators
expression analysis

2.5x105 primary hPDL-MSCs were seeded per well in 6-well

plates using 3ml DMEM supplemented with 10% FBS, 100U/ml

penicillin, and 50µg/ml streptomycin. After 24 hours of incubation,

hPDL-MSCs were stimulated with different cytokines in the absence

or presence of 25(OH)D3 as described above. Immunomediator

expression was analyzed after 48 hours of incubation using

quantitative polymerase chain reaction (qPCR), immunostaining

followed by flow cytometry analysis, ELISA, and enzymatic

activity analysis.
2.4 Analysis

2.4.1 Proliferation and the percentage of non-
viable CD4+ T lymphocytes

CD4+ T lymphocyte proliferation was assessed using CellTrace

CFSE Cell Proliferation Kit (ThermoFisher Scientific, Waltham, USA)

according to the manufacturer’s instructions. In brief, 1x106 CD4+ T

lymphocytes per ml were resuspended in 1xPBS containing 5% FBS

and stained with 2.5µM CFSE. After five minutes of incubation at

room temperature, washing steps, and a recovery period, labeled

CD4+ T lymphocytes were added to the indirect co-culture model

using a complete RPMI medium. After five days of incubation, CD4+

T lymphocytes were harvested and washed using 3% bovine serum

albumin (BSA, Merck Millipore, Burlington, USA). Additionally,
Frontiers in Immunology 04
CD4+ T lymphocytes were stained with 20µg/ml propidium iodide

(PI, Affymetrix, Santa Clara, USA) to determine the percentage of

non-viable CD4+ T lymphocytes and to exclude them from the

proliferation analysis. Both CD4+ T lymphocyte proliferation and

the percentage of non-viable cells were analyzed by an Attune NxT

flow cytometer (ThermoFisher Scientific, Waltham, USA). CFSE, as

well as PI fluorescence, was excited at 488nm, and fluorescence

emissions were detected at the BL1 and BL2 channels, respectively.

Non-proliferating unlabeled, CFSE-, or PI single-labeled CD4+ T

lymphocytes were used for compensation. In all three controls living

CD4+ T lymphocytes were mixed with dead cells (1:1). In total, 20,000

CD4+ T lymphocytes were acquired per sample. After excluding

coincidence events and dead cells (for the gating strategy, see

Supplementary Figure 1), the percentage of original CD4+ T

lymphocytes that undergone cell division, the number of original

CD4+ T lymphocytes as a percent of the total number of original cells

(for each CD4+ T lymphocyte generation), and the percentage of PI+

CD4+ T lymphocytes were determined using FCS Express 7 (De Novo

Software, Pasadena, USA).
2.4.2 CD4+ T lymphocyte cytokine production
IFN-g, IL-17A, IL-10, and TGF-b were detected in conditioned

media, which were harvested after five days of indirect co-culture.

Cytokine concentrations were determined using IFN gamma Human

Uncoated, IL-17A (homodimer) Human Uncoated, IL-10 Human

Uncoated (all from ThermoFisher Scientific, Waltham, USA), and

Human TGF-beta 1 ELISA kit (RayBiotech, Peachtree Corners, USA)

in accordance to the manufacturer’s instructions. In brief, cytokine

levels were evaluated photometrically by measuring absorbance at

OD450 (optical density) using a microplate reader (Synergy HTX

multiplate reader, BioTek Winooski, USA). For IFN-g, IL-17A, and
IL-10, absorbance was additionally evaluated at OD570, followed by

plotting OD570-substracted values against the appropriate four-

parameter logistic regression. For TGF-b, OD450 values were

directly plotted against the corresponding polynomial regression.

Standard curves ranged between 4-500pg/ml for IFN-g and IL-17A

and between 2-300pg/ml and 18-4000pg/ml for IL-10 and TGF-b,
respectively. IL-4 was beneath the detection limit using IL-4 Human

Uncoated ELISA (ThermoFisher Scientific, Waltham USA) with an

assay range between 2-200pg/ml (data not shown). Determined

cytokine concentrations of every single sample were normalized to

the corresponding total number of CD4+ T lymphocytes, which was

evaluated by using a Neubauer Improved Cell counting chamber

(NanoEnTek, Soul, South Korea) after five days of indirect co-culture.
2.4.3 Immunomediators’ gene expression analysis
After 48 hours of treating hPDL-MSCs with various cytokines and

25(OH)D3 in the absence of CD4+ T lymphocytes, IDO-1, TSG-6,

PTGS-2, PD-L1, and PD-L2 gene expression levels were determined

using TaqMan Gene Expression Cells-to-CT kit (Applied Biosystems,

Foster City, USA) in accordance to the manufacturer’s instructions.

After cell lysis, mRNA was reversely transcribed to cDNA by heating

samples to 37° Celsius for one hour and to 95° Celsius for five minutes

using the Primus 96 advanced thermocycler (PeqLab/VWR,
frontiersin.org
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Darmstadt, Germany). For quantification of gene expression, cDNA

was heated once to 95° Celsius for ten minutes and 50x to 95° Celsius

for 15 seconds, and to 60° Celsius for 1 minute using the QuantStudio 3

device (Applied Biosystems, Foster City, USA). The following TaqMan

Gene Expression Assays (Applied Biosystems, Foster City, USA) were

used to specifically amplify target genes: IDO-1, Hs00984148_m1;

TSG-6, Hs00200180_m1; PTGS-2, Hs00153133_m1; PD-L1,

Hs00204257_m1; PD-L2, Hs00228839_m1 and GAPDH,

Hs99999905_m1. The housekeeping gene glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) served as an internal loading

control. After amplifying target genes in paired reactions and

determining the GAPDH-normalized Ct values (DCt), the n-fold

gene expression compared to the unstimulated control (n-fold

expression = 1) was calculated using the 2-DDCt method.

2.4.4 Intracellular IDO-1 protein
expression analysis

After fixing and permeabilization using the Intracellular Fixation

and Permeabilization Buffer Set (eBioscience, Waltham, USA),

2.5x105 hPDL-MSCs were intracellularly stained by 0.06µg of the

R-phycoerythrin (R-PE)-conjugated mouse anti-human IDO-1

monoclonal (clone eyedio) antibody (Thermo Fisher Scientific,

Waltham, USA) for 30 minutes. Additionally, hPDL-MSCs were

labeled with PE-conjugated mouse IgG1 k immunoglobulin isotype

control (Thermo Fisher Scientific, Waltham, USA) which served as

control. Subsequently, cells were washed several times and

resuspended in 0.5ml 3% bovine serum albumin (BSA, Capricorn

Scientific, Ebsdorfergrund, Germany, in 1xPBS + 0.09% sodium azide,

Merck Darmstadt, Germany) for acquisition. Flow cytometry analysis

was performed using FACSCalibur Flow Cytometer (BD Biosciences,

Franklin Lakes, USA) exciting R-PE by an argon laser at 488nm. In

total, 10,000 cells were acquired per sample. Gates were set using

unlabeled hPDL-MSCs. The gating strategy is described in the

Supplementary Material of our previous study (2). The percentage

of IDO-1+ hPDL-MSCs and the corresponding mean fluorescence

intensity (M.F.I.) were calculated by CellQuest 3.3. software (BD

Bioscience, Franklin Lakes, USA).

2.4.5 IDO-1 enzymatic activity analysis
IDO-1 enzymatic activity was analyzed by determining L-kynurenine

concentrations in conditioned media from hPDL-MSCs. Briefly, the

conditioned medium was diluted 1:3 (v/v) with 30% trichloroacetic acid

(Sigma-Aldrich, St. Louis, USA), which was followed by incubating

samples for 30 minutes at 65° Celsius. After centrifugation, 125µl

Ehrlich’s Reagent, consisting of 0.8% P-dimethylbenzaldehyde in glacial

acetic acid (Sigma-Aldrich, St. Louis, USA), was added 1:1 to the

supernatant. After 10 minutes of incubation at room temperature,

absorbance was measured in duplicates at 492nm (OD492) using a

microplate reader (Synergy HTX multiplate reader, BioTek, Winooski,

USA). L-kynurenine concentrations were calculated by plotting

measured OD492 against a linear regression curve with L-kynurenine

(Sigma-Aldrich, St. Louis, USA) concentrations ranging from 7.8µM to

1000µM. The calculated L-kynurenine concentrations were normalized

to the total protein amount and the unstimulated control (= 0). The

Pierce BCA Protein Assay Kit (Thermo Fisher Scientific,Waltham, USA)
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was used according to the manufacturer’s instructions to determine the

total protein amount in mg. In brief, quantified absorbance at 562nm

(OD562) was plotted against a linear regression curve composed of known

BSA (Capricorn Scientific, Ebsdorfergrund, Germany) concentrations

which ranged between 31.25µg/ml and 2000µg/ml.
2.4.6 TSG-6 protein expression and PGE2
production analysis

TSG-6 and PGE2 concentrations were determined in the

harvested conditioned media using TSG-6 ELISA (RayBiotech,

Peachtree Corners, USA) and Prostaglandin E2 Parameter Assay Kit

(R&D Systems, Minneapolis, USA), respectively. According to the

manufacturer’s instructions, optical density was measured at 450nm

(OD450) using the microplate reader (Synergy HTX multiplate reader,

BioTek, Winooski, USA). For TSG-6, measured absorbance values

were directly plotted against the standard curve ranging between

0.2ng/ml and 50ng/ml. For PGE2, measured OD540 values were

subtracted from the corresponding OD450 values and plotted

against the standard curve. The detection range of the PGE2

standard curve was between 30pg/ml and 2500pg/ml.
2.4.7 PD-L1 and PD-L2 protein expression analysis
After harvesting and several wash steps, 2.5x105 hPDL-MSCs

were resuspended in 3% BSA solution (in 1xPBS + 0.09% sodium

azide) and stained either with 0.5µg R-PE-conjugated mouse anti-

human CD274 (PD-L1) monoclonal (clone B7-H1) antibody or with

0.125µg R-PE-conjugated mouse anti-human CD273 (PD-L2)

monoclonal (clone B7-DC) antibody (both from Thermo Fisher

Scientific, Waltham, USA). hPDL-MSCs labeled with PE-conjugated

mouse IgG1k immunoglobulin isotype control (Thermo Fischer

Scientific, Waltham, USA) served as control. After 30 minutes of

incubation at room temperature and several wash steps, hPDL-MSCs

were resuspended in 0.5ml 3% BSA solution. In total, 10,000 hPDL-

MSCs were acquired per group using the FACSCalibur Flow

Cytometer (BD Biosciences, Franklin Lakes, USA). R-PE was

excited by an argon laser at 488nm, and the gates were placed

depending on an unlabeled control. The exact gating strategy is

described in our previous work under the Supplementary Section

(14). The CellQuest 3.3. software (BD Bioscience, Franklin Lakes,

USA) was used to determine the % of PD-L1+ or PD-L2+ hPDL-MSCs

and to calculate the appropriate M.F.I.
2.5 Statistical Analysis

All statistical analysis was conducted using SPSS Statistics 24.0

software (IBM, Armonk, USA). Normal distribution was verified by

Kolmogorov-Smirnov test. Non-parametric data were analyzed using

Friedman test, followed by Wilcoxon test for pairwise comparison,

whereas normally distributed data were evaluated using one-way

ANOVA and Tukey’s multiple comparison test. P-values < 0.05

were considered to be statistically significant. All data were

obtained from at least four experimental repetitions using hPDL-

MSCs from a different patient per repetition.
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3 Results

3.1 The cytokine type dictates the hPDL-
MSCs mediated effects of 25(OH)D3 on
CD4+ T lymphocytes proliferation
and viability

Figure 2 shows the effect of 25(OH)D3 on the proliferation

(Figures 2B, C–D) and viability (Figure 2B) of CD4+ T lymphocytes

in the indirect co-culture model. hPDL-MSCs alone had no significant

effect on CD4+ T lymphocyte proliferation but exerted an anti-cell-

death effect (Figure 2A). In the absence of any cytokine, 25(OH)D3 had

no influence on hPDL-MSCs-mediated effects on CD4+ T lymphocytes

(Figure 2B). Only IL-1b-treated hPDL-MSCs significantly inhibited
Frontiers in Immunology 06
CD4+ T lymphocyte proliferation (Figure 2B), showing a decreased %

of original CD4+ T lymphocytes in the formed generations 1-4 (G1-G4)

(Figure 2D). Additionally, IL-1b significantly counteracted the anti-

cell-death effect of hPDL-MSCs (Figure 2B). These effects of IL-1b-
treated hPDL-MSCs on the proliferation and viability of CD4+ T

lymphocytes were counteracted by 25(OH)D3, although the

percentage of divided and PI+ CD4+ T lymphocytes was still

significantly lower and higher compared to non-inflammatory

conditions, respectively (Figure 2B). In the presence of TNF-a
treated hPDL-MSCs, 25(OH)D3 significantly reduced the percentage

of non-viable CD4+ T lymphocytes (Figure 2B). These data indicate

that the effects of 25(OH)D3 on the interaction between hPDL-MSCs

and CD4+ T lymphocytes depends on the cytokine type and seems to be

more pro-inflammatory in the presence of IL-1b.
B

C

D

A

FIGURE 2

25(OH)D3 differently affects CD4+ T lymphocyte proliferation and viability via hPDL-MSCs depending on the present cytokine. After five days of culturing
CD4+ T lymphocytes indirectly with hPDL-MSCs, flow cytometry analysis was used to determine the proliferation and viability of CD4+ T lymphocytes by
CFSE and PI staining, respectively. (A, B) reveals the percentage of original CD4+ T lymphocytes that are divided and the percentage of PI+ CD4+ T
lymphocytes. (C, D) shows the number of original CD4+ T lymphocytes as a percent of the total number of original cells for each cell generation (UD =
undivided cells, G1-G5 = generation 1 – generation 5). Additionally, (C, D) includes representative histograms showing the number of CD4+ T
lymphocytes for all generations (UD and 1-5). Data were obtained from five (B, C, D) and eight (A) experimental repetitions using hPDL-MSCs from a
different individual per repetition. One technical replicate was used per experimental group. In (A) the percentage of divided and PI+ CD4+ T
lymphocytes are represented as an individual line for each experimental repetition, whereas in (B) data are presented as a box-whisker-plot showing the
minimum and maximum values. The percentage of original CD4+ T lymphocytes in (C, D) are presented as mean ± standard error of the mean (S.E.M.).
The Friedman test, followed by the Wilcoxon test, was used for pairwise comparison. # p-value < 0.05 were considered to be statistically significant
between groups as indicated.
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3.2 The cytokine type dictates the hPDL-
MSCs mediated effects of 25(OH)D3 on the
cytokine production in CD4+ T lymphocyte

Figure 3 demonstrates the effect of 25(OH)D3 on the production

of different Th subsets-associated cytokines in the indirect co-culture

model. hPDL-MSCs alone significantly inhibited the production of

IFN-g, IL-17A and IL-10 (Figure 3A). The hPDL-MSCs mediated

decrease in IL-10 was counteracted by 25(OH)D3 (Figure 3B). Adding

any cytokine in the absence of 25(OH)D3 counteracted the hPDL-

MSCs-mediated inhibition of IL-17A (Figure 3B). In addition, IL-1b-
treated hPDL-MSCs caused a significant increase in IFN-g production
(Figure 3B). Adding 25(OH)D3 to TNF-a-triggered hPDL-MSCs

resulted in the significant inhibition of IFN-g, IL-17A and TGF-b
production (Figure 3B). In the presence of IL-1b, 25(OH)D3 had no

significant effect on any cytokine production (Figure 3B). These data

suggest a dependency of the hPDL-MSCs-mediated effects of 25(OH)

D3 on the local cytokine milieu, showing the potential to reduce the
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production/secretion of pro- and anti-inflammatory cytokines in

CD4+ T lymphocytes in the presence of TNF-a-treated hPDL-MSCs.
3.3 25(OH)D3 decreases gene and protein
expression of soluble and membrane-bound
immunomediators in hPDL-MSCs

Figures 4, 5 show the effects of different 25(OH)D3 concentrations on

the gene and protein expression of soluble (Figures 4A–C) and

membrane-bound (Figures 5A, B) immunomediators in hPDL-MSCs.

We have observed that 25(OH)D3 inhibits the cytokine-induced

expression of IDO-1 (Figure 4A), TSG-6 (Figure 4B), PTGS-2/PGE2
(Figure 4C), PD-L1 (Figure 5A), and PD-L2 (Figure 5B) in a

concentration-dependent manner. This effect was independent of the

cytokine type. In the presence of TNF-a a significant reduction started at

1nM 25(OH)D3 for IDO-1 (Figure 4A) and TSG-6 (Figure 4B), at 10nM

25(OH)D3 for PTGS-2 (Figure 4C) and PD-L2 (Figure 5B) and at 100nM
B

A

FIGURE 3

25(OH)D3 differently affects the production of IFN-g, IL-17A, IL-10, and TGF-b in CD4+ T lymphocytes via hPDL-MSs treated with various pro-
inflammatory cytokines. After five days of culturing CD4+ T lymphocytes indirectly with hPDL-MSCs, the concentration of Th1 (IFN-g), Th17 (IL-17A), and
regulatory T lymphocytes (IL-10, TGF-b) cytokines were measured in conditioned media using appropriate enzyme-linked immunosorbent assays (ELISA)
and the total CD4+ T lymphocyte numbers per sample were determined using a cell counting chamber. Measured cytokine levels (pg/ml) were
normalized to the total CD4+ T lymphocyte number. Data were obtained from five (A, B) experimental repetitions using hPDL-MSCs from a different
individual per repetition. One technical replicate was used per experimental group. In (A) the normalized cytokine levels are represented as an individual
line for each experimental repetition, whereas in (B) data are presented as a box-whisker-plot showing the minimum and maximum values. The
Friedman test, followed by the Wilcoxon test, was used for pairwise comparison. # p-value < 0.05 were considered to be statistically significant between
groups as indicated.
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for PD-L1 (Figure 5A). A significant decline in IL-1b-induced gene

expression of TSG-6 (Figure 4B) started at 1nM 25(OH)D3 and of IDO-1

(Figure 4A), PTGS-2 (Figure 4C) and PD-L1 (Figure 5A) at 100nM 25

(OH)D3.

A significant reduction of TNF-a-induced IDO-1 protein expression
(Figure 4A) started at 10nM 25(OH)D3, whereas TSG-6 (Figure 4B), PD-

L1 (Figure 5A) and PD-L2 (Figure 5B) protein expression and the

production of PGE2 (Figure 4C) were significantly reduced at 100nM. IL-

1b-triggered IDO-1 protein expression (Figure 4A) significantly

decreased from 10nM. The effect of 25(OH)D3 on IL-1b-stimulated
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TSG-6 protein expression (Figure 4B) and PGE2 (Figure 4C) caused no

significant decline due to high inter-donor variability. A significant

reduction was also observed for IL-1b-induced PD-L1 (Figure 5A) and

PD-L2 (Figure 5B) expression at 100nM 25(OH)D3.

Additionally, TNF-a and IL-1b induced IDO-1 enzymatic

activities (Figure 4A) were significantly decreased from 10 to

100nM 25(OH)D3, and at 1 and 100nM 25(OH)D3, respectively.

Together, these data hint at the potential of 25(OH)D3 to reduce the

immunomodulatory activities of hPDL-MSCs by suppressing the

cytokine-boosted production of various immunomediators.
B

C

A

FIGURE 4

25(OH)D3 decreases TNF-a and IL-1b induced expression of soluble immunomediators in hPDL-MSCs. After 48 hours of incubation, the expression of
IDO-1 (A), TSG-6 (B), and PTGS-2/PGE2 (C) were investigated on gene and protein levels. Gene expression levels were determined by qPCR (A, B and C)
followed by calculating the n-fold gene expression compared to unstimulated hPDL-MSCs (n-fold expression = 1). GAPDH served as an internal
reference. IDO-1 protein expression (A) was detected by intracellular immunostaining followed by flow cytometry, calculating the percentage of IDO-1+

hPDL-MSCs and the corresponding mean fluorescence intensity (M.F.I.). TSG-6 (B) and PGE2 (C) levels in conditioned media were determined by ELISA
in ng/ml and pg/ml, respectively. Additionally, IDO-1 enzymatic activity (A) was determined by measuring L-kynurenine level (µM) in conditioned media
photometrically, which was normalized to the total protein amount (mg) per group and the unstimulated control. Data were obtained from five or six
(A–C) experimental repetitions using hPDL-MSCs from a different individual per repetition. For qPCR (A-C) and IDO-1 enzymatic activity assay (A) two
technical replicates were used, whereas one technical replicate was used per experimental group for IDO-1 immunostaining (A), TSG-6 (B) and PGE2 (C)
ELISA. Each experimental repetition is represented as an individual line (A–C). The Friedman test, followed by the Wilcoxon test, was used for pairwise
comparison. * p-value < 0.05 were considered to be significantly increased compared to unstimulated hPDL-MSCs. # p-value < 0.05 were considered to
be significantly decreased compared to cytokine-stimulated hPDL-MSCs in the absence of 25(OH)D3.
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3.4 Pharmacological inhibition of IDO-1
influences the hPDL-MSCs mediated effects
of 25(OH)D3 on CD4+ T lymphocytes

Figure 6 shows the effects of IDO-1 inhibition on the proliferation

and viability of CD4+ T lymphocytes in the indirect co-culture model.

IDO-1 inhibition significantly counteracted the effect of TNF-a-
treated hPDL-MSCs on the % of divided CD4+ T lymphocytes

(Figure 6A), also showing a decreased and increased % of original

CD4+ T lymphocytes in formed and undivided generations,

respectively (Figure 6B). On the contrary, IDO-1 inhibition

significantly augmented the inhibitory effect of IL-1b-treated hPDL-

MSCs, with a reduced % of divided (Figure 6A) and original CD4+ T

lymphocytes in the decreased number of formed generations

(Figure 6B). If IDO-1 was pharmacologically inhibited, 25(OH)D3

caused an increase in CD4+ T lymphocyte proliferation

independently from the cytokine type but without statistical

significance (Figure 6A). IDO-1 inhibition caused no changes in the

effect of 25(OH)D3 on the percentage of non-viable CD4+ T

lymphocytes independently of the present cytokine type (Figure 6A).

Figure 7 shows the effect of IDO-1 inhibition on the production of

pro- and anti-inflammatory cytokines in the indirect co-culture
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model. In the presence of an IDO-1 inhibitor, the increasing effect

of IL-1b-triggered hPDL-MSCs on IFN-g was significantly

counteracted (Figure 7A). No significant effects of 25(OH)D3 were

detected during IDO-1 inhibition (Figure 7).

All these data suggest that IDO-1 seems to be partly involved in

the hPDL-MSCs-based effects of 25(OH)D3 on CD4+ T lymphocytes

because many of the hPDL-MSCs-mediated effects of 25(OH)D3 on

cytokine production by CD4+ T lymphocytes were not detected when

IDO-1 was inhibited.
3.5 Pharmacological inhibition of PTGS-2
influences the hPDL-MSCs mediated effects
of 25(OH)D3 on CD4+ T lymphocytes

Figure 8 shows the effects of PTGS-2 inhibition on the

proliferation and viability of CD4+ T lymphocytes in the indirect

co-culture model. PTGS-2 inhibition significantly increased the

percentage of divided CD4+ T lymphocytes in the presence of TNF-

a-treated hPDL-MSCs (Figure 8A). The effect of IL-1b-treated hPDL-
MSCs was significantly counteracted by PTGS-2 inhibition.

Additionally, these conditions caused a decrease and an increase in
BA

FIGURE 5

25(OH)D3 decreases the TNF-a and IL-1b induced expression of membrane-bound immunomediators in hPDL-MSCs. After 48 hours of incubation, the
expression of PD-L1 (A) and PD-L2 (B) were determined on gene and protein levels. Gene expression levels were determined by qPCR (A, B) followed by
calculating the n-f old expression compared to unstimulated hPDL-MSCs (n-fold expression = 1). GAPDH served as an internal reference. PD-L1 (A) and
PD-L2 (B) protein expression were determined by surface marker immunostaining followed by flow cytometry calculating the percentage of PD-L1+ and
PD-L2+ hPDL-MSCs and the corresponding M.F.I. Data were obtained from five or six (A, B) experimental repetitions using hPDL-MSCs from a different
individual per repetition. For qPCR (A, B), two technical replicates were used, whereas one technical replicate was used per experimental group for PD-
L1 and PD-L2 immunostaining (A, B). Each experimental repetition is represented as an individual line (A, B). The Friedman test, followed by the Wilcoxon
test, was used for pairwise comparison. * p-value < 0.05 were considered to be significantly increased compared to unstimulated hPDL-MSCs. # p-value
< 0.05 were considered to be significantly decreased compared to cytokine-stimulated hPDL-MSCs in the absence of 25(OH)D3.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1100041
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Behm et al. 10.3389/fimmu.2023.1100041
the % of original CD4+ T lymphocytes of the undivided and the

formed generations, respectively (Figure 8B). PTGS-2 inhibition

significantly counteracted the effect of IL-1b-treated hPDL-MSCs

on the percentage of non-viable CD4+ T lymphocytes (Figure 8A).

No significant effect of 25(OH)D3 on CD4+ T lymphocyte

proliferation during PTGS-2 inhibition was observed (Figures 8A,

B). However, 25(OH)D3 significantly increased the percentage of

non-viable CD4+ T lymphocytes in the presence of IL-1b and PTGS-2

inhibition (Figure 8A).
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Figure 9 shows the effects of PTGS-2 inhibition on the production

of pro- and anti-inflammatory cytokines in the indirect co-culture

model. In the presence of PTGS-2 inhibitor, the increasing effects of

cytokine-treated hPDL-MSCs on IFN-g (Figure 9A), IL-17A

(Figure 9B), and TGF-b (Figure 9D) were significantly

counteracted. This was observed under different stimulation

conditions. Inhibition of IL-1b-induced PTGS-2 significantly

strengthened IL-10 production (Figure 9C). In the presence of

PTGS-2 inhibitor and IL-1b, 25(OH)D3 significantly increased the
B

A

FIGURE 6

Influence of IDO-1 pharmacological inhibition on the CD4+ T lymphocyte proliferation and viability in the presence of hPDL-MSCs under different cytokine
conditions. After five days of indirect co-culture with hPDL-MSCs, flow cytometry analysis was used to determine the proliferation and viability of CD4+ T
lymphocytes by CFSE and PI staining, respectively. (A) reveals the percentage of original CD4+ T lymphocytes that are divided and the percentage of PI+

CD4+ T lymphocytes, whereas (B) shows the number of original CD4+ T lymphocytes as a percent of the total number of original cells for each single cell
generation (UD = undivided; G1-G5 = generation 1 – generation 5). Additionally, representative histograms show the number of CD4+ T lymphocytes for all
generations (UD and 1-5). Data were obtained from five (A, B) or four (A) experimental repetitions using hPDL-MSCs from a different individual per repetition.
One technical replicate was used per experimental group. In (A), each experimental repetition is represented as an individual line. The percentage of original
CD4+ T lymphocytes in (B) are presented as mean ± S.E.M. The Friedman test, followed by the Wilcoxon test, was used for pairwise comparison (A). Viability
data of CD4+ T lymphocytes, which were co-cultured with IL-1b-treated hPDL-MSCs, were analyzed using one-way ANOVA and Tukey’s multiple
comparison test. # p-value < 0.05 were considered to be statistically significant between groups as indicated.
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IFN-g (Figure 9A), IL-17A (Figure 9B), and IL-10 levels (Figure 9C).

Additionally, PTGS-2 inhibition caused an increase in IFN-g
concentration when adding TNF-a and 25(OH)D3 (Figure 9A). In

contrast, the TGF-b concentration was significantly reduced by 25

(OH)D3 when inhibiting TNF-a-induced PTGS-2 (Figure 9D).

Together, these results indicate that PTGS-2 is partly involved in

the hPDL-MSCs-based effects of 25(OH)D3 on CD4+ T lymphocytes

proliferation and cytokine production.
4 Discussion

In an indirect in vitro co-culture model, we analyzed the effects of

25(OH)D3 on the immunomodulatory activities of hPDL-MSCs

towards CD4+ T lymphocytes. This model showed that 25(OH)D3

significantly counteracted the suppressive effects of IL-1b-treated
hPDL-MSCs on CD4+ T lymphocyte proliferation, whereas no

effects were observed in the presence of TNF-a. Additionally, 25
(OH)D3 significantly increased the percentage of viable CD4+ T

lymphocytes via TNF-a- or IL-1b-treated hPDL-MSCs. 25(OH)D3

also caused a significant decrease in IFN-g, IL-17A and TGF-b
productions, which were triggered by TNF-a-treated hPDL-MSCs.

Investigating the impact of 25(OH)D3 on the cytokine-induced

expression of various immunomediators in hPDL-MSCs,

demonstrated a significant decrease in the expression of IDO-1,

TSG-6, PTGS-2/PGE2, PD-L1, and PD-L2. Inhibiting IDO-1 and

PGE2 qualitatively changed many of the hPDL-MSCs-mediated

effects of 25(OH)D3 on CD4+ T lymphocyte proliferation, viability,

and cytokine production. Together these data indicate that 25(OH)D3

affects the immunomodulatory ability of hPDL-MSCs and that this

effect and its mechanisms are versatile and depend on the local

cytokine environment.
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In the absence of any cytokines, 25(OH)D3 did not influence the

hPDL-MSCs-mediated modulation of the proliferation and the

percentage of non-viable CD4+ T lymphocytes. However, various

effects of 25(OH)D3 were observed in the presence of TNF-a- or IL-
1b-treated hPDL-MSCs, which are mainly secreted by macrophages and

polymorphonuclear leukocytes during the initial phase of periodontal

inflammation. This indicates that the immunomodulatory effects of 25

(OH)D3 on CD4+ T lymphocytes are mediated through the cytokine-

induced immunomodulatory mechanisms of hPDL-MSCs. Adding

TNF-a-stimulated hPDL-MSCs to the co-culture model reduced the

percentage of non-viable CD4+ T lymphocytes by 25(OH)D3, but no

significant effect of 25(OH)D3 on CD4+ T lymphocyte proliferation was

observed. In contrast, 25(OH)D3 significantly counteracted the

immunosuppressive effect of IL-1b-treated hPDL-MSCs on CD4+ T

lymphocytes, thus facilitating a more pro-inflammatory status. Due to

the presence of cytokines in the co-culture setup, the observed effects of

cytokine-treated hPDL-MSCs on CD4+ T lymphocyte proliferation may

also arise from a direct influence of cytokine on CD4+ T lymphocytes. In

our previous study, we observed no direct effects of IL-1b on CD4+ T

lymphocyte proliferation (14). Hence, the observed inhibitory effect of IL-

1b is exclusively regulated by hPDL-MSCs. In contrast, TNF-a directly

inhibited CD4+ T lymphocyte proliferation, whereas in the presence of

hPDL-MSCs no changes were observed. Together this indicates that the

effects of cytokines on CD4+ T lymphocytes are modified mainly by

hPDL-MSCs (14).

Furthermore, we investigated the secretion of functional cytokines

(IFN-g, IL-17A, IL-4, IL-10 and TGF-b) by CD4+ T lymphocytes.

IFN-g is mainly produced by Th1 lymphocytes (46), IL-17A is

characteristically secreted by Th17 lymphocytes (47), and IL-10 and

TGF-b are expressed by Tregs (48). All three CD4+ T lymphocyte

subsets play essential roles during periodontitis pathogenesis (46). IL-

4, a distinctive cytokine for Th2 lymphocytes, was not detectable.
B
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FIGURE 7

Influence of IDO-1 pharmacological inhibition on the production of IFN-g, IL-17A, IL-10, and TGF-b in CD4+ T lymphocytes in the presence of hPDL-
MSCs under different cytokine conditions. After five days of indirect co-culture with hPDL-MSCs, the concentrations of IFN-g (A), IL-17A (B), IL-10 (C),
and TGF-b (D) were measured in conditioned media using appropriate ELISAs and the total CD4+ T lymphocyte numbers per sample were determined
using a cell counting chamber. Measured cytokine levels (pg/ml) were normalized to the total CD4+ T lymphocyte number. Data were obtained from five
(A-D) experimental repetitions using hPDL-MSCs from a different individual per repetition. One technical replicate was used per experimental group. The
normalized cytokine levels were presented as a box-whisker plot showing the minimum and maximum values (A-D). The Friedman test, followed by the
Wilcoxon test, was used for pairwise comparison. # p-value < 0.05 were considered to be statistically significant between groups as indicated.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1100041
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Behm et al. 10.3389/fimmu.2023.1100041
These data also showed the dependency of the 25(OH)D3 effects on

the cytokine-induced immunomodulatory mechanisms of hPDL-

MSCs. Additionally, these data indicate the importance of the

present cytokine type. Mainly, TNF-a-treated hPDL-MSCs caused

inhibitory effects of 25(OH)D3 on the secretion of all cytokines,

whereas in the presence of IL-1b-treated hPDL-MSCs, 25(OH)D3

caused no significant changes in the secretion of pro- and anti-

inflammatory cytokines. Thus, the data on cytokine production, like
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the proliferation and the percentage of non-viable CD4+ T

lymphocytes, suggests highly versatile effects of 25(OH)D3 on the

interaction between hPDL-MSCs and CD4+ T lymphocytes.

Next, we aimed to clarify the mechanisms underlying all these 25

(OH)D3-based changes in the immunomodulatory activities of hPDL-

MSCs toward CD4+ T lymphocytes. Particularly, we investigated the

production of IDO-1, TSG-6, PGE2, PD-L1 and PD-L2 (5), since the

expression of these immunomediators is known to be induced by TNF-
B

A

FIGURE 8

Influence of PTGS-2 pharmacological inhibition on the CD4+ T lymphocyte proliferation and viability in the presence of hPDL-MSCs under different
cytokine conditions. After five days of indirect co-culture with hPDL-MSCs, flow cytometry analysis was used to determine the proliferation and viability
of CD4+ T lymphocytes by CFSE and PI staining, respectively. (A) reveals the percentage of original CD4+ T lymphocytes that have divided and the
percentage of PI+ CD4+ T Lymphocytes, whereas (B) shows the number of original CD4+ T lymphocytes as a percent of the total number of original
cells for each single cell generation (UD = undivided; G1-G5 = generation 1 – generation 5). Additionally, representative histograms show the number of
CD4+ T lymphocytes for all generations (UD and 1-5). Data were obtained from five (A, B) experimental repetitions using hPDL-MSCs from a different
individual per repetition. One technical replicate was used per experimental group. In (A), each experimental repetition is represented as an individual
line. The percentage of original CD4+ T lymphocytes in (B) are presented as mean ± S.E.M. The Friedman test, followed by the Wilcoxon test, was used
for pairwise comparison (A). # p-value < 0.05 were considered to be statistically significant between groups as indicated.
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a and IL-1b (12, 43, 49–51). IDO-1 is the rate-limiting enzyme of the

tryptophan metabolism, oxidating L-tryptophan into N-formyl-

kynurenine, which is further metabolized to L-kynurenine (49). The

depletion of L-tryptophan and L-kynurenine itself has a negative

influence on various immune cells, such as the proliferation, survival,

and differentiation of T lymphocytes (52–55). Although the operating

mode of TSG-6 is not fully elucidated, some evidence shows a potential

interaction with chemokines, causing a reduction in chemokine

availability and changes in the chemokine-chemokine receptor

interaction (56, 57). hPDL-MSCs-secreted TSG-6 influences various

immune cells, such as adjusting the maturation and cytokine

production of macrophages (58–60). PGE2 is one of the end-

products of arachidonic metabolism and is produced by

prostaglandin-endoperoxide synthase (PTGS)-2 (61). Via binding to

E-type prostanoid receptors, PGE2 regulates the functions of various

immune cells (62)such as the proliferation, differentiation, and survival

of T lymphocytes (52, 53). The transmembrane proteins PD-L1 and

PD-L2 interact with their programmed cell death 1/2 (PD-1/2)

receptors on the cell membrane of various immune cells. These

interactions induce immune cell apoptosis and suppress the

proliferation, activation, and cytokine production of various immune

cells, such as T lymphocytes (12, 43, 63). Our results mainly showed a

decrease in the production of these mediators by 25(OH)D3. This

suggests a decline in the immunomodulatory activities of hPDL-MSCs

and therefore a pro-inflammatory effect of 25(OH)D3.

Since in our used indirect co-culture model the soluble

immunomediators are of most relevance and IDO-1 and PGE2 are

mainly involved in the interaction between hPDL-MSCs and CD4+ T

lymphocytes (4, 63, 64), we investigated the contribution of these two

immunomediators to the hPDL-MSCs-mediated effects of 25(OH)D3

on CD4+ T lymphocytes by pharmacologically inhibiting IDO-1 and

PTGS-2 during the co-culture experiments. The effects of 25(OH)D3
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on CD4+ T lymphocyte proliferation and viability were not affected by

IDO-1 or PTGS-2 inhibitors in the presence of TNF-a-treated hPDL-
MSCs. However, PTGS-2 inhibition abolished the stimulatory effect

of 25(OH)D3 on CD4+ T lymphocyte proliferation and its anti-cell-

death effect via IL-1b-stimulated hPDL-MSCs. This confirms that 25

(OH)D3 executes at least its anti-cell-death effect on CD4+ T

lymphocytes by influencing the IL-1b-induced expression of PTGS-

2 in hPDL-MSCs. Decreasing the IL-1b-induced expression of PGE2
in hPDL-MSCs by 25(OH)D3 seems to reduce the observed number

of non-viable CD4+ T lymphocytes and hence the cell death-inducing

potential of IL-1b-treated hPDL-MSCs.

The inhibition of IDO-1 abolished the inhibitory effect of 25(OH)

D3 on cytokine production in the co-culture setting in the presence of

TNF-a-triggered hPDL-MSCs. PTGS-2 inhibition only partially

reversed the repressing effect of 25(OH)D3 on the cytokine

production in the presence of TNF-a or IL-1b-triggered hPDL-

MSCs. Taking this together, the mechanisms of 25(OH)D3 effects

mediated by hPDL-MSCs depend on the inflammatory environment.

Moreover, since not all detected effects of 25(OH)D3 were affected by

IDO-1 and PTGS-2 inhibition, it is likely that also other

immunomediators or mechanisms are involved and should be

clarified by further studies.

The data of the present study are further evidence of the versatile

immunomodulatory effects of vitamin D3 metabolites and their high

plasticity depending on hPDL-MSCs and the local cytokine

environment. 25(OH)D3 shows pro- or anti-inflammatory

immunomodulatory mechanisms depending on the present

cytokine type. Additionally, 25(OH)D3 promotes an anti-

inflammatory status by suppressing the production of pro-

inflammatory cytokines in hPDL-MSCs under pro-inflammatory

conditions (31). At first glance, this plasticity was also observed for

1,25(OH)2D3. Similar to 25(OH)D3, the effects of 1,25(OH)2D3 on
B
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FIGURE 9

Influence of PTGS-2 pharmacological inhibition on the production of IFN-g, IL-17A, IL-10, and TGF-b in CD4+ T lymphocytes in the presence of hPDL-
MSCs under different cytokine conditions. After five days of indirect co-culture with hPDL-MSCs, the concentrations of IFN-g (A), IL-17A (B), IL-10 (C),
and TGF-b (D) were measured in conditioned media using appropriate ELISA and the total CD4+ T lymphocyte numbers per sample were determined
using a cell counting chamber. Measured cytokine levels (pg/ml) were normalized to the total CD4+ T lymphocyte number per group. Data were
obtained from five (A–D) experimental repetitions using hPDL-MSCs from a different individual per repetition. One technical replicate was used per
experimental group. The normalized cytokine levels were presented as a box-whisker plot showing the minimum and maximum values (A–D). The
Friedman test, followed by the Wilcoxon test, was used for pairwise comparison. # p-value < 0.05 were considered to be statistically significant between
groups as indicated.
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CD4+ T lymphocytes depend on the present cytokine type but also on

the presence of hPDL-MSCs. In our previous studies, we

demonstrated distinct effects of 1,25(OH)2D3 on CD4+ T

lymphocyte proliferation in the presence and absence of indirectly

co-cultured and cytokine-stimulated hPDL-MSCs. Furthermore, our

early study showed a pro-inflammatory effect of 1,25(OH)2D3 on

CD4+ T lymphocyte proliferation via IFN-g-treated hPDL-MSCS and

its anti-inflammatory effect via IL-1b-stimulated hPDL-MSCs (42,

65). In contrast, 25(OH)D3 caused an increase in CD4+ T lymphocyte

proliferation in co-culture with IL-1b-treated hPDL-MSCs. This

indicates that hPDL-MSCs-mediated effects of 25(OH)D3 and 1,25

(OH)2D3 are at least partially different. We can hypothesize that the

observed effects of 25(OH)D3 are not exclusively due to the

conversion of 25(OH)D3 to 1,25(OH)2D3 by the local vitamin D3

metabolism (66). Further, it seems that 25(OH)D3 and 1,25(OH)2D3

execute their indirect immunomodulatory effects via different

mechanisms in hPDL-MSCs. Although both vitamin D3 metabolites

decreased the production of investigated immunomediators in hPDL-

MSCs, inhibitory experiments revealed an IDO-1 dependency of 1,25

(OH)2D3, in regard to CD4
+ T lymphocyte proliferation (65), whereas

the indirect 25(OH)D3 effects on the CD4+ T lymphocyte seem to be

IDO-1 independent. A potential mechanism could be related to the

conversion of 25(OH)D3 to 24R,25(OH)2D3 by CYP24A1 (67).

24R,25(OH)2D3 possesses biological activity in MSCs (68) and the

expression of CYP24A1 could be induced through the activation of

vitamin D receptor by 1,25(OH)2D3 (69). However, this assumption

should be investigated by further studies.

By extrapolating our results into a clinical context, we can conclude

that both vitamin D3 metabolites – 1,25(OH)2D3 (42, 65) and 25(OH)

D3 – exhibit a high grade on immunomodulatory plasticity with which

they fine-tune the periodontal tissue homeostasis. It seems that not only

1,25(OH)2D3 (42, 65), but also 25(OH)D3 is involved in regulating the

balance between activating and resolving periodontal tissue

inflammation during periodontitis, which is orchestrated by various

tissue-resident cells, such as immune cells and hPDL-MSCs (70).

Similar to 1,25(OH)2D3 (42, 65), the influence of 25(OH)D3 on this

balancing act seems to be highly dependent on the local

microenvironment. Although several animal studies demonstrated

anti-inflammatory effects of 25(OH)D3 by diminishing periodontal

inflammation (36–38), the results of our studies (42, 65) showed that

the immunomodulatory effects of the two vitamin D3 metabolites have

a higher complexity on the cellular level. Hence, this complexity should

be considered when using vitamin D3 supplementation for

inflammatory diseases, such as periodontitis. Based on this study,

giving periodontologists exact advice in vitamin D3 supplementation

is not possible, due to the study’s in vitro character. Our data imply that

the generally assumed anti-inflammatory ability of vitamin D3 (16, 17)

might be diminished or even abolished in the inflammatory

environment. Therefore, its clinical effectiveness might depend on the

presence of inflammation, and it should be prescribed at a certain time

point of the therapy, but animal and clinical studies should prove

this assumption.

However, translating these data into a clinical setting has several

limitations. Although the complex indirect in vitro co-culture model

considers the reciprocal interaction between CD4+ T lymphocytes
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and hPDL-MSCs, the model only allows paracrine interactions,

excluding direct cell-to-cell contact mechanisms, which also

execute essential immunomodulatory functions in vivo (4, 12).

Additionally, the purified immune cell populations show 93%

CD4+ T lymphocytes. The contamination with other PBMCs may

cause confounder-related effects. Further, the contribution of hPDL-

MSCs to the inflammatory status of the periodontal tissue depends

on regulating cells of both the innate and adaptive immune systems

rather than on a single immune cell subset (5). Also, culturing

hPDL-MSCs in vitro results in changes in their phenotype as well as

functional capabilities. To mimic the in vivo situation more

accurately, 3D PDL-cementum-like approaches (71) could be

used. Furthermore, the exclusive use of 25(OH)D3 does not reflect

the complex situation in vivo with the presence of 1,25(OH)2D3 and

its immunoregulatory capability (35). Additionally, our in vitro

model does not consider the capacity of hPDL-MSCs to

metabolize 25(OH)D3 to 1,25(OH)2D3 under basal and pro-

inflammatory conditions (72–75). This can be overcome by

investigating the local vitamin D3 metabolism in the PDL under

different inflammatory conditions and by using hPDL-MSCs in our

in vitro co-culture model with a depletion of the enzyme which is

involved in converting 25(OH)D3 to 1,25(OH)2D3.
5 Conclusion

In conclusion, this in vitro study demonstrated the modulating

potential of the vitamin D3 precursor, 25(OH)D3, on the cytokine-

dependent immunomodulatory activities of hPDL-MSCs toward

CD4+ T lymphocytes, for the first time. Although in vivo studies

showed anti-inflammatory properties (36–38), our study exhibited

high plasticity of these indirect immunomodulatory effects of 25(OH)

D3. Like 1,25(OH)2D3 (42, 65), these activities highly depend on the

presence of inflammatory cytokines and the cytokine type. Together

with the already known high plasticity of the immunomodulatory

potential of 1,25(OH)2D3 (31, 42, 65), these two vitamin D3

metabolites seem to be highly potent regulators of periodontal

tissue homeostasis. In further studies, it is necessary to elucidate the

exact cellular functions of 25(OH)D3 during periodontal tissue

inflammation, such as during periodontitis.
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Volante B, Garfias Y. Human amniotic membrane mesenchymal stem cells inhibit
neutrophil extracellular traps through TSG-6. Sci Rep (2017) 7:12426. doi: 10.1038/
s41598-017-10962-2

61. Kalinski P. Regulation of immune responses by prostaglandin e 2. J Immunol
(2012) 188:21-8. doi: 10.4049/jimmunol.1101029

62. Hohjoh H, Inazumi T, Tsuchiya S, Sugimoto Y. Prostanoid receptors and acute
inflammation in skin. Biochimie (2014) 107:78–81. doi: 10.1016/j.biochi.2014.08.010

63. Glenn JD. Mesenchymal stem cells: Emerging mechanisms of immunomodulation
and therapy. World J Stem Cells (2014) 6:526–39. doi: 10.4252/wjsc.v6.i5.526

64. Li Z, Jiang CM, An S, Cheng Q, Huang YF, Wang YT, et al. Immunomodulatory
properties of dental tissue-derived mesenchymal stem cells. Oral Dis (2014) 20:25–34.
doi: 10.1111/odi.12086

65. Behm C, Blufstein A, Gahn J, Kubin B, Moritz A, Rausch-Fan X, et al. Pleiotropic
effects of vitamin d 3 on CD4 + T lymphocytes mediated by human periodontal ligament
cells and inflammatory environment. J Clin Periodontol (2020) 47:689–701. doi: 10.1111/
jcpe.13283

66. Andrukhov O, Blufstein A, Behm C, Moritz A, Rausch-Fan X. Vitamin D3 and
dental mesenchymal stromal cells. Appl Sci (Switzerland) (2020) 10:4527. doi: 10.3390/
app10134527

67. Ornoy A, Goodwin D, Noff D, Edelstein S. 24, 25-dihydroxyvitamin d is a
metabolite of vitamin d essential for bone formation. Nature (1978) 276:517–9.
doi: 10.1038/276517A0

68. Lu X, Chen Z, Mylarapu N, Watsky MA. Effects of 1,25 and 24,25 vitamin d on
corneal epithelial proliferation, migration and vitamin d metabolizing and catabolizing
enzymes. Sci Rep (2017) 7:16951. doi: 10.1038/S41598-017-16698-3

69. Sakaki T, Kagawa N, Yamamoto K, Inouye K. Metabolism of vitamin D3 by
cytochromes P450. Front Biosci (2005) 10:134. doi: 10.2741/1514

70. Hasturk H, Kantarci A. Activation and resolution of periodontal inflammation and
its systemic impact. Periodontol 2000 (2015) 69:255–73. doi: 10.1111/prd.12105

71. Basu A, Rothermund K, Ahmed MN, Syed-Picard FN. Self-assembly of an
organized cementum-periodontal ligament-like complex using scaffold-free tissue
engineering. Front Physiol (2019) 10:422/BIBTEX. doi: 10.3389/FPHYS.2019.00422/
BIBTEX

72. Zhou S, LeBoff MS, Glowacki J. Vitamin d metabolism and action in human bone
marrow stromal cells. Endocrinology (2010) 151:14–22. doi: 10.1210/en.2009-0969

73. Geng S, Zhou S, Bi Z, Glowacki J. Vitamin d metabolism in human bone marrow
stromal (mesenchymal stem) cells. Metabolism (2013) 62:768-77. doi: 10.1016/
j.metabol.2013.01.003

74. Liu K, Meng H, Hou J. Activity of 25-hydroxylase in human gingival fibroblasts
and periodontal ligament cells. PloS One (2012) 7:e52053. doi: 10.1371/
journal.pone.0052053

75. Liu KN, Meng HX, Hou JX. Characterization of the Autocrine/Paracrine function
of vitamin d in human gingival fibroblasts and periodontal ligament cells. PloS One (2012)
7:e39878. doi: 10.1371/journal.pone.0039878
frontiersin.org

https://doi.org/10.1093/ajcn/88.2.582S
https://doi.org/10.1371/journal.pone.0090301
https://doi.org/10.1371/journal.pone.0090301
https://doi.org/10.1016/j.archoralbio.2012.09.010
https://doi.org/10.1007/s10753-015-0209-y
https://doi.org/10.1111/JRE.12249
https://doi.org/10.1371/journal.pone.0141770
https://doi.org/10.1016/j.steroids.2012.10.015
https://doi.org/10.1016/j.jsbmb.2013.01.008
https://doi.org/10.1016/j.jsbmb.2013.01.008
https://doi.org/10.3177/jnsv.64.307
https://doi.org/10.3177/jnsv.64.307
https://doi.org/10.3390/CELLS8060633
https://doi.org/10.1186/S13287-021-02627-9
https://doi.org/10.1155/2020/8704896
https://doi.org/10.3390/jcm8122211
https://doi.org/10.3892/mmr.2016.4824
https://doi.org/10.1902/jop.2009.080315
https://doi.org/10.1111/jop.12045
https://doi.org/10.18053/jctres.07.202105.002
https://doi.org/10.18053/jctres.07.202105.002
https://doi.org/10.1084/jem.20041257
https://doi.org/10.1038/ni1178
https://doi.org/10.1016/j.it.2012.10.001
https://doi.org/10.4049/jimmunol.151.11.6593
https://doi.org/10.1016/j.imlet.2015.06.003
https://doi.org/10.2174/156652412800619950
https://doi.org/10.1182/blood-2007-02-074997
https://doi.org/10.1038/mt.2011.189
https://doi.org/10.1074/jbc.M116.720953
https://doi.org/10.1074/jbc.M116.720953
https://doi.org/10.4049/jimmunol.1300194
https://doi.org/10.1038/nri3209
https://doi.org/10.1073/pnas.1614935113
https://doi.org/10.1073/pnas.1614935113
https://doi.org/10.1038/s41598-017-10962-2
https://doi.org/10.1038/s41598-017-10962-2
https://doi.org/10.4049/jimmunol.1101029
https://doi.org/10.1016/j.biochi.2014.08.010
https://doi.org/10.4252/wjsc.v6.i5.526
https://doi.org/10.1111/odi.12086
https://doi.org/10.1111/jcpe.13283
https://doi.org/10.1111/jcpe.13283
https://doi.org/10.3390/app10134527
https://doi.org/10.3390/app10134527
https://doi.org/10.1038/276517A0
https://doi.org/10.1038/S41598-017-16698-3
https://doi.org/10.2741/1514
https://doi.org/10.1111/prd.12105
https://doi.org/10.3389/FPHYS.2019.00422/BIBTEX
https://doi.org/10.3389/FPHYS.2019.00422/BIBTEX
https://doi.org/10.1210/en.2009-0969
https://doi.org/10.1016/j.metabol.2013.01.003
https://doi.org/10.1016/j.metabol.2013.01.003
https://doi.org/10.1371/journal.pone.0052053
https://doi.org/10.1371/journal.pone.0052053
https://doi.org/10.1371/journal.pone.0039878
https://doi.org/10.3389/fimmu.2023.1100041
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	25-hydroxyvitamin D3 generates immunomodulatory plasticity in human periodontal ligament-derived mesenchymal stromal cells that is inflammatory context-dependent
	1 Introduction
	2 Material and Methods
	2.1 Ethical approval
	2.2 Cell isolation
	2.2.1 Primary hPDL-MSCs isolation
	2.2.2 Human CD4+ T lymphocyte isolation

	2.3 Cell treatment
	2.3.1 hPDL-MSCs/CD4+ T lymphocyte indirect co-culture
	2.3.2 hPDL-MSCs treatment for immunomediators expression analysis

	2.4 Analysis
	2.4.1 Proliferation and the percentage of non-viable CD4+ T lymphocytes
	2.4.2 CD4+ T lymphocyte cytokine production
	2.4.3 Immunomediators’ gene expression analysis
	2.4.4 Intracellular IDO-1 protein expression analysis
	2.4.5 IDO-1 enzymatic activity analysis
	2.4.6 TSG-6 protein expression and PGE2 production analysis
	2.4.7 PD-L1 and PD-L2 protein expression analysis

	2.5 Statistical Analysis

	3 Results
	3.1 The cytokine type dictates the hPDL-MSCs mediated effects of 25(OH)D3 on CD4+ T lymphocytes proliferation and viability
	3.2 The cytokine type dictates the hPDL-MSCs mediated effects of 25(OH)D3 on the cytokine production in CD4+ T lymphocyte
	3.3 25(OH)D3 decreases gene and protein expression of soluble and membrane-bound immunomediators in hPDL-MSCs
	3.4 Pharmacological inhibition of IDO-1 influences the hPDL-MSCs mediated effects of 25(OH)D3 on CD4+ T lymphocytes
	3.5 Pharmacological inhibition of PTGS-2 influences the hPDL-MSCs mediated effects of 25(OH)D3 on CD4+ T lymphocytes

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




